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Résumé : L'acquisition d’'une immunité efficace contre les infections nécessite I'initiation de réponses immunitaires
adaptatives, notamment I'activation et la différentiation de lymphocytes T (LT) spécifiques de motifs antigéniques
dérivés des microbes. Cette étape cruciale doit étre orchestrée de fagon minutieuse pour prévenir le développement
de maladies inflammatoires ou auto-immunes et de nombreux travaux attribuent un réle important aux cellules
dendritiques (CDs). Une de leurs caractéristiques majeure est de présenter efficacement des motifs antigéniques
générés en leur sein a partir de protéines exogénes pour leur chargement sur les molécules du complexe majeur
d’histocompatibilité de classe Il (CMH-II) et du CMH-I au cours du processus de présentation croisée. En ce qui
concerne cette derniére, il n’est cependant pas clair si d’autres cellules possedent des capacités similaires. Par
exemple, la capacité des macrophages CD169+ a présenter I'antigéne aux lymphocytes T (LT) est controversée : alors
gu’ils occupent une place critique dans le contréle de certaines tumeurs par les LT CD8+ cytotoxiques stimulés dans
les ganglions, ils ne joueraient qu’un réle indirect en transférant I'antigéne aux CDs dans la rate. La difficulté a les
isoler in vitro et les étudier in vitro et in vivo constitue un obstacle majeur pour déterminer leur réle précis dans les
réponses immunitaires adaptatives. Les objectifs de ce travail sont de : préciser la contribution des macrophages
CD169+ de la rate dans I'induction des réponses immunitaires adaptatives in vivo; identifier les facteurs moléculaires
et cellulaires intervenant dans la régulation des réponses innées et adaptatives par les sous-types de phagocytes. En
mettant au point une stratégie unique de purification combinant gradient de densité et tri par cytométrie en flux
multiplexe, nous avons montré que les cellules CD169+ de la rate possédent une signature moléculaire et protéique
comparable aux macrophages tissulaires. Nous avons placé les macrophages CD169+ de la rate aux co6tés des CDs, au
rang des cellules dotées d’une grande efficacité de présentation croisée de I'antigéne aux LT CD8+. Lorsqu’un
antigene est dirigé vers les macrophages CD169+ de la rate in vivo, les LT CD8+ naifs spécifiques forment des contacts
étroits et prolongés avec ces cellules, se différencient en lymphocytes effecteurs et mémoires. En cherchant a
comprendre les mécanismes en rapport avec leur capacité hautement efficace de présentation croisée, nous avons
observé que les macrophages CD169+, au contraire des CDs, n’utilisent pas la voie cytosolique mais une voie
vacuolaire unique pour générer des peptides antigéniques pour les molécules du CMH-I; de méme le profil trafic
intracellulaire des molécules de CMH-I est unique au sein des macrophages CD169+. Finalement, ce travail suggére
un role marginal d’'un compartiment cellulaire pourtant présent au sein des macrophages CD169+, dont nous avons
préalablement identifié et caractérisé le role important dans les CDs: les endosomes de régulation Rab14+. En
régulant la maturation phagosomale, ces endosomes contrdlent les réponses immunitaires adaptatives mais aussi
innées et inflammatoires dans les CDs. Au total ce travail bouleverse certaines des connaissances actuelles sur les
acteurs régulant les réponses adaptatives par leur capacité a présenter les antigénes et propose une nouvelle voie
efficace d’apprétement des antigénes et de production de complexes entre des peptides issus d’antigénes
internalisés et des molécules du CMH-I.

Title: Role of CD169 macrophages in cellular adaptive immune responses

Abstract: Protective immunity against infections requires the initiation of adaptive immune responses, including the
generation of cytotoxic T lymphocytes specific of antigenic motifs expressed by microbes. These processes have to be
tightly regulated to avoid the persistence of inflammation and the development of autoimmunity. In this context,
dendritic cells play a major role and can efficiently present exogenous antigenic material for loading onto the major
histocompatibility class || molecules (MHC-Il), but also MHC-I molecules in a process referred to as cross-
presentation. However, it is not clear if other phagocytes have similar capacities. For example, the ability of CD169+
macrophages to present antigens to T cells is controversial: in the lymph nodes they generate protective immunity
against tumors by cross-presenting tumor derived antigens, whereas in the spleen they may act as an antigen
transfer platform for cross-presenting dendritic cells. The crucial barrier to determining their precise role in adaptive
immunity is the difficulty to isolate them. The objectives of this work are to: clarify the contribution of splenic
CD169+ macrophages in inducing adaptive immune responses; identify the molecular and cellular factors involved in
the regulation of innate and adaptive immunity by phagocyte subsets. By developing a unique strategy that combines
density gradients and cell sorting by flow cytometry, we showed that CD169+ cells have a molecular and protein
signatures close to macrophages. We place the splenic CD169+ macrophages together with dendritic cells, in a group
of professional antigen presenting cells capable of efficient cross-presentation. Following antigen targeting to splenic
CD169+ macrophages, specific naive CD8+ T cells form long-standing contacts with macrophages resulting in their
activation and differentiation into effector and memory cells. Surprisingly, we found that CD169+ macrophages
exclusively use a unique vacuolar antigen cross-presentation pathway to generate antigenic peptides for loading onto
MHC-I, at variance with dendritic cells. Similarly, the profile of MHC-I trafficking is unique in CD169+ macrophages.
Finally, this work suggests a marginal role of the regulatory Rabl4+ endosomes, which we have previously
characterized as important in regulating cross-presentation by dendritic cells, by controlling inflammatory responses
and phagosomal maturation.

Mots clés : macrophages CD169 ; cellules dendritiques; endosome ; phagosome; MHC-I; immunité adaptative ;
présentation croisée ; rate

Keywords: CD169 macrophages; dendritic cells; endosome; phagosome; MHC-I; adaptive immunity; antigen cross-
presentation; spleen.



MAUVAIS Frangois-Xavier — Thése de doctorat d’Immunologie - Année 2016

« A la source de toute connaissance, il y a une idée, une pensée, puis I'expérience vient

confirmer l'idée. »

« Les idées expérimentales ne sont point innées. Elles ne surgissent point spontanément, il
leur faut une occasion ou un excitant extérieur, comme cela a lieu dans toutes les fonctions

physiologiques. »

« C’est ce que nous pensons déja connaitre qui nous empéche souvent d'apprendre. »

Claude Bernard. Introduction a I'étude de la médecine expérimentale (1865)
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INTRODUCTION

PART | - BOTH THE ACTORS AND FUNCTIONS OF THE IMMUNE
SYSTEM ARE HETEROGENEOUS AND COMPLEX

Chapter 1. Functions of immunity

Immunity has been originally defined as the resistance to diseases, especially infectious
diseases. Immunity involves a specific physiologic system, the immune system, and specific
tissues, cells and molecules, the coordination of these components leading to the immune
response. The most important physiologic functions of the immune system are to prevent
infections and to eliminate established infections, as illustrated by the dramatic observation
that individuals carrying defective immune responses are more prone to severe and life-
threatening infectious settings (Picard, Al-Herz et al. 2015). Conversely, vaccination by
stimulating immune responses against a particular microbe is the most effective process to
protect individuals against infections. Vaccination is the unique example of a worldwide
eradication of human disease in the context of smallpox vaccination (Tomori 2011). However,
the importance of immunity goes far much beyond infectious diseases and is crucial for
preventing or controlling tumor growth or spreading, as assessed by the encouraging results of
strategies that manipulate the immune system (Mahoney, Rennert et al. 2015). Furthermore,
immune responses contribute to the recognition and clearance of dead cells and in initiating
tissue repair after injuries (Geissmann, Gordon et al. 2010). However, despite the large
number of beneficial roles of the immune system, anomalies in the immune response lead to
inflammatory diseases or to the recognition and destruction of self (autoimmunity). The
immune response is also the main barrier to successful organ transplantation to treat organ

failure.

The immune responses can be divided into two complementary and inter-dependent types of
immunity: the innate and the adaptive immunity. The innate immunity represents a first line
of defense, which is immediate and not specific. It consists of natural physical barriers (skin,
mucosal tissues), molecules of the complement and a set of immune cells capable of attacking
a foreign agent by phagocytosis or inflammatory response, the mononuclear phagocytes.
Activation of the innate immune cells requires the recognition of a danger signal, referred to

as a Pathogen Associated Molecular Pattern (PAMP) by a non-polymorphic receptor present

10
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at the membrane of the cell, the Pattern-Recognition Receptor (PRR) (Iwasaki and Medzhitov
2015). By contrast, the adaptive immune response is of more recent appearance during
evolution and is only present in vertebrates (Travis 2009). This second line of immunity takes
at least four days to be recruited and activated. The two components of the adaptive immunity
are the cellular and the humoral responses and adaptive immunity employs mechanisms much
more elaborate and specific than the innate response; an important hallmark of adaptive
immunity is the development of an immunological memory. To generate adaptive immune
responses, the two cellular components, the B lymphocytes and the T lymphocytes need to
recognize a specific motif derived from the pathogen, an antigenic epitope exposed by antigen
presenting cells (mainly the mononuclear phagocytes) through the major histocompatibility
(MHC) molecules, by specific antigen receptors, the BcR and the TcR, respectively (Iwasaki
and Medzhitov 2015).

In the next pages, I will successively and briefly review and expose the key aspects of
immunity that will be required for understanding the experimental works: the actors of innate
and adaptive immune responses, how the dynamics of immune responses are dependent on an
inter-communication between innate and adaptive immune cells, how these different cellular
actors are regulated. Finally, I will also give an overview of the most recent technological
tools that present a particular interest for studying immune responses under homeostatic and

pathological settings.
Chapter 2. What are the actors of the innate immunity?

Monocytes, macrophages and dendritic cells are the cellular members of the mononuclear
phagocyte system and can be distinguished on the basis of their morphology, functions, origin
and more recently by their gene-expression and protein-expression profiles. The term
mononuclear phagocyte system was proposed in 1969 and initially comprised monocytes and
macrophages derived from the bone marrow derived monocytes (van Furth, Cohn et al. 1972).
Only four years later, R. Steinman and Cohn identified the third component of the system as a
novel subset in lymphoid tissue distinguishable from macrophages and presenting with
particular extensions reminiscent from the neuronal dendrites, the dendritic cells (Steinman
and Cohn 1973). Next to the identification and the characterization of a high number of
various macrophage and dendritic cell subsets, attention of immunologists has shifted to the
identification of the factors involved and regulating their ontogeny. Furthermore, fundamental
questions about the mononuclear phagocyte system remain still open and under investigation

in the field: how do the different subsets relate between species? How is regulated the
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phagocytosis? What are the mechanisms responsible for particle digestion? How do tissue
macrophages maintain in vivo? What are the factors that dictate dendritic cell and macrophage
functions? For monocytes, dendritic cells and macrophages I will try to compile crucial
information to give an insight on how they are organized, how they are distinct one from each
other and how their ontogeny and maintenance are orchestrated, with a particular focus on
elements that are important and required for understanding the experimental work exposed in

this manuscript.
1) Monocytes

Monocytes are short-lived mononuclear phagocytes and can be separated into two main
subsets with specific signatures and functions, the patrolling monocytes and the inflammatory
monocytes. Inflammatory (classical) monocytes express high Ly-6¢ and C-C chemokine
receptor type 2 (CCR2) levels (Cluster of Differentiation (CD)14"'CD16™"°" in human) at the
surface and under tissue injury they are attracted to the damaged tissue, and they extravasate
through endothelium to the injury site (Wynn and Vannella 2016). They mainly contribute to
the regulation of the inflammatory response at the resolution phase but can also differentiate
into short-lived functional resident tissue macrophages promoting tissue repair (Wynn and
Vannella 2016). Patrolling monocytes were first identified by the group of F. Geissmann as
monocytes expressing low Ly-6C and CCR2 but high C-X3-C Motif Chemokine Receptor 1
(CX3CR1) levels (CD14%™CD16" in human) at the surface that contribute to the endothelium
homeostasis under resting and inflammatory conditions (Auffray, Fogg et al. 2007, Carlin,
Stamatiades et al. 2013). The roles of these non-classical monocytes may include: brain
protection by removing amyloid beta (Michaud, Bellavance et al. 2013); regulation of
vascular inflammation by contributing to both the initiation and progression phases (Thomas,
Tacke et al. 2015); tumor surveillance by recruiting Natural Killer (NK) cells, as supported by
the elegant study from the group of C.C. Hedrick (Hanna, Cekic et al. 2015), which showed
that the depletion of circulating monocytes resulted in higher lung metastasis number and

size.

Ontogeny of both monocyte subsets remains barely understood since no specific
transcriptional factor has been linked to an impaired monocyte development solely
(Tussiwand and Gautier 2015). Monocytes are detectable as soon as the multi-potent
hematopoietic stem cell (HSC) progenitors have seeded the fetal liver; HSC progenitors
differentiate into monocyte/macrophage and dendritic cell progenitors (MDPs) that cannot

generate granulocytes. The fate of MDP is to give rise to either a common dendritic cell
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precursor (CDP) or to common monocyte progenitors (CMP) (Tussiwand and Gautier 2015).
High levels of the PU.1 transcription factor trigger the activation of the myeloid-specific
factors such as Interferon Responsive Factor 8 (Irf8), Kruppel-like factor 4 (Klf4) and Ergl
and silence the key master transcription factors regulating other developmental pathways.
PU.1 also promotes the surface expression of the colony stimulating factor-1 receptor (CSF-
IR) on the MDP committed progenitors. Among the different candidates suggested, Irf8,
Pu.1, Egr-1, Stat3, Gata2, Nur77, CCAAT-enhancer-binding proteins (C/EBP), KIf4, c-Maf,
Cst-1R or retinoic acid receptors have been reported to be involved in monocyte development
(Ginhoux and Jung 2014, Tussiwand and Gautier 2015). As described later, some of these
factors are also involved in the dendritic cell development whereas other factors are required
for macrophage development. All these transcription factors were found to be highly enriched
in gene-expression analysis of a committed progenitor with monocyte potential cMOP
(Hettinger, Richards et al. 2013, Anbazhagan, Duroux-Richard et al. 2014). Nonetheless,
Nur77 seems to be crucial for patrolling monocytes and not inflammatory monocytes, since
deficient animals for this factor totally lack of non-classical monocyte subset (Hanna, Carlin

et al. 2011, Hilgendorf, Gerhardt et al. 2014).
2) Dendritic cells

Dendritic cells are a phagocyte subset specialized in processing and presenting antigen to
cognate lymphocytes. Due to their migratory potential, dendritic cells have the unique
function to bring captured antigens from the peripheral damaged tissues to the secondary
lymphoid organs, resulting in the initiation of adaptive immune responses. Importantly,
dendritic cells have been crucially implicated in the regulation of tolerance and
immunological memory (Joffre, Segura et al. 2012). Dendritic cells are made of
heterogeneous subsets that have been identified by variations in the surface protein expression
as well as developmental particularities. Focusing on the lymphoid organs, two main dendritic
cell subsets have been described under homeostatic conditions: the conventional and the
plasmacytoid dendritic cells (pDCs). I will review the key features of mouse and human

dendritic cell subset.
Mouse dendritic cell subsets

Conventional dendritic cells. Two families of conventional dendritic cells have been

identified in mouse, based on the surface expression of CD8a or CD103 or CD24 and CD11b.

CD8a+ dendritic cells are functionally specialized in cross-presentation (antigen presentation
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of exogenous antigens by MHC-I molecules) of exogenous viral antigens, dead-cell
associated antigens and soluble proteins (Bellone, Iezzi et al. 1997, Li, Davey et al. 2001,
Pooley, Heath et al. 2001, Helft, Manicassamy et al. 2012). Additionally, CD8a+CD103-
dendritic cells also act as very efficient antigen presenting cells for exogenous glycolipids on
CD1d to activate invariant NK-T cells, resulting in cytokine secretion (Arora, Baena et al.
2014). Contrasting with CD8a+ conventional dendritic cells, CD11b+ conventional dendritic
cells are poorly efficient in cross-presenting these forms of antigen. However, recent reports
suggest that CD11b+ conventional dendritic cells are more efficient cross-presenting cells
than CD8a+ conventional dendritic cells in the context of larger particulate antigens such as
yeast cells (Backer, van Leeuwen et al. 2008, Weimershaus, Maschalidi et al. 2012).
Conversely, CD11b+ conventional dendritic cells are among the most efficient cells for
MHC-II antigen presentation of soluble proteins to activate naive CD4+ T cells and can
produce large amounts of pro-inflammatory chemokines (Dudziak, Kamphorst et al. 2007). In
mice, dendritic cells arise from CDP that express the hematopoietic cytokine receptor Fms-
like tyrosine kinase 3 (FIt3) and give rise to pDCs or pre-conventional dendritic cells. The
transcription factors PU.1, Growth Factor Independent 1 Transcription Repressor (Gfil) and
Core-Binding Factor, Beta Subunit (CBFb) control the development of the common dendritic
cell lineage. Pre-conventional dendritic cells have been detected in the blood and develop
further in tissue into the two subsets of conventional dendritic cells (Merad, Sathe et al. 2013).
Development of CD8a+ conventional dendritic cells from the pre-dendritic cell progenitor is
orchestrated by at least four transcriptional factors: inhibitor of Deoxyribonucleic acid (DNA)
binding 2 (Id2), IRF8, basic leucine zipper ATF-like 3 transcription factor (BATF3) (Hildner,
Edelson et al. 2008, Grajales-Reyes, Iwata et al. 2015) and the nuclear factor interleukin (IL)
3 regulated (NFIL3). CD11b+ conventional dendritic cells development is controlled by
transcription factors including RelB, NOTCH 2, Recombination Signal Binding Protein For
Immunoglobulin Kappa J Region (RBP-J), IRF2 and IRF4. During the whole life,
conventional dendritic cells are continuously replenished from precursors in a FLT3-Ligand
(FLT3-L) dependent manner, allowing their replacement despite their relatively short half-life
of few (3-6) days.

Plasmacytoid dendritic cells. pDCs differ from conventional dendritic cell subsets by their

morphology, phenotype and functions. The main role identified for pDCs and supported by a
large number of independent studies is their massive type I interferon (IFN) production in

response to viral infection (Cella, Jarrossay et al. 1999, Siegal, Kadowaki et al. 1999). This
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function has been shown to be crucial for controlling infections by inducing adaptive immune
responses (Honke, Shaabani et al. 2012). Next, pDCs might also act as antigen cross-
presenting cells, although this capacity remains controversial (Sapoznikov, Fischer et al.
2007, GeurtsvanKessel, Willart et al. 2008, Mouries, Moron et al. 2008, Kool,
Geurtsvankessel et al. 2011). Regarding the factors required for pDC development, E2-2 has
been identified as the key factor leading to its development (Cisse, Caton et al. 2008).
Interestingly, E2-2 is promoted by the suppression of 1d2, the transcription factor required for
conventional dendritic cell development (Nagasawa, Schmidlin et al. 2008, Scott, Soen et al.

2016). Finally, half-life of pDCs seems to be longer than conventional dendritic cells.

Inflammatory dendritic cells. Inflammatory dendritic cells or monocyte-derived dendritic cells
(iDCs) have been more recently identified under inflammatory conditions or during the course
of infections. As indicated by their alternative nomenclature, iDCs originate from monocyte
that infiltrate the damaged organs (Rotta, Edwards et al. 2003, Cheong, Matos et al. 2010).
iDCs share similar expression for the main protein receptors that characterize conventional
dendritic cell subsets with conventional dendritic cells, with the exception of CD64 that is
specifically upregulated on iDCs (Langlet, Tamoutounour et al. 2012). To date, the functions

and the regulation of iDCs are poorly understood.
Human dendritic cell subsets

Human dendritic_cell classification. Similar to mouse lymphoid organs, conventional

dendritic cell and pDC subsets have been identified in human lymph nodes, spleen, tonsils
and blood. Examination of their surface receptor pattern has allowed for the identification of
three distinct antigens that are absent from rodents and that discriminate between the human
subsets: Blood Dendritic Cell Antigen-1 (BDCA-1), BDCA-2 and BDCA-3 (Dzionek, Fuchs
et al. 2000). Gene-expression and protein-expression analysis and comparison of murine and
human dendritic cell subsets have given crucial information about how murine and dendritic
cells are related. Thus, BDCA-1 subset is thought to be the human equivalent of murine
CD8a+ conventional dendritic cell subset, BDCA-2 the equivalent of murine pDCs and
BDCA-3 of murine CD8a- conventional dendritic cell subset (Robbins, Walzer et al. 2008,
Haniffa, Shin et al. 2012, Watchmaker, Lahl et al. 2014). Importantly in human, protein
expression is not sufficient to identify and study the contribution of dendritic cells in
pathological settings. Indeed, some markers currently used are not specific of a given
dendritic cell subset, or their expression can vary during maturation or depending on the

environment. BDCA-3 has found to be up-regulated in activated pDCs and BDCA-1 dendritic
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cell subset whereas C-type lectin domain family 9 member A (CLEC9A) was downregulated
rapidly during dendritic cell maturation (Dzionek, Fuchs et al. 2000, Chu, Ali et al. 2012,
Schreibelt, Klinkenberg et al. 2012). Finally, iDCs have also been identified in inflamed
tissues (Guttman-Yassky, Lowes et al. 2007, Segura, Touzot et al. 2013).

Ontogeny of human subsets. Only few reports have addressed human dendritic cell ontogeny.

The existence of a constant replenishment of dendritic cell subsets from bone marrow
precursors is supported by the loss of blood BDCA-1/2/3 subsets after cytotoxic therapies and
by the replacement of dermal dendritic cell after HSC transplantation (Haniffa, Ginhoux et al.
2009, McGovern, Schlitzer et al. 2014). Factors required for the commitment of the putative
progenitors into differentiated dendritic cells have been recently identified. FLT3-ligand
facilitates the generation of most dendritic cell subsets: BDCA-1/2/3 subsets can be
artificially derived in vitro by culturing hematopoietic progenitors with the cytokine; infusion
of volunteers with FLT3-L increases the number of all blood dendritic cell subsets
(Pulendran, Banchereau et al. 2000, Proietto, Mittag et al. 2012). Examination of the
consequences of inherited mutations in transcription factors suspected to be involved allowed
for the identification of two factors required for dendritic cell differentiation from a bone
marrow derived progenitor, GATA2 and IRFS. Mutations in these genes resulted in a total
lack of these blood dendritic cell subsets (Dickinson, Griffin et al. 2011, Hambleton, Salem et
al. 2011). A committed dendritic cell progenitor has been recently identified in the bone
marrow and the cord blood but was absent from adult blood or tonsils. /n vitro culture of this
committed progenitor resulted in the production of BDCA-1/2/3 subsets, and a pre-
conventional dendritic cell intermediate as characterized in the bone marrow, tonsils and adult

blood (Breton, Lee et al. 2015, Lee, Breton et al. 2015).

Functional specificities of human dendritic cell subsets. Contrary to mouse dendritic cells,

under homeostatic conditions or sterile inflammation (induced by TLR activation), spleen,
lymph node and tonsil BDCA-1 and BDCA-3 dendritic cells cross-present with a similar
efficiency soluble antigens as well as endocytosed antigens targeted to an early endocytic
compartment. One exception is the dead-cell associated antigens that are specifically cross-
presented by BDCA-3 subset in blood (Cohn, Chatterjee et al. 2013). Regarding pDCs, a
significant efficient cross-presentation of soluble antigen, viral antigen and antigen targeted to
an early endocytic compartment was observed in blood, tonsils and lymph nodes (Hoeffel,
Ripoche et al. 2007, Guillerme, Boisgerault et al. 2013, Tel, Schreibelt et al. 2013, Aspord,
Leloup et al. 2014). Regarding ex vivo MHC-II antigen presentation by BDCA-1 and BDCA-
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3 subsets, equal capacity of human conventional dendritic cells to polarize naive CD4+ T
cells toward Thl has been observed in blood and lymph nodes both under homeostatic
condition and exposure to microbes. In tissues such observations remain controversial and

still an intense subject of debate (Durand and Segura 2015).
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Figure 1. A synthetic overview of the transcriptional development of dendritic cells
(derived from (Tussiwand and Gautier 2015). Development of dendritic cells occurs from a
FIt3-, Irf8-expressing hematopoietic progenitor and the progressive acquisition of one or more
transcription factors will result in differentiation toward a specific dendritic cell subset.

3) Tissue macrophages

Macrophages are a mononuclear phagocyte subset specialized in the phagocytosis and
neutralization of cell debris and pathogens (Geissmann, Gordon et al. 2010). Tissue
macrophages are resident non-migratory cells that monitor and sense their local environment
continuously. Regarding these general properties, macrophages differ from dendritic cells
since the latter are specialized in initiating immune responses by presenting antigens to T
lymphocytes after uptake by phagocytosis and endocytosis and migration to the tissue-
draining lymph nodes (Geissmann, Gordon et al. 2010). As for dendritic cells tissue
macrophages are equipped by a vast variety of PRRs including scavenger receptors, C-type
lectin receptors, Toll-like receptors (TLRs) and retinoic acid-inducible gene 1 (RIG-I)

receptors and nucleotide-binding oligomerization domain-like receptors (Nod-like receptors)
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as well as adhesion molecules and cytokine receptors. Surface receptor patterns significantly
vary from one tissue to another, indirectly supporting the concept of tissue specialization and
of local adaptation and plasticity (Geissmann, Gordon et al. 2010). Clearance of cell debris
and pathogens has been linked to their highly complex and developed late endosomal and
lysosomal compartments that are equipped with critical protease and bactericidal activities.
Furthermore, as dendritic cells, macrophages orchestrate and regulate inflammation by
providing cytokines and chemokines, attracting and recruiting neutrophils, monocytes and
lymphocytes. Finally, macrophages when challenged, secrete a lot of effector molecules that
include metabolic and growth factors that may contribute to tissue repair and homeostasis
(Geissmann, Gordon et al. 2010). Despite these common functions, tissue macrophages are
heterogeneous populations as recently discovered by the examination of their gene expression
profiles and epigenetic regulation. To date most of the factors regulating tissue specific
features are unknown even if the current view strongly indicates the role of local

environment.

I will review the key features of mouse and human macrophage subsets, their development

and how they are maintained.
An overview of tissue-resident macrophage subsets

The liver. The liver is mainly involved in the uptake and the storage of nutrients, aminoacids,
sugars, lipids and vitamins. Next to its storage function the liver helps with the metabolic
conversion and release into the blood and the bile and with the detoxification of chemicals
(Kmiec 2001). To promote these functions, the liver is assisted by anatomical specificities
including its particular blood circulation that makes it continuously exposed to food antigens,
microbes and xenobiotics, because of blood irrigation by both the portal vein and the systemic
arterial circulation. Interestingly, liver microcirculation includes a network of sinusoids made
of a fenestrated layer of liver sinusoidal endothelial cells, that has been suggested to facilitate
effective antigen capture and presentation (Racanelli and Rehermann 2006). The main liver
resident macrophage population is the Kupffer cells with a predominant distribution in the
periportal regions of the liver sinusoids (Racanelli and Rehermann 2006). Consistent with a
macrophage population, Kupffer cells exhibit high phagocytic and lysosomal activities,
strongly supporting their role of blood filter and in immune surveillance. They have been
implicated in the clearance of blood-borne pathogens, of complement-opsonized particles, of
cell debris and immune complexes. While in homeostatic settings they display a tolerogenic

phenotype, they can trigger hepatocytes injury and damage under pathological conditions
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(Racanelli and Rehermann 2006, Dixon, Barnes et al. 2013). As also observed in the spleen,
Kupffer macrophages strongly contribute to the removal of senescent red cells that are either
malformed or damaged (Willekens, Werre et al. 2005, Racanelli and Rehermann 2006). One
of the mechanisms potentially involved in the phagocytosis of erythrocytes is the high
expression of the CD163 scavenger receptor (Kristiansen, Graversen et al. 2001). Finally,
they also participate in regulating lipid metabolism, this function being facilitated by the

expression of specific receptors for lipoproteins (Racanelli and Rehermann 2006).

Brain _tissue macrophages (microglia, non-parenchymal macrophages). Microglia is a

macrophage population that resides in the central nervous system parenchyma to complete
two main functions including immune defense and homeostatic maintenance (Wake,
Moorhouse et al. 2011). Supporting indirectly a role in the regulation of brain tissue function
and viability, the acute ablation of adult microglia using a CSF-1 receptor kinase inhibitor in
the central nervous system leads to the rapid and massive replenishment by newly-
differentiated macrophages, presumably due to the infiltration by bone marrow derived cells
that can enter through brain blood barrier disruption (Elmore, Najafi et al. 2014). Numerous
mechanisms have been identified that may be used by microglia to regulate neuroglia
integrity. During embryogenesis and post-natal period, microglia actively phagocytozes cell
debris and synaptic material to perform neuronal pruning (Schafer, Lehrman et al. 2012,
Kierdorf, Erny et al. 2013). Elimination of this process can be obtained through a CX3CRI1
deficiency and leads to impaired functional brain connectivity and disturbance in social
behavior in adult mice (Sierra, Encinas et al. 2010, Paolicelli, Bolasco et al. 2011, Zhan,
Paolicelli et al. 2014). Microglia has been also linked to the formation of learning-induced
spines in the motor cortex by secreting brain-derived neurotrophic factors. Interestingly, there
is also evidence for a regulation of microglia by neuroglial cells. Neurons can fuel the renewal
and maintenance of microglia by promoting the secretion of IL-34 that is a known ligand for
CSF-1R. They were also shown to silence their function under inflammation by secreting
Transforming Growth Factor-beta TGF-3 (Greter, Lelios et al. 2012, Wang, Szretter et al.
2012).

Non-parenchymal macrophages are made of perivascular, meningeal and choroid plexus
macrophages that have been associated to the local immunosurveillance against local
inflammation, neurotropic virus or brain tumors. Contrary to the microglia, non-parenchymal
macrophages highly exchange with the blood circulation and myeloid cells (Prinz and Priller

2014).
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The lung. The lung is a vital respiratory organ that regulates gas exchanges between the
environment and the blood circulation. Due to its function, airways are constantly in direct
contact with microbes, allergens and pollutants. A lung integrity is required to support its
physiologic respiratory function so that the organ has to tightly equilibrate immune defense to
protect from pathogenic infections and to limit susceptibility to allergic airway inflammation
(Herold, Gabrielli et al. 2013). Two main populations have been identified to promote acute
immune responses responsible for either tolerance of protective immunity: the alveolar
macrophages and the CD103+ and CD11b+ conventional dendritic cell subsets (Guilliams,
Lambrecht et al. 2013, Gollwitzer, Saglani et al. 2014). Alveolar macrophages are distributed
among the alveoli of healthy airways and interact with alveolar epithelial cells through
CD200 and TGF-B signaling to ensure a tolerogenic phenotype (Morris, Huang et al. 2003,
Snelgrove, Goulding et al. 2008). Alveolar macrophages are also in direct contact with
surfactant-associated antigens derived from microbes, cell debris and allergens expressed by
lung epithelial cells, promoting their neutralization without activating inflammatory gene
program (Forbes and Haczku 2010). Reinforcing the role of surfactant in the regulation of the
alveolar macrophage activation state, mice deprived from surfactant exhibit a chronic airway
inflammation. In other words, the alveolar macrophages are required to clear surfactant by
their phagocytic activity, the latter being supervised by the transcription factor BTB Domain
And CNC Homolog 2 (Bach2) (Nakamura, Ebina-Shibuya et al. 2013). Lack of this
transcription factor is responsible for the development of a pulmonary alveolar proteinosis.
Alveolar macrophages also phagocytoze respiratory bacteria and promote type I IFN in the
context of respiratory viral infections (Goritzka, Makris et al. 2015). Finally, the alveolar
macrophages are also involved in the termination of inflammation, presumably due to their

homeostatic highly-tolerogenic phenotype (Tate, Pickett et al. 2010).

The splenic resident macrophage populations. The spleen is a secondary lymphoid organ that

initiates and regulates adaptive immune responses against blood-borne self and foreign
antigens. Contrary to the lymph nodes, the spleen is totally devoted of connections with the
lymphoid circulation so that it is totally dependent on the systemic blood circulation (den
Haan and Kraal 2012). Spleen homeostatic functions include the clearance of cells debris and
senescent red cells and also the recognition and the control of blood microbial infections. To
serve these functions, the spleen is divided into three main anatomical compartments, the red
pulp and the white pulp zones separated and connected with a marginal zone (den Haan and

Kraal 2012). Resident macrophages with specific roles can be found into the three regions.
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Red pulp macrophages are specialized in iron metabolism and express a protein machinery
dedicated to the support of all the recycling phases, including the engulfment of end-of-life
red cells, the uptake of hemoglobin and heme breakdown and iron export (Ganz 2012). As for
Kupffer cells in the liver, CD163 scavenger receptor is highly expressed at the cell surface
and facilitates endocytosis of hemoglobin-haptoglobin complexes released by dying red cells
(Kristiansen, Graversen et al. 2001). In addition to CD163, red pulp macrophages express
high levels of F4/80 and mannose receptor at the surface and low or undetectable levels of
CD11b, CD11c and intermediate levels of MHC-II molecules (den Haan and Kraal 2012).
White pulp macrophages include the tingible body macrophages and other macrophage
populations that have been poorly studied to date. The tingible body macrophages are located
in the germinal center of B cell follicles are contribute to the removal and phosphatidyl-serine
expressing apoptotic B lymphocytes that arise during the germinal center reaction (den Haan
and Kraal 2012). The expression of specific receptors such as the Milk fat globule-EGF factor
8 (MFG-ES8) directly supports this function since animals deficient for MFG-E8 develop
autoimmune manifestations and a defect in apoptotic B cell removal (Hanayama, Tanaka et al.
2004). The marginal zone of the spleen is a transitional area at the interface between the red
pulp and the white pulp regions. In this particular zone, systemic blood flow slows down,
promoting the exposure of microbes or apoptotic cells to the two distinct residing marginal
zone macrophage populations: the outer marginal zone macrophages and the metallophilic
marginal zone macrophages (den Haan and Kraal 2012). Supporting a role for the removal of
cell debris, the selective depletion of marginal zone macrophages leads to the accumulation of
apoptotic cell debris in the other regions resulting in the development of severe autoimmunity
(Miyake, Asano et al. 2007, McGaha, Chen et al. 2011). Marginal zone macrophages express
a specific set of PRRs, such as macrophage receptor with collagenous structure (MARCO)
and human dendritic cell-specific intercellular adhesion molecule (ICAM)-3-grabbing non-
integrin-related protein 1 (DC-SIGN-related protein 1 (SIGN-R1)) that both contribute to the
trapping and the clearance of microbial pathogens (Geijtenbeek, Groot et al. 2002). Marginal
zone macrophages also interact with marginal zone B cells and this B cell subset influences
both the maintenance and the retention of marginal zone macrophages by the secretion of
chemokines such as Chemokine (C-C motif) ligand-19 (CCL19) and CCL21 and of
lymphotoxin (Mackay, Majeau et al. 1997, Ato, Nakano et al. 2004, Nolte, Arens et al. 2004).
In turn, MARCO expression has been implicated in the retention of marginal zone B cells
(Karlsson, Guinamard et al. 2003) and SIGN-RI in influencing Immunoglobulin M (IgM)
responses to polysaccharides (Koppel, Litjens et al. 2008). Metallophilic macrophages form
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an inner ring of macrophages adjacent to the white pulp and are characterized by the high
expression of CD169 involved in the recognition of sialylated pathogens (den Haan and Kraal
2012). Metallophilic macrophages are close to the B cell follicles and are influenced by
factors secreted by follicular B cells. Due to this specificity and work on the lymph node
CD169+ counterpart, metallophilic macrophages might transfer antigen to B cells for
deposition on follicular dendritic cells (Junt, Moseman et al. 2007, Phan, Grigorova et al.
2007). Metallophilic macrophages have been also suggested to activate T cell adaptive
immunity by transferring antigens to cross-presenting dendritic cells (Backer, Schwandt et al.
2010). Finally, both populations have been shown to fuel inflammatory responses via type |

IFNs after a viral challenge (Eloranta and Alm 1999).
Tissue macrophage ontogeny

Similar to dendritic cells tissue resident macrophage origin and development are a current
topic of investigation. Initial examination of tissue macrophage ontogeny was performed by
the groups of F. Geissmann and M. Merad, which focused on the development of brain
microglia, and identified a yolk sac progenitor with a capacity of fueling developing embryo
and self-renewing during adulthood (Ginhoux, Greter et al. 2010, Schulz, Gomez Perdiguero
et al. 2012). Mechanistically this progenitor was characterized as Myb-independent and PU.1-
dependent (Schulz, Gomez Perdiguero et al. 2012). In the same time other groups identified
an alternative and fetal liver monocyte-derived progenitor for lung alveolar macrophages and
Langerhans cells (Ginhoux, Greter et al. 2010). The group of F. Geissmann has recently
proposed an original and elegant scenario that might explain the complex embryonic
development and adult renewal of tissue resident macrophages: during development, a yolk
sac erythro-myeloid progenitor arises, distinct from HSCs and colonizes the liver to
differentiate into fetal monocytes, monocytes, granulocytes and macrophages (Gomez
Perdiguero, Klapproth et al. 2015). Erytrho-myeloid progenitors will generate microglia and
participate to the liver Kupffer macrophages and Langerhans cells (Hoeffel, Wang et al. 2012,
Gomez Perdiguero, Klapproth et al. 2015). This postulate was challenged by another study
that demonstrated the role of fetal HSCs in promoting most of tissue-resident macrophages
with the exception of microglia and non-parenchymal brain macrophages (Sheng, Ruedl et al.
2015). To conclude, whatever the precise progenitor involves, the literature strongly supports
the role of embryonic progenitors and macrophages in tissue-resident macrophage populations
and in their self-renewal during adulthood. However, complementary experiments from this

study suggested a contribution for adult bone marrow HSC-derived monocytes during
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adulthood in renewing tissue macrophages. The latter observation is supported by several
studies that showed that: blood circulating monocytes give rise to fully functional heart
macrophages during injury (Epelman, Lavine et al. 2014, Molawi, Wolf et al. 2014), to lung
alveolar macrophages (Guilliams, De Kleer et al. 2013), to liver Kupffer macrophages (Scott,
Zheng et al. 2016), to choroid plexus brain macrophages (Goldmann, Wieghofer et al. 2016);
and that under inflammation setting inflammatory monocytes can differentiate into tissue
resident macrophages before being eliminated with the resolution of inflammation (Gautier,
Ivanov et al. 2013). Recent studies by the group of M. Guilliams also support the contribution
of different progenitors during life to maintain tissue-resident macrophages homeostasis: after
birth alveolar macrophages can be renewed by yolk sac macrophages, fetal liver monocytes
and bone marrow HSC-monocytes that colonize an empty niche but not from differentiated
resident macrophages from another organ (van de Laar, Saelens et al. 2016). Importantly,
newly differentiated macrophages from the three progenitors displayed similar gene and
protein signature and functionality to “natural” alveolar macrophages (van de Laar, Saelens et

al. 2016).
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Figure 2. Macrophage ontogeny and requirement on specific transcription factors
(derived from (Tussiwand and Gautier 2015)). During embryogenesis, yolk sac progenitors
only give rise to microglia. Most tissue-resident macrophages develop before birth and derive
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from early hematopoietic stem cells (HSC). After birth and in the adult mouse, alveolar,
splenic, liver macrophages maintain their pool by self-renewal, while heart macrophages need
a constant replenishment from bone marrow HSC. Also are depicted the transcription factors
specifically controlling some of the resident macrophage populations.

Transcription factors required for development and maintenance of macrophages

Transcription factors involved in macrophage development. Three inter-dependent factors

have been identified to promote the macrophage development and the depletion or inhibition
of these factors when viable led to a lack of detection of tissue-resident macrophages: runt-
related transcription factor 1 (RUNXT1), high levels of PU.1 and the Csf-1r (Tussiwand and
Gautier 2015).

Transcription factors involved in macrophage maintenance. A few number of transcription

factors can promote the maintenance of specific macrophage population in tissues: as
examples, Spi-C is required for the maintenance of splenic red pulp macrophages whereas
outer marginal zone and metallophilic splenic macrophages are both dependent on the
transcription factor Liver-X-Receptor o (LXRa). Furthermore, PPARYy is required for the
maintenance of lung alveolar macrophages, either by influencing the local environment or by

a direct intrinsic effect on macrophages (Tussiwand and Gautier 2015).

Table 1. Origins, functions and transcription factors of tissue macrophages

Tissue Cell Type Origin Functions Transcription
factor/tissue
CNS Microglia YS Immunosurveillance CD200, CX3CLI,
Brain development, | TGF-f3
synaptic pruning,

clearance of cell debris

CNS Non-parenchymal | HSC Immunosurveillance NA
macrophages
Liver Kupffer cells YS Immunosurveillance NA
Metabolism,
detoxification, iron
recycling
Lung Alveolar YS/HSC Immune  surveillance, | Surfactant, CSF-
macrophages clearance of surfactant 2,CD200
Lymph nodes Subcapsular sinus | NA Cross-presentation, NA
macrophages uptake of opsonized

antigens and transfer to
B cell follicles

Lymph nodes Medullary NA Antigen capture, | NA
macrophages removal of apoptotic
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granulocytes
Spleen Outer  marginal | NA Immune  surveillance, | LXRa
zone tolerance to apoptotic
macrophages debris, antigen transfer
to B cells
Spleen Metallophilic NA Immune  surveillance, | LXRa
macrophages antigen transfer to DC
Spleen Red pulp | YS>HSC Iron recycling, | Heme/Spi-C
macrophages immunosurveillance

CNS: central nervous system; HSC: hematopoietic stem cell; NA: not assessed; Y'S: yolk-sac

4) A new nomenclature to facilitate the examination of phagocyte populations.

With the recent technological developments, a large set of macrophage and dendritic cell
populations have been described in both human and mouse, with a particular phenotype and
specific functions. However, in the same time this has induced confusion in naming some
mononuclear phagocyte subsets, with critical implications in the interpretation of the
literature. An additional level of confusion has also been brought by the fact that some of the
protein markers currently used in flow cytometry panels may be specific of dendritic cell or of
macrophage subsets depending on the tissue considered. In the context of the recent advances
on the monocyte, dendritic cell and macrophage ontogeny, international experts have recently
proposed a unified nomenclature for mononuclear phagocytes based on their ontogeny, with
additional insight given by the location, the phenotype and the function (Guilliams, Ginhoux
et al. 2014). Importantly, this proposition has been recently at least partly validated by a
publication that proposed a high-dimensional and standardized examination of dendritic cell
subsets from different species (Guilliams, Dutertre et al. 2016). As an example, dendritic cells
are defined as FLT3-L dependent hematopoietic cells and can be further divided into
conventional dendritic cells and pDCs because pDCs are dependent on E2-2 for their
development. Among conventional dendritic cells, conventional type 1 dendritic cells
(cDCls) and conventional type 2 dendritic cells (cDC2s) are identified by their respective
dependency on BATF3 and IRF4. By incremented with the level two of the classification, the
location (spleen, lymph node) and the specific phenotype (CD103+, CD207+) the name of the

subset considered will be completed following the nomenclature.
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Figure 3. A new proposition of classification for mononuclear phagocytes (derived from
(Guilliams, Ginhoux et al. 2014)). BATF3, basic leucine zipper transcriptional factor ATF-
like 3; classical type 1 DCs (cDCls); cMoP, common monocyte progenitor; CSF1, colony-
stimulating factor 1; CSF2, colony-stimulating factor 2; FLT3, FMS-like tyrosine kinase 3;
HSC, hematopoietic stem cell; IL-34, interleukin-34; iNOS, inducible nitric oxide synthase;
IRF4, interferon-regulatory factor 4; MC: monocyte-derived cell ; pDCs : plasmacytoid
dendritic cells ; RELMa, resistin-like molecule-a.

5) Concluding remarks.

As exposed above, the mononuclear phagocyte system is involved in key functions of both
innate and adaptive immunity: they can initiate and regulate inflammatory responses, they
contribute to tissue homeostasis and in the case of dendritic cells they can activate adaptive
immunity by processing the exogenous material into antigenic peptides for their presentation
onto MHC-I and MHC-II molecules. Both dendritic cells and macrophages are plastic cells
that are influenced by signals present in their local microenvironment. While the transcription
factors and the signals required for the development of dendritic cell subsets are similar, they
differ for tissue macrophage subsets from one organ to another. An important insight has been
recently made regarding dendritic cell and macrophage ontogeny, with the identification of
the progenitors required for most of dendritic cell and macrophage subsets, yet some of them
remain unknown. The recent advances on ontogeny together with the use of recent multiplex
high-dimensional technologies have allowed to propose and validate a classification for

dendritic cell and macrophage subsets.

26




MAUVAIS Frangois-Xavier — Thése de doctorat d’Immunologie - Année 2016

Chapter 3. What are the actors of the adaptive immunity?

As previously mentioned, the adaptive immune responses involve specific cellular and
molecular actors including: T and B lymphocytes and antibodies. Contrasting with innate
immune responses, adaptive immunity takes several days to be initiated but is specific to the
pathogen. The specificity is driven by the recognition by the specific surface receptors present
on B (BcR) and T (TcR) lymphocytes of motifs derived from self or foreign antigens. Another
important key feature of adaptive immunity is the generation of specific memory responses:
in the case of a second contact with the same antigen, specific adaptive immune responses
take place more rapidly (few hours) and are more robust. I will illustrate how lymphocyte
subsets are heterogeneous regarding their differentiation, their nature and their functional
properties focusing on T lymphocytes, since some of the key aspects will be important for
understanding and discussing the experimental results. Regarding other aspects of T cell
biology, B lymphocytes and other lymphoid subsets, one can refer to recent reviews that
provide a large insight about their nature, origin and functions (Papamichail, Perez et al. 2004,
LeBien and Tedder 2008, DiLillo, Horikawa et al. 2011, Stritesky, Jameson et al. 2012,
Dzhagalov, Chen et al. 2013, Spits, Artis et al. 2013, Eberl, Di Santo et al. 2015, Kim, Lynch
et al. 2015, Vallentin, Barlogis et al. 2015, Fillatreau 2016, Huntington, Carpentier et al.
2016, Vivier, van de Pavert et al. 2016).

1) An overview of T lymphocytes

CD8+ and CD4+ T lymphocytes are characterized by the expression at the surface of a T cell
receptor that is made of either oy or yd heterodimer chains. T lymphocytes not only induce
protective immunity by exerting cytotoxic functions but also regulate innate and adaptive
immune responses. Contrary to other hematopoietic cells that are produced in the bone
marrow, the thymus promotes the development of T lymphocytes, from where naive T
lymphocytes exit to colonize peripheral tissues. During acute infections or vaccinations, naive
T cells are activated and differentiate into effector T cells over the course of 7 to 20 days. The
full process of naive T cell differentiation is assisted by robust proliferation, transcriptional
and metabolic reprogramming and the acquisition of cardinal features of effector T
lymphocyte phenotype: dramatic numerical expansion among the pool of bulk T cells;
acquisition of effector functions and altered tissue homing. Next to the peak of expansion
with the resolution of inflammation and the removal of antigen the vast majority of effector T

cells die, with the exception of a particular subset that will persist over time to fuel the
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memory T cell pool. Transition to the memory T cell pool is accompanied by the repression
of the activation program of effector T cells. Interestingly upon a second encounter, these
memory T cells are rapidly mobilized to the injured tissue and massively reactivate effector
functions. Besides this antigen-dependent property, memory T cells exhibit self-renewal
antigen-independent potentiality, thought to be driven by IL-7 and IL-15. Complicating our
view of memory T cell development, several mouse and human memory T cell subsets have
been identified, yet how do they relate and what are their specific properties and functions
remain still debated. Importantly upon persistent antigen exposure or inflammatory
environment, as this is the case in cancer, auto-immunity and chronic viral infections,
memory T cell differentiation is impaired, resulting in a shift toward an altered differentiation
status called exhausted T cells. Cardinal features of T cell exhaustion include gradual loss of
effector functions, sustained up-regulation and segregation of inhibitory receptors, altered
expression and use of transcription factors, metabolic alterations and loss of self-renewal

capacity (Chang, Wherry et al. 2014).

Expansion

Stabilization

Relative CD8 T cell number

0 8 15 22 30 60
days post infection

Figure 4. The three phases (expansion, contraction and stabilization) of an antigen-
specific CD8+ T cell responses following immunization (derived from (Kaech, Hemby et
al. 2002))

2) Naive-to-effector T cell differentiation, a plastic tightly regulated process

Naive T cell activation and proliferation promote their differentiation into effector T cells.
Effector T cells are highly heterogeneous as supported by the high diversity and plasticity
observed for CD4+ T cells (Murphy and Reiner 2002). Upon the influence of the
environment, a naive CD4+ T cell can give rise to various effector subsets including T helper
cell subset Th1, Th2, Th17, Th9, Th22, Th25 or follicular helper T (Tth) cells and the induced
regulatory T cell population (iTreg) (Zhu, Yamane et al. 2010). In the CD4+ compartment,
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the current models support that transcription program required for Th subset differentiation is
engaged and activated upon extrinsic stimuli. Th1 subset is defined by its capacity to produce
IFN-y and naive-to-Thl polarization requires IL-12, type I IFNs, signal transducer and
activator of transcription 4 (STAT4) and STATI1 activity and is partly dependent on T-box
expressed in T cells (T-bet) expression (Szabo, Kim et al. 2000, Amsen, Spilianakis et al.
2009). Upon exposure to IL-12 and type I IFNs, STAT4 and STATT activation, respectively,
facilitate chromatin accessibility and remodeling to the enhancer regions of Th1 gene program
allowing for the subsequent T-bet recruitment and commitment to Thl lineage, in the same
time that other polarizing-gene programs are repressed (Fiorentino, Bond et al. 1989,
Sundrud, Grill et al. 2003, Lee, Kim et al. 2006, Wilson, Rowell et al. 2009). Th2 subset is
defined by its lack of IFN-y production and its high capacity to secrete IL-4. In a mechanism
similar to Thl subset, exposure to IL-4, STAT-5 or STAT-6 activity and engagement of the
transcription factor GATA-3 are required for naive-to-Th2 polarization (Sundrud, Grill et al.
2003, Lee, Kim et al. 2006, Ho, Tai et al. 2009, Wilson, Rowell et al. 2009). Th17 subset
secretes IL-17 isoforms and during the naive-to-Th17 polarization, IL-6 and IL-23 activate
STAT-3 to promote the recruitment and activation of the nuclear receptors Receptor-Related
Orphan Receptor-o (RORa) and RORyT (Yang, Pappu et al. 2008, Korn, Bettelli et al. 2009);
additional factors might be required such as BATF, IRF4, aryl hydrocarbon receptor both
their precise roles remain to be fully investigated and understood (Lee, Mukasa et al. 2009).
iTreg secrete TGF-B or IL-10 and express cytotoxic granules; commitment toward iTreg
requires IL-2 and upon binding to its receptor, STAT-5 activates and binds to the forkhead
box P3 (FOXP3) gene to produce Foxp3 protein, that in turn promotes regulatory T cells
(Treg) and represses other Th-polarizing programs (Lee, Mukasa et al. 2009). Th9 share a
similar program than Th2 but a high concentration of TGF-f3 forces the maturation towards
Th9, in a BATF-dependent manner (Veldhoen, Uyttenhove et al. 2008). Th22 cells are related
to Th17 cells and are promoted by IL-6 and Tumor Necrosis Factor-alpha (TNF-a), which
induce the activation of STAT-3 and the expression of aryl hydrocarbon (Pickert, Neufert et
al. 2009). Th25 are induced by Actl and probably derived from Th2 (Swaidani, Bulek et al.
2011). Tth polarization requires the activation of STAT-3 and depends on the transcription
factor MAF. Tth subset promotes B cell class-switching for Ig production and guides B cells
into germinal centers. IL-6 and STAT-3 as well as Inducible T cell COStimulator (ICOS)
activation, initiate the transcription of the transcription factor MAF. OX-40/CD137 ligation is
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also required (King 2009). The functions of CD4+ regulatory and helper T cell subsets are

summarized in the table 2.

Table 2. Characterization of CD4+ helper and regulatory T cell subset functions
(derived from (Caza and Landas 2015))

Th Subset Effector cytokines Functions

Thl IFN-y, IL-2, TNF-a. Cell-mediated immunity, delayed-type
hypersensitivity,  clearance  of intracellular
pathogens and tumor cells, B cell class-switching to
IgG2a

Th2 1L-4, IL-5, IL-10, IL-13 Humoral immunity, clearance of extracellular
bacteria and worms, B cell class-switching to IgE,
allergic responses

Th9 IL-9, IL-10 Protection against parasitic =~ worms/helminth
infections

Th17 IL-17A, IL-17E, IL-17F, IL-6, | Protection of mucosal surfaces, recruitment of

IL-22, TNF-a, IL-10 neutrophils, clearance of  Mpycobacterium

tuberculosis and Klebsiella pneumonia

Th22 IL-22, 1IL-13, FGF, CCL15, | Mucosal immunity, prevention of microbial
CCL17, TNF-a translocation across epithelial surfaces, promotes
wound repair.

Th25 IL-25, IL-4, IL-5, IL-13 Mucosal immunity, stimulates non-lymphoid cells
to produce IL-4, limits Thl and Th17 induced in
inflammation, CD4+ T cell memory (mouse)

Tth IL-21 OX40, ICOS Helps B cells produce high a affinity, class-
switched antibodies, guides migration into germinal
centers

iTreg IL-10, TGF-B Suppression of existing immune responses,
maintains tolerance/protection against
autoimmunity

CCL: CC chemokine ligand; FGF: fibroblast growth factor; ICOS: Inducible T-cell
COStimulator; IFN: interferon; Ig: immunoglobulin; IL: interleukin; iTreg: induced
regulatory T cells; Tth: follicular helper T cells; Th: T helper; TNF: tumor necrosis factor.

Although such distinct subsets are not identified in the general physiological or pathological
settings, effector functions may vary among effector CD8+ T cells. For instance, effector T
cells are heterogeneous in producing effector cytokines such as IL-2, TNF-a or IFN-y or
chemokines and in co-producing these molecules. An additional level of heterogeneity in
CD8+ T cell subsets has been observed for the content in cytotoxic granules: some of them

exhibit high levels of pre-formed reedy-to-use perforin and granzymes whereas other require
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their neosynthesis, degrees of co-expression may vary from one cell to each other (Seder,

Darrah et al. 2008, Yuan, Gnjatic et al. 2008, Makedonas, Hutnick et al. 2010).
3) Differentiation effector-to-memory T cell subsets and T cell exhaustion
T cell memory

Memory T cells are the effector T cells that escape apoptosis during the contraction phase and
persist in either the secondary lymphoid organs in the case of central memory T cells or in the
recently infected tissue in the case of effector memory T cells and tissue-resident memory T
cells for long periods of time following the clearance of the cognate antigen that has been at
the initiation of T cell activation (Ahmed and Gray 1996, Zinkernagel, Bachmann et al. 1996,
Williams and Bevan 2007). As mentioned earlier, hallmarks of T cell memory are the
evidence of prior expansion or activation, the persistence after the clearance of cognate
antigen, an enhanced functional activity upon antigen re-exposure (Kaech and Wherry 2007).
Regarding their gene-expression and protein-expression profiles as well as their functionality
memory T cells are highly heterogeneous, which strongly contribute in limiting the
accumulation of crucial clues about their ontogeny, maintenance and regulation (Chang,
Wherry et al. 2014). To date, how do memory T cells are generated remains an unresolved

question, yet it has been an intense subject of investigation.

At least four models of memory development and fate decisions have been proposed (Kaech
and Wherry 2007). The current model postulates the existence of a memory precursor effector
cell subset that are not fully mature memory T cells and require further differentiation to
acquire the hallmarks of T cell memory (fate commitment with progressive differentiation)
(Kaech and Wherry 2007). Furthermore, the effector T cell pool is heterogeneous and
contains many short-lived effector cells (SLECs) that will mainly die after infection during
the contraction phase, the remaining small fraction getting the potential to become long-lived
memory T cells, referred to as memory-precursor effector cells (MPECs) (Gett, Sallusto et al.
2003, Chang, Palanivel et al. 2007). This model is currently preferred in the recent literature
and proposes that MPECs are a plastic subset that can develop into SLECs in the case of

strong stimulatory signals.
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Memory T cell subsets

As previously described, memory T cell subsets are highly heterogeneous with implications
on their effector functions, tissue distribution and trafficking properties. Memory T cell
subsets can be currently divided into at least four subtypes that are identified by some
characteristic features: effector-memory (Tem), central memory (Tcm), tissue-resident
memory (Trm), stem memory T cells (Chang, Wherry et al. 2014, Schenkel and Masopust
2014). After the contraction phase, the memory T cell pool is thought to slowly convert from
a population of Tem to Tcm cells, that present less functional properties but a capacity of self-
renewal. Tcm are defined by their expression of lymph node homing molecules (CCR7) and
have the capacity to recirculate and patrol within the lymph nodes and the white pulp of the
spleen, and to secrete IL-2 and proliferate upon TcR stimulation to generate in few days
abundant effector T cells that migrate to the sites of infection. Tem recirculate between blood
and non-secondary lymphoid organs, lack of secondary lymphoid organ homing molecules
such as CD62L and CCR7, constitutively maintain effector-like functions that can act without
requirement of a re-differentiation time. An additional subset has more recently been
identified that arises from memory precursor cells during the effector phase and remains
poisoned within the tissue, the tissue-resident memory T cells. Trm are permanently
established in situ, do not have migratory capacities and totally lack of secondary lymphoid
organs homing molecules, do express CD69, CD103, granzyme B, and low levels of CD122,
Sphingosine-1-receptor 1 and Ly6-C (Schenkel and Masopust 2014).

Table 3. A brief overview of markers expressed by conventional memory T cell subsets

in human and mouse (derived from (Rosenblum, Way et al. 2016))

Memory T cell subset Mouse phenotype Human phenotype
Central memory CCR7"", CD44"" CD127"¢", | CD44™¢", CD45RO™",
CD62L"E" KLRG1"™Y CD45RA™, CD127"¢" and

express high levels of IL-2 and
intermediate levels of [IFNy and

TNF
Effector Memory CCR7°", CD44™", CD127"", CD44™¢" CD45RO™",
CD62L"Y, KLRG1"eh CD45RA™Y, CD127"¢",

CD62L"", express high levels of
IFNy and TNF and express low
levels of IL-2

Tissue-resident memory CCR7I°", CD69™", CD103™", [ CD45RO™", CD45RA"",
KLRG1"" CD69""; and CD103"¢" and
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CD103"" subsets
Stem cell memory CD44™¢" CD62L™", CD95™", | CD25"", CD27™%", CD44"™®",
CD122"%" SCA1"¢" BCL-2"¢", | CD45RO"", CD45RA"",
CD127"¢" CCR7"", FOXP3"" CD62L"",

CTLA4"" CD127"%, ICOS™e",
BCL-2"#" Ki67"°" and HLA-DR
expression not defined

BCL-2: B-cell lymphoma-2; CCR7: CC chemokine receptor type 7; CTLA4: cytotoxic T-lymphocyte-associated
protein 4; ICOS: Inducible T-cell Co-Stimulator; IFN: interferon; KLRGI1: Killer cell lectin-like receptor
subfamily G member 1; HLA: human leukocyte antigen; SCA1: Stem cells antigen-1.

Determinants for terminal effector and memory T cell fate

The determinant of the cell fate decision in the current model is the magnitude of the overall
strength of signal, which is a combination of antigen, co-stimulation and inflammation (Kaech
and Wherry 2007). This last hypothesis is supported by the fate of single naive CD8+ T cell
transfer that can give rise to both effector and memory subsets, suggesting that one single
CD8+ T cell has the potentiality for different fates (Stemberger, Huster et al. 2007).
Exogenous and endogenous signals have been associated with the fate of T cell protective

effector and memory subsets during primary responses.

Examination of the endogenous factors governing activated T cell fates has allowed for the
identification of at least seven categories that may influence T cell differentiation into
effector-like and memory-like T cells. Endogenous factors that may promote effector-like T
cell populations are a strong TcR strength (Tubo, Pagan et al. 2013), a high expression of IL-
2Ra (CD25) and Killer cell lectin-like receptor subfamily G member-1 (KLRG-1), a high
expression of the transcription factors T-bet, Id2, B-Lymphocyte-Induced Maturation Protein-
1 (BLIMP-1) and STAT4 (Pearce, Mullen et al. 2003, Intlekofer, Takemoto et al. 2005,
Cannarile, Lind et al. 2006, Johnston, Poholek et al. 2009, Nurieva, Chung et al. 2009, Shin,
Blackburn et al. 2009, Banerjee, Gordon et al. 2010, Cui, Liu et al. 2011), proximal daughter
cell status among the asymmetric division process (Chang, Palanivel et al. 2007, Chang,
Ciocca et al. 2011, King, Koehli et al. 2012), an open and on chromatin accessibility (Zediak,
Johnnidis et al. 2011) and a glycolytic mammalian target of rapamycin (mTOR)-dependent
metabolic status (Chi 2012). On the contrary, intrinsic factors more prone to the memory-like
cell fate are a weak TcR strength, high expression of IL-7R and CXCR3, high levels of
expression of transcriptional factors such as 1d3, B-cell lymphoma-6 (Bcl-6), T-cell factor 1
(TCF-1), STAT3, Forkhead box protein Ol (Foxol) and Eomesodermin (Eomes), a distal

daughter cell status among the asymmetric division tree, a poised and off chromatin
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accessibility and a specific metabolic status that is AMP-activated protein kinase (AMPK)
and SRC-dependent and wuses fatty acid oxidation and mitochondrial oxidative
phosphorylation (Chang, Wherry et al. 2014). Interestingly, intrinsic factors and notably
transcription factors operate by pairs and in apparent opposing ways to foster terminal
effector cells versus memory cells. For instance, induction of T-bet expression is higher under
exposure to inflammatory stimuli linking inflammation to the expansion of terminally
differentiated T cells that would reflect the need of effector functions during acute infection.
Importantly, deleting T-bet expression induces a lack of KLRG-1"¢" cells with little effect on
memory-like CD127"¢" cells (Chang, Wherry et al. 2014). On the contrary, Eomes, which is
highly homologous to T-bet is thought to promote the expansion and the differentiation
towards memory-like phenotype as assessed by the consequences of its genetic deletion
(Banerjee, Gordon et al. 2010). Similar conclusions have been raised when analyzing the roles
of the pair Id2 and Id3, and BLIMP-1 and Bcl-6 (Chang, Wherry et al. 2014). More than the
presence or the absence of these transcriptional factors in T cells, it seems that the quantities
or the gradual expression of these factors are required for the T cell fate. While mostly

identified in CD8+ T cells, such phenomena probably occur in the CD4+ T cell compartment
(Chang, Wherry et al. 2014).

Among exogenous signals, CD4+ T cell help and IL-2 influence effector CD8+ T cell
expansion and the transition towards memory cells and their maintenance. Defective CD4+ T
cell help results in a Tem-like population with poor effector functions and that express TNF-
related apoptosis-inducing ligand (TRAIL) (Janssen, Droin et al. 2005). IL-2 early secretion is
required for robust memory T cell formation (Pepper, Pagan et al. 2011). IL-7 and IL-15 are
crucial for antiviral memory responses and in vitro experiments support that the presence of
these cytokines favor the differentiation toward memory T cell subsets; however, there is no
clear evidence whether IL-7/IL-15 modulate T cell memory in vivo (van Leeuwen, Sprent et
al. 2009). In addition, a large set of studies support a role for inflammation level in the
regulation of effector and memory T cell differentiation (Williams and Bevan 2004, Virgin,
Wherry et al. 2009, Lefrancois and Obar 2010, Xin, Masson et al. 2016) and a high level of
inflammation may increase the SLEC/MPEC ratio, with a role for IL-12, IFN-y and type I
IFNGs.
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Table 4. Markers used to delineate effector T cell subsets in mouse (from (Plumlee, Obar

et al. 2015))

Effector T cell subset Phenotype

Short-lived effector cells CD127°%, KLRG1"&"
Memory precursor effector cells CD127"&" KLRG1™"
Early effector cells CDI127°", KLRG1™"

KLRGI: Killer cell lectin-like receptor subfamily G member 1
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Figure 5. Determinants for terminal-effector and memory T cell fate (from (Chang,
Wherry et al. 2014)). (a) Many intrinsic and extrinsic factors can influence cell-fate
specification following early T cell activation; for a detailed view, refer to the corresponding
part or the manuscript. APC, antigen presenting cell. (b) Categories (top) and prominent
examples of each category (below) of factors that can promote effector or memory T cells
subsets; for a detailed view, please refer to the corresponding part of the manuscript. FAO,
fatty acid oxidation; SRC, spare respiratory capacity; OxPhos, oxidative phosphorylation.
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T cell exhaustion

T cell exhaustion has been mainly identified and studied in the context of chronic viral
infection and is thought to be influenced by antigen persistence over time as well as additional
factors such as the lack of CD4 help and negative signals from the microenvironment, mainly
cytokines or ligands. Duration of viral exposure has been correlated with the intensity of the
exhausted phenotype in the context of lymphocytic choriomeningitis virus mouse infection
(Blackburn, Crawford et al. 2010) or in human HIV-1 infection (Brooks, McGavern et al.
2006, Bucks, Norton et al. 2009, Angelosanto, Blackburn et al. 2012); supporting this
hypothesis, removal of antigen only before a period of 2 weeks-exposure was sufficient to
prevent the promotion of CD8+ T cell exhaustion (Brooks, McGavern et al. 2006,
Angelosanto, Blackburn et al. 2012). Prolonged and high level expression of inhibitory
receptors at the cell surface is a common feature of exhausted T cells. Among the variety of
putative inhibitory receptors, Programmed cell death 1 (PD-1) and (PD-1)-related signaling
pathway has been tightly incriminated in T cell exhaustion using complementary
mechanisms: ectodomain competition by sequestrating target receptors or ligands (Pentcheva-
Hoang, Egen et al. 2004); modulation of intracellular mediators resulting in altered TcR
signaling or impaired positive signaling from co-stimulatory molecules/receptor (Yokosuka,
Takamatsu et al. 2012); by promoting an inhibitory transcriptional program (Quigley, Pereyra
et al. 2010). Other inhibitory receptors and molecules include the lymphocyte activation gene
3 (LAG3) protein, CD244, T-cell immunoglobulin and mucin-domain containing-3 (TIM3)
and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) are generally co-expressed at the
surface of exhausted T cells and may synergize to promote negative signals as this is the case
for PD-1 and LAG3 or PD1 and CTLA4 (Blackburn, Shin et al. 2009). Directly reinforcing
the crucial negative roles of these molecules, PD-1 or CTLA4 blockade using specific
inhibitors or antibodies reverse T cell exhaustion and are under investigation in cancer clinical
trials (Blackburn, Shin et al. 2009). Next to inhibitory receptors, T cell exhaustion is also
influenced by soluble mediators. IL-10 is an immunosuppressive cytokine and IL-10/IL-10
receptor pathway and signaling have been associated with T cell exhaustion: blockade of IL-
10 during chronic LCMV infection restores T cell function (Brooks, Trifilo et al. 2006,
Ejrnaes, Filippi et al. 2006) and the IL-10 sources incriminated are dendritic cells and
particular CD4+ T cell subset that express BLIMP-1 (Parish, Marshall et al. 2014). Another

suppressive cytokine, TGF-f has also been incriminated in T cell exhaustion (Tinoco, Alcalde

et al. 2009); expression of a dominant negative receptor in CD8+ T cells by inhibiting TGF-3
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signaling improved T cell function (Tinoco, Alcalde et al. 2009). Inflammatory cytokines
such as type I IFN and type I IFN signaling have been involved in promoting T cell
exhaustion (Curtsinger and Mescher 2010, Sandler, Bosinger et al. 2014).

4) Concluding remarks

T lymphocytes are crucial actors of cellular adaptive immunity. To activate, expand and
differentiate into effector T cells, their antigen receptor, the TcR, has to recognize and bind to
a specific peptide loaded onto MHC-I (CD8+ T cells) or MHC-II (CD4+ T cells). Among the
pool of effector T cells, a small number memory precursor cells will give rise to memory T
cell subsets, whereas the majority of the effector T cell pool will undergo massive apoptosis
during the contraction phase. The differentiation of naive T cells into effector and memory T
cells is influenced by a large set of endogenous and exogenous factors such as the strength
and the duration of TcR signaling, the presence of an inflammatory environment, the
proximity to the antigen presenting cell, the balance between the transcription factors that are
recruited, the metabolic status, epigenetics. The ultimate function of T cells is to promote a
protective immunity against tumors or infections. Although the precise molecular
mechanisms are not fully identified, recent evidence highlights the role or two effector subsets
in generating robust and protective immunity against pathogen, the Tem and the Trm, by two
complementary mechanisms: the production of cytotoxic molecules such as IFN-y or
cytotoxic granules and the licensing of effectors of the innate immune system (Lauvau, Boutet

et al. 2016).
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PART II - COMMUNICATION AND DYNAMICS ARE TWO KEY
FEATURES OF ONGOING IMMUNE RESPONSES

Chapter 1. Inter-cellular communication between innate and adaptive immune cells is

required for activation and regulation of adaptive immunity
1) T cell/dendritic cells communications
An overview of T cell/dendritic cell interactions

Because of the important literature suggesting the superiority of dendritic cells in priming T
cells, how these two cells connect to communicate has been an intense subject of
investigation. Interestingly, even in the absence of antigen, T cells are constantly motile in the
lymph nodes and scan the surface of dendritic cells for the presence of their cognate antigen,
in a process called crawling. During crawling, T cells remain in contact with dendritic cells
for short-lasting periods of 3 to 5 minutes (Stoll, Delon et al. 2002, Bousso and Robey 2003).
These transient contacts do not trigger TcR activation as assessed by the absence of calcium
signaling in T cells (Asperti-Boursin, Real et al. 2007, Wei, Safrina et al. 2007). The
important rate of contacts is largely influenced by the secretion of the chemo-attractant
protein CCL3 by dendritic cells that binds to CCRS expressed on naive T cells (Castellino,
Huang et al. 2006). Surprisingly, crawling as a mode of T cell/dendritic cell interactions has
been also detected in the presence of the cognate antigen. However, these short-lasting
interactions were associated to partial activation as assessed by the up-regulation of the early
T cell activation antigen CD69, yet the outcome was T cell anergy (Mempel, Henrickson et al.
2004, Miller, Safrina et al. 2004, Hugues, Boissonnas et al. 2006, Miller, Brown et al. 2012).
These transient contacts in the presence of antigen are probably mediated by the absence of
dendritic cell maturation stimulus or a high precursor frequency of antigen-specific T cells.
The presence of robust T cell activation has been associated in vivo with the occurrence of
stable and long-term interactions between T cells and dendritic cells (Iezzi, Karjalainen et al.
1998, Schrum and Turka 2002, Huppa, Gleimer et al. 2003). The duration of the contacts
varies from one model to another but was estimated to at least 6 hours (Celli, Lemaitre et al.
2007). In vitro evidence suggests that duration might reach 24 hours. Importantly, these
contacts are associated with an increase in cytosolic calcium concentration (Skokos, Shakhar
et al. 2007, Wei, Safrina et al. 2007). Another way for T cells to collect signals from antigen-
bearing dendritic cells is the formation of swarms, consisting in enlarged T cells that display

looping patterns in their movements and intermittent contacts with dendritic cells (Miller, Wei
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et al. 2002, Miller, Safrina et al. 2004). A correlation of functional outcomes and patterns of
contacts has been provided by independent studies using different models. Collectively, the
available literature points out the requirement of stable contacts for the generation of robust
effector cells as well as memory T cells whereas T cell tolerance occurs when only transient
contacts are observed. Importantly, stable contacts and consequently effector functions were
impaired when dendritic cells lacked of the adhesion molecule InterCellular Adhesion
Molecule 1 (ICAM-1) (Scholer, Hugues et al. 2008). This observation supports the existence
of an active molecular machinery that fuels the stable and long-lasting contacts between T

cells and dendritic cells.
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Figure 6. Modes of interaction between T cells and antigen-bearing dendritic cells
(derived from (Bousso 2008)). Antigen recognition by T cells can occur through interactions
with antigen-bearing dendritic cells that are short lasting, long lasting or in swarms.

A specific platform to facilitate the communication between T cells and antigen

presenting cells, the immunological synapse

A specific molecular platform that sustains these stable contacts and drives the signals from
the dendritic cells to the T cells has been identified and extensively studied in vitro, the
immunological synapse, yet its formation during in vivo stable interactions remains elusive.
The immunological synapse is a specialized contact area that is formed between a T cell that
is interacting with an antigen presenting cell and is composed of molecules important for
establishing T cell adhesion and polarity (Benvenuti 2016, Niedergang, Di Bartolo et al.
2016). This structure is influenced by the cytoskeleton and transduces highly controlled

secretory signals, allowing for instance the directed release of cytokines or lytic granules
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towards the antigen presenting cell or the target cell. The initial event that gives rise to the
immunological synapses is the binding of the TcRs to their ligands expressed at the surface of
the antigen presenting cells (Lee, Holdorf et al. 2002, Crites, Padhan et al. 2014). This
binding triggers the formation of hundreds of TcR microclusters accumulating at the center of
the interface between the T lymphocyte and the antigen presenting cell upon stimulation
(Campi, Varma et al. 2005, Yokosuka, Sakata-Sogawa et al. 2005, Varma, Campi et al. 2006)
and is synchronized with the calcium response (Krummel, Sjaastad et al. 2000, Crites, Padhan
et al. 2014). This TcR clustering phenomenon is accompanied by the recruitment of the Zeta
Chain Of T Cell Receptor Associated Protein Kinase 70kDa (ZAP70) kinase and adaptor
proteins required for T cell signaling. After TcR activation, TcR microclusters move towards
a specific central zone of the immunological synapse called the central supra molecular
activation cluster (c-SMAC) (Grakoui, Bromley et al. 1999). The ¢c-SMAC exerts specific
functions in the immunological synapse, including the promotion of cell adhesion between the
T cell and the antigen presenting cell, by increasing the avidity for peptide-MHC complexes;
the direction of the targeted secretion of cytotoxic granules and cytokines towards the antigen
presenting cells; the provision of a platform that regulates the endocytosis and exocytosis of
the TcR complex; the induction of co-stimulatory signals (Stinchcombe, Bossi et al. 2001,
Huse, Lillemeier et al. 2006, Stinchcombe, Majorovits et al. 2006, Griffiths, Tsun et al. 2010,
Huppa, Axmann et al. 2010, Choudhuri, Llodra et al. 2014). Generally, the c-SMAC
segregates into two functional domains, a signaling domain through the TcR and a secretory
domain, used for cytotoxic granule secretion onto target cells (Stinchcombe, Bossi et al. 2001,
Griffiths, Tsun et al. 2010). In the signaling domain, endocytosis/exocytosis of the TcR is
thought to negatively regulate T cell activation whereas the accumulation of the co-
stimulatory molecule CD28 or CD40L positively influences the T cell fate by recruiting and
activating crucial molecules such as protein kinase C (PKC)® and CARD-containing
MAGUK protein 1 (CARMAL1). Also, negative molecules can accumulate to prevent or
inhibit co-stimulation, by promoting the expression of inhibitory molecule CTLA-4
(Greenwald, Latchman et al. 2002, Yokosuka, Kobayashi et al. 2008, Kong, Yokosuka et al.
2011, Liang, Cucchetti et al. 2013). In the same time, on the antigen presenting cell, CD40
and CD80/CD86 are rapidly released to the membrane upon contact with the T cells.

After the TcR activation, the intercellular adhesion molecule Lymphocyte function-associated
antigen 1 (LFA-1) is recruited to the periphery of the immunological synapse in an intact F-

actin cytoskeleton-dependent manner and the TcR signals induce a specific LFA-1
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conformational change that results in high affinity binding to its ligand, ICAM-1/ICAM-
2/ICAM-3 (Comrie, Babich et al. 2015) on the antigen presenting cells, by an “inside-out”
signaling, defining a peripheral zone in the immunological synapse, the p-SMAC (Grakoui,
Bromley et al. 1999). Other molecules in the antigen presenting cell also rapidly accumulate
to the p-SMAC supporting strong adhesion: semaphorins, plexins and neuropilins, or CD45
(Grakoui, Bromley et al. 1999).

T cell interactions with B cells and macrophages

While mainly observed with dendritic cells, B cells were found to also form immunological
synapse-like interactions with T cells, yet with some striking variations (Kabanova,
Sanseviero et al. 2016). Formation of synapses between T cells and macrophages has also
been observed occasionally, but might be less beneficial for T cell activation (Lee, Holdorf et
al. 2002, Norbury, Malide et al. 2002, Hickman, Takeda et al. 2008). By analogy with the
immunological synapse, the transient and short-term contacts have been identified in vitro, are
referred to as “kinapses” and are associated with an impaired T cell activation; however, the
mechanisms supporting the formation of kinapses are poorly understood (Moreau, Lemaitre et

al. 2012).
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Figure 7. Formation of the immunological synapse by TcR microclusters (derived from
(Hashimoto-Tane and Saito 2016)). (A) and (B) upon antigen recognition, T cells interact
with the antigen presenting cell (APC) resulting in TcR-microclusters (MCs) at the interface
with the APC. TcR—MCs contain TCRs (red) and the proximal signaling molecules as well as
the CD28 co-stimulation receptor (blue), and induce the initial activation signal. TcCR-MCs
move toward the center of the interface to form the c-SMAC region. (C) It was noted that
there is a CD3" region (red) and a CD3" region (mixture of red and blue) within the c-SMAC;
the CD3"region (red) within the c¢-SMAC may represent the site for TcR
endocytosis/degradation for negative regulation, whereas in the CD3" region (blue) co-
stimulation molecules (CD28 and CTLA-4) are co-localized to induce a sustained co-
stimulation signal (CD28) or inhibit co-stimulation signaling (CTLA-4).
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Chapter 2. Innate and adaptive immunity is spatially and temporally dynamic
1) Artificial T cell activation by antigen presenting cells in vivo

Pioneer works from the group of U.H. von Andrian have provided significant insights on the
course of T cell activation in vivo. Using mostly in vivo live imaging of interactions between
cognate T cells and peptide-loaded dendritic cells, the group of U.H. von Andrian observed
that during the first 8 hours, contacts are mostly transient whereas a second phase of contact
involves long-lasting and stable contacts (Mempel, Henrickson et al. 2004). However, using
other artificial situations, independent studies observed that stable contacts might occur earlier
(Bousso 2008). Whatever the kinetics of T cell arrest, this phenomenon is currently viewed as
a prerequisite for productive T cell priming and is determined by a strong TcR signal (Bousso
2008). Different potential determinants for T cell arrest on dendritic cells have been identified
including dendritic cell maturation status, strong T cell activation (by high amounts of
peptides presented), a stochastic encounter between the “good” T cells on the “good” antigen
presenting cells, with a higher probability of T cell arrest with time (Bousso and Robey 2003,
Hugues, Boissonnas et al. 2006, Bousso 2008, Henrickson, Mempel et al. 2008, Scholer,
Hugues et al. 2008). On a molecular basis, T cell arrest in vivo is linked to the presence of the
adhesion molecules or integrins that are part of the in vitro synapse, since T cell arrest is
impaired in the absence of adhesion molecules (Scholer, Hugues et al. 2008). The formation
of cell kynapses has recently been proposed to favor an exploratory mode for naive T cells

(Moreau, Lemaitre et al. 2015).
2) Antigen transfer from macrophages to B cells promotes humoral responses

The groups of J.G. Cyster and U.H. von Andrian provided pioneer studies to decipher how
efficient humoral responses are produced in the follicular zone. Previous experimental works
identified that the follicular dendritic cells were the antigen presenting cells to the intra-
follicular B cells (Allen, Okada et al. 2007). The group of U.H. von Andrian demonstrated
that subscapular sinus macrophages were strictly required to generate efficient humoral
responses against lymph-borne viruses, through a mechanism that involved the presentation of
viral antigen to the cognate B cells that in turn migrated to the follicules (Junt, Moseman et al.
2007). A complementary work from the group of R.N. Germain allowed for the visualization
of B lymphocytes/dendritic cell long-term interactions resulting in antigen acquisition by B
cells from the antigen-bearing dendritic cells specifically in the high endothelial venule zones,

suggesting the existence of alternative mechanisms (Qi, Egen et al. 2006). The group of J.G.
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Cyster directly visualized immune complex/antigen transfer to the cognate migrating B cells
and the antigen transport to the follicular dendritic cells (Suzuki, Grigorova et al. 2009).
Importantly, they identified that this process is dependent on the presence of the complement
receptor on subcapsular sinus macrophages (Phan, Grigorova et al. 2007). Further work from
the group of J.G. Cyster demonstrated that antibody affinity maturation required the presence
of subcapsular sinus macrophages and that they formed membrane processes to the germinal
centers. Furthermore, non-cognate B cells relayed antigen opsonized from the macrophage
surface to the germinal center fueling the affinity maturation process (Phan, Green et al.
2009). Such processes were recently extended to humoral anti-tumor responses. However, the
latter study was challenged by the work from the group of M.J. Pittet that observed that
melanoma-derived extracellular vesicles were trapped into the subcapsular sinus macrophages
avoiding the entry of antigen into the lymph node cortex, their contact with B cells and the
promotion of anti-tumor humoral responses (Pucci, Garris et al. 2016). To generate efficient
long-term humoral responses, cooperation between antigen specific CD4+ T cells and B cells
is required; in this context, the group of R.N. Germain has identified specific stable
interactions between CD4+ T cells and cognate B cells but not antigen presenting dendritic
cell, through the involvement of the signaling lymphocyte activation molecule-associated

protein (Qi, Cannons et al. 2008, Cannons, Qi et al. 2010).
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Figure 8. How subcapsular sinus macrophages influence the antigen presentation to
follicular B cells in the lymph nodes (derived from (Harwood and Batista 2009)). On
arrival, subcapsular sinus CD169+ macrophages prevent the passive and massive free
diffusion of lymphatic fluid containing small antigens to the lymph node interior. Larger
antigens are trapped by subcapsular sinus macrophages and can be directly presented to
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antigen-specific B cells in the follicle or be transported by non-cognate B cells to follicular
dendritic cells, in a complement-dependent manner. This transport may allow follicular
dendritic cells to mediate antigen presentation to specific naive B cells.

Similar to the lymph nodes, a parallel mechanism was recently identified in the spleen, yet
with some variations. Marginal zone B cells are a unique B cell subset with a pivotal role in
mounting antibody responses against systemic pathogens. Marginal zone B cells mediate the
delivery of opsonized antigens from the marginal zone to the follicle and recent studies
provided indirect evidence that marginal zone B cells continuously exchange between the
marginal zone and follicles (You, Myers et al. 2011). The group of J.G. Cyster has recently
observed by live in vivo imaging microscopy that marginal zone B cells but not follicular B
cells are doted with motility and bi-directionally migrate between marginal zone and splenic
follicles in a phingosine-1-phosphate receptor-1-dependent manner, this process presumably
being required for antigen transfer to follicular dendritic cells (Arnon, Horton et al. 2013).
Recently, the expression of CD21 on marginal zone B cells was shown to regulate this antigen

transport (Prokopec, Georgoudaki et al. 2016).
3) T cell/dendritic cell contacts during infection in vivo

Although important for dissecting spatio-temporal aspects of T cell/dendritic cell interactions
associated with T cell fates, all the experimental highly controlled systems are a relatively
poor source of information to decipher how T cells are in fine primed during pathogen
infections. One would expect a specific pattern of spatio-temporal T cell/dendritic cell
interaction associated to each pathogen, due to the unique combination of parameters that
ultimately shapes the T cell/dendritic cell communication and that is unique for each
pathogen. In the recent years, such studies were conducted. In mice infected by a
subcutaneous infusion of vaccinia virus or vesicular stomatitis virus modified to express the
model antigen Ovalbumin (OVA), viral particles were visualized among the lymph node
subcapsular sinus zone, resulting in the accumulation of antigen specific T cells in the
peripheral inter-follicular regions. Importantly, CD8+ T cell/dendritic cell interactions were
visualized in these peripheral inter-follicular regions and stable interactions were formed as
soon as 6 hours post-infection (Hickman, Takeda et al. 2008). This totally contrasts with the T
cell/dendritic cell interaction observed in the high-endothelial venules in the case of other
modes of immunization. Further insight has been provided by a recent work from the group of
R.N Germain. Using another virus modified to express OVA and a series of conditional

depleting transgenic mouse model for cDC1 subset, they observed that two phases of priming
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of CD8+ and CD4+ T cells by dendritic cells are observed in the lymph nodes with a spatial
and temporal segregation. In the early phase of priming (few hours), CD4+ and CD8+ T cells
were primed by different dendritic cell types whereas after few days, cDC1 dendritic cells
were capable of co-presenting antigens to and activating T cells, providing a source of CD4+
help for CD8+ T cell priming (Eickhoff, Brewitz et al. 2015). In the context of another form
of antigen, particulate antigens, the same group using a combination of imaging technologies
including live multiphoton microscopy, histo-cytometry and whole-organ 3D imaging, has
identified a population of resident cDC2 dendritic cells that scan the lymph close within the
lymphatic sinuses, as being responsible for the priming of specific T cells (Gerner, Torabi-
Parizi et al. 2015). However, the same group together with the group of F. Zavala has
identified the cDC1 subset in the lymph nodes after subcutaneous immunization, as being
responsible for the uptake of the malaria parasites, another particulate antigen, resulting in the
subsequent priming of protective CD8+ T cells (Radtke, Kastenmuller et al. 2015). Looking
for an explanation of how the memory T cells exert their effector functions more rapidly than
naive T cells, the group of U.H. von Andrian has observed that memory T cells, but not naive
T cells are attracted to the site of initial infection in the lymph nodes, the subcapsular sinuses
in a CXCR3-dependent manner where they recognize the infected subcapsular sinus
macrophages. Importantly, no difference in terms of motility and interactive between naive
and memory T cells with deep cortex dendritic cells could be observed (Sung, Zhang et al.

2012).
4) T cell priming during allograft rejection in vivo

In the context of allografts, one of the undesired outcomes is allograft rejection, which is
mediated by innate immunity as well as alloreactive T cells. However, how the priming of
alloreactive T cells occurs in vivo remains elusive. The group of P. Bousso has recently
investigated the dynamics of immune responses supporting allograft rejection in a skin graft
model. By live two-photon microscopy, the authors observed that the dermal migratory
dendritic cells from the donor were rapidly replaced by a population of CD11b+ mononuclear
cells, responsible from donor antigen uptake and routing to host draining lymph nodes where

they cross-primed alloreactive CD8+ T cells (Celli, Albert et al. 2011).
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Chapter 3. Inter-cellular communications and dynamics of immune cells are influenced

by the microenvironment
1) Lessons from artificial experimental systems

In artificial experimental systems signal TcR strength and induction of dendritic cell
maturation are thought to be the main extrinsic determinant as assessed by the groups of P.
Bousso (Garcia, Pradelli et al. 2007, Jusforgues-Saklani, Uhl et al. 2008) and S. Amigorena
(Hugues, Boissonnas et al. 2006). However, exogenous signals are likely involved, although
the precise mechanisms remain elusive, and include an inflammatory environment. Indeed,
the group of S. Amigorena observed that infusing animals with LPS as an artificial
inflammatory environment induce stable and long-standing contacts between CD8+ T cells
and antigen-bearing dendritic cells as compared to CD8+ T cells and antigen-bearing
dendritic cells alone (Hugues, Fetler et al. 2004). Similar findings were observed for CD4+ T
cells and dendritic cells when the model antigen was injected together with an alum-
containing adjuvant cocktail (Miller, Hejazi et al. 2004). Finally, the group of R.N. Germain
has very recently reported two elegant studies that identify a negative signal for T cell
priming in vivo that contributes to prevent autoimmunity development. Using multiplex
quantitative imaging technologies, the authors observed that Treg cells with highly
suppressive capacities accumulate to form clusters with rare IL-2 positive T cells specific for
self-antigen. The suppression mechanism was antigen specific as the abrogation of TcR by
Treg cells disrupted Treg clusters and resulted in uncontrolled effector T cell responses

(Kastenmuller, Gasteiger et al. 2011, Liu, Gerner et al. 2015).
2) Lessons from infectious models

A recent effort has been given to identify exogenous signals that shape the immune responses
in more “physiological” pathological models. The group of P. Bousso has identified a few
months ago a role for the subcapsular sinus macrophages in promoting T cell respons