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Abstract

The ability of a host to generate an appropriate immune response is critical to provide protection against a
particular pathogen and to provide long-lasting memory against future reinfection. However, this immune
response must be tightly regulated to prevent its persistence or inadequate activation which can lead to the
development of immune pathologies. Mammalian immune system comprises a wide array of immune cells and
molecules. In particular, the ability of immune cells to secrete and respond to cytokines is central to the
orchestration of immune responses.

My PhD project has focused on the role of a particular cytokine named Transforming Growth Factor B (TGFp).
Unlike most other cytokines, TGFp is secreted in a latent form and must be activated to bind its receptor and
induce response on target cell. Our team and others have shown that a8 integrin plays a critical role in TGFf
activation and thus the regulation of TGFB-dependent immune responses.

More precisely, | investigated the role of a8 integrin in the regulation of intestinal immunity and humoral B cell
responses. In particular, my work focused on three immune processes: 1/ the induction of Trec and Tn17 in
Mucosal Associated Lymphoid Tissues and 2/ the regulation of intestinal IgA humoral responses and 3/ the
regulation of T-dependent B cell responses during the germinal center reaction.

This PhD consists of 3 main parts:

1. Requlation of TGFB-dependent intestinal immune responses by avB8 expressed by conventional

dendritic cells (cDC). Thanks to a new reporter mouse model for 38 expression, we establish the precise

expression pattern of this integrin_in cDC. Then we analyze the relative contribution of avf8 expressed
by type 1 (cDC1) and type 2 (cDC2) cDC in the regulation of intestinal Trec differentiation via TGFf

activation. We show that both ¢cDC1 and cDC2 are partially involved in the induction of Trec

differentiation through ovp38 expression. Our results indicate a cooperation between these two DC
subsets for TGFp activation and thus regulation of intestinal T cell responses.

2. owPB8 integrin-expression by BATF3-dependent dendritic cells facilitates early IgA responses to

Rotavirus. In this study, published in Mucosal Immunology, we show that av38 expression by cDC1 is
required for the optimal induction of IgA responses in the context of Rotavirus infection. We show that
ovp8 expression by cDC1 and their ability to activate TGFp is one of the mechanisms by which they are
licences to promote IgA B cell responses to rotavirus infection.

3. Investigating the relevance of a8 integrin expression by follicular T cell for the TGFB-mediated control

of B cell responses. In this part of the study, | report our surprising discovery that follicular T cells (Trn

and Trr) express avB8 integrin. This section describes the efforts made during my PhD to understand
the functional relevance of o38 expression by Trn and Trr in the regulation of B cell response during

the Germinal Center Reaction.



Résume Francais

G
A la suite d'une infection, la capacité de I'héte a produire une réponse immunitaire efficace et adaptée est
cruciale pour se défendre et générer une réponse mémoire permettant de se protéger contre une future
réinfection. En revanche, il est absolument nécessaire que cette réponse soit correctement régulée afin d’éviter
sa persistante ou son activation incontrélée pouvant mener au développement de maladies immunitaires. Le
systéme immunitaire comprend un ensemble complexe de cellules et de molécules immunitaires. En particulier,
la capacité des cellules immunitaires a produire et a répondre aux cytokines est absolument critique pour
I'orchestration des réponses immunitaires.
Mon travail de thése s’est intéressé a une molécule particuliére, la cytokine Transforming Growth Factor 3 ou
TGFB. Contrairement a la plupart des autres cytokines, le TGFp est produit sous une forme latente et doit étre
activé afin de pouvoir se lier a son récepteur et induire une réponse sur la cellule cible. Nous avons montré par
le passé que l'intégrine avB8 joue un réle clé dans le processus d’activation du TGFp et ainsi dans la régulation
des réponses immunitaires dépendantes du TGFp.
Plus précisément, j’ai cherché au cours de ma thése a comprendre le role de l'intégrine ov8 dans la régulation
des réponses immunitaires intestinales et la régulation des réponses humorales. Mon travail s’est plus
particulierement concentré sur la compréhension de trois processus : 1/ I'induction de lymphocytes Trec et Th17
dans l'intestin nécessaires au maintien de ’lhoméostasie immunitaire intestinale, 2/ la régulation des réponses
humorales de classe A (IgA) intestinales et 3/ la régulation des réponses humorales T-dépendantes au cours
de la réaction du Centre Germinatif.
Cette these peut étre séparée en 3 grandes parties :

1. Régqulation des réponse intestinales TGFB-dépendantes par av38 exprimée par les cellules dendritiques

conventionnelles (cDC). Grace a un nouveau modéle murin rapporteur de I'expression de l'intégrine

8, nous établissons le profil d’expression précis de cette intégrine dans les cDC. Puis, nous analysons
la contribution relative de I'intégrine a8 exprimée par les DC de type 1 (cDC1) et de type 2 (cDC2)
pour la différentiation des lymphocytes Treg dans l'intestin via I'activation du TGEp par l'intégrine avf38.
Nous montrons que les cDC1 et les cDC2 sont partiellement impliqués dans linduction des Trec
intestinaux grace a leur expression de l'intégrine avf8. Nos résultats indiquent une coopération entre
les sous-types de DC pour I'activation du TGFj et ainsi la régulation des réponses T intestinales.

2. « avp8 integrin-expression by BATF3-dependent dendritic cells facilitates early IgA responses to

Rotavirus ». Dans cette étude, publiée dans ‘Mucosal Immunology’, nous montrons que I'expression
de l'intégrine a8 par les cDC1 est nécessaire pour permettre I'induction optimale des réponses IgA
suite a une infection par le Rotavirus.

3. Llintégrine avp8 est exprimée par les lymphocytes T folliculaires. Dans cette partie du manuscrit, je

relaie notre découverte surprenante que les lymphocytes T folliculaires expriment I'intégrine avp8. Je
décris les efforts déployés pour comprendre I'importance fonctionnelle de I'expression d’av8 pour la

régulation des réponse B lors de la réaction du Centre Germinatif.
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Diseases

IBD Inflammatory Bowel Disease
AHR Airway HyperResponsiveness
GVHD Graft-Versus-Host Disease
Organs

GALT Gut Associated Lymphoid Tissues
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Cellular processes
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Cells

APC Antigen Presenting Cell
pDC Plasmacytoid Dendritic Cell
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moDC Monocytes Derived Dendritic Cell
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Ten Follicular Helper T cell

Ter Follicular Regulatory T cell
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mBC Memory B cell
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UTR
ER
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Latent TGFp Binding Protein
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Danger Associated Molecular Pattern
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Toll-Like Receptor

B-cell Activating Factor
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Transforming Growth Factor 3
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Introduction

Historically, the Transforming Growth Factor-f (TGF) was simultaneously identified by several teams in 1978
and 1981, investigating the ability of secreted molecules from virally transduced fibroblasts to promote cell
transformation and formation of growth colonies into soft agar. In the early 1980’s, the growth inhibitory functions
of TGFP had been well characterized. Large scale commercial purification of the TGF molecule and the cloning
of the TGF gene have greatly participated in the identification of TGFj structure and function. In the late 1980’s
to early 1990’s, the three isoforms of the TGF molecules (TGFp-1, TGFB-2 and TGF(-3) had been described,
the TGFp receptor (TGFBR) had been cloned and the members of the TGFp superfamily were starting to be
identified. The study of TGFp also started to expand to other fields of biology such as wound healing, fibrosis
and carcinogenesis ever expanding the biological functions of TGFp. The extent of the described functions of
TGFp to this day would be too large to list exhaustively. However, it has been shown that TGFp is involved in
the inhibition of proliferation, in the promotion of apoptosis, cell differentiation, chemotaxis and immune cell
function, and in the accumulation of Extracellular Matrix (ECM). The historical aspects of TGFp structure, family
and function is extensively reviewed in (Moses, Roberts, and Derynck 2016a).

As early as 1984, the notion of TGFp latency was suspected. It was shown that TGFp was secreted from cells
in an inactive form and required activation through acidification to induce any biological function. Other TGFf
activating mechanisms were rapidly identified (chaotropic agents, boiling, proteolysis, ...) (Moses, Roberts, and
Derynck 2016a). It is now widely accepted that TGFp is encapsulated in a latent peptide, and that the secreted
protein requires activation through various mechanisms in order to allow TGFf binding to TGFBR and promote
downstream signaling on target cells.

In this Introduction, | will dissect the mechanisms by which the TGFp cytokine and its activation by integrins
regulate immune responses. This part is subdivided in 3 sections which will focus on : 1/ the molecular
mechanisms by which latent-TGFp is secreted, activated and presented to target cells and its downstream
signaling pathways, 2/ The importance of integrin-mediated TGF activation in the maintenance of intestinal

homeostasis and 3/ the importance of TGFf activation and signaling in the regulation of B cell responses.

Figure 1 - TGFB production, activation by integrins and signaling.

Upon perception of the environmental cues, transcription of the TGFf locus produces a proTGFp peptide containing the
active-TGF molecule and the LAP which dimerizes. In the ER, association with the LTBP or GARP enhances proper folding
of the latent complex. In the Golgi, enzyme cleaves the active-TGFB from the LAP. Upon secretion, the Large Latency
Complex is sequestered to the ECM through binding of the LTBP or anchored in the plasma membrane by GARP. Activation
of the TGFB molecule is realized by ay integrins such as a6 and o,f8 among other mechanism. avfB6 activation
mechanisms relies on the tensile force created by contraction of the cytoskeleton and anchoring of TGFf in the ECM. avp8
activation mechanisms relies on the recruitment of metalloproteases such as MMP14. Alternatively, conformational changes
of the latent TGFf3 molecule can allow the presentation of the active-TGF3 molecule to the TGFfR without release of the
active molecule from the latent complex. Upon binding to the TGFBR, the Smad, MAPK, Small GTPases and PIP3K
pathways are activated to instruct regulation of TGF target genes.
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1. Physiological activation of the latent-TGF[ cytokine is required

for downstream signaling.

Because of its important immunomodulatory effects and importance for immune cell differentiation, TGFp is a
widely studied cytokine. However, studies on the regulation of immune responses by TGFp have often been
limited to the analysis of its secretion and its downstream effects. The latent nature of this cytokine is often
overlooked, which can lead to some misunderstanding of the potential role of TGF and its regulation.

Because of its latent properties, it is very important to properly understand the four important steps of TGFf
biology which are as follow: production, sequestration and localization, activation and signaling. All these 4

steps involve several particular biological processes that | will develop in this section of the manuscript.

1.1. TGFB is produced and secreted in a latent form.

Like most cytokines, production of the TGFp cytokine, is tightly regulated and results from the integration of
various external signals, resulting in the induction of TGFp transcription, translation and secretion. Because
TGFp is secreted by a very wide variety of immune and non-immune cells, in a lot of different contexts, the
pathways by which its expression is regulated are likely diverse. Furthermore, this aspect of TGFp biology has
not been very well documented. A few studies in restricted experimental conditions however suggest that some
canonical pathway for TGFf expression are conserved such as the p38, Erk and Jnk MAP Kinase pathways
(M. Zhang, Fraser, and Phillips 2006; Xiao et al. 2008). This is not very surprising given the importance of these
pathways in the downstream signaling of most cytokine receptors. Furthermore, a few mechanisms for post-
transcriptional regulation of TGF expression through micro-RNA or 5’ UTR loop motif have been described (R.
H. Jenkins et al. 2010; Martin et al. 2011).

TGFp transcription and translation produce a large proprotein containing both the active portion of the TGFj
molecule and the Latency-Associated Peptide (LAP) (Fig. 1). In the endoplasmic reticulum (ER), this proprotein
homodimerizes hence forming the proTGF molecule. In the Golgi, the mature TGFB molecule is cleaved from
the LAP by furin-type enzymes but remains non-covalently associated with the LAP until activation. Together,
the active-TGFp and the LAP forms the Small-Latency Complex (SLC) also called latent-TGFpB. Early
association of the LAP with the Latent-TGF Binding Protein (LTBP) through disulfide bonds allows proper
folding of the proTGF molecule. Altogether the TGFB, LAP and LTBP form the Large-Latency Complex (LLC).
The LTBP proteins (4 distinct proteins) have specialized cysteine-rich domains which form multiple protein-
protein bonds. The protein binding ability of the LTBP allows the binding of LLC to the extracellular matrix (ECM)
and its sequestration in tissues in the ECM (Reviewed in (Annes, Munger, and Rifkin 2003; Robertson and
Rifkin 2016).

In the last 10 years, the Glycoprotein-A repetitions predominant protein (GARP) has emerged as another TGF3
binding molecule, replacing LTBP in the LLC. GARP, encoded by the Lrrc32 gene, is a transmembrane protein
with a large extracellular domain. This domain contains multiple Leucine Rich Repeat domains which can form
disulfide bonds with the LAP of the SLC. Much like for the LTBP, GARP facilitates the maturation of the SLC in

the ER/Golgi by enhancing the cleavage of proTGFp in a furin-independent manner. Furthermore, GARP can
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compete with LTBP for SLC binding thanks to its higher affinity to the LAP. Because GARP is a trans-membrane
protein, binding to the SLC allows presentation of latent-TGFp at the cell surface, as opposed to LTBP, which
sequesters TGFp in the ECM. In the immune system, GARP is expressed by activated Trec and B cells (Stockis
et al. 2009; Dedobbeleer et al. 2017). Through its ability to present latent-TGFf at the cell surface for activation,
GARP has a large role in maintaining peripheral tolerance and participates to the promotion of oncogenesis.
GARP biology is extensively reviewed in (Metelli et al. 2018).

These observations imply that large quantities of latent-TGFpB can be found in tissues. However, the
sequestration of large quantity of latent-TGFp, in the ECM or at the cell surface does not mean that it is
bioavailable. Activation of latent-TGFp through mechanisms described below is mandatory before signaling on

their target cells.

1.2. Latent TGF is activated by the RGD-binding av integrins.

A large number of biological and chemical mechanisms of TGFp activation have been described over the years.
These mechanisms include but are not restricted to 1/ proteolytic degradation by proteases, such as
metalloproteases, serine proteases, calpain, cathepsin D and many other. 2/ Deglycosylation of TGFf N-
glycosylation sites, potentially revealing protease-sensitive sites. 3/ Other protein factors such as TSP-1, F-
spondin, Neuropilins and PSG-1 although the molecular mechanisms are not always known. 4/ Physicochemical
factors, such as heat, ROS, low pH condition, UV radiation. These means of activation are however not all
biologically relevant and have not been found in vivo so far. Finally, and most relevant to this dissertation is 5/
the ability of alpha-v (av) integrins to bind the LAP and activate TGFp. The ability and mechanisms by which
integrins can activate TGFp is detailed in the paragraph below. The various mechanisms of TGF activation

described above are extensively detailed in (Robertson and Rifkin 2016).

1.2.1. av Inteqgrins bind to an RGD motif in the LAP to mediate TGFf activation.

Integrins are heterodimeric transmembrane receptors comprised of an alpha (a) and a beta (B) subunit. It is
generally accepted that the o subunit determines the ligand specificity while the B subunit transduces
information bidirectionally between the extracellular and the intracellular spaces (Fig. 2A). The integrin family is
composed of 18 a subunits which can be non-covalently associated with one or several of the 8  subunits. The
integrin family and its ligand binding ability are represented in Fig. 2B. A general review of the integrin family
can be found in (Barczyk, Carracedo, and Gullberg 2010).

of integrin dimer can be found in different conformational states: 1/ a folded conformation in which integrins are
inactive and cannot bind their ligand, 2/ an extended conformation in which integrins are ‘primed’ for ligand
binding and 3/ a fully extended conformation with an open headpiece in which the affinity for the ligand is
highest. The transition between these states is mediated by intracellular signaling which culminates in the
binding of Talin to the intracellular tail of the B-subunit. This process is commonly called ‘inside-out signaling’
and leads to the activation of the surface integrins. Furthermore, binding of the integrin to its ligand and the

tension applied to the integrin headpiece also promotes the recruitment of signaling proteins to the integrin
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intracellular tail inducing an ‘outside-in’ signaling and the regulation of gene expression supporting survival,
activation or differentiation. The activation of integrin is detailed in (Legate, Wickstrom, and Fassler 2009; Askari
et al. 2009)

In the integrin family, the subfamily of av integrins which can bind to RGD (Arginine-Glycine-Aspartate peptide)
is of particular interest in the biology of TGFp activation. This RGD amino acid sequence is present in many
ECM proteins such as fibronectin, vitronectin, fibrillin or thrombospondin. Their ability to bind RGD therefore
allow av integrins to mediate cell binding to ECM (Humphries, Byron, and Humphries 2006). An RGD motif is
also present at the surface of the LAP of latent-TGF. Binding to LAP RGD by integrin is crucial for TGFf3
activation. This is best illustrated in the drastic phenotype of mice bearing a mutated RGD binding site on LAP.
Transgenic mice in which LAP RGD motif is converted to a RGE motif (Tgfb1RCERCE) develop multiorgan
inflammation and defect in vascular development, a phenotype closely resembling that of Tgfb717- KO mice
(Yang et al. 2007). Similarly, mice lacking all av integrins (ltgav’- mice) develop developmental defects
phenocopying TGFB1 and TGFB3 KO mice (Bader et al. 1998).

The phenotype of KO mice in which individual av-associated B subunits are deleted reveals the specific and
nonredundant functions and importance of each av integrin for the activation of TGFp (Fig. 2C).

Itgb1 KO mice display an embryonically lethal phenotype, probably due to its association with multiple other a-
integrins. /ltgh3 and ltgb5 KO mice however only display mild developmental defects (B3 and 5) (Worthington,
Klementowicz, and Travis 2011). However, these phenotypes do not appear to be related to TGF activation
defects. These integrins have been involved in numerous processes, not directly related to TGFpB such as
phagocytosis, migration or autophagy (Dupuy and Caron 2008; Yoshioka et al. 2010; Raso et al. 2018).
However, several studies have shown that o1, avp3 and avf5 can indeed bind and activate TGFp to regulate
TGFB-dependent responses in the context of fibrosis and fibroblast differentiation and function (J. S. Munger et
al. 1998; Ludbrook et al. 2003; Asano et al. 2006; Tatler et al. 2011; Sarrazy et al. 2014; N. |. Reed et al. 2015).
However, the importance of these integrins for the regulation of TGFp-dependent immune responses has not
been demonstrated to this day.

The Itgb6™ mice display a mild inflammatory phenotype which is restricted to the lung and skin. These symptoms
include infiltration of macrophages into the skin, and accumulation of activated lymphocytes in the lung (Huang
et al. 1996). Furthermore, it has been shown in the late 1990’s that a6 is able to bind and activate TGFf
through RGD specific binding and with the help of other activating molecules (John S Munger et al. 1999).
These studies first suggested the importance of avp6 in the control of TGFp-dependent immune homeostasis.
Since then, avp6 has been shown to be expressed by stromal and epithelial cells of the skin, lung and gut. avp6
expression by these cells is required for TGFf activation and maintenance of tissue-resident memory (Trwm)
cells, Langerhans Cells (LC) residency and preventing lung emphysema (McEntee, Gunaltay, and Travis 2019).
Lastly, ltgh8" mice, like ltgav’- mice, display large developmental defects and often die before birth from defects
in brain vascular development (Zhu et al. 2002). The few mice that are born have cleft palate, such as Tgfb3™"
mice and abnormal vascular morphogenesis such as the Tgfb7RSERCE Tgfb3” mice and die soon after birth.

More details on the /tgb8” mice can be found in (Worthington, Klementowicz, and Travis 2011). In vitro studies
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further demonstrated that a8 integrin can bind and activate TGFp through the RGD peptide (Mu et al. 2002).
Because /tgh8" mice have such important developmental defects, the study of the role of o8 in the immune
system has relied on conditional KO mouse allowing targeted deletion of B8 using the Cre-Lox system. These
models and the importance of avp8 for the control of immune responses will be detailed in the next sections.
The biology of a6 and a.vf38 on the regulation of immune responses and homeostasis are extensively reviewed
in (McEntee, Gunaltay, and Travis 2019; Nolte and Margadant 2020)

Overall, these studies have largely contributed to understanding the importance of av integrin-mediated TGFf3

activation for the control of immune and non-immune responses. The next paragraph focuses on the

mechanisms by which av integrins can activate TGFp.
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Figure 2 - Integrin can bind and activate latent-TGFp

(A) — Structure of a prototypical af-integrin dimer in the extended conformation. The Headpiece allows the binding of the
ligand while the Tailpiece conformation determines the overall conformation of the integrin The B-subunit intracellular domain
allows the transmission of signal ‘inside-out’ or ‘outside-in’.

(B) - Schematic representation of the integrin family detailing the o and B integrin couple and their specific ligand class.
Highlighted in red is their ability to bind and activate TGFp. a6 and o8 integrins have also been shown to be critical in
the control of immune responses.

(C) — Summary of the major phenotype ay-integrin KO mice.

Figure adapted from (Barczyk, Carracedo, and Gullberg 2010; Yang et al. 2007).
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1.2.2. Mechanism of TGF S activation by ay integrins.

There are two main pathways by which av integrins can activate TGFp after binding the RGD motif on the LAP:
1/ avp6-mediated conformational changes of the SLC through mechanical forces and 2/ ovp8-mediated

recruitment of metalloproteases.

It has been shown that the orientation in which TGFp binds avf6 and the integrin tri-dimensional structure of
the avP6 integrin have evolved to support the transmission of tensile force through the 6 subunit to the TGFj
molecule (Dong et al. 2017). Contraction of the cytoskeleton, attached to the intracellular domain of a6,
enhanced by PAR1 signaling, and the binding of latent-TGFp to the extracellular matrix through the LTBP induce
a force which ultimately leads to the release of the active-TGF molecule (Annes et al. 2004; R. G. Jenkins et

al. 2006). This mechanism is well reviewed in (Robertson and Rifkin 2016)

The activation of TGFp by the av8 integrin is different. Contrarily to most  chains, 38 integrin has a short intra-
cellular domain and hence limited connection to cytoskeleton and is thus not subjected to inside-out signaling.
It has recently been shown that the avf38 integrin displays a constitutionally ‘extended’ active form and binding
of TGFP does not affect its conformation (Minagawa et al. 2014; J. Wang et al. 2017). Furthermore, it has
previously been demonstrated that the intracytoplasmic sequence of B8 integrin is not required for TGFf
activation, hence excluding the possibility of a contractility-dependent mechanism. This same study however
showed that the MT1-MMP (or MMP14) metalloprotease is required for the activation of TGFp (Mu et al. 2002).
In addition, a few studies have demonstrated the importance of the GARP molecule in ‘chaperoning’ the latent-
TGFB molecule for avp8-mediated activation (R. Wang et al. 2012; Edwards, Thornton, and Shevach 2014).
The crystal structure of the GARP-TGF complex was recently elucidated and showed the binding of the LAP
by GARP in a manner that allows further binding on a8 on the RDG sites (Liénart et al. 2018). Further Cryo-
Electron Microscopy of the a.p8-latent-TGF complex has elegantly shown the flexibility of the avf8-bound
latent-TGFB. The authors suggest that presentation of latent-TGFB by GARP to a8 integrin might allow for
active-TGFp to be presented to the TGFBR without the need of active-TGFp release (Campbell et al. 2020).

Whether released in the extracellular milieu for paracrine signaling or directly presented to target cell by cell-

cell contact, TGFp binds to its receptor for intracellular signaling.

1.3. TGFp signaling involves different pathways and induces a wide range of

target genes.

The signaling pathway of TGFR starts with the binding of the TGF to the tetrameric TGFf receptor (TGFBR).
The TGFBR is composed of two subunits, TGFBRI and TGFBRII, which homo-dimerize and further form a
hetero-tetrameric receptor. Binding of TGFp induces the phosphorylation of TGFBRI by TGFBRII which will in

turn phosphorylate other members of the signaling pathway.
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The canonical Smad intracellular signaling cascade is composed of 3 main components: the Receptor-regulated
Smads (R-Smad), the Common mediator Smad (Co-Smad) and the Inhibitory Smads (I-Smads). In the case of
TGFB, Smad2/3 (R-Smad), Smad 4 (Co-Smad) and Smad6/7 (I-Smad) compose the signaling cascade.
TGFBRI phosphorylates the Smad2/3 molecule which heterotrimerizes with Smad4. Smad2/Smad4 complex
then translocates into the nucleus where, in coordination with several co-factors, it regulates target gene
transcription. Smad6/7 exerts a negative regulation on the TGFp signaling pathway by competing for TGFpRI
binding site with Smad2/3.

A lot of other Smad-independent signaling pathways have been described for the TGFBR, many of them well
known for their importance in surface receptor signaling: the MAPK pathways (Erk, Jnk and p38), the small
GTPases pathway and the Phosphatidylinositol 3-kinases (PI3K) pathway. These signaling pathway can both
reinforce or attenuate Smad signaling pathway and participate to the regulation of TGFp target genes. The
Smad-dependent and Smad-independent pathways for TGFBR signaling are extensively reviewed in (A. Weiss
and Attisano 2013; Y. E. Zhang 2009).

The translocation of phosphorylated Smad in the nucleus participates in the regulation of a very large quantity
of target genes, which are highly dependent on the experimental setup. However, it is generally accepted that
the post-translational modifications of the Smad proteins along with the co-factor they are associated to are
critical to determine the target and effects of Smad on chromatin accessibility and gene transcription (reviewed
in (Massagué, Seoane, and Wotton 2005; Gaarenstroom and Hill 2014)).

1.4. Spatial and temporal regulation of TGFB-dependent response via

regulation of its latency, activation and signaling.

In their review of TGFp activation, Annes, Munger and Rifkin propose a 3-part model for TGF Large Latency
Complex (LLC). They propose that TGFf activity can be understood through the 3 components of the LLC
(Annes, Munger, and Rifkin 2003).

1. The sequestration and localization of the TGF molecule is determined by the TGF binding molecule
— LTBP or GARP — which they refer to as the ‘localizator’. LTBP binding of TGFp favors the ECM
sequestration while GARP binding favors the cell-bound localization.

2. The latency of the TGFp molecule and its mean of activation are determined by the LAP. The protection
of the TGFB molecule by the LAP and the ability of integrin to bind the RGD motif of the LAP allow the
activation of the molecule. They refer to the LAP as the ‘detector’.

3. The signaling cascade and downstream effector function rely on the active-TGFB molecule, or the

‘effector’.
The latent nature of the TGF molecule creates a particular situation where the regulation of TGF availability

is not regulated at the level of its production (i.e. transcription, translation and secretion) by secreting cells but

rather at the level of the activation of TGFp. Regulation of the availability of bioactive TGFp at a particular time
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and at a particular place, creates a very local increase in TGF concentration and for a length of time which are
all regulated by the availability and activity of TGFf activating molecules.

If the secretion, activation, canonical and non-canonical signaling pathways have been well identified, the
mechanisms by which TGFf signaling can generate widely different physiological responses depending on the
context is still poorly understood. Attempts at reconciling these signaling pathway with the physiological
responses observed in vivo have shifted towards systematic approaches taking into account a wide number of
parameters for mathematical modelling of TGFp signaling. In particular, Zi and colleagues point out the
importance of considering the high sensitivity of TGFj signaling to the variation of ligand concentration (or rather
TGFp molecule per cell) and in the duration of the stimulation (Zi, Chapnick, and Liu 2012). They insist on the
fact that at a particular concentration of TGFf per cell, transient or sustained TGFf signaling can be critical for

deciding cell fate.

An overall model of TGFp production, sequestration, activation and signaling is shown in Figure 1. This model
allows to describe the functional relevance of each component of the LLC in the biology of TGFp. The rest of
the manuscript will focus on the regulation of TGFB-dependent immune responses by the a8 integrin. | will in
particular focus on the expression of avp38 for the regulation of intestinal T cell responses and in the control of

various aspects of B cell responses.

2. The regulation of intestinal homeostasis is dependent on TGF[3

activation by o,[38 integrins.

The gastrointestinal tract harbors a large diversity of commensal microorganisms and dietary antigens which
are important to provide metabolic help and protection against potential pathogenic infection. The mucosal
immune system therefore faces a complex challenge and it must be able to mount effective proinflammatory
responses to protect the host against such infections and at the same time to tolerate and/or ignore the multitude
of innocuous antigens it is constantly exposed to. The balance of anti- and pro-inflammatory CD4* T cell
responses is critical to maintain intestinal immune homeostasis. In particular, intestinal Trec and Tu17 are
important components of intestinal immune responses. However, dysregulation of intestinal T cell responses
can lead to immune pathologies such as autoimmunity or chronic infections among many others.
Interestingly, TGFpB has been shown to be required both for the development of Trec and Tu17 and for Trec
immunomodulatory functions. This section of the manuscript reviews the importance of TGFp and TGFf
activation in the biology of CD4* T cell responses through:

- A brief overview of the importance of Trec and Tu17 in the maintenance of intestinal homeostasis

- Areview of the pathways for Trec and Tn17 differentiation in Gut Associated Lymphoid Tissues (GALT)

- Areview of the role TGFp activation by avf38 integrin in the regulation of T cell differentiation by DC and

T cell activation by Trea.

This section will be concluded with an assessment of the open questions remaining in the field of TGFj

activation by avp8 for the control of T cell responses.
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2.1. Dendritic cells are critical to the maintenance of mucosal homeostasis and

the regulation of the intestinal T cell fate.
T cell differentiation, activation and the function of CD4* Trec and Tn17 have been extensively studied over the
years, especially in the context of intestinal immune responses. Detailed reviews can be found in (Littman and
Rudensky 2010; Josefowicz, Lu, and Rudensky 2012; Weaver et al. 2013; Chewning and Weaver 2014;
Omenetti and Pizarro 2015; Plitas and Rudensky 2016; Whibley, Tucci, and Powrie 2019).

2.1.1. Mucosal T cells control intestinal immune responses through cytokine

release.
Mouse model and human deficient for Trec have massive inflammatory disorder, clearly showing the
requirement of Trec to maintain immune homeostasis in the gut. In particular, Trec are involved by various
mechanisms in the maintenance of tolerance to the microbiota and food antigen and inhibiting aberrant immune
responses.
Trec in the intestinal lamina propria (LP) can be subdivided into two different subsets: natural Trec (NTrec) and
induced Trec (iTreg). These two populations arise from two different processes. nTrec are generated during
normal T cell development in the thymus and then migrate to the periphery, where they regulate activation of
self-reactive T cells and prevent autoimmunity. On the contrary, iTrec are generated from mature naive T cells
in the periphery where they suppress immune responses to both self and non-self-antigens including those from
food and commensal microbes (Whibley, Tucci, and Powrie 2019).
In the Gut Associated lymphoid Tissues (GALT) and intestinal LP, iTrec and nTres can be identified by their
expression of Neuropilin 1 (Nrp1). nTrec express Nrp1 while iTrec do not. Alternatively, these two subsets can
be recognized by their expression of different transcription factors. In particular, iTrec induced in the GALT
express the RORyt transcription factor while a large proportion of nTrec express the GATAS3 transcription factor
(Whibley, Tucci, and Powrie 2019).
Trec can exert their immune-suppressive function through various mechanisms including expression of surface
checkpoint inhibitors (CTLA4, TIGIT, LAG-3, ...) and secretion of cytokines and proteases (IL10, Granzyme,
TGFB, ...). The biology of TGFf on Trec function is discussed later in the manuscript.

In contrast, TH17 cells are generated in response to bacterial and fungal pathogens and stimulate innate immune
and inflammatory defense. Tu17 function relies on their ability to secrete IL17A, IL17F and IL22. Tu17 have
been implicated in autoimmune and inflammatory diseases including IBD (O’Connor, Zenewicz, and Flavell
2010). However, Tu17 are also present in non-inflamed intestine in the presence of certain microbes and are
thought to contribute to the recruitment of effector cells in the intestine to promote immune responses to bacterial

and fungal infection and to the enhancement of epithelial barrier integrity and anti-microbial activity.

The functions of Treg and Tu17 in the intestinal LP are summarized in Fig. 3.
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Fiqure 3 - Overview of T cell differentiation and function.

Upon exit from the Bone Marrow, Early T cell Precursor (ETP) enter the cortex of the thymus and begin differentiation into
mature T cells. In the cortex, rearrangement of the VDJ region of the TCR locus in CD4CD8 Double Negative (DN)
thymocytes leads to the production of a functional TCR. CD4*CD8* Double Positive (DP) cells expressing a functional TCR
can interact with Self-MHC molecule. Their ability to interact with MHCI or MHCII governs their differentiation into CD4+ or
CD8+ Single Positive (SP) thymocytes. This process of positive selection is mediated by the interaction of thymocytes with
stromal cortical Thymic Epithelial Cells (cTEC) and cDC presenting self-MHC. SP cells migrate to the thymus cortex and
undergo of negative selection. MHC molecules containing self-peptide are presented by medullary Thymic Epithelial Cells
(mTEC). High affinity interaction with MHC presenting self-peptides leads to the apoptosis of thymocytes. In contrast, low
affinity to these MHC molecule leads to the generation of mature naive T cells which can migrate out of the thymus and into
the peripheral compartment. Furthermore, thymocytes bearing a TCR with medium self-reactivity are oriented towards the
natural Trec lineage (NTrea).

In the SLO, presentation of foreign peptides associated with co-stimulatory molecules by antigen-presenting cells leads to
the peripheral activation of T cells. The cytokine combination perceived by T cell during this process orients naive T cells
towards the different effector T cell subsets, characterized by various specific transcription factors.

T cells activated in the Gut Associated Lymphoid Tissues (GALT) can migrate toward the intestinal Lamina Propria (LP) in
a CCR9 and a4p7-dependent fashion. Treg and Tw17 are an important population of the intestinal LP and are crucial to
maintain tissue homeostasis. Ty17 and Treg are very plastic in their nature and upon stimulation with the proper cytokines,
can change their differentiation program towards another T cell subset. In the intestinal LP, Trec induce tolerance to
intestinal antigens, suppress aberrant immune responses and promote tissue repair. Ty17 are pro-inflammatory T cells
orchestrating the response toward invading pathogen by recruitment of effector cells and maintenance of the epithelial
integrity and immune mechanisms. Although this response is often overly activated in inflammatory syndromes, Tu17
responses are central to protecting tissue integrity at steady state.
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2.1.2. Self-reactive T cells give rise to natural nTrec in the thymus

The process of T cell selection in the thymus is a critical process to ensure that newly generated naive T cells
have a functional and non-self-reactive TCR. In the process of CD4* T cell negative selection, T cells interact
with medullary Thymic Epithelial Cells (nTEC) presenting MHCII loaded with self-antigen. Strong affinity of the
TCR with these MHCII molecules results in the deletion of these cells, thus preventing the development of
autoreactive T cell clones. However, interaction of a lower affinity with these MHC molecules promotes the
development of thymic derived natural regulatory T cells (nTrec or tTrec). Non self-reacting T cells further
differentiate into naive conventional T cells (Tconv) which migrate to the Secondary Lymphoid Organs (SLO)
(Josefowicz, Lu, and Rudensky 2012). nTrec expression of CCR7 and o4p7 allow them to migrate to the
intestine.

In the process of nTreg differentiation, cytokine signaling and in particular IL2 and TGF signaling is critical for
the proper development of nTres, promoting T cell survival rather that Foxp3 induction as this is the case for
peripheral Trec generation (see 2.1.3.b).

The process of nTrec differentiation is summarized in Fig. 3.

2.1.3. Intestinal T cell differentiation heavily relies on DC cell help

Dendritic cells (DC) are integral to the differentiation of helper T cell differentiation. Indeed, DC have the unique
ability to sense their environment, sample and present local antigens to naive T cells, integrate these signals
and forward this information to the adaptive immune system by antigen presentation. DC will thus induce
adaptive immunity according to tissue micro-environment and context information. cDC comprise different sub-
populations defined by their lineage of differentiation, their tissue location and activation status. In this section
we review the different subsets present in the intestinal mucosa and MALT and their specific role in the
differentiation of Trec and Tn17.

a. Mucosal myeloid lineage differentiation and migration.

Dendritic cell differentiation begins in the bone marrow with the commitment of Hematopoietic Stem Cells (HSC)
to the common myeloid progenitor giving rise to monocytes and a common DC progenitor (CDP). CDP gives
rise to plasmacytoid DC (pDC) and circulating conventional DC (cDC) precursors (pre-DC) (Merad et al. 2013).
Pre-DC will then seed peripheral tissues to produce cDC. cDC have been shown to differentiate into two
lineages based on their expression of distinct transcription factors: cDC1 and cDC2. In the intestinal LP these
cells can mainly be distinguished by their expression of the CD103 (ag) and CD11b (awm) integrins (Bekiaris,
Persson, and Agace 2014; Stagg 2018; Tezuka and Ohteki 2019).

A recent publication by Brown and colleagues further proposed that cDC2 could be subdivided into cDC2A and
cDC2B depending on their expression of RORyt and T-bet (C. C. Brown et al. 2019). Further studies would be

required to determine the functional relevance of both these subsets in mucosal immunity.
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Upon activation, these cells can migrate through CCR7-mediated mechanisms to the MLN where they can
interact with T cells and B cells to activate the adaptive immune response. These migratory cells are

characterized by their high expression of activation markers and MHC expression.

The common Myeloid progenitor also gives rise to monocytes, which upon entering in intestinal tissue can
differentiate into monocyte-derived DC (moDC) or macrophages. This differentiation can occur in the
homeostatic and inflamed gut. These cells give rise to a wide variety of moDC, characterized by CX3CR1
expression (Gross, Salame, and Jung 2015). These moDC and macrophages can be both tolerogenic or pro-
inflammatory depending on the inflammatory context in which they have been generated (Dominguez-Villar and
Hafler 2018).

It is important to note that pDC and embryonically-derived or monocyte-derived macrophages are other myeloid
cells present in the intestinal LP and the GALT. pDC have been shown to support many aspects of intestinal
immunity (IgA B cell, T cell differentiation, DC migration, ...). They have been involved in the control of intestinal
infection and found increased in intestinal pathologies such as Inflammatory Bowel Disease (IBD) and colorectal
cancer (Won et al. 2019). Intestinal macrophages perform a wide range of functions participating in intestinal
homeostasis from antigen sampling in the LP, clearance of apoptotic bodies, and maintenance of epithelial
integrity to the promotion of DC and T cell differentiation. Their functions are extensively reviewed in (Bain and
Schridde 2018).

The importance of TGFf on the development of DC populations is multifold. TGFB has been shown to promote
the expression of cDC-specific and cDC lineage-specific transcription factors such as IRF4 and IFR8 in myeloid
progenitor. Furthermore, decrease or abrogation of TGFf signaling on DC leads to important inflammatory
disorder. This suggests that TGFf induces an anti-inflammatory phenotype on DC, further allowing to induce
Trec. Additionally, TGFB has been shown to regulated DC migration by modulating chemokine receptor

expression. The effect of TGFP on cDC and other DC populations is reviewed in (Kelly et al. 2017).

The surface marker and the differentiation factors required for intestinal myeloid cell differentiation are

summarized on Fig. 4.
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Figure 4 - Dendritic cell (DC)subset in the intestinal immune system

Arising from Hematopoietic Stem Cells (HSC) through the Macrophage and DC Progenitor (MDP) and Common DC
progenitor (CDP), the intestinal LP is comprised of 3 main lineages of phagocytes: plasmacytoid DC (pDC), monocyte
derived DC (moDC) of macrophages and conventional DC (cDC). Alternatively, tissue macrophages can arise from fetal
liver progenitor at a very early age.

Monocyte derived DC are generated at mucosal homeostasis but more particularly upon inflammation. The inflammatory
context in which they are generated defines their tolerogenic or inflammatory phenotype and their effector functions
(Dominguez and Ardavin 2010).

pDC seed the LP and the GALT and are not only responsible for response to intestinal infection but also play an integral
part in maintaining intestinal immune homeostasis (Won et al. 2019)

¢DC can be separated into cDC1 and cDC2, two distinct lineages of DC characterized by the differential expression of the
CD103 and CD11b integrins. Upon activation in the LP, DC can migrate to the mesenteric Lymph Nodes (MLN), fully mature,
and activate adaptive immune responses.

A schematic representation of the involvement of the various intestinal DC populations in the TGFp dependent induction of
Trec and Tw17 is represented in the bottom part of the figure. The role for T cell differentiation represented here does not
always depends on TCR:MHCII-peptide interaction with naive T cell.
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b. iTrec and Tu17 generation in the periphery is dependent on APC.
In the periphery, naive T cell activation and differentiation critically relies on three distinct signals.
- TCR signaling upon recognition of MHCII:peptide complex for which the T cell is specific.
- Interaction of CD80/CD86 on APC with T cell CD28 or CTLA4. These costimulatory molecules
synergize with TCR signaling to promote or inhibit T cell activation (review in (Chen and Flies 2013)).
- Cytokine stimulation of the activated T cell allows to direct the differentiation of T cell into one of the
helper T cell subsets (Th1, TH2, Th17, Trec, TrH, €etc.)
In particular, Trec and Tu17 cell differentiation critically depends on TGFp signaling. The current paradigm states
that TGFp alone drives induced Trec (iTrec) generation while TGFp and IL6 synergize to induce Tu17. In naive
T cell, TGFB signaling induces the expression of the Foxp3 or Rorc genes. Furthermore, it has been
demonstrated that high concentration of TGFp will orientate toward Trec development while lower concentration
favor Tu17 differentiation (Chewning and Weaver 2014). The specifics of TGFp activation and signaling for Trec
and Tw17 differentiation are detailed later in the manuscript.
Upon activation, T cells can seed the different tissues depending on their expression of homing receptors. In

particular, expression of CCR9 and o437 allows homing of differentiated T cells to the intestinal LP.

CD4* T cell subsets are plastic and modification of the cell environment and cytokine stimulation can induce
modification of the cell subset commitment.

This has been well described in the commitment between Tu1 and Tu2 subsets. 1112 or IL4 stimulation of Tn2
or Tu1 respectively can induce the switch of T cell to the other subset. Similarly, the Tu17 subset is relatively
instable and reports of Tn17 switching to other cell subsets is common. In particular, the balance between Trec
and Th17 intestine is reliant on the plasticity of these subsets. It has been described that Th17 can switch to a
Trec phenotype and reversely. In this context, TGFf stimulation of Th17 has been shown to induce their switch
to the Treg phenotype. In addition, in mice, TGFp also prevents the development of “pathogenic” IL17 & IFNy-
producing Tu17 cells (Ghoreschi et al. 2010).

The process of peripheral T cell differentiation is summarized in Fig. 3.

c. Relative contribution of the different DC lineages in iTrec and Tn17 differentiation.

Several populations of DC are present in the Sl and colon LP, and in the GALT (PP, MLN). Several studies
have highlighted the specific functional properties of these different DC subsets in particular for the
differentiation of T cells in the intestinal mucosa. Studies that established the progeny of intestinal DC subsets
have allowed the development of mouse models allowing to specifically deplete cDC1 or cDC2 in the intestine
by targeting the transcription factor responsible for each subset development. In particular, Batf3" or
Cd11cCe.Irf8"1ox mouse models present a complete deletion of cDC1 and in particular intestinal CD103* ¢cDC1.
On the other hand, Cd11c®™.Irf47¥fox or human-Langerin-DTA (huLang-DTA) mice impairs the development on
intestinal cDC2.

These models have allowed to show that depletion of CD103*CD11b* cDC2 was sufficient to abrogate Tu17
generation in the gut (Persson et al. 2013; Welty et al. 2013; Schlitzer et al. 2013). Similarly, TLR5 expression
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by CD11b" mucosal DC, believed to be cDC2 is essential for TH17 generation (Uematsu et al. 2008). On the
other hand, Cd11c®e.Irf§"¥ox mice did not exhibit any modification of TH17 responses (Luda et al. 2016a).
Many other studies have confirmed the idea that the generation of Tn17 responses in the intestine or in other
context is orchestrated by signals provided by cDC2.

The investigation of the DC subset responsible for Trec induction has however not been so successful. In 2007,
two studies showed that intestinal CD103* DC were able to generate Trec in @ TGFB and RA dependent fashion
(Coombes et al. 2007; C.-M. Sun et al. 2007). However, these studies did not distinguish between
CD103*CD11b cDC1 and CD103*CD11b* cDC2. Since then, no clear evidence has determined that cDC1 or
cDC2 were solely responsible for Trec induction. This is best exemplified by the absence of Trec deficiency in
the LP and MLN of both cDC1-specific and cDC2-specific ablation. Indeed, neither Batf3"- or Cd11cCe.[rfgflox/flox
mice nor Cd11cC®./rf41¥x or huLangerin-DTA mice have altered intestinal Tres (Edelson et al. 2010; Welty et
al. 2013; Persson et al. 2013; Luda et al. 2016a). These results are in favor of a complementary and/or
redundant function of cDC1 and cDC2 for the induction of iTrec, where the loss of one subset can be
compensated by the other. Some evidence for such a mechanism can be found in Welty et al. The authors
generate a model where huLang-DTA mice are crossed with Batf3”- mice to delete both CD103*CD11b- ¢cDC1
and CD103*CD11b* cDC2. These mice have a strong reduction of Trec in the gut and a complete loss of CCR9
expression by Trec (Welty et al. 2013). These results suggest that both CD103* subsets are mutually redundant
for the generation of intestinal Tree.

A few example of the cDC1 or cDC2 specific induction of Trec can nevertheless be found in a few studies but
reflect the generation of Trec in a very particular setting such as oral tolerance and do not study steady state

Trec generation in the intestinal LP (Esterhazy et al. 2016; Veenbergen et al. 2015).

The study of integrin-dependent activation of latent-TGFp for the generation of T cell response is still recent
with some of the first description dating from 2007. In the next paragraph, | review the research efforts developed
to understand the importance of the a8 integrin in the generation of Trec and Tu17 responses in the mucosal

compartment and in other contexts where appropriate.

The ability of intestinal DC to induce Tn17 and Trec are summarized on Fig. 4.

2.2. Expression of av8 by CD11c-expressing phagocytes is critical to generate
Trec and Tu17 and maintain immune homeostasis.

2.2.1. Conditional deletion of av or B8 integrin in myeloid cells leads to the

development of severe spontaneous colitis.

As mentioned previously, ltgav’- and /tghb8”" KO in mice is embryonically lethal. To circumvent this problem,
studies on the implication of avB8 integrin in the control of immune responses have relied on conditional KO
mice using the Cre-Lox targeting system. In 2007, two studies developed mice models in which av or B8 were

deleted in the immune system (Tie2°™.ltgav’®ox and Vav1¢ jtgb8io¥ox mice). These models allowed to target
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the deletion of av or B8 to the hematopoietic (Tie2 and Vav1) and the endothelial (Tie2 only) compartments
(Boer et al. 2003; Constien et al. 2001).

Both Tie2¢.ltgav™™/x and Vav1°e.ltgh8" o mice develop severe spontaneous colitis, as shown by an early
wasting syndrome, an important immune infiltrate in the liver and colon and recruitment of immune cells in the
spleen and mesenteric lymph nodes (MLN). T cell phenotyping in these mouse models revealed an increase in
IFNy- and IL4-producing cells suggesting the development of an important Th1 and Tu2 responses in these
mice. In parallel, the authors observed a decrease in the frequency of Trec in the intestinal LP (Travis et al.
2007; Lacy-Hulbert et al. 2007). Later studies also showed that these mice also lack IL17-producing RORyt*
Tu17 cells in the intestinal and peripheral compartment (Acharya et al. 2010; Melton et al. 2010). Using other
Cre-expressing mouse model, the authors demonstrated that deletion of ov or B8 on myeloid
(Lysm®r.ltgav'¥1°x) and dendritic cells (Cd11cC.ltgb8" ") developed similar inflammatory symptoms and T
cell dysregulation (Lacy-Hulbert et al. 2007; Travis et al. 2007). Furthermore, they also demonstrated that total
sorted CD11c* DC were able to generate Trec and Tu17 cells from naive T cells in vitro through an o8-
dependent mechanism (Lacy-Hulbert et al. 2007; Travis et al. 2007; Melton et al. 2010; Acharya et al. 2010).

Altogether, these studies demonstrated for the first time the importance of a8 expression by CD11c-
expressing phagocytes in the maintenance of intestinal immune homoeostasis and the generation of intestinal
Tu17 and Tree.

Since then, multiple studies have further characterized the ability of each DC subset for the induction of Tres
and Tu17 by avp8-dependent mechanisms. Additionally, these studies have dissected the mechanisms by which

8 integrin expression is regulated in DC.

2.2.2. CD103*"CD11b- MLN cDC1 preferentially express (8 integrin and can

generate Trec and IEL by a,8-mediated TGF S activation.

Subsequent studies from these teams and ours investigated the expression pattern of /fgh8 at the DC subset
level, their ability and the mechanisms involved in the generation of Trec in a avp8-dependent manner.

With the discovery that CD103* DC were able to induce Trec generation in an retinoic acid (RA)-dependent
manner (Coombes et al. 2007; C.-M. Sun et al. 2007), two independent studies investigated the requirement of
ovp8-mediated TGFp activation by these DC for this particular function (Paidassi et al. 2011; Worthington et al.
2011). The studies formally demonstrated in vitro that MLN, Small Intestine LP and to some extent Colon LP
CD103* DC are able to activate TGF and generate Trec through avf8-activated TGFf and in a RA dependent
manner. These studies also show that CD103* DC express higher level of Itgh8 than their CD103" counterparts
which specializes them for Trec generation. They also provide the evidence that av or 38 deficiency in vivo
prevents the de novo generation of intestinal Trec to oral antigens. However, as previously stated, CD103* DC
regroups both CD103*CD11b" migratory cDC1 and CD103*CD11b* migratory cDC2. Further studies have
shown that CD103*CD11b- cDC1 preferentially expressed the 8 integrin subunit (Boucard-Jourdin et al. 2016;
Shiokawa et al. 2017; Esterhazy et al. 2016). The study by Boucard-Jourdin and colleagues has further
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demonstrated that cDC1 preferential expression of ltgb8 specialized them for avp8-mediated TGFf activation

and Trec generation (Boucard-Jourdin et al. 2016).

These studies have also investigated the mechanisms that dictate /ltgb8 expression by migratory cDC1.
Boucard-Jourdin and colleagues show that /tgb8 expression by MLN migratory cDC1 is dependent on 1/ TGFf
itself and RA signaling, 2/ commensal microbiota sensing by the MyD88 pathway and 3/ TLR and especially
TLR9 (CpG) signaling (Boucard-Jourdin et al. 2016). These results highlight the fact that cDC1 integrates the
signals detected in its environment to induce /tgb8.

This study further highlights that expression of /tgh8 by DC is restricted to the cDC1 lineage. Indeed, we showed
that /tgb8 can be induced on peripheral (Spleen and BM derived DC) ¢cDC1 (CD8a*) but not cDC2 (CD11b")
through the presentation of appropriate signals (TGFpB+RA+CpG). We further demonstrate the existence of a
regulatory enhancer for 8 located 74kb upstream of ltgb8 which is characterized by the enrichment of IRF8
and BATF3 binding site, cDC1 specific transcription factor, and the enrichment of H3K4me1 and H3K27ac
histone modification, indicating an active enhancer. Furthermore, enhanced chromatin accessibility and BATF3
and IRF8 binding was restricted to cDC1 and not cDC2. We postulated that this -74kb enhancer could be
responsible for the cDC1 restricted expression of /tgh8.

Additionally, another independent study has shown that the cDC1-specific IRF8 transcription factor is required
for the expression of /fgh8 by DC and macrophages (Yoshida et al. 2014).

B8 expression by CD103*CD11b" ¢DC1 has been shown to be critical in the generation of IntraEpithelial
Lymphocytes (IEL). In particular, Luda and colleagues have demonstrated that Cd77c®"./tgb8"/1°* mice had a
drastically reduced number of CD4*CD8a* IEL and large decrease of the TGFp-dependent (Grueter et al.
2005) CD103 expression by CD4*TCRap* IEL (Luda et al. 2016a). This further highlight the importance of ovf38

expression by cDC1 in control of intestinal immune responses.

The function of TGFp activated by a8 on cDC1 is summarized in Fig. 5.
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LP DC can sense their environment through various receptors. In the study of a8 biology, it has been shown that /tgh8
expression depends on RA, TGFp and MyD88 signaling in LP DC. Upon migration into the LP, MLN migratory cDC1 express
the a,B8 integrin which allows them to activate TGFp. ayvp8-medaited TGFp activation and presentation to naive T cells by
intestinal DC has been shown to be critical for the generation of peripheral iTrec and differentiation and migration of Intra-
Epithelial CD4*CD8a" Lymphocytes (IEL). Upon activation in the MLN, these cells can migrate to the LP in a CCR9 and
a4pB7-dependent fashion and home to the epithelial layer thanks to their expression of CD103 and aegf7.
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2.2.3. Expression of o,38 by DC is required for the generation of Ty17.

In parallel, multiple studies have investigated the requirement of avf8 expressed by CD11c-expressing
phagocytes for the generation of Tu17. This was first highlighted by the loss of Tu17 in the LP, MLN, PP and
Spleen of Tie2¢™. Itgav™™x mice (Acharya et al. 2010) and in the Colon LP of Cd11c®™.ltgh8™1x (Melton et al.
2010).

In the gut, Steel and colleagues have demonstrated the importance of a8 expression by DC for the protection
against Trichinella spiralis parasitic infection (Steel et al. 2019). The authors show that Cd11c®".ltgh8™1x mice
are more sensitive to the infection and have a reduced Tu17 frequencies. Interestingly, Worthington and
colleagues have demonstrated that 8 expression by intestinal DC had deleterious consequences on the

clearing of Trichuris muris parasitic infection by inhibiting type 2 responses (Worthington et al. 2013).

The importance of avp38 for Tu17 generation has however mostly been studied in the context of Experimental
Autoimmune Encephalomyelitis (EAE), modelling the human multiple sclerosis (MS). Upon induction self-
antigen-specific TH17 (among other) are generated and participate in disease initiation and progression. Two
study in 2010, demonstrated that Lysm®e.ltgav'*/1ox and Cd11cCt™.ltgb8™"* mice, lacking expression on
myeloid cells were protected against the development of the disease. These mice also had severely impaired
Tu17 generation following disease induction (Melton et al. 2010; Acharya et al. 2010). As indicated earlier, these
studies also showed that a.- or 8-deficient DC had a decreased ability to generate Tu17 from naive T cells in
vitro.

A recent study investigating the Proteasome activator complex subunit 3-deficient (REGy”") mice showed that
the worsen outcome of these mice to EAE was due to an increase in Tu17 frequency. The author went on to
show that REGy” DC expressed higher ltgb8 transcript and had an increased ability to generate Tr17 through
ovp8-dependent mechanisms (Zhou et al. 2019). The authors showed that REGy (encoded by Lrrc32) can
promote IRF8 degradation and propose that REGy-deficiency allows accumulation of IRF8, promoting /ltgb8
expression by DC in turn increasing Tu17 generation.

Similarly, Kudo and colleagues demonstrated that 38 expression by CD11c-expressing phagocytes is required
for TH17 generation in a model of airway hyperresponsiveness (AHR). Cd117cc®.ltghb8'¥1°x were therefore
protected from both Ovalbumin (OVA) and House Dust Mice (HDM) induced AHR (Kudo et al. 2012).

Although these studies have demonstrated a novel function of the TGFB-activating av38 integrin for the control
of T cell differentiation, which DC subset is involved in this process still needs to be determined. The high
specialization of cDC2 for the induction of Tu17 irrespectively of a8-mediated TGFB-activation would suggest
that these cells could also participate in the avp8-mediated Tu17 induction. While it has been shown that steady
state expression of /fgh8 by cDC2 is very low, evidence point towards a possible upregulation of /tgh8 on cDC2
following activation. Atarashi and colleagues demonstrated that /fgh8 is upregulated on LP ¢cDC2 upon ATP
stimulation either secreted by the microbiota of released from apoptotic epithelial cells (Atarashi et al. 2008).
Furthermore, investigation of human LP cDC in reveals that IBD patients display higher frequency of av38*
c¢DC2 than non IBD patients. LPS stimulation also induces the increase of the frequency of av38* cDC2 but not
cDC1 (Fenton et al. 2016).
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These results show that avf8 by is critical for the generation of Tu17 in inflammatory conditions. cDC2
specialization for Tu17 induction and their ability to express a8 upon stimulation by inflammatory signals
makes them likely candidates for TH17 generation in this context. A formal demonstration of the involvement of

cDC2 is still required.
A schematic summary of the function of av38 on the generation of Th17 is presented in Fig. 6

2.3. avp8 expression by blood monocytes and tissue macrophages regulates

immune homeostasis.

In their recent study, Kelly and colleagues have demonstrated a novel, human restricted, function for av38 on
monocytes and macrophages for the control of immune homeostasis (Kelly et al. 2018).

The authors demonstrate that around 40 to 90% of human CD16* and CD14* monocytes express the 8
integrin. However, CD14* but not CD16* blood monocytes can activate latent-TGF in vitro in a f8-dependent
manner. The preferential expression of MMP14 by the former explains this restriction of TGFp-activation to
CD14" classical monocytes. This avp8-mediated activation of TGFB by monocytes allows the autocrine
regulation of monocyte responsiveness to LPS and decreases their expression of the pro-inflammatory TNFa
cytokine. Furthermore, upon in vitro differentiation into pro-inflammatory but not anti-inflammatory
macrophages, the expression of 38 integrin by monocytes and their ability to activate TGF is lost. Furthermore,
expression of a8 by monocytes and macrophages can be found in the healthy human lamina propria but is
lost in patient with active Inflammatory Bowel Disease (IBD) symptoms. It is interesting to note that this is the
opposite effect as the one observed on cDC2 expression of a8 in IBD patients (Fenton et al. 2016), suggesting
a different regulation of the /tgb8 locus.

Although we have not investigated the function of a8 expressing tissue resident macrophages, it is likely that
these cells participate in the regulation of TGFB-dependent immune responses and the promotion of intestinal
homeostasis. Whether the loss of av38 expression in IBD patients is a cause or a consequence of the disease
would be a very interesting point to investigate. Furthermore, although mouse monocytes do not express the
ovB8 integrin, the expression by tissue resident macrophages would be very interesting. In particular, it is
interesting to note that macrophages express the CD11c integrin and avp38 deletion on these cells could

participate in the inflammatory phenotype observed in Cd11cC™.ltgb8™1x mice.

A schematic summary of av38 role on monocytes and macrophages in the homeostatic and inflamed intestine

is presented in Fig. 7.

Overall the studies presented in these sections have highlighted the importance of the ability of mononuclear
phagocytes to sense their environment (metabolites, cytokines, TLR ligands or inflammation) and to shape the
adaptive immune response accordingly, sometimes to the detriment of homeostasis. The importance of TGFf
and its activation by the avf38 integrin appears to be important in the regulation of intestinal homeostasis and T

cell differentiation.
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Figure 6 - Described function for a8 integrin on cDC for the generation of Tu17 responses

In the context of steady state immunity, parasitic intestinal infection, experimental Autoimmune Encephalomyelitis (EAE) or
Airway Hyper Responsiveness (AHR), it has been shown that o8 expression by cDC is critical for the generation of
protective (Trichinella spiralis infection) or harmful (EAE and AHR) Tn17 generation. The requirement for cognate contact
and the exact mechanisms by which cDC present active TGFp to T cells have however not been fully elucidated.
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2.4. avp8 expression by Treg is required to control intestinal inflammation.

Initial characterization of LckC™./tgav™®/ox or Cd4°™.Itgb8"™°x mice revealed that a8 expression was not
required for the maintenance of T cell homeostasis in resting mice. However, a study by Worthington and
colleagues revealed that Trec and in particular activated KLRG1* Trec expressed high levels of the ltgh8
transcript. Furthermore, Treg from Cd4°™.ltgb8"1°x had a reduced ability to suppress T cell proliferation in a
model of naive T cell transfer into Rag” mice and in a model of T cell mediated colitis. Additionally,
Foxp3©r.ltgb8™/1°x display a worsen outcome to DSS-mediated colitis due to excessive intestinal and
peripheral cell activation. The authors further demonstrated that 8-deficiency of Tres did not affect Tres
maintenance but rather decrease pSmad signaling in colitic activated cells (Worthington et al. 2015).

However, previous publications by Edwards and colleagues suggested that conditionally deleting ltgb8 on Trec
did not lead to any deterioration of their in vivo and in vitro inhibitory proficiency (Edwards, Thornton, and
Shevach 2014). Recently published data further suggest that o’ Trec can suppress T cell responses in a
similar way than av-competent Trec (Mair et al. 2018). This study rather suggests that av-mediated control of T
cell response in a colitis model rather depends on the capacity of Trec to accumulate at the inflammatory site.

There is, at this moment, no clear explanation to explain the discrepancies between these studies.

Edwards and colleagues have demonstrated through several publications that B8 expression on Trec was
required for the release of GARP-bound latent-TGFB. They further demonstrated that GARP-TGF was not
required for Treg inhibitory functions as stated above but rather that active-TGFf released from this $8-mediated
activation can induce Tu17 and Trec generation in the presence of exogenous IL6 or IL2 respectively (Edwards
et al. 2013; Edwards, Thornton, and Shevach 2014). Independent work by Stockis and colleagues have shown
that B8 blocking antibodies inhibits Trec TGFp-activation and in turn worsen Graft-Versus-Host Disease (GVHD)
outcome (Stockis et al. 2017). The authors further show that g8 interacts with the GARP-TGF complex and
suggest that p8-mediated activation of GARP-bound latent-TGFf is the main mechanism behind 8-mediated
Trec inhibition in the context of GVHD. Similarly, Cuende and colleagues, have also suggested that GARP-
TGFB monoclonal antibody, inhibiting the immunosuppressive activity of human Trec could function by

disrupting the interaction between GARP-TGFf3 complexes and the a8 integrin (Cuende et al. 2015).

These previous studies have demonstrated that TCR stimulation of Trec was a potent inducer of ltgh8
expression (Worthington et al. 2015; Edwards, Thornton, and Shevach 2014; Stockis et al. 2017). Furthermore,
Siede and colleagues demonstrated that activated ST2" Trec expressed higher levels of the ltgh8 transcript that
ST2 cells, and suggested that this was responsible for their enhanced TGFB-mediated suppressive ability
(Siede et al. 2016). ST2 is the newly discovered receptor for the IL33 cytokine, released upon cell damage of
the epithelium of the endothelium. This suggest that /tgb8 expression by Trec also depends on their sensing of
the cytokine environment and inflammation. The mechanisms underlying the specific expression of ltgb8 by

Trec are however unknown.

A schematic summary of a8 function on Trec in the regulation of TGFB-mediate immune responses is

presented in Fig. 7.
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In the context of intestinal homeostasis, it has been shown that a8 expression by human monocytes is critical for
preventing excessive immune responses to LPS. In the LP, a8 expression by human monocyte-derived macrophages is
lost in inflammatory conditions such as IBD (Kelly et al. 2018). Furthermore, o8 expression by Trec is important for
inhibition of effector inflammatory T cell responses in the context of T cell induced colitis although the underlying mechanisms
are still not entirely understood (Worthington et al. 2015; Edwards, Thornton, and Shevach 2014; Mair et al. 2018)

More generally, o8 and the latent-TGFp binding GARP protein expression by Trec has been shown to be critical for the
activation of TGFp and regulating TGFp dependent responses. Furthermore, anti-GARP or anti-B8 antibodies have been
shown to inhibit TGFP mediated Treg functions (Edwards et al. 2013; Edwards, Thornton, and Shevach 2014; Stockis et al.
2017; Cuende et al. 2015).
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2.5. Open questions on the role of avB8 expression in the control of T cell

responses.
All the studies presented above have sketched an interesting model, summarized across the various figures
(Fig. 5to 7), for avp8 expression by DC and Tres for the control of immune responses. However, a few key data
are missing to complete the existing models. In this paragraph, | will attempt to highlight the remaining open

questions that we have investigated in the upcoming “Results” or commented in the “Discussion” section.

Concerning the ability of MLN DC to generate Trec and Tu17 by avp8-activated TGFp, it would be interesting to
have an insight on:

- The precise in vivo contribution of cDC1 and cDC2 in the avp8-mediated generation of Trec and Tu17
in the intestine, both at steady state and in an inflammatory or tolerance setting. To this day, no real in
vivo evidence that cDC1 or cDC2 restricted expression of ltgb8 is necessary and sufficient to induce
Treg or TH17.

- The contribution of avp8 expression by cDC1 and cDC2 and their ability to generate Treg or Th17 in the
very strong inflammatory phenotype of Cd71c®™.ltgb8"/1x mice. To this day, it is still unknown whether
the inflammation is a consequence of an imbalance in the Trec/Tn17 ratio or related to other
mechanisms.

- Discrepancies between studies have been found regarding /ltgb8 expression by the various subsets of
DC in the various immune compartment. The ability to investigate single-cell expression of the 8

subunit by the various DC subsets would be greatly useful.

The precise mechanisms controlling the subsets specific, tissue restricted and the temporal control through
activation of /tgh8 expression by DC and Treg is still obscure in the field. Whether determined genetically by the
lineage or epigenetically through conditioning by the environment, the mechanisms underlying the ability for a

particular DC to express the 8 integrin is still unknown.

The requirement of cell:cell contact for the presentation of active-TGFp by integrins and in particular av38 is still
unknown. Interestingly, the study by Acharya and colleagues has highlighted the importance of MHC-mediated
cognate contact between DC and T cells for the proper generation of av38 mediated Tu17 generation (Acharya
et al. 2010). However, in the rest of the immune synapses, the mechanism is unknown. In particular, the o.38-
mediated immunomodulatory function of Trec and its inhibition of inflammatory T cell responses probably does
not involve such a cognate synapse. The very recent study by Campbell and colleagues, proposes a molecular
model allowing for the close-contact activation of latent-TGFp by avf8. However, the precise spatiotemporal

regulation of TGFp presentation to DC, monocytes, macrophages or Treg is still unknown.
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B cell differentiation in the BM compartment from Hematopoietic Stem Cells (HSC) to mature B cells is a multi-step process.
During this process Pro-B cells (Pro) and Pre-B cells (Pre) undergo genetic rearrangement of the VDJ region of the BCR
locus gives rise to immature B cell bearing a functional BCR. Migration of Immature B cells to the peripheral Secondary
Lymph Organs (SLO) finishes the maturation of naive B cells. B cell seeding the B cell follicle (Follicular B cells - FO) or the
spleen marginal zone (MZ B cells) can be activated by recognition of an antigen by their BCR.

BCR activation of B cells first generates Short Lived Plasma Cells (SLPC) to produce a rapid low-affinity B cell response.
FO B cells can be activated through T-dependent (Germinal Center dependent) or T-independent mechanisms
(extrafollicular), to provide long lasting memory. In the GC, B cell realize multiple cycle between dark zone Centroblasts
(CB) and light zone Centrocytes (CC) allowing proliferation, diversification and selection of novel B cell clones.

Upon exit from the GC or at the end of the T-independent activation, Long Lived Plasma Cells (LLPC) and memory B cells
(mBC) are generated. LLPC home to the Tissues or the Bone Marrow for antibody production. mBC recirculate and seed
other SLO. Upon antigen reencounter the mBC can be reactivated and generate faster and higher affinity immune
responses.
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3. TGF is involved in the regulation of B cell responses.

Pathogen clearance and formation of long-lasting protection requires the activation of B lymphocytes and
subsequent differentiation into antibody (Ab)- secreting plasma cells (PC) and memory B cells (mBC). A few
studies have demonstrated the importance of TGFf signaling in the regulation of B cell responses, in particular
during B cell lymphopoiesis, B cell proliferation and differentiation, and class-switch recombination. However,
TGFp signaling on B cell is a classic example where the importance of TGFf activation has not been properly
investigated.
In this section of the manuscript | will address the importance of TGFB and of TGF activation on B cells
responses:

- A brief overview of B cell responses, from mature B cell to their differentiation into plasma cells or

memory B cells.
- The importance of TGFp and TGFp activation on B cell Class-Switch to IgA

- The importance of TGFp signaling in the regulation of the Germinal Center Response

3.1. The multiple pathways of B cell activation.
B cells development is initiated in the Bone Marrow (BM) from hematopoietic stem cells. The succession of
different developmental stages allows the generation of B cells with a functional non-self-reactive B cell receptor
(BCR). Upon egress from the BM, immature B cells migrate into secondary lymphoid organs (SLO), localize in
B cell follicles (Follicular B cells) or spleen marginal zone (Marginal Zone B cells) where they complete their
development into mature naive B cells. A brief overview of B cell differentiation and activation processes is

shown in Fig. 8.

3.1.1. B cell responses can be cateqorized into T cell-dependent or -independent

responses.
B cell activation begins upon encounter with an antigen specific for its BCR. However, additional signals are

required for B cells to complete activation and allow differentiation into effector and memory cells, namely
Plasma Cells (PC) and memory B cells (mBC). There are two main pathways by which B cell responses can be
generated which depend on the nature of the antigen and whether T cell help is required: the T-dependent and
T-independent pathways. The mechanisms involved in both these pathways are presented in this section,

summarized in Fig. 9 and are extensively reviewed in (Murphy and Weaver 2016).
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Figure 9 - Schematic representation of B cell activation through T cell-dependent and -independent

pathways.

T-dependent activation of B cell relies on the recognition of antigen by the B cell BCR, the help signals provided by follicular
T cells (CD40L and IL21 among other) and cytokine stimulation for differentiation into the proper isotype and memory cell.
Long reticulated antigen, sometime associated with TLR ligand, can bypass the requirement for T cell help by cross-linking
large amount of BCR, allowing for B cell activation and survival independently of T cell help. Similarly, cytokine stimulation
provides differentiation cues to B cells.

38



In the classical T cell-dependent pathway, binding of the antigen, usually small protein antigens, induce
downstream BCR signaling through the Syk and the phosphatidylinositol (PIP) signaling pathway. This signal
alone is however insufficient to fully activate B cells. Antigen binding to the BCR leads to uptake, degradation,
and presentation on MHCII molecules. This is associated with the upregulation of CCR7, and subsequent
migration of activated B cells to the T:B cell border. There, interaction with T cells, through TCR:MHCII-peptide
binding, allows co-stimulation of B cells by CD40L and cytokines presented by T cells. Upon encounter with T
cells, B cells will continue their maturation and differentiation either in follicles where they form GC or in
extrafollicular foci where they develop into short-lived plasmablasts for a rapid, low affinity short burst of antibody
delivery (Fig. 8). The delivery T cell help by CD40/CD40L and cytokines throughout the GC response promotes

B cell survival.

In the T-independent pathway, binding of the antigen, including polysaccharides, will activate B cell without the
requirement of T cell help. On one hand, Tl-1 antigens, are able to activate B cells by the simultaneous
presentation of TLR ligands, while on the other hand, TI-2 antigens can bind and cluster a large number of BCR
at once allowing to bypass the requirement of T cell help. The activation of B cells through this pathway will not
allow formation of GC but will allow production of both short-lived and long-lived PC, thus providing memory.

Regardless of the activation pathway, the differentiation of B cell into effector cells (PC or mBC) and of the
appropriate class depend on signals delivered by helper cell. In particular, cytokine signaling is thought to be

critical to determine the appropriate class-switch depending on the context.

3.1.2. The GC reaction is a coordinated cascade of events during which the

amplitude, affinity and class of T-dependent B cell responses are

determined.

The germinal center (GC) is a micro-anatomical specialized structure found in B cell follicles upon T-dependent
B cell activation. This structure is generally composed of a dense, B cell rich area called the ‘Dark Zone’ (DZ)
and a lighter zone, rich in B cells but also follicular helper T cells (Tr1) and follicular dendritic cells (FDC) called
the ‘Light Zone’ (LZ). These two zones are sites for two distinct processes of the GC reaction (GCR) namely B
cell proliferation and selection respectively. The GCR is a highly coordinated response that | will try to succinctly
describe in the following paragraph. A schematic representation can also be found in Fig. 10. Additionally, the
GCR is extensively reviewed in (Gatto and Brink 2010; Stebegg et al. 2018; Victora and Nussenzweig 2012;
Mesin, Ersching, and Victora 2016).

The GCR consists of the cycling of B cells between two phases of B cell activation in the LZ and in the DZ. B
cells will successively cycle between the DZ where they proliferate and acquire germline mutation and the LZ
where they are selected for their affinity towards the antigen. This selection determines the ability of DZ B cells
to re-enter the LZ, die or differentiate into effector or memory cells. Iterative cycles of proliferation, mutation and
selection will allow the generation of high affinity B cell clones.

In the DZ, upon interaction with T cell, B cells are instructed for survival and proliferation. This proliferation is
the main determinant of the breadth of the antibody response mounted against a particular antigen.

Concomitantly, B cells undergo important AID-mediated germline mutation of the VDJ-CR3 region of their BCR.
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This phenomenon, called ‘Somatic Hyper Mutation’ (SHM), induces mutations in the antigen recognition site of
the BCR allowing to slightly change the antigen specificity and affinity of the B cell. Downregulation of CXCR4

on DZ B cells (also called Centroblast) induces the migration of these cells to the LZ (William et al. 2002).

In the LZ, these newly generated B cell clones are selected for high antigen affinity as well as low self-reactivity
preventing the development of autoreactive B cell clones potentially generated through random mutagenesis
during SHM. The selection of B cell clones relies on the presentation of the antigen to B cells by FDC cells and
the presentation of survival signals by FDC and TrH. The absence of BCR stimulation by the antigen and the
survival signals provided by T cell induce B cell apoptosis. In that sense, the competition of B cells for the limited
Trr cell help, based on their affinity for the antigen and the density of their peptide-presenting MHC, is thought
to be the main mechanism for positive selection of B cell clones.

In contrast the negative selection of auto-reactive clones is poorly understood. The recent description of
follicular regulatory T cells (Trr) generated from thymic Trec with self-reactive TCR is thought to be one of the
mechanisms for negative GC B cell selection. Interaction of self-antigen presenting B cells with Ter and
presentation of inhibitory molecule such and CTLA4 and PD1 might be one of the mechanisms for B cell
apoptosis. Interaction with Trn in the LZ provides survival and proliferation signals which allow B cell to
upregulate CXCR4, migrate to the DZ and go through a new round of proliferation, mutation and selection.
The strength of B cell:T cell interaction in the LZ is critical as it has been shown to be a major determinant for
the intensity of B cell proliferation but also of the exit of B cell from the GC and differentiation into mBC or PC.

B cell fate decision is detailed later in the manuscript.

During T-dependent responses, AlD-mediated mutations in the constant region of the BCR locus allows the
change of Ig class from IgM to other class such as IgG, IgA or IgE by recombination between different locus of
the Ig locus. Recent publications have however challenged the fact that this process occurs during the GCR but
rather suggest that it occurs prior to B cell entry in the GCR after initial interaction with T cells and DC (Roco et
al. 2019; Reboldi et al. 2016). Cytokine stimulation of B cells is a major determinant of the CSR process. In
particular, TGFB has been shown to be critical for the class-switch to IgA class, while other stimulation such as

IFNy or IL4 promotes IgG or IgE responses respectively.

Overall, the GCR is a key process for B cell responses, and its regulation is critical to provide an adapted
humoral immune response. In particular, the GC is critical to determine the amplitude, the affinity and the class
of the generated antibodies and the amount and quality of the mBC and long-lived PC (LLPC) generated, while
preventing the development of inappropriate B cell responses (lymphomas, auto-immunity). It is however
important to note that the generation of humoral memory and of class-switched B cell response is not unique to
the GCR as extrafollicular B cell responses and T-independent B cell responses are also able to generate class-

switched memory B cells.

In the rest of this manuscript we will focus on describing the regulation of the B cell CSR and GC B cell

responses by the TGFp cytokine.

40



B cell proliferation

& diversification oL 2 el selalen

@ B cell apoptosis

Antigen presentation &
B cell supporting
cytokines

Abscence of
BCR stimulation

Survival signals
(non limiting)

Proliferation

SHM
CSR?
{5
2 1CXCR4 Selection signals
% T-cell dependent (I|m|t|ng)
! B cell reentry in the LZ
[)]
(]
©
®)
Light zone @
T @
(@)
D
Lower High ==
affinity affinity o
=
(0]
-
o (0]
3
=3
O m
=3
LLP (@)
mBC ¢ 135

Figure 10 - Overview of B cell selection during the Germinal Center Reaction (GCR)

Upon interaction by pre-GC Trn at the T:B border, B cells enter the GC. The GCR is composed of two geographically distinct
phases occurring in the Light Zone (LZ) and Dark Zone (DZ) of the GC.

In the Dark Zone, Centroblast (CB) undergo massive proliferation and AlD-mediated Somatic Hyper Mutations (SHM)
generating clones with new specificity. Downregulation of CXCR4 allows the migration of CB to the Light zone for T cell
selection.

In the light zone, interaction of Centrocytes with the dense network of Follicular Dendritic cells (FDC) carrying the antigen
allows to deliver non-specific and non-limiting survival signals. If the BCR is unable to recognize the antigen or does not
allow functional signalization, B cell undergo apoptosis. Interaction of B cells with Try and the presentation of survival co-
stimulatory molecule such as CD40L allows to promote survival of B cell, promotes reentry into the GC and proliferation of
B cells. The number of antigen specific B cell being limited, competition between low affinity and high affinity B cell clones
for T cell help allows to promote survival of high affinity clones. Absence or lower T cell help also induces B cell apoptosis.
It has been proposed that self-reactive B cell clones could also be actively negatively selected by interaction with Ter.
Finally, T cell help is also associated with the selection of B cell differentiation. High affinity B cells preferentially differentiate
into Long Lived PC (LLPC) while lower affinity B cell rather differentiate into memory B cells (mBC) (Stebegg et al. 2018).
The GCR also promotes B cell class-switch recombination (CSR). However, it is still unclear whether CSR occurs during
the GCR or at earlier stage during the interaction of pre-GC B cells with T cells or DC (Reboldi and Cyster 2016; Roco et al.
2019).
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3.2. IgA CSR is critically dependent on TGFf

One of the most well-known and investigated function of TGFp in B cell biology is its ability to promote CSR of
B cells. It is well accepted that TGF is a critical cytokine in the regulation of mucosal IgA* responses. However,
it is important to note that, although not discussed further in this manuscript, TGFf3 has also been described to
promote IgG2b CSR and IgG3 secretion in vitro (Mcintyre et al. 1993; Snapper et al. 1993).

In this part of the manuscript, | will briefly introduce the importance of intestinal IgA responses in the control of
intestinal homeostasis and the generation of IgA responses before detailing the importance of TGFB and TGFf

activation in the control of IgA* B cell responses.

The generation and function of IgA responses in the intestine has been extensively studied over the years. In
this section, a brief overview of the mechanisms will be presented but more details can be found in (Bunker and
Bendelac 2018; Woof and Kerr 2006; Brandtzaeg and Johansen 2005; Cerutti and Rescigno 2008; Feng, Elson,
and Cong 2011)

3.2.1. IgA B cell responses are critical for the control of commensal microbiota and

host defense.

The intestinal lamina propria harbors a large population of PC, 70-80% of which are IgA*. These PC secrete
large quantities of dimeric secretory IgA (slgA) antibodies linked to the polypeptidic ‘joining’ chain (J-chain).
These sIgA antibodies have the ability to bind to the polymeric Immunoglobulin receptor (pIlgR) expressed by
intestinal epithelial cells. Binding to pIlgR promotes the endocytosis and transcytosis of the slgA through the
epithelial barrier and their secretion into the intestinal lumen.

Numerous functions for sIgA have been described or hypothesized. These functions are summarized in Fig. 11.
These functions include:

- Neutralization of intestinal bacteria or viruses by binding toxins, preventing their binding and entry into
the lamina propria, by altering their mobility, modulating their gene expression and by excluding by
pathogenic entities present in the lamina propria by transcytosis.

- Promotion of antigen uptake

- Retention of intestinal flora to the mucus layer of the intestinal lumen.

Overall, slgA promote the tolerance of the intestinal commensal flora, protecting against bacterial infection of
the lamina propria, while maintaining and shaping a healthy bacterial flora at a close distance to benefit from
their metabolic functions. The close interaction between the intestinal flora and environment and IgA responses
has been the focus of numerous studies.

In the context of pathogenic infection, in particular viral infection, it has been shown that IgA responses can play
an important role in limiting infection, helping for viral clearance and providing immune memory to prevent further
reinfection. In the particular case of Rotavirus (RV) infection, it has been shown that IgA response to RV is

important to clear RV infection and protect against reinfection (Blutt et al. 2012).
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2

Intestinal LP antibody secreting cells secrete large amount of secretary IgA (sIgA) containing a J-chain. Binding of the J-
chain by polymeric Immunoglobulin Receptor (pIgR) on intestinal epithelial cell. Transcytosis of sIgA across the epithelial
barrier allows the secretion of antibody in the intestinal lumen.

IgA antibody have been shown and hypothesized to exert a large array a function. Overall, slgA promote the tolerance of
the intestinal commensal flora, protecting against bacterial infection of the lamina propria, while maintaining and shaping a
healthy bacterial flora at a close distance to benefit from their metabolic functions.

43



3.2.2. Generation of IgA responses to the commensal flora and food antigen.

The overall IgA response is a well-coordinated response from the first induction of B cell CSR to IgA in the
‘induction sites’ to the differentiation of B cells to IgA-secreting PC, migration and seeding of the ‘effector’ sites.
This process involves a lot of cellular and molecular factors that have been extensively studied over the years.
| will however only give a brief overview of the whole IgA differentiation process (Fig. 12) and further detail the

importance of DC in this process (Fig. 13).

Initiation of intestinal IgA responses mostly occurs in specialized secondary lymphoid organs called Peyer’s
Patches (PP), located in the intestinal wall. In PP, luminal antigens are sampled trough specialized cells called
M-cells. Upon translocation through M-cells, antigens are presented to antigen presenting cells (APC), notably
DC and B cells, located in the Sub-Epithelial Dome (SED) of PP. Antigen recognition by B cells initiates the
activation of IgA B cell responses. Alternative sites of IgA B cell induction have been described: intestinal
draining Mesenteric Lymph Nodes (MLN), and Isolated Lymphoid Follicle (ILF), scattered along the intestinal
lamina-propria. Sampling of intestinal antigens by DC extending dendrites through the epithelial layer, passive
diffusion of antigens or migration of invasive pathogenic species, allows the generation of IgA responses in
these organs (Brandtzaeg and Johansen 2005).

B cell activation in the GALT is mediated both by T cell-dependent and -independent pathways although a large
majority of the response is T-dependent. Activation of B cells in both pathways relies on help signals provided
by T cells, FDC (T-dependent pathway) and/or DC. These cells provide critical factors for the survival,
proliferation and differentiation of B cells. TGF is absolutely required for IgA CSR, as TGFR deficient B cells
totally lack IgA responses (Stavnezer and Kang 2009). Additionally, other cytokines such as BAFF, APRIL and
retinoic acid (RA) also promote IgA B cell responses. More precisely, TGFp and RA synergically act on B cell
to induce IgA CSR on mucosal B cells while BAFF and APRIL provide non-IgA specific survival signals (Seo et
al. 2013). The importance of TGF is detailed in the following paragraphs.

Following activation, B cells migrate from the ‘induction site’ through the MLN circulating in the lymph and enter
the blood circulation on their way to the ‘effector site’. During this migratory process, B cells will differentiate
into plasmablasts before seeding the intestinal lamina propria and fully differentiating into IgA-producing plasma

cells. This migration is mediated by the expression of the homing receptors a4p7, CCR9 and CCR10.

Regardless of the activation pathway, the significance of DC help for promoting IgA responses has been well
documented and is reviewed in (Tezuka and Ohteki 2019). As indicated previously, intestinal DC can be divided
into three main categories: conventional DC (cDC), monocyte derived DC (moDC) and plasmacytoid DC (pDC).

All three subtypes of DC have been implicated in the regulation of IgA responses as follows.
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Fiqure 12 - Generation of IgA B cell response in the intestine

IgA response induction occurs in the Gut Associated Lymphoid tissues (GALT), namely Peyer’s Patches (PP), Mesenteric
Lymph Nodes (MLN) and Isolated Lymphoid Follicle (ILF) although the latest is still controversial.

In the PP, sampling of luminal antigens through the epithelium by the specialized M cells allows to present antigens to Sub
Epithelial Dome (SED) B cells and Phagocytes. Alternatively, antigen sampling in the LP by phagocytes and subsequent
migration to MLN of ILF allows to activate B cell responses.

B cell activation can occur through both T-dependent and T-independent B cell responses in these various sites depending
on antigen biochemical nature. B cell activation induces migration of these B cell through the lymph to the MLN and then to
the LP via the blood circulation. Exposition to the intestinal environment and the signals provided by the supporting cells
allows the preferential CSR to IgA in mucosal B cells. CCR9 and o437 migration of IgA™ plasmablast and final differentiation
in the LP generates large amount sIgA producing cells seeding the intestinal LP.
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a. Conventional DC
Multiple pathways of IgA promotion by cDC have been described depending on the organ and context in which
IgA induction was studied:

- In the Small Intestinal LP, Uematsu and colleagues have shown in vitro that TLR5-expressing CD11b*
cDC can induce IgA PC differentiation from naive cells following stimulation by flagellin. These cells
promote IgA responses by their secretion of retinoic acid (RA) (Uematsu et al. 2008). More recently,
Flores-Langarica and colleagues demonstrated that CD103*CD11b* MLN cDC2 can induce IgA
responses to flagellin, a TLR5 agonist (Adriana Flores-Langarica et al. 2012; A. Flores-Langarica et al.
2018).

- In PP, work by Reboldi et al. elegantly demonstrated the role of SED CD11b*LTBR* DC in promoting
IgA CSR. The LTPBR ligand LTa1p2 was shown to be produced by RORyt* ILC3 cells promoting IgA
CSR. Furthermore, the author suggested a role for avp8-activated TGF which is detailed later in the
manuscript (Reboldi et al. 2016). Additionally, Sato and colleagues proposed that CD11b* PP cDC
express IL6 allowing to promote IgA* B cell responses (Sato et al. 2003).

- In the lung and lung draining lymph nodes, Ruane and colleagues described that both CD103* ¢cDC1
and CD24* cDC2 can induce IgA* B cell responses in a TGF and RA dependent manner in responses
to the microbiota. (Ruane et al. 2016). Furthermore, in the context of nasal Poly(l:C) immunization,
Takaki et al. demonstrated that BATF3*TLR3*CD103* cDC1 are involved in IgA production. Their action
is mediated by BAFF, APRIL and TGFp.

b. Monocyte-derived DC
In 2007, Tezuka et al. showed that monocyte-derived TNF/iNOS-producing DC (Tip-DC) can support IgA CSR
in PP. The authors further claim that Tip-DC can impact both T-dependent and T-independent IgA CSR (Tezuka
et al. 2007). The authors showed that INOS is required for the B cell expression of TGFBR, which licenses their
response to TGFp, resulting in T-dependent IgA induction. They also show that INOS is critical to the production
of BAFF and APRIL and the promotion of T-independent IgA responses. The authors further showed that INOS

is required on monocyte derived DC (Tip-DC) for the promotion of these IgA responses.

c¢. Plasmacytoid DC

pDC are key mediators of anti-viral responses, not only as the major producer of Type-l IFN but also display
non-conventional function in intestinal immunity thanks to their ability to link innate and adaptive immunity
(Reviewed in (Won et al. 2019).

In 2011, Tezuka et al. described that pDC can also induce IgA CSR. The authors further detailed that IFNy
produced by stromal cells cooperates with NO produced by Tip-DC to induce membrane bound BAFF and
APRIL on pDC and promote T-independent IgA CSR (Tezuka et al. 2011).

In the context of Rotavirus infection, Deal et al. have demonstrated that pDC promote human and mouse B cell
activation (Deal et al. 2013). We have however shown that pDC are dispensable for inducing steady state and

post-immunization IgA responses (Moro-Sibilot et al. 2015).
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Across the literature, numerous DC population have been involved in the promotion of IgA responses. This

figure summarizes the cells, context and molecular factors involved in IgA promotion. Although avp8 has been

shown to be expressed preferentially expressed by PP ¢cDC2 and lung draining Lymph Nodes DC, a proper

formal demonstration that cDC1 or cDC2 expression of owf8 is required for generation IgA responses is still

lacking.
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3.2.3. IgA CSR is critically dependent on TGFB signaling in B cells.

The first observations that TGFp signaling could induce IgA CSR came from the in vitro studies of LPS-

stimulated mouse B cells (Coffman, Lebman, and Shrader 1989; Sonoda et al. 1989). These studies have
shown that TGFp, in collaboration with other cytokines such as IL5 and IL2, could specifically enhance IgA
production by B cells while inhibiting the production of other immunoglobulin classes. These studies also
showed that TGFp could enhance IgA production from IgA- B cells but not IgA* B cells further suggesting that
TGFp could induce CSR rather than stimulate antibody production or secretion.

The importance for TGFf signaling in the generation of IgA responses in vivo was demonstrated by Cazac and
Roes using a transgenic mouse model with conditional deletion of the TGFBRII molecule on CD19* B cells
(Cd19%. Tgfbr2io¥Mox) These mice display a strong decrease of IgA responses (and to some extent IgG2b),
whether looking at B cell, PC or immunoglobulin concentration in naive mice or following immunization by
multiple antigens and routes of administration (Cazac and Roes 2000; Borsutzky et al. 2004).

Further studies have characterized the molecular pathway leading to IgA CSR following TGFp signaling. Smad
signaling downstream of the TGFPR, in cooperation with the RUNX3 and CREB proteins will bind TGFj-
responsive elements (TGFBRE) in the l. promoter of the heavy chain locus. Fixation of these different
transcription factors will lead to the transcription of the C. a.germline transcript ultimately leading to IgA CSR.
The regulation of IgA CSR by TGF and other factors is extensively reviewed in (Cerutti 2008; Stavnezer and
Kang 2009)

Itis important note that TGF is absolutely critical to induce IgA CSR and cooperate with numerous other factors
to promote IgA responses. The most commonly described include CD40L, BAFF and APRIL and TLR signaling.
These factors provide additional signal to induce a-germline transcription but also induces AID transcription
therefore promoting the CSR process. Furthermore, Retinoic Acid (RA) has been shown to be a specific IgA

inducing factor cooperating with TGFB1 to enhance IgA responses (Seo et al. 2013).

3.2.4. Active-TGF 3 delivery for the control of IgA.

As stated previously, TGFp is produced in a latent form and needs to be activated to bind to its receptor and

signal. However, TGFp activation pathways for the induction of IgA responses has only been poorly
investigated. TGF is abundantly produced in the intestinal compartment. It has been suggested that there are
four relevant sources for TGFf in the gut: B cells, T cells, APCs, and stromal cells. Whether these cells or other
can activate latent-TGFp and by which mechanisms is still under investigation. In this paragraph, | review the
different studies that have contributed to understanding the mechanisms of TGFf activation for the regulation

of IgA responses (Fig. 14).

B cell have been shown to secrete TGF upon activation through TLR ligand stimulation or CD40 engagement
which is able to trigger IgA CSR (Snapper et al. 1993; Zan et al. 1998). However, it is important to note that
these in vitro studies have not investigated the mechanisms by which TGFp is activated. However, recent

studies have shown that activated human B cells express the GARP-TGF complex (Dedobbeleer et al. 2017;
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Wallace et al. 2018). These studies have shown that antibody-mediated blocking of GARP activity or
overexpression of GARP respectively decreases IgA CSR or promotes IgA responses.

T cells and especially Trec are also major producers of TGFp. Furthermore, numerous studies have shown that
Trec can participate to IgA CSR through TGFp dependent mechanisms (Cong et al. 2009; L. Wang et al. 2015).
It is still unclear by which mechanisms latent-TGFp is activated by Trec for the promotion of IgA CSR. However,
given the expression of o8 by activated Trec and its ability to activated GARP-bound latent-TGFf
(Worthington et al. 2015, 201; Edwards, Thornton, and Shevach 2014; Stockis et al. 2017), it would be
reasonable to assume that a8 on Trec could activate GARP-TGF presented by activated B cells or Trec
themselves and induce IgA CSR. However, the mechanisms by which Trec can interact with activated B cells
in vivo in the context of T-dependent or T-independent B cell activation is still not known. Whether this could be
mediated by Trr would be interesting to consider, especially given theirimportance in regulating the composition

of the microbiota through IgA diversification and selection (Kawamoto et al. 2014).

The ability of DC (¢DC or pDC) to induce IgA responses is now well established (see section 3.2.2). However,
the importance of these cells in presenting activated TGF has not been properly explored so far.

In their study, Reboldi and colleagues suggest that PP cDC2 express avp8 integrin. In vitro co-culture models
and observation of PP IgA* GC response in Cd117c®™.ltgb811ox mice suggest that this integrin is involved in
the promotion of IgA CSR by PP cDC through the activation of TGF (Reboldi et al. 2016).

Ruane et al. describe that both lung CD103* and CD24* cDC but not lung macrophages are able to induce IgA
CSR in response to the microbiota stimulation and through TGFp production. Furthermore the authors also
demonstrated that both cDC subsets express the /tgb8 transcript although formal proof that it is required for IgA
induction is still missing (Ruane et al. 2016). Additionally, Takaki and colleagues have demonstrated that Batf3-
dependent cDC1 could induce IgA responses in a TGF mediated fashion. Their results suggest that TGFf3
might be activated by MMP9 which is upregulated following Poly(l:C) immunization.

Stromal cells, and especially Follicular Dendritic Cells (FDC) have been shown to secrete TGFj which
could activate TGF signaling in B cells (Munoz et al. 2004). Furthermore, additional studies have demonstrated
that TLR and RA stimulation of FDC in the intestinal compartment induces maturation and imprints a gut
signature. The intestinal microenvironment of the gut therefore specializes them for IgA induction through TGFf3
and BAFF dependent mechanisms (Suzuki et al. 2010; Garin et al. 2010). In their study, Suzuki and colleagues
also demonstrate that gut FDC express high quantity of TGFj activating molecules (av integrin subunit, Matrix
Metalloproteases, CD36). This suggest that av integrins expression by FDC can participate in the IgA CSR by
activating latent-TGF . However, it is interesting to question how these finding relate to the description that CSR

occurs outside of the GC.

These studies suggest multiple candidates that could activate and present TGF to B cells for the promotion of
IgA CSR (Fig. 14). Importantly, these proposed mechanisms for TGFf activation are non-mutually exclusive
and the relative requirement for one or the other could depend on the context (homeostatic or infectious

environment) and of the site of induction (PP, MLN or ILF).

49



Commensal microbiota
and nutrients

CCR9 & a4p7-dependent
gut homing PP cDC2?

Lamina Propria
IgA+ Plasma Cells FoxP3* T cells

Intestinal
FDC

In the GALT, it has been suggested that FoxP3* Treg, FDC and cDC2 could promote IgA responses by TGFp dependent
mechanisms (Cong et al. 2009; Suzuki et al. 2010; Reboldi et al. 2016). In the case of FDC and PP cDC2, the requirement

GARP-mediated

S
2

Activated
B cells TGFp-dependent
k IgA promotion
ae O
@ Activated T,

Lung draining lymph nodes

Fiqure 14 - TGFp activation for the control of IgA responses

for TGFp activating integrin has been suggested by not formally demonstrated.

Activated B cells produce TGFp and express GARP allowing them to bind latent TGF. Given the requirement for Treg in
promoting IgA CSR (Cong et al. 2009), their expression of o8 in the mucosal compartment (Worthington et al. 2015) and
their ability to activate membrane bound TGFp (Edwards, Thornton, and Shevach 2014), o8 activation of B cell bound

TGFp could be one of the mechanisms for TGFp activation.

Ruane and colleagues have also demonstrated that lung draining cDC could promote intestinal IgA responses. Furthermore,
this is associated with their expression of the ap8 integrin. Although no formal proof has been made so far, a,f8-medaited

TGFp activation could be a mechanism for IgA induction in the lung draining system.
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3.3. TGFp activation and signaling during the Germinal Center Reaction.
If the induction of IgA responses is the best described role for TGFp signaling on B cells, other functions of the
cytokine have been described. In this paragraph, | will attempt to summarize the other processes of B cell
responses regulated by TGFp, focusing particularly on GC B cell responses
The role of TGFP on GC B cell responses can be approached from two different perspectives : 1/ The direct
effect of TGFp signaling on B cells and 2/ The importance of TGF signaling on cells supporting the GCR such

as follicular dendritic cells and follicular T cells and their ability to present activated-TGFp to B cells.

3.3.1. TGFp signaling affects several aspects of B cell biology.

On one hand, early in vitro studies have highlighted the importance of TGFf signaling for the inhibition of B cell
proliferation and B cell or PC apoptosis (Reviewed in (Letterio and Roberts 1998)). On the other hand, the first
in vivo demonstration of the role of TGFp in the regulation of B cell responses was published 20 years ago by
Cazac and colleagues using the transgenic mouse model with a conditional KO of TGFBRII on CD19* B cells
(Cd19Cr. Tgfbr2io¥ox) Besides a complete lack of IgA B cell responses (see 3.2.3 above), these mice displayed
reduced lifespan of B2 B cells, expansion of B1-peritoneal B cells, elevated 1gG3 responses to a weakly
immunogenic antigen and B cell hyperresponsiveness (Cazac and Roes 2000). These results have highlighted
the immunomodulatory functions of TGFp in the prevention of overt and uncontrolled B cell activation.

A recent study has more precisely investigated the importance of specific TGFf signaling in the GC B cells in
vivo. Using several mouse model to conditionally delete TGFBR in GC B cells (Cr2°e Tgfbrifioxfiox
Aicda®r. Tgfbr1io¥iox. they have demonstrated that TGFp signaling in activated B cells is not responsible for IgA
CSR but rather promoted apoptosis and the transition of GC B cells from the Light Zone (LZ) to the Dark Zone
(DZ) of the GC. TGFBR KO in GC B cells induced accumulation of cells in the LZ, decreased apoptosis and in
turn decreased the antibody affinity (Albright et al. 2019).

Once again, it is critical to consider TGFp activation in the regulation of these processes.

As indicated previously, activated B cells express GARP and therefore present latent-TGFp for activation
(Wallace et al. 2018; Dedobbeleer et al. 2017). The model by Campbell and colleagues proposes that a8
expression can activate GARP-bound latent-TGFf and present them directly on the TGFR of this same TGFj-
presenting cells. With this in mind, it is possible that cells supporting B cells responses during the GCR can
activate B cell-bound latent-TGF to modulate B cell responses. Formal demonstration that av38, other integrins
or any other mechanisms of TGFf activation might be important in the control of the GCR has not been made
so far. Other source of latent-TGF is also likely as T cells and FDC, supporting the GCR, have been shown to
secrete TGF (Li and Flavell 2008; Aguzzi, Kranich, and Krautler 2014).

Similarly, in the hypothesis that TGFp activation is mediated by integrins, the cell type responsible for TGFj-
activation and presentation to B cells and/or GC B cells has not been identified yet. FDC have been suggested

to present active-TGF to B cells for the control of IgA CSR. It is thus likely that these cells or other, such as
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follicular T cells, could also present active-TGFp to GC B cells to promote antigen responsiveness, apoptosis

or LZ to DZ transition by integrin-dependent or -independent mechanisms.

In the next few paragraphs | will try to review the function of these GC supporting cells, the importance of TGFj

signaling on these cells and their ability to present activated TGFf to GC B cells.

3.3.2. Follicular helper T cells (Ten) interact with B cells during the GCR and

influence B cell fate.

a. Trn differentiation relies on cell-cell interaction and cytokine stimulation.
T cell help to B cells was one of the first function attributed T cell when they were first discovered in the late
1960’s. First named T helper cells, a succession of discovery led to the coining of the term follicular helper T
cells (TrH) in the early 2000’s (Crotty 2015). Since then, the molecular mechanisms by which Tey are

differentiated and can help B cell responses have been extensively studied and summarized in Fig. 15.

Ten differentiation is under the strict control of the Bcl6 transcription factor. Expression of Bcl6 by T cells inhibits
other T cell differentiation pathways, namely Tu1, Th2 and Tu17 by repressing respectively T-bet, GATA3 or
RORyt expression and/or function. Nevertheless, Tr4 have been shown to produce low levels of Tu1, TH2 or
Tu17 cytokines such as IFNy, IL4 or IL17 to control B cell fate.

Over the years, the study of the cellular and molecular factors involved in the commitment and differentiation of
Ten have been well characterized. Multiple models have been put forward to summarize all these studies. An
integrated multistage and multifactorial model of Trn differentiation has been developed by Dr. Shane Crotty
over the years to (Crotty 2011; 2014; 2019). He proposes that Trn differentiation relies on three important steps.

- Priming of naive T cells by DC in the T cell zone of secondary Lymphoid organs through TCR:MHCII-

peptide interaction with DC. Activation of ICOS on naive T cell by DC-presented ICOSL and
simultaneous IL21 and IL6 stimulation are critical for Bcl6 and CXCR5 expression on T cells.
The study of the relative requirement of both cDC subset for the differentiation of Trq has shown that
cDC2 play a dominant role for Tr+ priming. Indeed, deletion of cDC2 using the ltgax®™.Ifr41°¥x mouse
but not cDC1 using the Batf3” mouse prevents the development of TrH responses (Krishnaswamy et
al. 2017). ¢cDC1, moDC or Langerhans cells have however also been shown to promote Ten
development. The APC and molecular factors involved in the priming of Ten is reviewed in
(Krishnaswamy et al. 2018)

- Commitment to Trn identity through their interaction with B cells. Induction of CXCR5 expression
together with downregulation of CCR7 by pre-GC Trx allow them to migrate towards the CXCL13 rich
B cell follicle. There, presentation of ICOSL by activated B cells is critical for Trn maintenance.

- Final differentiation of pre-GC Trn into GC-Trn occurs in the GC. Upon B cell interaction, SAP and
IL6-receptor signaling, T cells upregulate expression of Bcl6, CXCR5, PD1 and other surface
molecules.

It was initially thought that GC-Ten was the terminal differentiation state of Trw which could not leave the GC

and would then enter into an apoptotic program. However, it has been now well demonstrated that Ten and GC-
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Trn can differentiate into memory Tren (MTrFR). These mTrn are able to exit the GC compartment, reduce Bcl6
expression, acquire a less polarized phenotype and can enter the circulation to seed other non-draining SLO.
Circulating Trn express chemokine receptors with different combinations similar to Th1 (CXCR3+CCRG6-), Th2
(CXCR3-CCR6-) and Tn17 (CXCR3-CCRG6+). These subsets of Trn display different effector functions and can
differently polarize B cell response (Morita et al. 2011). Upon re-stimulation, memory Trx preferentially
differentiate back into effector Trn and GC-Trh. Interestingly, the effector functions of local and circulating mTrn
are different in their ability to induce B cell responses (Asrir et al. 2017). The mechanisms of mTrw differentiation

and function are extensively reviewed in (Aloulou and Fazilleau 2019; Hale and Ahmed 2015; Crotty 2014).

It is important to note that presentation of cytokines to naive T cells and later to pre-GC or GC Trn is critical for
their commitment and function. If IL21 or IL6 have been shown to be critically and redundantly involved in the
commitment of T cells to Ten, some evidence for a role of TGFp in the regulation of Trn biology have been
reported. To this day, the effects of TGFf signaling on Trn are still controversial.

On one hand, McCarron and Marie describe that the absence of TGFp signaling on T cells (Ca4°r. Tgfbr2ficx/flox
mouse model) led to the aberrant accumulation of Trn and the development of B cell autoreactivity (McCarron
and Marie 2014). On the other hand, other studies demonstrated that the development of human follicular T
cells and mouse mucosal Ten was critically dependent on TGFB (Marshall et al. 2015; Schmitt et al. 2014).
These studies highlight the importance of TGFp in controlling Trn survival and differentiation. These seemingly
opposite functions of TGF on Tex cells have not been reconciled so far. Considering the production of TGFf3
in a latent form, it is enticing to consider that the context (tissue localization, time, etc.) in which TGFp is activated
and presented to T cells might be key to resolve these different roles of TGF on Ten biology.

Very few studies have investigated the requirement for TGFf activation for Ten generation. In 2019, Durand and
colleagues have demonstrated that human tonsil T cell zone cDC2 and follicular macrophages were potent
inducer of Trn cells in vitro. They further demonstrated that these cells preferentially express OX40L, secreted
TGFB and expressed /tgb8 ex vivo and after TLR stimulation (Durand et al. 2019). These data suggest that
TGFp activation by cDC2 and macrophages could potentially regulate Trn differentiation or activation. The

precise in vivo biological function of awf8 and TGFp in this context was unfortunately not investigated.
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(Top) - Overview of the three stages differentiation mechanisms for Try differentiation from naive T cell. The priming by DC,
reinforcement by B cell and final commitment in the GC are the 3 proposed steps in Trn commitment. Given the described
role of TGFp in Tgy differentiation, both in promoting and inhibiting the Try lineage, we propose that the step at which TGF
is presented might decide the outcome on T cell differentiation
(Bottom) — Overview of the different Trr population. Ter can arise from naive T cells (induced Ter — iTFr) and thymic natural
Tres (nTreg). Upon CXCR5-dependent migration to the B cell follicle, Trr can localize to the T:B border or in the GC. The
exact function of each Trr subset in the regulation of the GC are still not very well characterized. It has been proposed that
the origin (Naive T cell or nTerr) and the localization of Ter in the B cell follicle might decide their function. In the biology of
Trr the function of TGFp is poorly described. Given its importance for the differentiation of Treg in the periphery and for the
immunosuppressive functions of Trr, we've hypothesized that TGFB might also critically regulate Trr differentiation and

function.
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b. Trn are critical to promote the GCR.
The canonical function of Tr is to provide B cell help and promote the GCR, and in particular:

- During the GCR, the selection of B cells depends on the competition of B cells for Trn help. B cells with
a higher affinity BCR can interact preferentially with Ten which promotes their survival, re-entry into the
DZ and proliferation (extensively reviewed in (Shlomchik and Weisel 2012; Mesin, Ersching, and Victora
2016). In the absence of T cell interaction, GC B cells are destined to die through Fas/FasL mediated
mechanisms.

- Interaction with Trn in the LZ also drives the differentiation process of B cells into mBC and PC.
Presentation of different co-stimulatory signals and cytokines by Trn during prolonged T:B interaction
drives the differentiation of GCB cells into plasma cells. On the contrary, moderate T cell help signaling
might be responsible for mBC commitment. Besides many co-factors, the affinity of TCR:BCR
interaction and the length of T:B cell interaction seem to be important determinants of B cell fate.

- Additionally, determination of CSR is also dependent on signals delivered from T cells. Recent work by
Roco et al indicates that the presentation of signals required for CSR occurs very early on, during the
interaction of pre-GC Trn with antigen-presenting B cells (Roco et al. 2019), and might not be
considered part of the GC.

The molecular determinant of Trn help to B cells are extensively reviewed in (Crotty 2011; 2015; Vinuesa et al.
2016; Aloulou and Fazilleau 2019; Crotty 2019). In the process of T cell help to B cells, the requirement for

TGFB has never been shown to this day.

A schematic representation of the model of Ten differentiation, Ten and the potential involvement of TGFp in this

process is presented in Fig. 15

3.3.3. Follicular requlatory T (Ter) cells participate in the requlation of the GCR.

FoxP3-deficency, either in mice (FoxP3X®, Scurfy mice) or in human (IPEX syndrome) could lead to elevated
levels of IgG antibodies and the development of auto-reactive antibodies These observations imply a role for
FoxP3* T cells in the control of B cell responses. In 2011, three independent studies described for the first time
the existence of a CXCR5*PD1*FoxP3* T cell population that was named Follicular Regulatory T cells (Trr).
(Wollenberg et al. 2011; Chung et al. 2011; Linterman et al. 2011).

In this paragraph we review the recent advances in the field of Ter cell biology emphasizing on the role of TGFj
in their differentiation and functions. The field of Trr is recent and many aspects of their biology, differentiation
and functions remain to be investigated. This paragraph will give a brief overview of these cells, summarized in
Fig. 15 but much more details can be found in (Sage and Sharpe 2016; 2015; Fazilleau and Aloulou 2018; Miles
and Connick 2018; Stebegg et al. 2018)

a. Differentiation of Tgr.
Much like Trn, differentiation of Ter is critically reliant on the Bcl6 but also Blimp1 transcription factor and other

Trn differentiating factors such as SAP, ICOS or CD28. Similarly, it appears that Trr development is also
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dependent on the interaction of T cells first with cDC for priming and then with B cells for terminal differentiation
(Sage and Sharpe 2016).

The three initial studies presented above demonstrated that Trr arose from thymic FoxP3* natural, self-reactive
Trec (NTrec) which acquire follicular helper T cell phenotype with the expression of Bcl6, CXCR5, ICOS and
PD1 (Wollenberg et al. 2011; Chung et al. 2011; Linterman et al. 2011). However a recent study has
demonstrated the ability of Trr to develop from naive T cell in condition favoring peripheral iTres induction,
giving rise to immunizing antigen-specific Trr in condition of low immunogenicity (IFA) (Aloulou et al. 2016). It
is however likely that this population of induced Trr (iTFr) represents a minority of the total Trr population in the
GC. The antigen specificity of these two subsets of Trr is therefore quite different. Trr generated from naive T
cells are specific for the peripheral antigen (including the immunizing antigen but also self or self-associated
antigens) while Trr arising from nTrec (NTrR) are predominantly self-reactive. (Fazilleau and Aloulou 2018).
Upon differentiation, Trr will migrate to the B follicle in a CXCR5-dependent manner. Trr will then seed different
compartment of the B cell follicle depending on their expression level of the CXCR5 chemokine receptor (Sayin
et al. 2018).

The requirement for cytokine in the differentiation of Trr has been poorly studied to this day. Apart for the
inhibitory effect of IL2 signaling on Trr differentiation, the importance of other cytokines has not been
demonstrated. In particular, TGFp is a critical cytokine for the differentiation of iTrec and the maintenance of
FoxP3 expression by T cells. Its implication in the differentiation and maintenance of Trr would be quite
interesting. Notably, McCarron and Marie have found that TGFBR KO on T cells, did not result in a modified Trr
population following NP-KLH in CFA immunization (McCarron and Marie 2014). Because CFA immunization
does not favor iTrr generation (Aloulou et al. 2016), we can assume that this experiment shows the absence of
requirement of TGFp for the generation of nTer. Given the role of TGFp for Trec induction in the periphery
(iITres), the role of TGFP signaling for iTer differentiation would be highly interesting but has not been
investigated so far.

Additionally, in an ex vivo model of HIV infection, Miles and colleagues demonstrate that HIV infection of tonsil
cells induces Trr expansion which is partly mediated by TGFp signaling. The author however failed to
demonstrate whether this was due to direct TGFf signaling to T cell or other cells supporting Trr differentiation
(DC, B cells, ...) and whether this was due to de novo Trr differentiation of pre-existing Trr proliferation (Miles
et al. 2015).

b. Ter function.
The function of Trr is the most controversial aspect of their biology. Because the methods for probing Trr
function and the context in which Trr function was assessed can be extremely different between all the
published studies, a very wide array of functions have been described. The description of the various models

and their principal findings can be found in (Fazilleau and Aloulou 2018).
Trr are characterized by their high expression of inhibitory molecules such as CTLA4, ICOS, Granzyme A, PD1

or GITR. The expression of these markers, and in particular of CTLA4 and PD1 has been shown to be critical

for their inhibitory function of the GC response, limiting GC B cell activation and antibody production. This
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negative control of the GC is mediated by the inhibition of both B cells, Trn responses and the interaction
between these two cells. The inhibitory functions of Ter can are thought to be mediated by 1/ Direct signaling
of CTLA4 and PD1 on their ligand on B and Trn cells, 2/ Secretion of suppressive cytokines and 3/ Competition
for cytokine or receptor ligand. If the molecular factor involved in this inhibition are not detailed here, they are
extensively reviewed in (Sage and Sharpe 2016; 2015; Fazilleau and Aloulou 2018; Miles and Connick 2018;
Stebegg et al. 2018). Interestingly, this inhibitory effect of Trr has been shown to be important to prevent the
development of autoimmunity. The paper by Fu and colleagues, among many other has shown that Trr deficient
mice exhibited late-onset spontaneous autoimmune diseases (Fu et al. 2018).

However, and surprisingly, the specific deletion of Trr using the Foxp3°.Bcl6™°¢"x mice has also shown a role
for Trr in promoting the GC. Wu et al, showed that these mice had no significant modification of the Trn and
GC B cell populations following immunization but rather had a decreased IgG response to foreign antigen.
Additionally, Ten in these mice had increased IFNy, IL10 and IL21 expression (Wu et al. 2016). Additionally Xi
et al. described that Ter could promote the GC response by inhibiting the development of Granzyme B-

expressing TrH (Xie et al. 2019).

Altogether these results highlight the fact that the function of Ter is still not well understood. In their recent
review, Fazilleau and Aloulou propose that the heterogeneity in the population of Ter that can be generated
depending on the condition and the model used (antigen specificity, cytokine secretion, precise follicular

localization, ...) can explain the difference in the measured function of these cells.

Once again comparing Ter to conventional Bcl6 Treg, it is interesting to consider their ability to secrete and
activate TGFp. As described earlier, TGFp and its activation by a8 integrins have been shown to be central
to the immunosuppressive function of Trec and their ability to maintain intestinal homeostasis. The
immunosuppressive ability of Trr using TGFf has been suggested but, to my knowledge, has not been formally
proven. A few evidences pointing toward the ability of Ter to present and activate TGF can however be found
in the literature.

First, Miles and colleagues, demonstrated that HIV infected tonsil cells displayed a higher frequency of LAP-
TGFp expressing Ter (Miles et al. 2015). These Ter inhibited the expression of ICOS and the proliferation of Ten
suggesting an inhibitory role for TGFp in Ter biology.

Furthermore, in 2017, Wing et al. investigated the transcriptional activity of different T cell populations of
regulatory T cells, namely CD25* and CD25" Trr and effector and naive Tres. Transcriptional analysis of these
two cell populations reveals that ltgh8 is expressed on effector Trec but not naive Trec as previously
demonstrated, but also on both CD25" and CD25" Trr. Additionally, Sayin et al. demonstrated that Trr express
elevated levels of the TGFB-binding protein GARP, at higher levels than conventional Trec (Wing et al. 2017;
Sayin et al. 2018).

Altogether, these studies suggest that Trr might be able to produce, bind and activate TGFp in an avf38-
dependent manner although formal demonstration is still required. These studies however did not suggest what
the biological function for TGFf secretion and activation would be on the GC. The immunomodulatory function

of TGF would however suggest that this can inhibit the proliferation of Ten and GC B cells.
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Figure 16 - Overview of Follicular Dendritic Cell biology.

Follicular Dendritic cells (FDC) are critical for the maintenance of the GCR and B cell survival. It's ability to bind the antigen
in the GC through Fc and complement receptors and present B cell survival factor (BAFF) is critical in ensuring proper B
cell selection in the Light Zone. Furthermore, its ability to secrete CXCL13 is critical in ensuring the proper structure and
recruitment of immune cells to GC

TGFpB has been shown to promote FDC survival. Furthermore, FDC derived TGFp has been shown to promote IgA CSR
and suggested to promote LZ to DZ transition of GC B cells. Furthermore, its expression of TGFp activating molecules in
the intestinal compartment suggest that FDC can also activate TGFp to be presented to B cells.
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3.3.4. Follicular dendritic cells in the requlation of the GCR.

Follicular Dendritic Cells (FDC) are long reticulated stromal cells which reside in the light zone of the GC. These

cells are critical for the maintenance of the GC structure and provide critical help to GC B cells. It is important
to highlight their role in GC B cell promotion, through multiple actions.

- FDC are the main producer of the CXCL13 chemokine which is critical to guide GC B cell and Ten
migration to the GC.

- FDC express high levels of the Complement Receptor and Fc-receptor. Together, they participate in
the presentation of naive antigens to B cells through the binding of immune complexes and antigens
carried by the lymph into the lymphoid organs. They are able to form immune synapses with B cells by
presenting ICAM1/VCAM1 which binds LFA1/VLA1 on B cells.

- FDC also participate in the generation of a micro-environment that favors B cell survival in the GC.
Their secretion of BAFF is critical in the maintenance of GC following immunization.

The precise function of FDC and the molecular determinants involved are review in (Aguzzi, Kranich, and

Krautler 2014) and summarized in Fig. 16.

The ability of FDC to secrete TGFf has also been involved in the promotion of B cell responses. As previously
stated, intestinal FDC can promote the generation of IgA response by secretion of RA and TGFpB and the
expression of TGFB activating molecules (Suzuki et al. 2010). Furthermore, Albright and colleagues have
suggested that FDC are required for Smad2 signaling in GC B cells (Albright et al. 2019). Whether this is
mediated by TGFp secretion of activation still requires to be fully investigated.

Additionally, Park et al. describe that TGFp-induced Smad2 signaling on FDC themselves decreases their
expression of Fas and Caspase 8. This is important for preventing the TNF-induced apoptosis of FDC and thus
maintaining a functional FDC network throughout the GCR (Park et al. 2005).
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Results overview

Objectives

The aim of my PhD was to investigate the importance of avp8-dependent TGFp-activation by dendritic cells in
the regulation of adaptive immune responses. This study was initially focused on two TGFp-dependent immune
responses, namely 1/ induced Tres generation in the periphery and 2/ intestinal IgA humoral responses. With
our unexpected discovery that avp8 is expressed by some Ten and all Ter, my work has, more recently, been
extended to the analysis of the biology of TGFp-activation by follicular T cells in the control of the germinal
center reaction.

This work greatly relies on the generation of a few novel mouse models with which we investigated the biology
of avp8-mediated TGFp activation. The new ltghb8-tdTomato reporter mouse has enabled us to investigate more
easily and with much greater detail the expression pattern of this integrin both on CD11¢c* phagocytes and on
T cells. The use of several new (Xcr1-8%°, huLang-p8X°) and already established (CD11c-p8K° & CD4-B8X0)
conditional KO of the 8 integrin subunit has been particularly useful for investigating in vivo the function of ov38
expressed by cDC1, cDC2 or T cells in controlling TGFp-dependent immune responses. Several in vitro
approaches have also been developed to study the molecular mechanisms of avf38 function on B cell responses.
Overall, this work can be subdivided into three main projects which progressively arose along the PhD and with
the generation of novel mouse model by the team.

1. In vivo requirement of w38 expression on cDC1 and cDC2 to generate TGFB-dependent immune

responses to the intestinal commensal flora. So far, the requirement for av38 expression on CD11c-

expressing phagocytes has been proved in vivo and multiple in vitro studies had shown the ability of
MLN cDC1 and not cDC2 for the generation of iTres. The goal of this study was to investigate further
the in vivo phenotype of two newly generated mouse models (Xcr1¢e./tgb8™ and
huLangherin®®.ltgb8"), which allow for the specific deletion of avf8 on cDC1 and mucosal cDC2
respectively. Our interest in TGFB-dependent immune responses led us to investigate the peripheral
induction of Treg and the generation of IgA immune responses of these mice.

2. ovB8 integrin-expression by BATF3-dependent dendritic cells facilitates early IgA responses to

Rotavirus. MLN cDC1 are the main subset of mucosal DC that express the avf8 integrin. The lack of
requirement for avf38 on cDC1 for the generation of anti-microflora IgA responses (as exposed in the
previous chapter), was therefore quite disappointing to us. We therefore sought to investigate the
requirement for avp8 in the generation of other type of IgA responses. cDC1 are critical in the
orchestration of antiviral CD8* T cell responses and CD4* Tu1 responses. Furthermore, it has been
shown that IgA is the major corelate of protection for certain enteric viral infections. We thus
progressively made our way toward the study of av38 expression by cDC1 for the orchestration of anti-
rotavirus (RV) IgA responses. This led to an international collaboration with the team of Dr. Katharina
Lahl of Lund University in Sweden, specialized in RV infection an cDC1 biology. This study integrates
the results from both our teams. This project has led to the writing and submission of a paper, just

recently accepted for publication in Mucosal Immunology. My specific contribution is detailed below.
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3. Investigating the relevance of a8 integrin expression by follicular T cell for the TGFB-mediated control

of B cell responses. The surprising discovery, about midway through my second year of PhD, first by

RT-gPCR then by analysis the lfgh8-tdTomato reporter mice, that follicular T cells (Tr1 and Trr) can
express the avp8 integrin quickly sparked vivid interest in the lab. My PhD project was therefore re-
oriented towards understanding the importance of av38 expression by follicular T cells in the control of
the GCR. This led to the development of a few different new mouse models and experimental paradigm
through which we questioned this surprising discovery. Although still preliminary, this works gives some

insight into the importance of TGFp-activation in the control of the GCR.

Formatting of the Results section

The first part of this section has also been formatted in the format of a paper. We are planning to submit this
work to a peer-reviewed journal as soon as possible, after confirming and adding a few experiments to this
study. The second part of this Results section presents a paper, written in collaboration with the team of Dr.
Katharina Lahl, and has been accepted for publication in Mucosal Immunology. Finally, the last part of my PhD
work, has also been formatted for peer-reviewed publication. However, the results being so preliminary, more
critical thinking and discussion has been added to the main text to put these results into context. An additional

section, highlighting the future considerations and experiments for this study has also been added.

Personal involvement

Part 1

Apart for 1/ the DSS experiments which have been carried out by Dr. Helena Paidassi, Principal Investigator of
this study and Elise Raoul-Rea during her internship in the lab (Fig. 4), and 2/ the validation of the /tgb8-
tdTomato reporter mice carried out by Mathilde Boucard-Jourdin (Fig. 1A-B), all the data presented in this study
has been generated by myself. Technical help from Mathilde Boucard-Jourdin, Véronique Barateau, Lucie

Daniel and other member of the lab has been most helpful in the generation of these data.

Part 2

The data in this paper has been generated by me and our collaborators in Sweden. All the data relating to RV-
infection have been obtained in Sweden, mainly by Joy Nakawesi. | generated the rest of the data with the help
of Helena Paidassi and Véronique Barateau.

Part 3

All the data presented here have been produced by me with the technical help of Véronique Barateau and Loic
Peyrot.
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Results

Part 1 — In vivo requirement of avp8 expression on cDC1 and cDC2

to generate TGFp-dependent immune responses

Introduction

The gastrointestinal tract is home to a diverse population of commensal microorganisms, many of which are
beneficial to the host as they provide important metabolic help and protection from pathogenic infections.
However, it is also an important site of entry of pathogens. The mucosal immune system must therefore walk a
fine line to protect against such infections while preventing destructive inflammatory responses to the host’s
commensal microbiota. A complex and active network of specialized immune cells together participates in
intestinal immune homeostasis and the maintenance of barrier integrity, with Foxp3* regulatory T cells (Trec)
and IL17-producing helper T cells (Th17) being key players. Foxp3* Trec are critical in the maintenance of
immune tolerance to the microbiota and dietary antigens, in promoting tissue repair and to prevent excessive
activation of the pro-inflammatory responses. In particular, induced Trec (iTrec) generated from naive T cells in
Gut-Associated Lymphoid Tissues (GALT) are critical to prevent the development of mucosal inflammation
(Whibley, Tucci, and Powrie 2019). Tu17, generated in response to bacteria and fungi, have been implicated in
autoimmune and inflammatory diseases, however, they are also present in non-inflamed intestine, where they
play a key role in anti-microbial immunity and the enhancement of epithelial barrier integrity. (O’Connor,
Zenewicz, and Flavell 2010).

Conventional dendritic cells (cDC) directly participate in the regulation of T cell responses. cDC are specialized
antigen-presenting cells (APC) that sense environmental, inflammatory and danger signals and instruct adaptive
immune responses accordingly. In mice, CD11c*MHC* cDC are divided into two main subsets, namely type 1
(cDC1) and type 2 cDC (cDC2), both playing key roles in T cell activation and differentiation (Sichien et al. 2017;
Chang, Ko, and Kweon 2014; Durai and Murphy 2016). cDC1 and ¢cDC2 development is driven by Batf3 and
Irf8, or Notch2 and Ifr4 respectively. In the gut, the majority of cDC express ae(CD103)B7 integrin and can be
distinguished by the expression of CD11b: CD103*CD11b- ¢cDC1 and CD103*CD11b- ¢cDC2. The organ
localization, microenvironment and inflammatory conditions perceived by these cells determines their precise
function in antigen capture and induction of T cell responses (Merad et al. 2013). This process relies, upon
activation in the intestinal LP, on the ability of migratory DC (mig. DC) to transport intestinal antigens to
Mesenteric draining Lymph Nodes (MLN) for presentation to naive T cells.

A longstanding subject in the field has been to determine the relative functions of these two subsets. Mouse
models allowing to specifically delete one subset or the other have demonstrated that cDC1 are specialized for
the induction of Type 1 immune responses to viral and intracellular pathogens, and in particular CD8" T cell
priming and Tn1 induction. On the contrary, depletion of cDC2 results in decreased Tu2 responses to helminth
infection as well as reduced Tn17 generation in the intestinal LP (reviewed in (Durai and Murphy 2016)).
However, while the preferential ability of CD103* DC (which comprise both cDC1 and cDC2) to generate iTrec
in the gut was established 13 years (Coombes et al. 2007; C.-M. Sun et al. 2007), the relative contribution of
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c¢DC1 and cDC2 for the induction of intestinal iTrec remains ambiguous. Further studies using conditional
deletion of either mucosal cDC1 or cDC2 have failed to show a large modification of steady state intestinal Tres
frequency (Persson et al. 2013; Esterhazy et al. 2016; Arnold et al. 2019a; Luda et al. 2016b). Because depletion
of both CD103* c¢cDC1 and cDC2 induces a loss of intestinal Treg, it is assumed that either a functional
cooperation exists between the two cDC subsets and/or that one subset can compensate for the lack of the

other.

Importantly, the generation of both iTrec and Tu17 is under the control of Transforming Growth Factor g (TGFp)
(C.-M. Sun et al. 2007; Marie et al. 2005; Li, Sanjabi, and Flavell 2006; Coombes et al. 2007; Veldhoen et al.
2006). Unlike most cytokines, TGFp is secreted in a latent form. This inactive form of TGFf is encapsulated in
the Latent Associated Peptide (LAP) that prevents its binding to TGFp receptor. Therefore, TGFB must be
dissociated from the LAP, or “activated” in order to induce TGFp signaling in T cells. In the immune system,
alpha-v (ov) integrins are key players of TGF activation due to their ability to bind to an Arg-Gly-Asp (RGD)
tripeptide in the LAP (Worthington, Klementowicz, and Travis 2011). In fact, a single point mutation in the RGD
sequence in the LAP which disrupts av integrins binding site (RGD > RGE) , is sufficient to recapitulate the
phenotype of Tgfb1’ mice, showing the critical importance of integrin-mediated TGFp-activation in the
regulation of immune responses (Yang et al. 2007).

Previously, we and other have shown that expression of a8 integrin by CD11c-expressing phagocytes
(including cDC) is critical for the regulation of TGFp-dependent T cell responses (reviewed in (McEntee,
Gunaltay, and Travis 2019; Nolte and Margadant 2020)). In particular, the targeted deletion of 38 integrin on
CD11c* phagocytes (Cd11cCe.ltgh8™1x  named CD11c-B8K° thereafter) leads to the development of severe
spontaneous colitis, which is associated with a specific loss of Trec and TH17 in the intestinal LP (Travis et al.
2007; Lacy-Hulbert et al. 2007; Melton et al. 2010; Acharya et al. 2010; Worthington et al. 2011; Paidassi et al.
2011). Numerous in vitro and ex vivo experiments have determined that MLN migratory ¢cDC1 predominantly
express the 8 integrin subunit, which specializes them for activation and presentation of active TGFp to T cells
for the generation of Trec (Paidassi et al. 2011; Worthington et al. 2011; Boucard-Jourdin et al. 2016; Shiokawa
et al. 2017). In addition, previous studies have established the importance of av38-mediated TGFf activation
by CD11c* phagocytes for the generation of Th17 in EAE models of inflammation and parasitic infection
(Acharya et al. 2010; Melton et al. 2010; Steel et al. 2019). However, the relative contribution of mucosal DC
subsets for the activation of TGF and the orchestration of TGFB-dependent Trec and Tw17 differentiation in
vivo remains an open question. In particular, the formal in vivo demonstration that a8 expression by cDC1 is
necessary and sufficient for their ability to induce Trec is still missing. Furthermore, cDC2 have been shown to
induce both TGFp-dependent Th17 and Trec responses, despite a seemingly low expression of av38 (Boucard-
Jourdin et al. 2016). Here, we question whether the expression of the TGFB-activating avp8 integrin by cDC1
or ¢cDC2 is required for their ability to induce Trec and Tu17 at immune homeostasis or in inflammatory

conditions.

In this study, we took advantage of a new ltgh8 reporter mouse model to establish the precise expression

pattern of B8 integrin at a single cell level in DC in the intestine and GALT. We confirm that 38 is preferentially
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expressed by MLN mig. cDC1. In addition, we show that a small subset of cDC2 also express 8 integrin. We
further use several models of conditional KO of avf38 on ¢cDC1 or cDC2 to question the requirement of both
these DC subsets to induce TGFB-dependent intestinal immune responses i.e. Trec and Tu17 generation and
control intestinal inflammation. Unexpectedly, while cDC1 is the major /tgb8-expressing cDC subset, induction
of intestinal iTres is only minimally impaired when (8 is restricted to cDC1. Our preliminary results also indicate
that deletion of 38 on cDC1 does not impact the induction and recovery from DSS-induced colitis. By contrast,
cDC2-restricted deletion of 38 has a more profound effect on Trec generation despite the lower expression of
8 on this cDC subset. By contrast, either cDC1- or CDC2-restricted deletion of B8 only minimally impairs Tu17
generation in MLN. Altogether these results point towards a cooperation between cDC1 and cDC2 in the

activation of TGFf by av8 and the control of TGFp-mediated immune responses.

Methods

Mice

All animals were housed under specific pathogen-free conditions at Plateau de Biologie Expérimentale de la
Souris (Lyon, France). All mice were on C57BI/6 background. Age- and sex-matched littermate controls were
used for all experiments. Male and female mice were used.

Transgenic Cd11cC™ (B6.Cg-Tg(ltgax-cre)1-1Reiz/J) were obtained from Nathalie Bendriss-Vermare (CRCL,
France), Xcr1¢® (Xcr1-IRES-iCre-2A-mTFP1) from Bernard Malissen (CIML, France) and HulLang®® (B6.Cg-
CD207tm2-1(cre)Biecy mice from Katharina Lahl (Lund University, Sweden). They were crossed to ltgh8*- or ltgb81°%
obtained from Julien Marie (CRCL, France).

B8 integrin expression reporter mice were generated on a C57BI/6 background by expression of an internal
ribosomal entry site-fluorescent tandem dimer (td)-Tomato cassette (IRES-Td-Tomato) immediately following
the stop codon in exon 14 of ltgh8 (Fig. 1A) (GenOway, Lyon, France).

Female C57BL/6 mice were purchased from Charles River Laboratories (L’Arbesle, France).

Animal experiments were performed under appropriate licenses within local and national guidelines for animal

care.

DSS

Colitis was induced by administration of 1.5% Dextran Sodium Sulfate (DSS) [w/v] [molecular weight (MW),
36000-50000; MP Biomedicals, Santa Anna, USA] in drinking water for 6 days, while control mice received
water only. Mice were examined daily with respect to their general condition, body weight and consistency of

stools. When indicated, mice were sacrificed on day 9-10 for FACS analysis.

Cell isolation and Flow Cytometry

For the analysis of lymphocyte population, single-cell suspensions from spleen, LN, and Peyer’s Patches were
obtained by mechanical disruption through 70 um cell strainer in Complete RPMI buffer (10% FBS, 1%
Pen/Strep (Gibco), 1% HEPES (Gibco) and 0.1% B-mercaptoethanol (Gibco)). Mononuclear phagocytes from

spleen, LN and PP were isolated as previously described (Boucard-Jourdin et al. 2016). Briefly, spleen, LN and
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PP were digested in RPMI containing 1mg/mL Collagenase IA (Sigma) and 100ug/mL DNAse 1 (Roche). LP
mononuclear cells were isolated as previously described (Moro-Sibilot et al. 2015). Briefly, mucus and epithelial
cells were removed with 1.5ug/mL DTE (Sigma) and 10mM EDTA solution before digestion with 12.5ug/mL
Liberase TM (Roche) and 100ug/mL DNAse1 (Roche). Before FACS sorting, filtered cell suspensions were
enriched for DC using an OptiPrep gradient (Sigma).

Data acquisition was performed using LSR-Fortessa cytometers while DC subsets were sorted using an BD

FACSAriall cytometer (BD Biosciences). Data analysis was performed using FlowJo software v9 (Treestar Inc).

Histological staining

A short piece of colon in the proximal section was harvested and fixed in PFA 2% overnight before dehydration
and paraffin inclusion. Slices were obtained on a microtome before staining with Hematoxylin and Eosin (Sigma

Aldrich). White light microscopy of the histological sections was performed on an AxiolmagerZ1 (Zeiss).

Genomic PCR, RT-gPCR and Western Blot analysis of /38

MLN dendritic cells were sorted as gated in Figure 1C and DNA, RNA or protein was extracted using Proteinase

K, Trizol/Chloroform or RIPA extraction respectively, as previously described (Boucard-Jourdin et al. 2016).
Itgb8 gene expression analysis by quantitative RT-PCR was performed as previously described (Boucard-
Jourdin et al. 2016) and normalized to Gapdh expression. Cre-mediated deletion in /tgb8 locus was analysed
by PCR on genomic DNA using the following set of primers: 5-CCC ACT AAG ATA ACT GGC CGT ATC-3’, 5-
GAG GGG TGG GGA AAT TTT TGT ATC-3’, 5-GTG GAT TCT ACA GGC <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>