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On the one hand, the innate immune system acts as a first barrier to provide an immediate response against an identified exogenous pathogen. It is composed of phagocytic cells that can recognize and kill non-self-organisms rapidly and unspecifically. Different cell types are found according to the anatomical location. Granulocytes (neutrophils, eosinophils and basophils) and monocytes are present in the blood whereas macrophages and mast cells are present in tissues.

Moreover, natural killer (NK) cells have important functions in innate immunity.

On the other hand, adaptive immunity is longer to set up, but that is the price for developing a specific response against pathogens. CD4 and CD8 T cells and B cells belong to this second type of immunity. Contrary to innate cells that recognize antigens unspecifically, these cells recognize specific pathogenic antigen through particular receptors: T cell receptor (TCR) and B cell receptor (BCR). In the T cell lineage, CD4 T cells are also called CD4 T helper (Th) cells. As their name suggests, these cells help other cell types by providing them signals that impact their activation and behavior. Thus, CD4 T cells orchestrate immune response and guide it according to the encountered pathogen. CD8 T cells are specialized in fighting against intracellular pathogens such as viruses by killing infected cells. Finally, B cells that differentiate into antibody-producing plasma cells, are specialized in extracellular pathogen elimination.

Between innate and adaptive immunities, one cell type orchestrates this complex organization: dendritic cells (DCs). This manuscript will be principally focused on CD4 T helper cells and their polarizing capacities.

b) CD4 T cell: from thymus to lymph node

T lymphocyte precursors migrate from the bone marrow to populate the thymus and undergo their maturation. During the thymic development, TCR gene rearrangement and thymocyte proliferation occur. Moreover, this is the step where the TCR co-receptor is chosen. Cell-surface molecule modifications allow distinguishing the thymocyte population at different stages of maturation. Beyond these molecules, T cells notably express both CD4 and CD8 co-receptors at the beginning of their development and, after different steps of selections based on recognition of major histocompatibility complex (MHC) I or II, they will exit the thymus expressing only one of them.

After becoming a mature naive CD4 T cell, the next step is to access secondary lymphoid organs, mainly lymph nodes. Particulate antigens, antigen-presenting cells (APC) and some leukocytes coming from peripheral tissues migrate to lymph nodes through the lymphatic system. On their side, naive CD4 T cells circulate in the bloodstream and enter lymph nodes by following a CCL19/CCL21 chemokine gradient and via specialized structures called high endothelial venules (HEV). Then, they gather in the paracortex, also called the T cell zone. Paracortex microarchitecture is supported and organized by a subset of fibroblastic reticular cells (FRC), the T cell zone reticular cells (TRC). These cells are essential to T cells homing, survival and migration by expressing a large panel of adhesion molecules and secreting the chemoattracting chemokines CCL19 and CCL21, and the survival factor interleukin (IL) 7. They also form a very dense meshwork all along the T cell zone, allowing DC and T cell migration and thus promoting their interaction 1 .

Afterwards, T cells have to get activated by a DC. T cells screen MHC-peptide complexes at the surface of DCs present in the same lymph node zone, looking for their specific antigen. Since one naive CD4 T cell is specific for one particular antigen, the screening has to be very efficient to set up an adaptive immune response as quickly as possible. A T cell encounters a multitude of DCs, with which it transiently interacts using adhesion molecules such as lymphocyte functionassociated antigen 1 (LFA-1). If a T cell does not find its specific MHC-peptide complex, it reaches the bloodstream to start again in another lymph node 1 .

2) T cells and antigen presenting cells encounter in the lymph node a) Dendritic cell patrolling and activation

Three different cell types can present antigen to T cells: DCs, macrophages and B cells. Here, the focus will be on dendritic cells, which are the most efficient to activate T cells. One of the reasons why DCs are professional antigen presenting cells (APCs) is that display more MHC and costimulatory molecules than the others 2 .

DCs migrate from bone marrow to tissue through blood, seeking non-self-agents throughout the body. They are specialized in the uptake of broad variety of pathogens such as bacteria, fungi, parasites and viruses.

To detect a wide range of pathogens from different natures, they display extracellular and intracellular signaling receptors. Immature DCs express pattern recognition receptors (PRRs), that can recognize pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). PRRs include mainly two groups of receptor: transmembrane proteins such as toll-like receptors (TLR), cytoplasmic proteins such as NOD-like receptors (NLRs) and C-type lectin receptor (CLR) 3 .

Immature DCs continuously patrol throughout tissues. The encounter between circulating immature DCs and danger signals (pathogens or inflammatory signals) engages a process of maturation, and their migration to the lymph node. Moreover, antigens that have been captured by DCs are processed as peptides and presented on MHC molecules, constituting a peptide-MHC complex. Thus, upon arrival in the lymph node, they highly express peptide-MHC complexes and co-stimulatory molecules, to be fully competent to prime naive T cells 4 . In absence of pathogen or inflammatory signal (steady-state), DCs can present self-antigens instead of exogenous antigens from pathogens. The goal of this process is to prevent immunization against self-proteins, which is also known as tolerance. In the case of tolerance, self-antigen presentation leads to the induction of regulatory T cells (Treg). Instead of producing inflammatory signals to activate downstream immune effectors, Treg will secrete anti-inflammatory signals to dampen the inflammation. Recognition of self-antigen could also lead to anergy, which means that T cells are unable to mount a complete immune response. This is illustrated in Figure 1.

Finally, the T cell needs a third signal to bifurcate in the appropriate T cell polarization program. Thus, DCs secrete different cytokines and express a large set of surface molecules that constitute the last signal for T cell activation and differentiation, allowing CD4 T helper cells to be polarized in a subset with specific functions, consistent with the pathogen to eliminate 6 .

Figure 2: The three-signal theory of naive CD4 T cell activation

1: TCR activation signal; 2: co-stimulatory molecule signal; 3: cytokine signal (Illustration adapted from Medzhitov et al. Nat Rev Immunol, 2001 7 )

A naive CD4 T cell can therefore mature into different types of T helper cell subsets, that will be studied in more detail in the next part.

This Th differentiation model is very useful to have a clear idea of how do naive CD4 T cells polarize. However, many different views were published over the years, contradicting this theoretical version. Its limits will be reviewed in the second part of this introduction. 

3) T helper cell diversity a) Historical highlight on the function of Th cells

In the '60s, T lymphocytes started to be distinguished from B lymphocytes, but their functions were reduced to help B cells in their antibody production 8,9 .

In the '70s, T lymphocytes were classified according to their surface markers in either helper cells or cytotoxic cells 10 .

Finally, in the '80s, Mosmann and Coffman were the first to highlight the concept of Th subsets.

After immunizing mice with antigen proteins, they managed to derive in vitro two Th clones: Th1 and Th2 11 . They differentiated Th1 and Th2 mostly according to the cytokines (at the time called lymphokines) they secreted. Th1 cells are specialized in secreting IL-2 and interferon (IFN) g and Th2 in secreting IL-4, IL-5 and IL-13 12 .

Three years later, they described in greater detail in the Annual Review of Immunology that, within T lymphocytes, subsets had distinct characteristics suggesting that T lymphocytes could have other functions apart from helping B cells. They hypothesized that Th1 led to cytotoxic mechanisms resulting in the elimination of intracellular parasites and tumor cells, whereas Th2 led to an antibody response 13 .

From this arose the concept of division of labor between Th subsets, allowing to efficiently fight against a large variety of pathogens.

b) Th subset phenotypes and functions

As described before, CD4 T helper subsets are defined principally by the cytokines they secrete. In this part, what is characterizing each Th subsets will be studied in detail. T helper cells are currently classified according to the three following parameters. First, how are they induced, what are the necessary signals to polarize a naive T cell in Th1 for instance? A second important factor distinguishing subsets is the transcription factor they express. Finally, they are separated according to the effector cytokines they produce.

i) Th1 and Th2 paradigm

As seen previously, Th1 and Th2 were the first studied subsets. The main role of Th1 is the clearance of intracellular pathogens by different mechanisms such as helping macrophage activation 14 and cytotoxic CD8 T cell response 15 . Based on this last function, Th1 is a major actor in antitumor immunity 16 .

A key signal that initiates Th1 polarization is the IL-12 cytokine. This integration induces the signal transducer and activator of transcription 4 (STAT4), following which the transcription factor T-bet is downstream activated to allow IFNg production 17,18 . Additionally, IFNg can bind to its receptor at the T cell surface, leading to STAT1 activation, which also has the ability to interact with the Tbx21 gene (T-bet gene). This creates a positive feedback loop enhancing IFNg production and Th1 commitment. Other molecules can activate STAT1 such as type I IFN and IL-27, an IL-12 cytokine family member 19 .

T-bet has a second pro-Th1 role. Indeed, it downregulates the Th2 master regulator GATA-3 not only in developing Th2 cells but also in established ones: the addition of a retroviral T-bet in T-bet knock-out (KO) mice decreases GATA-3 levels 20 . Additionally, Djuretic et al showed that T-bet can also form a complex with the transcription factor Runx3. This cooperation activates the Ifng gene, inhibits Il4 gene 21 and interacts with GATA-3 to suppress its activity 22 .

Moreover, besides IFNg master Th1 secreted cytokine, these cells also produce IL-2, TNF-a and TNF-b 23 .

In addition to secreted cytokines, specific surface chemokine receptors have been identified on Th1 cells: CCR5 and CXCR3 24 .

Contrary to Th1 cells that induce cell-mediated immunity, Th2 cells act to help antibody production by B cells and elimination of extracellular pathogens such as parasites. They are induced by the IL-4 cytokine, which activates STAT6 and then GATA-3 25 . This molecular mechanism leads to IL-4, IL-5, IL-6, IL-9, IL-13 and IL-31 cytokine secretion. Eventually, secreted IL-4 enhanced Th2 profile by creating a feedback loop 26 . Another GATA-3 activating pathway exists through IL-2-induced STAT5 27 .

Th2 cells also express specific surface markers: CCR3 and CCR4 24 .

Principal Th1 and Th2 differentiation mechanisms are summarized in Figure 3. In line with Mosmann and Coffman's work, studies on Th1 and Th2 provided evidence that CD4 T helper cells were composed of several subsets with different functions. This idea has been heightened by the discovery of new subsets, that will be studied in the next subparts.

ii) Th17 cells

The discovery of Th17-related cytokines led to the definition of Th17 cells as an independent CD4

Th subset. The first important breakthrough occurred in 2000. IL-23, constituted of IL-12p40 chain and a new p19 chain, is discovered 29 . A few years later, using experimental auto-immune encephalomyelitis (EAE) mouse model, two different studies demonstrated that IL-23 plays a critical role in the pathology, by driving the development of T cells secreting IL-17 30,31 . The fact that these cells secreted IL-17 but low level of IFNg suggested that IL-17-producing T cells could be a distinct lineage from Th1 cells, despite the p40 chain common to IL-12. They were called Th17 cells.

Later on, inducer signals and transcription factors were associated with Th17. For mice, TFG-b and IL-6 were described as the principal inducer cytokines 32,33 .

In human models, some teams tried to determine polarizing factors of the subset, a lot of contradictory results came out and it took a while to have a clear idea about how to induce Th17 cells. Some cytokines were highlighted as participating in the differentiation: IL-23, IL-1b, IL-6, TFGb, IL-21. But cytokine combinations to obtain Th17 cells remained unclear, especially because the combination of TFG-b and IL-6 was not capable of polarizing human Th17 cells, like in mice 34,35 .

This raised another issue: human Th17 human differentiation seemed to be different from the mouse one, blurring the characterization even more 34 . Finally, the role of TGF-b and the other cytokines in Th17 differentiation were clarified. Manel et al. showed that TFG-b, IL-1b and IL-23

were required in human Th17 polarization. They also combined successfully TFG-b, IL-1b and IL-6 or IL21 36 . Their idea of adding IL-21 came up because this cytokine was secreted in response to IL-6 and this allowed Th17 differentiation in mice. This combination was also confirmed by Yang et al 37 . Thus, IL-21 is not necessary but is an important stabilizer of Th17 cells. IL-21 is probably creating a positive feedback loop that enhances Th17 polarization. Eventually, Volpe et al. showed that adding TFG-b in an environment containing IL-23 and pro-inflammatory cytokines (IL-1b and/or IL-6) induced Th17 differentiation 38 .

Concerning transcription factors, RORgt as well as RORa were identified as being major transcriptional regulators in Th17 differentiation 36,39,40 . IL-6 and IL-21 can induce RORgt and RORa.

IL-23, IL-6 and IL-21 can also activate STAT3, which is necessary for RORgt induction 41,[START_REF] Yang | STAT3 regulates cytokine-mediated generation of inflammatory helper T cells[END_REF] .

Moreover, regarding surface markers, Th17 cells express CCR6 and CCR4 [START_REF] Acosta-Rodriguez | Surface phenotype and antigenic specificity of human interleukin 17-producing T helper memory cells[END_REF] .

Finally, Th17 cells produce different cytokines. Some of them have an important pro-inflammatory role such as IL-17A, IL-17F and IL-22. It has been demonstrated that these cytokines can induce antimicrobial peptide secretion by keratinocytes and epithelial cells [START_REF] Kolls | Interleukin-17 family members and inflammation[END_REF][START_REF] Liang | Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression of antimicrobial peptides[END_REF] . Moreover, IL-17A and IL-17F can impact directly neutrophils and enhance their recruitment [START_REF] Laan | Neutrophil recruitment by human IL-17 via C-X-C chemokine release in the airways[END_REF] . Thus, Th17 cells protect against fungi and bacteria at the mucosal and epithelial surfaces.

iii) Th22 cells

Th22 cells have come a long way before being considered as a fully-fledged subset.

IL-22, the master cytokine of Th22 cells, belongs to IL-10 family [START_REF] Ouyang | Regulation and functions of the IL-10 family of cytokines in inflammation and disease[END_REF] . In the beginning, this cytokine was associated with Th1 cells since it was the first cell to be identified as an IL-22 producer. Wolk et al. studied the production of this recently described cytokine in human-polarized Th1, Th2 and regulatory T (Treg) cells and showed that Th1 was highly producing IL-22 [START_REF] Wolk | Cutting edge: immune cells as sources and targets of the IL-10 family members?[END_REF] .

Th17 were also described to produce IL-22. As seen above, IL-22 is commonly co-expressed with IL-17A and IL-17F Th17 cytokines. But actually, the Th17 context is not the optimal environment to obtain IL-22 production, because it is inhibited by TGF-b [START_REF] Ghoreschi | Generation of Pathogenic Th17 Cells in the Absence of TGF-β Signaling[END_REF][START_REF] Rutz | Transcription factor c-Maf mediates the TGF-β-dependent suppression of IL-22 production in T(H)17 cells[END_REF] .

Th22 as an independent subset was established after some studies described IL-22-producing Th cells, in the absence of IL-17, IL-4 or IFNg. Trifari et al. showed that naive CD4 T cells cultured with IL-1b and IL-23, in the presence or absence of IL-6, led to the production of IL-22 but not IL-17 [START_REF] Trifari | Identification of a human helper T cell population that has abundant production of interleukin 22 and is distinct from T(H)-17, T(H)1 and T(H)2 cells[END_REF] .

Moreover, Volpe et al. demonstrated that IL-17 and IL-22 were differentially regulated and that IL-12 and IL-23 induced high levels of IL-22 [START_REF] Volpe | Multiparametric analysis of cytokine-driven human Th17 differentiation reveals a differential regulation of IL-17 and IL-22 production[END_REF] .

Furthermore, Eyerich et al. provided evidence about Th22 cell phenotype stability. When recultured with Th1, Th2, Th17 and Treg-polarizing cytokines, Th22 cells clones, established from psoriasis patient, kept producing IL-22 [START_REF] Eyerich | Th22 cells represent a distinct human T cell subset involved in epidermal immunity and remodeling[END_REF] .

In addition to IL-22 production, Th22 cells express CCR6, CCR4 and CCR10 at their surface [START_REF] Trifari | Identification of a human helper T cell population that has abundant production of interleukin 22 and is distinct from T(H)-17, T(H)1 and T(H)2 cells[END_REF] .

Regarding transcription factors, despite a common regulator with Th17 cells, STAT3, the master transcription factor of Th22 cell is AHR [START_REF] Ramirez | Activation of the aryl hydrocarbon receptor reveals distinct requirements for IL-22 and IL-17 production by human T helper cells[END_REF] .

Th22 cells have similar effector functions than Th17 cells. Indeed, Th22 cells induce the production of antimicrobial agents by keratinocytes and epithelial cells, protecting against bacteria and fungi at mucosal and epithelial surfaces. A function that Th22 cells do not share with Th17 cells is that they participate in wound healing [START_REF] Eyerich | Th22 cells represent a distinct human T cell subset involved in epidermal immunity and remodeling[END_REF] .

iv) Th9 cells

Th9 case is similar to the Th22 one in the sense that IL-9 was primarily defined as a Th2-associated cytokine [START_REF] Schmitt | Establishment of different T cell sublines using either interleukin 2 or interleukin 4 as growth factors[END_REF] .

Th9 cells were discovered in 2008, when a study demonstrated that adding TGF-b on Th2 cells induced a new Th subset, producing IL-9. Th2 cells lost their capacities to secrete IL-4 and express GATA-3, and only kept IL-10 production [START_REF] Veldhoen | Transforming growth factor-beta 'reprograms' the differentiation of T helper 2 cells and promotes an interleukin 9-producing subset[END_REF] . At the same time, another study showing similar results added that IL-4 associated with TGF-b could directly differentiate naive CD4 T cells in Th9 cells, without passing through Th2 polarization. Additionally, they demonstrated that Th9 cells did not have suppressive activity despite IL-10 production [START_REF] Dardalhon | IL-4 inhibits TGF-beta-induced Foxp3+ T cells and, together with TGFbeta, generates IL-9+ IL-10+ Foxp3(-) effector T cells[END_REF] . Moreover, it has recently been shown in mice that TNF-a promoted polarization, survival and proliferation of Th9 cells in vitro [START_REF] Jiang | TNF-α enhances Th9 cell differentiation and antitumor immunity via TNFR2-dependent pathways[END_REF] .

Th9 cells require different transcription factors. The specific one for Th9 cells is PU.1 59 . It has been described that PU.1 could interact directly with the IL-9 promoter region and interfere with GATA-3 to inhibit Th2 polarization [START_REF] Goswami | Gcn5 is required for PU.1-dependent IL-9 induction in Th9 cells[END_REF][START_REF] Chang | 1 expression delineates heterogeneity in primary Th2 cells[END_REF] . However, GATA-3 and STAT6 also have an indirect role which seems consistent with the importance of IL-4 in Th9 differentiation. Although their role is not clearly established, they seemed to impact by downregulating FoxP3 (that is promoted by TGF-b) [START_REF] Goswami | STAT6-dependent regulation of Th9 development[END_REF][START_REF] Hadjur | IL4 blockade of inducible regulatory T cell differentiation: the role of Th2 cells, Gata3 and PU.1[END_REF] .

Th9 cells have been shown to impact mast cell recruitment and activation. In 2009, Veldhoen et al described an IL-9-induced mast cell activation against helminths, an intestinal nematode [START_REF] Veldhoen | Transforming growth factor-beta 'reprograms' the differentiation of T helper 2 cells and promotes an interleukin 9-producing subset[END_REF] . This effect on mast cells showed also positive results on antitumor immunity. Purwar et al. showed that decrease of tumor growth correlated with IL-9 production and Th9 cells among tumorinfiltrating lymphocytes (TILs) and with the presence of mast cells in mice melanoma and lung cancer. It was confirmed by adoptive transfer experiments [START_REF] Purwar | Robust tumor immunity to melanoma mediated by interleukin-9-producing T cells[END_REF] . Moreover, another study supported the idea that Th9 cells played a role in antitumor immunity, without involving mast cells 65 .

v) Regulatory T cells

First of all, regulatory T cells (Treg) are classified into two categories. On the one hand, naturally occurring Treg (tTreg) cells develop in the thymus over different selections. On the other hand, induced Treg (iTreg) cells are differentiated from naive CD4 T cells under tolerogenic conditions and TCR stimulation, outside the thymus. Here the focus will be only on iTreg polarization.

Treg phenotype is commonly described ad CD4 + CD25 + FoxP3 + , FoxP3 being the major transcription factor of this subset. Treg cells also express some characteristic, but not specific, surface molecules such as CTLA-4 and GITR [START_REF] Zheng | TGF-beta requires CTLA-4 early after T cell activation to induce FoxP3 and generate adaptive CD4+CD25+ regulatory cells[END_REF][START_REF] Hori | Control of regulatory T cell development by the transcription factor Foxp3[END_REF] .

A lot of studies described that iTreg generation depends on a high strength TCR signaling and the presence of IL-2 and TFG-b in the microenvironment. Indeed, a suboptimal TCR activation enhanced FoxP3 induction [START_REF] Gottschalk | TCR ligand density and affinity determine peripheral induction of Foxp3 in vivo[END_REF] . This TCR activation goes along with the appropriate co-stimulation.

CD28 binding to CD80/CD86 has been described to inhibit Treg differentiation. On the contrary, CTLA-4, CD28 competitor, promoted TGF-b-induced FoxP3 [START_REF] Zheng | TGF-beta requires CTLA-4 early after T cell activation to induce FoxP3 and generate adaptive CD4+CD25+ regulatory cells[END_REF] . Moreover, TGF-b and IL-2 play a critical role in iTreg differentiation. TGF-b is required for FoxP3 induction and IL-2 for TGF-bmediated induction of FoxP3 [START_REF] Chen | Conversion of peripheral CD4+CD25-naive T cells to CD4+CD25+ regulatory T cells by TGF-beta induction of transcription factor Foxp3[END_REF][START_REF] Davidson | Cutting Edge: IL-2 is essential for TGF-beta-mediated induction of Foxp3+ T regulatory cells[END_REF][START_REF] Schmidt | In Vitro Differentiation of Human CD4+FOXP3+ Induced Regulatory T Cells (iTregs) from Naïve CD4+ T Cells Using a TGF-βcontaining Protocol[END_REF] .

FoxP3 inhibits pro-inflammatory cytokine production such as TNF-α, IFNg, IL-17, IL-4, by Treg. Treg cells secrete characteristic immunosuppressive cytokines such as IL-10 and TFG-b [START_REF] Von Boehmer | Mechanisms of suppression by suppressor T cells[END_REF] .

Treg cells are essential actors of immune tolerance. They are indispensable to control autoimmunity and inflammation through the body by inducing tolerance. As seen above, immunosuppressive cytokines and co-inhibitory molecules play a role in inhibiting proinflammatory responses of T cells and B cells but also dendritic cells, macrophages and NK cells [START_REF] Von Boehmer | Mechanisms of suppression by suppressor T cells[END_REF][START_REF] Josefowicz | Regulatory T cells: mechanisms of differentiation and function[END_REF] . More recently, a study highlighted the role of IL-2 receptor in suppressive mechanisms,

showing that IL-2 consumption by Treg helped to control CD8 response [START_REF] Chinen | An essential role for the IL-2 receptor in Treg cell function[END_REF] .

vi) T follicular helper cells

T follicular helper cells (Tfh) were first described in 2000 as CD4 T cell with special features, which were a high CXC Chemokine Receptor (CXCR) 5 expression and the ability to help B cell immunoglobulin (Ig) production directly into germinal center follicles [START_REF] Schaerli | CXC chemokine receptor 5 expression defines follicular homing T cells with B cell helper function[END_REF] . Besides, CXCR5 is also expressed by B cells that allow them to respond to CXCL13 and form follicles. With this same chemokine receptor, Tfh cells are capable to migrate at the T-B border to meet B cells.

Nonetheless, it remains a challenging marker because it rapidly downregulated in vitro [START_REF] Kim | Subspecialization of Cxcr5+ T CellsB Helper Activity Is Focused in a Germinal Center-Localized Subset of Cxcr5+ T Cells[END_REF] .

Bcl6 and Ascl2 are the master transcription factors of Tfh cells. Bcl6 represses Blimp1, which is known as a Bcl6 antagonist and as an inhibitor of Tfh differentiation [START_REF] Johnston | Bcl6 and Blimp-1 Are Reciprocal and Antagonistic Regulators of T Follicular Helper Cell Differentiation[END_REF] . Ascl2 also acts as a suppressor of Th differentiation [START_REF] Liu | Transcription factor Achaete-Scute homologue 2 initiates T follicular helper cell development[END_REF] .

The optimal cytokine context for Tfh differentiation is difficult to identify. In mice, IL-6 and IL-21

have been described as important cytokines in this process [START_REF] Suto | Development and characterization of IL-21-producing CD4+ T cells[END_REF] . In human, some studies showed that IL-12 induces IL-21 secretion [START_REF] Ma | Early commitment of naïve human CD4+ T cells to the T follicular helper (TFH) cell lineage is induced by IL-12[END_REF]81 . Others showed an important role for IL-12 but also TFG-b and IL-23 [START_REF] Schmitt | The cytokine TGF-β co-opts signaling via STAT3-STAT4 to promote the differentiation of human T FH cells[END_REF] . It has also been observed that IL-2 was a limiting factor for Tfh development contrary to its positive effect on other Th subsets [START_REF] Ballesteros-Tato | Interleukin-2 inhibits germinal center formation by limiting T follicular helper cell differentiation[END_REF][START_REF] Ditoro | Differential IL-2 expression defines developmental fates of follicular versus nonfollicular helper T cells[END_REF] . In addition to cytokines, co-stimulatory molecules have been identified as important for Tfh induction, such as OX40 [START_REF] Pattarini | TSLP-activated dendritic cells induce human T follicular helper cell differentiation through OX40-ligand[END_REF][START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF] and inducible T cell costimulator (ICOS) [START_REF] Choi | ICOS receptor instructs T follicular helper cell versus effector cell differentiation via induction of the transcriptional repressor Bcl6[END_REF][START_REF] Stone | ICOS coreceptor signaling inactivates the transcription factor FOXO1 to promote Tfh cell differentiation[END_REF] . Thereby, a clear pathway remains very difficult to establish since Tfh polarization seems to be the result of multiple steps and multifactorial mechanisms.

To distinguish Tfh from Th cells, a first marker is CXCR5. Tfh cells also upregulate programmed cell death 1 (PD-1) and ICOS molecules and secrete IL-21, IL-4 and CXCL13, CXCR5 ligand [START_REF] Kroenke | Bcl6 and Maf cooperate to instruct human follicular helper CD4 T cell differentiation[END_REF][START_REF] Yu | The transcriptional repressor Bcl-6 directs T follicular helper cell lineage commitment[END_REF] .

Tfh cells have different functions related to B cell help. They participate in B cell survival, proliferation, differentiation and maturation. Moreover, Tfh cells have been described to be involved in the germinal center formation and maintenance [START_REF] Crotty | Follicular helper CD4 T cells (TFH)[END_REF][START_REF] Vinuesa | Follicular Helper T Cells[END_REF] .

All CD4 T helper cell characteristics are summarized in the following Table 1. c) Th subset distinction: an old way of thinking?

CD4 T helper subset

Cytokine

In the previous part, the classical view of T helper subsets has been shown. This "separatist" vision is useful and necessary to better understand each subset functions and specificities. The idea of distinct subsets arose at the time when Mosmann and Coffman discovered Th1 and Th2, since before that CD4 T lymphocytes were considered only as a cell type helping B cells. It led to a dualistic view of Th subsets. After that, the identification of new subsets increased more and more the Th classification complexity.

Figure 4 shows an overview of the Th subsets in perspective.

Figure 4: Regulation of human Th differentiation by IL-12, IL-23 and TGF-b

(Illustration from Schmitt et al. Curr Opin Immunol, 2015 93 ) This figure highlights two contradictory ideas. On the one hand, it draws attention to the fact that each subset can be easily classified according to only three cytokines IL-12, IL-23 and TFG-b. On the other hand, the fact that only three molecules can drive such different profiles with such distinct effector functions seems illusory.

As seen previously, subsets such as Th9 or Th22 were recognized after being associated with other subsets. Th2 and Th9 subsets are quite close on the three-dimensional cube. The only difference is the absence or presence of TFG-b. However, for the Th22 subset, that was blended with Th17, it appears that they localize further apart from each other. Contrary to Th2 and Th9 cells, that were separated by one dimension, Th17 and Th22 are separated by two dimensions: Th17 in presence of TFG-b and absence of IL-12 and Th22 in absence of TFG-b and presence of IL-12. Two out of the three dimensions of difference seems like a lot to define two subsets, considering that both produce IL-22 and that they share some of their effector functions.

Similarly, Th2 and Tfh cells are localized on the opposite side of the cube whereas they both produce IL-4.

Therefore, a lot of complexity is generated with the discoveries of new subsets and consequently, it becomes more and more difficult to classify Th subsets and determine the criteria on which to base the classification.

Are inducer and secreted cytokines enough to explain this complexity? If not, how to explain this complexity and how is it generated?

In the next part, the multiplicity of signals integrated by T cells that can impact Th polarization will be detailed.

II) Underlying mechanisms of T helper cell polarization

In the early years of Th1/Th2 regulation, cytokines were commonly described as the only actors inducing Th polarization. However, other signals can be involved. In this section, the multiplicity of signals leading to T helper cell polarization will be examined.

T cells integrate many different signals. At the T cell level, the complexity of Th differentiation can be dissected at different stages, from large to small:

-The cellular impact: how DC parameters affect Th polarization?

-The molecular impact: how molecular pattern diversity on DCs can influence Th polarization?

Moreover, based on these parameters, the concept of context-dependency which can influence Th polarization and many, if not all, biological mechanisms, will be introduced. Indeed, naive CD4

T cells respond to specific environments and Th polarization will be influenced by the signals specific to this particular environment.

1) Influence of dendritic cell diversity on Th polarization a) Human DC ontology basics

DCs constitute a complex cell family of APCs. Several subtypes, phenotypically and functionally distinct, have been identified.

First, DCs have been classified according to their migratory capacities. Non-lymphoid tissuemigratory DCs patrol peripheral tissues, seeking for antigens, and migrate to lymph nodes after activation to present antigenic peptides to T cells. Lymphoid tissue-resident DCs reside in lymph nodes, capture circulating antigens and directly present them to T cells [START_REF] Merad | Dendritic cell homeostasis[END_REF] .

Secondly, DCs have been classified into two distinct groups: conventional DCs (cDCs) and plasmacytoid DC (pDCs). In human, within cDCs, two subsets have been identified: cDC1 and cDC2, defined as CD11c + CD123 -. On the one hand, cDC1 have been characterized by the expression of BDCA-3 (also called CD141), XCR1 and CLEC9A. They have been described to highly cross-present antigens to CD8 T cells, and both resident and migratory cDC1 have been found [START_REF] Haniffa | Ontogeny and functional specialization of dendritic cells in human and mouse[END_REF] . On the other hand, cDC2 have been characterized by the expression of BDCA-1 (also called CD1c) and CD11b.

cDC2 can also be both resident or migratory and they are known for their capacity to polarize naive CD4 T cells [START_REF] Haniffa | Ontogeny and functional specialization of dendritic cells in human and mouse[END_REF] .

pDCs have been defined, in opposition to cDC, as expressing CD11c -CD123 + . They have been shown to express BDCA-2 (also called CD303) and BDCA-4 (also called CD304) and to produce high amounts of type 1 IFN in response to viral infection [START_REF] Dzionek | BDCA-2, BDCA-3, and BDCA-4: Three Markers for Distinct Subsets of Dendritic Cells in Human Peripheral Blood[END_REF] .

Furthermore, only present in the epidermis, another specific type of DC has been described: the Langerhans cells. They were the first DCs to be discovered and have been shown to express CD1a

and Langerin. This particular phenotype makes them easily distinguishable from the other subsets.

Moreover, another DC type, monocyte-derived DCs (MoDCs), has been firstly reported in mice.

MoDCs have been described to be rare at steady-state and to arise during inflammation, such as in Leishmania-induced intestinal inflammation mouse model [START_REF] León | Monocyte-derived dendritic cells formed at the infection site control the induction of protective T helper 1 responses against Leishmania[END_REF] . Indeed, Leon et al. showed that MoDCs were differentiated from CD14 monocytes recruited on the inflammation site, as opposed to cDC and pDC that derived from a common DC progenitor. For this reason, they have also been called inflammatory DCs (infDC). They have been later observed in human, in physiopathological conditions in breast cancer ascites [START_REF] Segura | Human Inflammatory Dendritic Cells Induce Th17 Cell Differentiation[END_REF] , and in physiological conditions in peripheral tissue [START_REF] Tang-Huau | Human in vivo-generated monocyte-derived dendritic cells and macrophages cross-present antigens through a vacuolar pathway[END_REF] .

Based on MoDC differentiation, two teams showed that CD14 + monocytes could be differentiated into MoDC-like cells by GM-CSF and IL-4 stimulation 100,101 . Although these in vitro-derived cells are less physiological and are known to be considerably different compared to primary DCs 102 , this in vitro model is helpful due to the limited availability of DCs in blood and tissue.

DC subset diversity is described in Figure 5.

Figure 5: DC subset diversity
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Recent studies have dug in more detail in DC classification thanks to single-cell RNA sequencing and mass cytometry technologies. Indeed, although flow cytometry and microscopy provided a lot of information on DCs at steady-state and in diseases, these methods were restricted regarding the number of analyzed parameters and the necessity to have prior knowledge on studied molecules. Thus, several papers came out recently, bringing a novel view of DC subsets [103][104][105][106] . Notably, the cDC2 population has been particularly discussed concerning its heterogeneity and the possible existence of subpopulations.

In this manuscript, the first definition of cDC2, in other words, cDC2 as one DC subtype, will be taken into consideration. Indeed, depending on the study: 1) the number of cDC2 subpopulations was variable, 2) the subpopulations were identified based on different markers and 3) identified subpopulations were either described as subsets or variability among donors. In this end, cDC2 precise characterization remains controversial. Moreover, since these studies are very recent, evidence of a differential impact of these possible subpopulations on Th polarization are very limited.

b) Impact of DC parameters on Th polarization i)

Role of the DC subset on Th polarization DCs belong to a very broad family, with highly different subsets in regards to their markers and their migratory capacities, but also their morphology. In this part, many studies focusing on the role of these different DC subsets on CD4 T cells, notably on Th proliferation and polarization will be presented. To finish on Langerhans cells, two other studies showed that this subset was the most efficient to polarize naive CD4 T cells into Th22 cells, producing IL-22 in the absence of IL-17 114,115 .

ii) Role of the DC-activating stimulus on Th polarization

The cellular impact on Th polarization can be due to the DC subset, as previously described.

Moreover, this cellular impact can also be composed of a second important parameter, the DCactivating stimulus. DCs express a broad variety of receptors, allowing them to recognize a wide range of pathogens, that can affect Th subset induction. In conclusion, DC parameters, such as the DC type, the DC-activating stimulus and the DC/T cell ratio, can have an impact on Th polarization. In the next part, below the cellular impact, the molecular impact on Th polarization will be described.

2) Influence of molecular pattern diversity on Th polarization

In this part, surface molecules influencing Th differentiation will be studied. Indeed, in the first part of this introduction, the cytokine signal impact in the three-signal theory of T cell differentiation was mainly described but the two other signals were not lingered: TCR signaling and co-stimulatory molecule signals.

a) Impact of TCR signal on Th polarization

It has been recently shown that TCR signaling can importantly influence Th polarization. A critical point is that this influence can be quantitative, but also qualitative.

In the '90s, several studies came out revealing the importance of the TCR signaling strength on Th1 and Th2 differential polarization. By using altered peptide ligands and wild-type peptides coding for some residues of tobacco moth cytochrome c, two studies observed a high IL-4 production in the case of naive CD4 T cell in the presence of the altered peptide ligand or a low dose of WT peptide, and on the contrary, a high IFNg production in the presence of the WT peptide 124,125 . Thus, Th1 cell induction required a stronger TCR signal strength than Th2 cell differentiation.

One hypothesis was that, in naive CD4 T cells stimulated with a high concentration of peptides, the ERK pathway was induced at a high level, which led to GATA-3 suppression, transient blocking Co-stimulatory and co-inhibitory molecules constitute the second signal of the three-signal theory of T helper cell differentiation. These molecules can both affect the strength and nature of the signal transmitted to T cell and thus, promote or inhibit specific subset differentiation.

Most studies about co-signals influencing Th polarization have been conducted in mouse models, principally using knock-out mice of co-signal of interest. Given the large number of co-signals, few important ones, that illustrated well their impact on Th polarization, will be dissected in this part.

CD28 constitutes a first essential signal, belonging to co-stimulatory signals. It is constitutively expressed on T cells and is essential for T cell survival, proliferation and differentiation.

CD28 commitment is related to TCR strength and can lead to both Th1 and Th2 cell polarization.

In presence of high TCR affinity or high antigen doses, it has been shown to promote Th1 polarization 132 . On the contrary, extended CD28 commitment tended to favor Th2 polarization 133,134 . Similarly to Th1 polarization, CD28 could also promote Th17 cells in the context of a strong TCR stimulation 131,135 .

Moreover, CD28 has the interesting role of promoting Th differentiation via another costimulatory molecule named ICOS 136,137 . ICOS is a CD28 homolog and is also essential for T cell activation and differentiation 138 . Their signals have been described to be synergic for the induction of specific cytokines and complementary for others. In the case of Staphylococcus aureus enterotoxin B-infected mice, it has been described that ICOS was important for TNF-a and IL-10 secretion whereas CD28 was important to induce IL-2, IFNg and IL-4 139 .

Independently of CD28, several studies highlighted that ICOS deletion led to a lack of Th1 cells.

For instance, in ICOS-deficient mouse model, Salmonella enterica infection took over because of Th1 response defect 140 . Besides, ICOS-deficiency inducing Th1 cell impairment protected NOD mice against diabetes 141 . However, opposite effects have also been reported, showing that ICOSdeficient mice developed exacerbated Th1 immune responses and enhanced IFNg production in many infection models such as Mycobacterium tuberculosis, Plasmodium chabaudi chabaudi or Schistosoma mansoni [142][143][144] . Thus, ICOS influences Th1 cells but its impact stays controversial and seems to be highly dependent on the context.

Contrary to its differential contributions to Th1 cells, ICOS has been clearly described to promote Th2 and Tfh polarizations. High ICOS expression has been observed on Th2 cells compared to Th1 cells, blocking of ICOS importantly decreased IL-4 production 145,146 and impaired GATA-3 expression has been noted in ICOS-deficient mice 147 . Moreover, ICOS KO mice resulted in reduced Tfh cell number and germinal center collapse 148 . Thus, ICOS seems to be greatly involved in polarization acting on B cell help.

Moreover, ICOS promoted IL-21 production in Tfh cells, essential for their development and maintenance, but also in Th17 cells. However, ICOS was described to not be crucial for Th17 polarization but to be a great enhancer 149,150 .

Finally, according to Akbari et al, ICOS was necessary for iTreg induction in hyperreactivity model 151 . Other papers connected ICOS to iTreg functionality. ICOS + CD4 T cells, but not ICOS -, were described to prevent naive CD4 T cells proliferation in mixed-lymphocyte reaction (MLR) experiments 152 . Moreover, ICOS hi CD4 T cells have been associated with IL-10 anti-inflammatory cytokine secretion 153 .

Therefore, ICOS influence on Th polarization is complex. ICOS has the ability to prevent immune responses but also to induce pro-inflammatory Th cells. Its function seems to vary a lot according to the studied context and the signal promoting ICOS Ligand (ICOSL) on the APC. Furthermore, although co-signal molecule impact on Th cells is clearly demonstrated, it remains difficult to understand when they exactly impact. For instance, in the case of ICOS playing a role in Th1 cells, does ICOS affect the Th1 polarization process itself, or the Th1 cell expansion? When a decrease of Th1 cells and/or decrease of IFNg production is observed in mouse models, did we attend to a direct impact on naive T cell polarization or a Th plasticity after polarization?

CD40L is also a co-stimulatory molecule described as important in Th polarization. As opposed to CD28 and ICOS, its contribution is indirect since the ligand is expressed on T cells. CD40-CD40L

interaction induces an effect on the DC, which impacts the T cell afterwards.

First, CD40L ligation has been shown to induce IL-12 secretion by DCs, promoting Th1 polarization 154,155 .

Moreover, some studies described the role of CD40-CD40L axis in Th17 polarization, which increased IL-6 and IL-23 secretion by DCs 156 . Again, CD40-CD40L interaction allowed creating a beneficial cytokine environment for Th17 differentiation but did not impact CD4 T cell in a cellintrinsic manner. Iezzi et al corroborated these results and added that a strong TCR signaling strength up-regulated CD40L on T cells, promoting this phenomenon 157 .

Acting on DC cytokine secretion, the role of CD40L in Th polarization seems more straightforward than ICOS impact.

Finally, co-inhibitory molecules can also impact Th polarization but in an opposite manner. T Cell

Immunoreceptor With Ig And ITIM Domains (TIGIT) is an example of a co-inhibitory molecule.

TIGIT shares the same ligands CD155 (PVR) and CD112 (nectin-2) with the co-stimulatory molecule CD226 (DNAM-1), similarly to CD28 and CTLA-4 which share the same ligands CD80 and CD86 158,159 . TIGIT is highly expressed on Treg cells but is also expressed by the others Th subsets after activation.

TIGIT was shown to inhibit pro-inflammatory Th1 and Th17 cells, but interestingly not Th2 cells 160 .

Another paper even showed that TIGIT could promote Th2 polarization in an in vitro Th polarization system and an allergic disease mouse model 161 . These results corroborate with what has been observed for TIGIT competitor, CD226, which promotes Th1 and Th17 axis 162,163 .

Even though few papers came out about TIGIT impact on Th polarization, it underlines that coinhibitory molecules can also do more than just inhibit T cell activation and functions.

Of course, many other co-signal molecules have been reported to impact Th polarization such as CD30 and CD27/CD70 impacting Th17 polarization [164][165][166] , or Notch receptor impacting Th9 polarization 167 .

It should be noted that OX40 has also an important role in Th polarization. The last part of the introduction will be dedicated to this co-stimulatory molecule that will occupy a central position in this manuscript.

Thus, it appears that many co-signals are involved in the polarization of several subsets. This highlights that the same molecule can have different roles and functions depending on the context in which the T cell is evolving.

The concept of context-dependency can be defined "in real life" as the following. One person evolves in different environments, is surrounded by many different people, etc. According to these elements and many others, the same person can behave and react differently in a situation. For instance, the same person may respond to the same question differently whether she is in her professional or personal environment. This concept can be applied to biology as well.

A Moreover, multifaceted ICOS is a good example of the context-dependent role of a molecule for two reasons. First, concerning Th1 subset, it was presented above that ICOS can have opposite effects and that the physiopathological environment seems to highly influence either promotion or inhibition of Th1 cells. Besides, the fact that ICOS appears to be involved in many different cytokine secretions and many, if not all, Th subsets, is second evidence of the potential role of the context on ICOS functions.

In addition, Yu et al. compared Th polarization capacities between cDC1 and cDC2 activated with four different stimuli: Influenza virus, TSLP, Curdlan or Poly I:C. It can be assumed that the combination of DC types and DC-activating stimuli create 8 cellular contexts (e.g. influenza-cDC1, influenza-cDC2, TSLP-cDC1, TSLP-cDC2, etc.). Interestingly, they observed that both DC type and DC-activating stimuli impacted CD4 T cell secretion of IFNg and IL-13 108 .

These examples highlighted that microenvironmental contexts can influence T cell behaviors and T cell-activating molecule functions.

4) Context-dependency in pathology: example of cancer

The concept of context-dependency leads to consider differently immune responses in physiopathology and to grant more importance to the context. The example of cancer will be taken. Indeed, cancer is a very diverse pathology since it can have various tissue origins and tumor locations. Hence, given the number of cancer types that can be considered as different contexts in one single pathology, it is a great example to illustrate the concept of context-dependency.

In this part, how Th subsets and Th cytokines are linked with specific tumor microenvironment in different cancer types and their associated context-dependencies will be studied.

a) Tumor microenvironment composition

The tumor microenvironment (TME) is a dense and complex cell network (Figure 8). It influences cell functions and interactions between cell types in their environment. But from another point of view, it is the result of many interactions and crosstalk between different cell types.

Fibroblasts are a key element in the TME that greatly illustrates this crosstalk idea. Fibroblasts are specialized in extracellular matrix (ECM) synthesis, a dense macromolecule network supporting surrounding cells. On the one hand, TME signals modify fibroblast phenotype and these "activated" fibroblasts are commonly called cancer-associated fibroblasts (CAFs). On the other hand, CAFs impact TME and promote cancer progression by providing additional pro-tumoral signals 171 . For instance, CAFs can remodel ECM and act on different parameters such as its composition, structure, compactness, etc. In terms of antitumoral immunity, this affects T cell access to the tumor core by retaining them into the stroma 172 .

In addition to stromal cells, immune cells are a critical cell component in TME. T cells, NK cells, B cells, dendritic cells, macrophages, neutrophils, among others, are pieces of cancer heterogeneity.

Regarding tumor-infiltrating T cells (TILs), CD8 + and CD4 + T cells under different differentiation states are found. The fact that Th polarization is also affected by TME signals will be shown later.

TME sometimes includes tertiary lymphoid structures (TLSs). They resemble secondary lymphoid organs (SLOs) and can be found in several pathophysiological conditions and diseases. In cancer, they are more abundant in the stroma or the invasive margin than in the tumor core. As SLOs, they are composed of immune cells such as T cells, B cells and DCs, and stromal cells such as follicular dendritic cells (FDCs) organizing the lymphoid follicles 173 . The second phase, the equilibrium, is highly dynamic, contrary to what is suggested by its name.

T cells and innate cells fight against the tumor, tumor growth is contained but it is not enough to completely eradicate it. Following this perspective, Treg cells have been reported to be a bad prognosis in breast cancer and melanoma for instance [183][184][185] . However, they were also reported to be a good prognosis in head and neck cancer and colorectal cancer [186][187][188] . The fact that Th subsets in cancer are not black and white and that context can highly influence T cell cytokine secretion, will be seen in the next part.

c) Th subset and Th secreted cytokine context-dependencies in cancer

Th cells and their functions are highly diverse; thus, it is not surprising that all Th subsets cannot be efficient in the antitumor immunity process. The focus will be on Th1 and Th17, which have been importantly studied in cancer.

As previously described, Th1 subset is for now the principal one widely correlated with a good prognosis in solid cancer, although other subsets have been studied. The positive involvement of Th1 master cytokine IFNg is broadly recognized since multiple studies showed IFNg-dependent antitumor immunity by various pathways 177,[189][190][191] . Additionally, a study using adenocarcinoma and sarcoma mice models showed that IL-12 treatment induced IFNg-dependent tumor regression 192 . Braumuller et al added more recently that TNF, also played a critical role in tumor control 193 . In human, high infiltration of Th cells, exhibiting Th1-associated genes such as T-bet, was correlated with good prognosis in several cancer types [194][195][196] , as well as Th1-circulating cytokines 197 .

Nevertheless, it has also been described that IFNg could have pro-tumoral effects in certain conditions. In colorectal carcinoma mouse model, mice deficient for SOCS-1, a tumor suppressor gene, spontaneously developed tumors, contrary to SOCS-1 -/-IFNg -/-mice that did not develop any colon tumors or strong colitis. This suggested that IFNg could be a key actor in tumorigenesis 198 .

IFNg has been shown to be involved in papilloma development by increasing Th17 response 199 .

IFNg has also been described to upregulate PD-L1 in several cancer cell lines 200 .

These few examples, among many others, on IFNg in cancer highlight that the same molecule can have opposite effects in a singular pathology. Although IFNg has been mostly associated with antitumor benefits, it shows the importance of considering the context to study a molecule function.

Opposite role in tumor immunity has also been described for other Th subsets. For instance, different studies associated Th17 cells with either a good or bad prognosis. On the one hand, several studies positively correlated a high level of Th17 cells or IL-17 cytokines with better patient outcomes in colorectal, cervical and ovarian human cancer types [201][202][203] . Among these studies, Kryczek et al showed in mice and human ovarian cancer that Th17 cells were positively correlated with IFNg-producing T cells, and that Th17 cells were negatively correlated with Treg cells in human 204,205 . Moreover, two studies on adoptive transfer in B16 melanoma mouse model even showed that Th17 cells were even more efficient for tumor rejection than Th1 cells 206,207 .

However, melanoma is a great model illustrating the paradox of Th17 cells in cancer since Th17

and IL-17 have also been associated with melanoma progression. IL-17 has been shown to promote tumor growth and more TILs and IFNg were observed in IL-17 KO B16 mice 208 . Moreover, in other models and in human, several studies described protumoral effects of IL-17 199,209,210 .

Although it was not always very clear whether IL-17 cytokines were produced by Th17 cells, these articles show that the TME can enforce a differential regulation of Th17 function or at least IL-17 function.

All these studies show that Th subsets, or their secreted cytokines, can have different roles according to the tumor type, and even sometimes different roles within the same tumor type. It highlights the importance of the context on Th subsets in cancer. It also brings light on the fact that some TME parameters are either not enough understood yet, or not enough taken into consideration.

Moreover, it leads to reconsider the way patients are treated, by better considering each TME context within tumor types, but also each patient as individual-specific contexts.

In the next and final part of this introduction, the focus will be on an interesting immune checkpoint molecule influencing T cell activation and polarization: OX40 Ligand (OX40L).

III)OX40-OX40L: biology of a co-stimulatory immune checkpoint 1) General concepts of immune checkpoint molecules

Immune checkpoints are defined as regulator molecules of the immune system and play a key role in T cell biology as they accompany TCR signaling. Because of their targeting in immunotherapies, the term "immune checkpoint" is commonly used to describe immune checkpoint blockade in cancer therapy and therefore associated with inhibitory immune checkpoints. In this manuscript, the term "immune checkpoint" refers to both co-stimulatory molecules that stimulate immune processes, such as CD28 or ICOS (Figure 9a), and co-inhibitory molecules that inhibit immune processes, such as PD-1 or CTLA-4 (Figure 9b). In this line, immune checkpoint molecules are usually seen as the "brake" and "gas" of the immune system. However, interestingly, their definitions continuously evolve with the discovery of new co-inhibitory and co-stimulatory molecules, their biochemical characterization, their signaling pathways and their immunological functions.

Co-signal interactions can be unidirectional, only affecting T cell fate, but can also be bidirectional, affecting the T cell carrying the receptor and the cell carrying the ligand. For instance, this is the case for CTLA-4. CTLA-4 can inhibit T cell activation and functions through its interaction with B7-1 (CD80) and B7-2 (CD86). Moreover, this interaction induces indoleamine 2,3-dioxygenase (IDO) expression by the APC, which can suppress T effector cell activation and promote Treg function (Figure 9b). Bi-directional action of CTLA-4 can also occur during effector T cell and Treg interaction. On the one hand, CTLA-4 suppresses effector T cell functions and on the other hand, it increases Treg suppressive capacity (Figure 9c). PD-1 follows a similar pattern by suppressing effector T cell functions and promoting proliferation, survival and maintenance of Treg (Figure 9c) 211 .

In addition, CTLA-4 is a great example of co-inhibitory and co-stimulatory molecule competition.

Several co-signal receptors can bind to the same ligand and vice versa. CTLA-4 and CD28 can both bind to B7-1 and B7-2. Recently, it has been shown that CTLA-4 and CD28 could also bind to a third ligand named B7-H2 (ICOSL) (Figure 9d) 211 .

In cancer, immune checkpoint blockades have remarkably changed the landscape of antitumor therapy. Immune checkpoint immunotherapies aim to restore immune response against the tumor. Several monoclonal antibodies directed against inhibitory immune checkpoints, anti-PD- In the last part of this manuscript, a specific co-stimulatory immune checkpoint couple will be dissected: OX40 and OX40L. OX40L was discovered within the same period as OX40 215 but was confirmed to be its ligands only during the '90s 216,217 .

2) OX40-OX40L couple function on T cell activation

Later on, in 2006, murine and human crystal structures of the OX40-OX40L complex were described by Compaan et al. OX40L is a homotrimer and displays unusual features compared to its counterparts. Indeed, OX40L shares only 40% sequence identity and its trimer interface is highly compact compared to many other tumor necrosis factor superfamily (TNFSF) ligands. In contrast, OX40 is more similar compared to other members of the TNFRSF 218 . Due to its expression under a trimeric form, OX40L binds to three OX40 molecules. 

b) OX40 and OX40L expression

OX40 is predominantly expressed on activated T cells, CD4 including all Th subsets and Treg cells and CD8. Unlike the CD28 co-stimulatory molecule, it is not constitutively expressed on naive CD4 and CD8 T cells, but only after activation. It has been described that TCR stimulation was sufficient to induce OX40 expression, but CD28 co-stimulation highly enhanced it. It is consistent with the fact that OX40 acts sequentially after CD28 221,222 .

Additionally, memory T cells do not express OX40 at baseline, but it can be rapidly re-expressed after activation. OX40 is also observed on NK cells, NKT cells and neutrophils, but at lower levels compared to activated T cells [223][224][225] .

OX40L is predominantly expressed on APCs. Indeed, it has been observed on blood DCs (bDCs) and

MoDCs, but also on B cells and macrophage [226][227][228] . Similar to OX40, OX40L is expressed after APC activation. Various stimulations can induce OX40L expression on APCs, for instance, inflammatory cytokines such as TSLP and IL-18 122,229 .

OX40L is also expressed on various other cell types including NK cells, mast cells, smooth muscle cells and vascular endothelial cells [230][231][232][233] .

Interestingly, OX40L has also been observed on activated T cells 234,235 . Mendel et al. showed that OX40L was expressed on activated T cells after 6 days of in vitro culture with anti-CD3 and that it depended on anti-CD3 doses 236 .

As a result of this complex formation, IkB is degraded and RelA, a sub-unit of NFkB, and p50 can enter the nucleus. In another process, dependent on TRAF6, IKKa can induce RelB entrance in the nucleus.

OX40 complex can also phosphorylate STAT5 that can then enter the nucleus.

Moreover, OX40 can increase AKT, by constituting a complex with PI3K and in a PDK-dependent manner. AKT is able to enhance signaling through IKK.

Finally, OX40 can increase calcium entry into the T cells and activate calcineurin. As a result, NFAT is dephosphorylated and can enter the nucleus 237 .

All these signals promote T cell survival and maintenance of the immune response by, for instance, up-regulating genes coding for Bcl-XL, survivin (anti-apoptotic molecules) and Th cytokines, and down-regulating genes coding for FoxP3, CTLA-4 and TGFb. OX40-OX40L interaction functions will be described more in detail in the next part.

d) OX40-OX40L interaction functions on CD4 T cells

The first important function of OX40-OX40L was established upon OX40 discovery. OX40 agonist monoclonal antibodies on rat CD4 T cells amplified their proliferation 213 . The same observation was made on mouse and human models 217 .

In line with its function on T cell proliferation, OX40 ligation has been shown to increase Th polarization and Th cytokine secretion 238 . This function will be discussed in more detail in the next part.

OX40L has also been described to be involved in CD4 T cell longevity by lengthening their activation, not through APC-T cell but T cell-T cell interaction. Indeed, Sorrosh et al. observed in vivo and in vitro that OX40L expressed on T cells promoted their survival by binding to OX40. They suggested that this allowed T cells to maintain OX40 signal after they separated from DCs, in an autocrine or paracrine manner, and thus to maintain their activation 235 .

In addition, it has been shown that OX40L deficiency or blocking was impairing memory CD4 T cell population, in terms of expansion and survival 239,240 .

3) Control of Th polarization and cytokine secretion by OX40L

OX40 and OX40L are primarily described as a T cell co-stimulator couple that maintains T cell proliferation and survival. Consequently, this characteristic is for instance targeted in cancer immunotherapies to increase antitumoral T cell response. However, their role in T cell is much broader than the regulation of activation. In this part, what is known about OX40-OX40L effect on Th polarization will be explained in detail.

a) OX40-OX40L and Th1/Th2 subsets OX40L has been reported to regulate both Th1 and Th2 subsets. Th1 and Th2 cytokine production are usually studied together.

In naive CD4 T cells, OX40L was described as an inducer of Th2 polarization. This was observed in both mouse and human models, by measuring Th2 cytokine production 246,247 .

In Finally, in a murine model of asthma, Jember et al. saw a decrease of Th2 cytokines in OX40deficient mice but they did not report any impact of OX40 absence on IFNg production 250 .

It seems that OX40L preferentially leads to Th2 differentiation and that OX40L-induced effect on Th1 polarization highly depends on the context of the experimental condition.

In human studies, it has also been shown that OX40L promoted Th2 responses. Two studies showed that OX40L blocking in a TSLP-activating bDC context induced a decrease of IL-4, IL5 and IL-13 Th2 cytokines 122,251 . They also both observed a decrease of TNF-a and an increase of IL-10.

Regarding 

b) OX40-OX40L and Th17 subset

Opposite effects of OX40L on Th17 cell differentiation and Th17 cytokine secretion have been shown in different in vivo and in vitro models.

First, in mouse models of Th17-associated diseases, OX40-OX40L induced positive effects. For instance, in EAE or rheumatoid arthritis (RA) mouse models, blocking antibody against OX40 or OX40L led to dramatic amelioration of disease severity [252][253][254] . However, these studies, performed at the beginning of 2000, did not make any specific link between OX40-OX40L blocking positive effect on the disease and a decrease of Th17 cells. A few years later, another study showed that IL-17 production and RA disease were enhanced through OX40-OX40L interaction 255 .

Moreover, in a mouse uveitis disease model, it has been demonstrated that an up-regulation of OX40 enhanced Th17 cell functions and increased ocular inflammation. They also showed that blocking IL-17 improved the disease outcome. Regarding OX40, they showed that its activation with an agonist antibody increased IL-17 and IL-21 production, but they did not try to improve the disease using an anti-OX40 antagonist antibody 256 .

Finally, in a mouse intestinal inflammation model using Candida albicans, 

c) OX40-OX40L and Th9 subset

Two studies demonstrated an important role of OX40-OX40L in inducing Th9 cells.

Xiao et al. cultured mouse naive CD4 T cells in Th9-polarizing cytokine condition (IL-4 + TGFb) in the absence or presence of an OX40L transgenic presenting cells or an agonist anti-OX40 antibody.

When stimulating OX40, they showed an important increase of Th9 cell percentage, by looking at intracellular IL-9 staining. They described that this induction was independent of PU.1, Th9 transcription factor, and occurred through TRAF6 and the non-canonical NF-kB pathway. In an in vivo airway inflammation model, they demonstrated that the injection of an anti-OX40 agonist antibody enhanced inflammation in WT mice whereas it had no impact on IL-9-KO and OX40-KO mice 263 .

In addition, they looked at the impact of OX40L not only in Th9 but also in Th17 and Treg-polarizing conditions. Interestingly, they observed that OX40L increased Th9 cell percentage but it dramatically decreased Treg and Th17 cell percentage in their respective polarizing contexts 263 . In mice, a lot of studies showed that OX40 induced a negative regulation of FoxP3 and thus Treg subsets and their suppressive functions in several models such as cancer or graft [273][274][275][276] .

More recently, Zhang et al. described how OX40 signaling led to FoxP3 + cell inhibition and thus

Treg cell inhibitions through two molecular pathways, one involving basic leucine zipper ATF-like transcription factor 3 (BAFT3) that acted on chromatin compaction at the Foxp3 locus, and the other involving the AKT-mTOR pathway that excluded Foxo1/3, essential for FoxP3 transcription Many articles also related OX40 molecule as a positive regulator of Treg cells and important for their homeostasis. The first straightforward evidence was that OX40 was highly expressed on Treg cells and on top of that, higher compared to non-Treg cells.

In an OX40-deficient mouse model of colitis, it has been shown that OX40 promoted the accumulation of Treg cells in the colon and was required to inhibit T cell-induced intestine inflammation 

4) OX40 / OX40L in pathologies and clinical trials a) Cancer

As described in the previous part, cancer is a very complex pathology. In contrast with chemotherapy, that kills tumor cells by targeting rapidly-dividing cells in the body, immunotherapy aims at boosting the patient immune system, for it to recognize and eliminate tumor cells. For now, only a few antagonist antibodies against co-inhibitory immune checkpoints were granted FDA licensure in specific cancer type but agonist antibodies against co-stimulatory immune checkpoints, such as anti-OX40, are under development.

An interesting fact was reported in an OX40-deficient patient. So far, a single human has displayed homozygous recessive mutations in the OX40 gene, TNFRSF4, leading to very few OX40 at the T cell surface and thus few OX40-OX40L interactions. In addition, this woman was diagnosed with a Kaposi Sarcoma (KS), a rare type of cancer affecting cells with an endothelial origin. KS is caused by the human herpes virus 8 (HHV-8), which is asymptomatic in almost all cases. This patient had a higher percentage of naive CD4 T cells, a lower percentage of non-naive T cells subsets in blood and an impaired memory CD4 T cell response. They correlated the loss of function of OX40 alleles with KS development 284 .

In the end, the rationale of targeting OX40 pathway in cancer is based on its ability to increase T cell proliferation, migration and survival, to enhance cytokine production and to increase memory T cell generation, useful features for antitumor immunity.

An OX40 monoclonal antibody was tested in phase I clinical trial in advanced cancer (NCT01644968). It showed promising effects in 12 out of 30 patients, with at least one metastatic lesion regression and a significant increase of non-Treg CD4 and CD8 T cell proliferation 285 .

MedImmune launched several clinical trials with anti-OX40 agonist antibodies, in monotherapy or combination. MEDI6469, a murine agonist antibody, was tested in advanced solid tumors (NCT02274155). Its administration was safe and increased proliferation and activation of T cells in TME and peripheral blood of some patients 286 . MEDI6469 was also tested in combination with chemotherapy or radiotherapy (NCT01303705, NCT01862900). MEDI0562 is also an anti-OX40 monoclonal antibody, but a humanized form of MEDI6469. It was tested on advanced solid tumors in phase I (NCT02318394) and is now tested more specifically on head and neck squamous cell carcinoma (HNSCC), melanoma and ovarian cancer patients (NCT03336606, NCT03267589). Both MEDI6469 and MEDI0562 have been tested in combination with Durvalumad or Tremelimumab, monoclonal antibodies against PD-L1 and CTLA-4 respectively (NCT02205333, NCT02705482).

Other humanized anti-OX40 agonist antibodies have been developed and tested in clinical trials by other companies, MOXRO0916 from Genentech (NCT02410512, NCT03029832) and GSK3174998 from GlaxoSmithKline and Merck (NCT02528357), and a fully human monoclonal antibody, PF-04518600, was created by Pfizer (NCT02315066).

In addition to monoclonal antibodies, recombinant proteins have been conceived.

MEDI6383 is a human OX40L fusion protein, tested in advanced solid tumors, alone or in combination with an anti-PD-L1 (NCT02221960).

Moreover, recently, Shattuck Labs started a clinical trial using a PD-1-Fc-OX40L in advanced solid tumors and lymphomas (NCT03894618). This is a two-sided human fusion protein that can bind to PD-L1/L2 and block PD-1 signaling, and stimulate OX40. PD-1-Fc-OX40L was observed in immune synapses and enhanced T cell proliferation and cytokine production. Interestingly, its functional activity was superior to anti-PD-1 antagonist antibody, anti-OX40 agonist antibody and the combination of both antibodies 287 .

b) Allergic diseases

Allergies are defined by an allergic inflammation, caused by the patient immune system interacting with its environment. Allergy is composed of a sensitization phase and a specific immune response development against the allergen. Allergies can occur against several components, natural or chemical, it can be food, drug, a substance in the air such as pollen, dust mite, etc. They can be acute or chronic and are maintained by different mechanisms such as histamine, pro-inflammatory mediator and IgE release, eosinophils activation and mast cell degranulation 288 .

Allergic diseases have been rapidly associated with IL-4 cytokine and thus IL-4 producing Th2 and Tfh cells 289,290 . Although OX40L functions on Th polarization seems to be highly dependent on the context, it has been shown previously that a lot of studies reported OX40L as a Th2 and Tfh promoting molecule. Hence this pathway is interesting to target in allergy, intending to block OX40 and OX40L interaction, in contrast with agonist antibodies developed for cancer treatment.

Atopic dermatitis (AD) is a chronic allergic disease. It is the most common form of eczema, in which the patient skin becomes red, dry and itchy. AD affects essentially children and usually disappears within a few years, but in 10% of cases, it can continue during adulthood. OX40 and OX40L have been shown to be up-regulated in AD patient skin lesions, even though they were not associated with disease severity 291 .

Several blocking antibodies against OX40 were conceived in this pathology. GBR830 is a monoclonal antagonist antibody targeting OX40 from Glenmark Pharmaceuticals. A first clinical trial phase, to assess the safety and the activity of the compound, was completed in May 2020 (NCT02683928) and showed efficacy in moderate-to-severe AD. GBR830 was well tolerated by patients and around 75% of patients showed an improvement of eczema and severity index score.

This antagonist also induced a decrease of Th1, Th2 and Th17 inflammatory markers, such as IFNg, IL-31 and IL-23 respectively 292 . It is now in phase IIb clinical trial and was renamed ISB830 (NCT03568162).

Another blocking antibody, KHK4083, produced by Kyowa Kirin Pharmaceutical Development, completed phase I (NCT03096223) and is now in phase II (NCT03703102).

Another clinical trial, this time using an anti-OX40L monoclonal antibody, has also been conducted by Genentech, for mild asthma, on patients with allergen-induced airway responses (NCT00983658). The treatment was well-tolerated and induced a decrease of serum IgE level and sputum eosinophil numbers. However, OX40L blockade showed no significant effect on blood eosinophil numbers and allergen-induced airway hyperresponsiveness, and in the end, did not attenuate asthmatic hyperresponsiveness 293 .

c) Autoimmune diseases

Autoimmune diseases are defined by an activation of T cells and/or B cells, in absence of foreign antigen. This abnormal activation is usually associated with the presence of autoantibodies targeting self-antigens. It can be either organ-specific, such as type I diabetes, or systemic, such as systemic lupus erythematosus (SLE) 294 .

OX40/OX40L-deficient mice or OX40/OX40L blockade revealed an important role of these molecules in autoimmune diseases, such as gastrointestinal autoimmune diseases including ulcerative colitis and Crohn's disease, commonly named inflammatory bowel disease (IBD).

Gastrointestinal autoimmune diseases are defined by an exacerbated immune response in the gastrointestinal tract 295 . In IBD mouse models, blocking OX40-OX40L interactions have shown promising effects. Indeed, the authors described a clinical amelioration, associated with a decrease of T cell infiltration and inflammatory cytokine production in the colon 296,297 . In humans with IBD, an increased density of OX40 + cells compared to healthy controls have been reported in the colon 298,299 .

The monoclonal antagonist antibody targeting OX40, KHK4083, the same one tested in AD, has been tested in moderate ulcerative colitis patients and is now in phase II (NCT02647866). For now, although targeting the OX40 pathway appears promising, this is the only clinical trial targeting OX40-OX40L pathway in autoimmune diseases.

OBJECTIVES

CD4 T helper cells and their representative secreted cytokines play a central role in setting up an appropriate adaptive immune response against foreign pathogens. In the introduction, the complexity of the current CD4 Th cell subset classification, the polarization mechanisms of these subsets and how OX40L, a co-stimulatory immune checkpoint with the ability to boost T cell response, act on this polarization, have been presented. Moreover, it has been shown that the context in which a cell type, here CD4 T cells, is evolving can affect their global behavior at a largescale (at the population or cellular level) and at a smaller scale a molecule function.

Regarding immune checkpoint molecules, current immunotherapies constitute a major advance for patient treatment in several pathologies, and particularly cancer. However, the positive rate response stays low and much remains to be done on the understanding of their mechanisms. In most studies, immune checkpoint functions were established by studying them individually, in specific conditions. However, the context may dramatically influence the function of biological molecules on a given output. For instance, it has been shown in the team that type I interferon response in CD4 T cell was highly dependent on the cytokine context 169 .

There is currently no framework to properly analyze the context-dependency of a molecule function in biological systems. In biology among other disciplines, context-dependency can be more difficult to study because of several reasons. In in vivo systems, the cause inducing a molecule context-dependent function can be difficult to determine at the level of a whole organism. In vitro, it requires highly controlled systems and a sufficient number of contexts for the detection and quantification of context-dependency to be relevant.

To develop such a framework, we used the immune system as a model, because of the multiplicity of stimuli immune cells may sense, and the complexity of possible contexts. We established an experimental system including a stimulus of interest, applied to a specific immune cell type in several contexts. We chose to study OX40L function on CD4 Th cell differentiation, in four molecular and 11 cellular contexts. As described in the introduction, OX40L is an important immune checkpoint molecule in immunology and therapeutics. Moreover, CD4 Th cells are essential in physiological and physiopathological responses. As output response, we measured 17

Th cytokine secretion because:

-it has been shown that OX40L can modulate Th polarization and their specific cytokine secretion -Th polarization is a major feature of CD4 T cells, and these 17 output cytokines are characteristic of Th subset responses -Both molecular and cellular contexts have the ability to induce Th polarization Thus, this work tried to address the following questions:

-How to evaluate context-dependency of a biological molecule function?

-Is it possible to quantify context-dependency? How?

-What would be the best method to quantify context-dependency of a molecule? How statistical modeling can be applied to this concept and its quantification?

-When several parameters define a context, how to determine their respective importance in context-dependent function of OX40L?

Then, regarding the data themselves, other questions came out:

-How to choose the experimental systems in which accurately quantify contextdependency?

-How to represent a large quantity of data without losing information? In other terms, how to reduce dimensionality with minimal information lost in systems with many parameters? In this study, we use CD4 T helper polarization as a model to highlight how microenvironment parameters can have an impact on internal parameters, such as a biomolecule function on a given output. We wanted to further explore this aspect of context-dependency and its possible impact on Th polarization and particularly on Th cytokine secretion. Moreover, we chose OX40L as an interesting immune checkpoint molecule to study this concept. As presented in the introduction, there are already clues on OX40L functions on Th polarization and cytokine secretion. However, how the context can influence its function has never been described. In addition, tools were available to study OX40L in our two experimental systems: human recombinant OX40L protein (rhOX40L) and human anti-OX40L blocking antibody.

RESULTS

Publication

Consequently, we first decided to use a systematic approach by applying several cytokine contexts on T cells in the presence or absence of rhOX40L. To this aim, we used Th polarization culture system, with anti-CD3/anti-CD28 beads for TCR stimulation and Th polarizing-cytokines to induce Th0 (no cytokine), Th1 (IL-12), Th2 (IL-4) and Th17 (IL1β + IL-6 + IL-23 + TGF-β). A trimeric soluble rhOX40L protein was added to the culture to stimulate OX40 on T cells.

In a second step, we wanted to integrate a cellular context in our external parameters applied to T cells, to see the impact on OX40L function. These cellular contexts are composed of two parameters, the DC type and the DC-activating stimulus. We used two types of DCs: blood cDC2, directly isolated from healthy donor blood, and MoDCs, differentiated with IL-4 and GM-CSF from CD14 + monocytes, also isolated from healthy donor blood. To extend the number of contexts, each subset was activated using different stimuli, with broad physiopathological relevance to bacterial (LPS, HKSA, Curdlan) and fungal (Zymozan) infections, and to allergy (TSLP). In this case, we added an antagonist monoclonal antibody against OX40L to block DC-T communication through OX40-OX40L interaction.

In our two experimental systems, we analyzed the major 17 Th secreted cytokines (output cytokines), in the presence or absence of OX40L, with the hypothesis that context-dependency may occur on different output cytokines. These output cytokines were measured in 302 observations to create a large dataset. By combining experimental systems and statistical modeling, we quantified and scored OX40L context-dependent functions on Th polarization, characterized by Th cytokine secretion.

In terms of mathematical methods for data integration, we used two main statistical modeling tools in this work: linear mixed model (LMM) and Lasso analysis. To establish a relevant contextdependency score, statistical modeling developments have been done first on Th molecular contexts since they are more simplistic compared to cellular contexts. We applied a linear mixed model on our Th dataset, independently for each output cytokine (Equation 1). In equation 1, Y

(the variable we want to explain by the model) represents the OX40L-induced relative difference for a specific cytokine, in other terms, the OX40L-induced variation for a specific cytokine.
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Using this LMM, we estimated a b coefficient for each context, which represents the effect of the context on OX40L-induced cytokine variation, whilst taking into account the donor effect (a coefficient estimation). b coefficients correspond to the mean of OX40L-induced cytokine variation of donors for each context. Then, b coefficients were used to calculate OX40L contextdependency scores, also independently for each output cytokine. To this end, we calculated the distances between b' (b/standard deviation) of each context two by two and the score was defined as the mean of these distances.

This same statistical strategy was then applied to bDC and MoDC cellular contexts. As described previously, contexts were composed of two parameters. In this line, when several parameters define a context, how to determine their respective importance in the context-dependent function of OX40L? To answer this question, we used a Lasso model to perform variable selection.

By applying increasing penalties on variables, the Lasso model forces the model to keep only the most important variable, which best explains OX40L context-dependency.

To summarize, our mathematical modeling strategies allowed us to:

1) Identify the cytokines for which OX40L context-dependency was the most important in each of our systems (LMM and OX40L context-dependency score).

2) Define two different types of context-dependency, namely quantitative and qualitative contextdependencies.

3) Classify each context according to OX40L context-dependency (principal component analysis (PCA) and lollipop plot).

4) Identify the most important parameter influencing OX40L context-dependency between the DC type and the DC-activating stimulus (Lasso analysis).

Thus, among Th contexts, Th2 appeared as the one with the most influence on OX40L function, while in the bDC contexts, TSLP was by far the most influential. Finally, among cellular contexts, the DC type was found dominant in controlling OX40L context-dependency as compared to DCactivating stimulus.

In the end, our statistical model can be applied to any biomolecule, to decipher and quantify its context-dependency and evaluate its impact on the biomolecule function.

Introduction

Context-dependency may induce tremendous variability in the function of any biomolecule or drug 1,2 . It could explain large parts of the patient-to-patient variability in drug response 3,4 . Although studies in the past 5 to 10 years have brought increasing evidence of its potential impact, the contextdependency of major functional molecules, such as growth factors, cytokines, and immune checkpoints (IC), remains mostly unknown.

Progress in the field has been hampered by the underlying complexity 5,6 . First, a large number of 8,9 differentiation. We have recently shown that CD28 harbored different functions depending on variations in DC-expressed molecular contexts 10 . These studies contributed to a proof-of-concept for IC context-dependency. Additionally, OX40/OX40L-targeting antibodies have been used in preclinical and clinical studies in allergy, autoimmune diseases and cancer 11,12,13 .

Hence, OX40L context-dependent functions may impact its biological role in immune responses, as well as the therapeutic response to OX40L targeting.

In this study, we used OX40L as a model to dissect the impact of multiple molecular and cellular contexts on IC function. By combining experimental systems and statistical modeling, we were able to quantify and score OX40L context-dependency, and to specifically determine the impact of Th and DC contexts. Our integrated statistical framework has broad applicability to any biomolecule, and revealed potential mechanisms to tailor OX40L targeting based on individual inflammatory contexts.

Results

OX40L modulates multiple Th-derived cytokines in distinct Th-polarizing contexts

IC molecules co-stimulate or co-inhibit T cells in different microenvironmental contexts that may influence their function. We sought to address the impact of the cytokine context on IC function in Th polarization. We focused on OX40L as a model costimulatory IC because of its known ability to influence Th polarization 7,8,9 . We studied the function of OX40L in four prototypical Th-polarizing cytokine contexts: Th0 (no added cytokine), Th1 (IL-12), Th2 (IL-4), and Th17 (IL-1b+IL-6+IL-23+TGF-b). Naive CD4 T cells purified from healthy donor blood were cultured in these four contexts, in the presence of anti-CD3/anti-CD28 beads. We verified OX40 expression on T cells by flow cytometry. OX40 is not constitutively expressed on naive CD4 T cells but is expressed as early as 24 hours culture upon TCR stimulation (Figure S1a). OX40 triggering was obtained by using a soluble trimeric recombinant human OX40L (rhOX40L) protein in each of the Th cytokine context.

We assessed the Th responses after 5 days of culture by protein level measurement of all 17 major Th-derived cytokines (hereafter "output cytokines") in T cell culture supernatants. This generated a dataset composed of 17 Th output cytokine levels in four Th contexts, from 13 independent donors (Figures 1a andS2, Step 1).

Each of the four Th contexts induced expected lineage-defining output cytokine secretion: IFNγ for Th1, IL-4, IL-5 and IL-13 for Th2, IL-17A and IL-17F for Th17. Of the remaining output cytokines, some were detected in all contexts, such as IL-2, IL-21 and TNF-α, and others in one or two specific contexts, such as IL-31 in Th2, and IL-9 in Th2 and Th17 (Figure S1b).

In each of the Th contexts, we analyzed the expression of the 17 output cytokines in presence and absence of rhOX40L. Because of the large number of measurements (17 cytokines in 8 conditions for 13 donors), we represented the results in the form of a heatmap. We calculated absolute differences of each output cytokine concentration between presence and absence of rhOX40L, in each Th context (Figure S2, Step 2). This established whether each output cytokine was induced (red), inhibited (blue) or not impacted (white) by rhOX40L (Figure 1b). For example, rhOX40L

decreased IL-10 secretion in all contexts, with a stronger decrease in Th2 context. rhOX40L also decreased GM-CSF production in Th0, Th1 and Th17 contexts, but not in Th2 context. Moreover, rhOX40L increased IL-21 secretion in Th0, Th2 and Th17 contexts but not in Th1 context (Figures 1b and1c).

Next, we addressed the impact of rhOX40L on the global Th profile, by integrating all 17 output cytokines in a principal component analysis (PCA). On the basis of the 17-output cytokine profile, we could clearly distinguish Th0, Th1, Th2 and Th17 conditions, as represented by their barycenter distributed in the PCA space. Presence of rhOX40L induced a shift in the global output cytokine profile, representing its functional impact. The smaller shifts were observed in Th1 and Th17 contexts, and projected along PC2 and PC1, respectively. The largest shifts occurred in Th2 along PC1, and in Th0 along both PC1 and PC2 (Figures 1d and S2, Step 3). Shifts induced by rhOX40L

were quantitatively and qualitatively different for each context. Hence, rhOX40L induced a differential effect on output cytokine secretion according to the Th context in which T cells were evolving, establishing a context-dependent effect of rhOX40L on output cytokines.

OX40L induces a significant context-dependent effect on five output cytokines

In this first multivariate description, we noticed that OX40L context-dependent effects were also depending on the nature of the output cytokine. We developed a method to quantitatively score context-dependency of a biological stimulus on multiple output response variables.

In order to compare the score across the different output cytokines, we transformed the dataset to obtain OX40L-induced relative differences, taking into account donor effect and normalized concentration levels between output cytokines (Figure S2 S1). Finally, we tested statistical significance of this context-dependency with a likelihood ratio test (Figures 2a and S2, Step 4.3).

This method can generally be applied to any dataset, even if the output is not expressed in all contexts. However, in our Th settings, some cytokines were produced only under certain contexts, such as IL-4, IL-5, IL-9, IL-17A, IL-17F and IL-31, which are specific Th2 and Th17 lineage cytokines.

In addition, they were not de novo induced in the presence of OX40L. Thus, taking into account these output cytokines would induce a bias in the final score, because they would appear as strongly context-dependent, only due to their very narrow expression pattern. To avoid this bias, we included in the analysis only the 11 output cytokines detected in all Th contexts.

As previously, we represented the estimated OX40L-induced relative difference for the 11 output cytokines in the form of a heatmap (Figure 2b). Strikingly, we observed that OX40L effects on a given output cytokine were highly dependent on the Th context. We defined two types of contextdependency: the first when OX40L was increasing or decreasing a given output cytokine concentration in all contexts but in different magnitudes ("quantitative context-dependency"), as was the case with IL-6 or IL-10 (Figure 2b); the second when OX40L had qualitatively different effects on a given output cytokine according to the context ("qualitative context-dependency"), as was the case with IL-22 or GM-CSF (Figure 2b). A combination of qualitative and quantitative contextdependencies could be observed.

Such statistical modeling strategy enabled to 1) directly compare OX40L context-dependency for different Th output cytokines, 2) assess the type of context-dependency, 3) assess its statistical significance (Figure 2c). Likelihood ratio tests highlighted significant context-dependencies for five output cytokines: IL-10, IL-22, IL-13, TNF-α, and IL-3 (Figures 2c and2d). OX40L decreased IL-10, IL-13 and IL-3 in all contexts (one-way variation: black bars in Figure 2c), indicating quantitative context-dependency. On the contrary, IL-22 and TNF-α secretion increased or decreased in presence of OX40L according to the Th context (two-ways variation: black bars indicate dominant variation, Figure 2c), indicating qualitative context-dependency. This quantitative analysis of contextdependency demonstrated that 1) the molecular context (represented by distinct Th conditions) could heavily impact the function of the IC OX40L, and 2) the intensity and type of context-dependency was highly variable for distinct OX40L functions. This implies that a context-dependent effect for a given function may not necessarily apply to another function.

The impact of cellular blood DC contexts on OX40L function

OX40L may be expressed by DC in various phenotypic and functional states, characterized by differences in multiple molecular signals delivered to T cells. We addressed the impact of such cellular contexts on OX40L functions in DC-T cell crosstalk. Immature primary cDC2 blood DC (bDC)

were FACS-sorted from healthy donors and activated with 6 different stimuli, each defining one "bDC context": Zymosan, PAM3CSK4 (PAM3), LPS, Heat-killed Staphylococcus aureus (HKSA), Curdlan or TSLP. These conditions were selected for inducing distinct DC activation states 10 . We measured OX40L expression on bDC after 24 and 48 hours activation. OX40L was expressed in all bDC contexts even bDC cultured without stimulation (NT) (Figure S3a). After 24 hours stimulation, activated bDC were co-cultured with allogeneic naive CD4 T cells in presence of an anti-OX40L

blocking antibody or matching isotype. As in Th context experiments, the output cytokines were measured after 6 days of co-culture and 24 hours restimulation (Figures 3a andS2, Step 1).

We performed the same type of analysis as in Th contexts, and calculated absolute differences in cytokine concentrations between absence (anti-OX40L antibody) and presence (isotype control) of OX40L at the DC surface, in each bDC context (Figures 3b and S2, Step 2). As for Th contexts, results were represented in the form of a heatmap given the large number of measurements ( 17cytokines in 12 conditions for 9 donors). OX40L significantly increased IL-13 and TNF-b in 4 out of 6 bDC contexts (PAM3, LPS, HKSA and Curdlan-bDC), but increased IL-22 only in LPS-bDC context (Figures 3b and3c). We noticed that OX40L had a minor overall impact on output cytokines in the Zymozan-bDC context, as compared to the five other contexts. Strikingly, OX40L-induced effects on output cytokines in the TSLP-bDC context had a very different pattern, as compared to the five other contexts (Figure 3b). This observation was corroborated by a PCA showing that the directional shift from "TSLP+anti-OX40L" to "TSLP" conditions was in an opposite direction when compared to the shift in the other bDC-contexts. The PCA also revealed that the larger OX40L-induced shifts were observed in the PAM3, and Curdlan bDC contexts (Figures 3d and S2, Step 3).

The TSLP-bDC context determines a qualitatively different OX40L-induced effect

Next, we applied the same analysis strategy than in Th contexts to quantify OX40L-induced contextdependency in bDC contexts (Figure S2, Step 4). The heatmap of estimated OX40L-induced relative difference for the 17 output cytokines revealed different patterns of output cytokine behaviors due to OX40L presence, across the 6 bDC contexts (Figure 4a). We found again both quantitative and qualitative context-dependencies. For example, OX40L effects on IL-21 and IL-9 were quantitatively context-dependent (one-way variations, different in magnitude), and OX40L effects on IL-22 and IFNγ were qualitatively context-dependent (two-ways variations) (Figures 4a andb). The likelihood ratio tests highlighted significant context-dependency for four output cytokines (Figures 4b and4c), including IL-3 (quantitative context-dependency), GM-CSF, IL-2 and IFNγ (qualitative contextdependency). In order to identify the contexts that were inducing these context-dependencies, we performed post-hoc likelihood ratio tests (Figures S3b andS2, Step 5 andTable S2). Confirming the PCA observation, they indicated that these qualitative context-dependent effects were mostly due to OX40L impact on output cytokines in the TSLP-bDC context, which was very different from the others.

Thus, OX40L-induced effect on output cytokines was dependent on the bDC context, with a strikingly different pattern in the TSLP-bDC context.

DC subsets differentially impact OX40L-induced effects on output cytokines

We have started by defining cellular contexts based on distinct stimuli given to the same DC subset.

Next, we assessed whether the DC type could also determine context-dependent OX40L functions.

To answer this question, we compared OX40L-induced effects on output cytokines in bDC versus monocyte-derived DC (MoDC) contexts, each stimulated in the same 5 conditions (Zymosan, PAM3, LPS, HKSA or Curdlan). Since TSLP receptor was not expressed on MoDC 14,15 , we did not use TSLP to activate MoDC. We verified OX40L expression on MoDC after 24 and 48 hours activation in each of the MoDC contexts. OX40L expression was significantly higher in all MoDC contexts compared to MoDC cultured without any stimulation (NT) (Figure S4). After 24h stimulation, activated

MoDC were co-cultured with allogeneic naive CD4 T cells in presence of an anti-OX40L blocking antibody or corresponding isotype. The same output cytokines as previously were measured in the supernatants after 6 days coculture, and 24 hours anti-CD3/CD28 restimulation (Figures 5a andS2,

Step 1).

To get a global view of OX40L effects on output cytokine secretion, we calculated absolute differences of cytokine concentration between absence and presence of anti-OX40L, in each MoDC (Figure 6b). These behaviors were not observed in the corresponding bDC contexts.

Thus, in addition to DC stimuli, DC type also had an impact on OX40L-induced effects on output cytokines. This established that the cellular context determined by either different activating stimuli, or different subsets, both affected OX40L function.

DC type has more impact than DC-activating stimuli on OX40L context-dependent function

Finally, we wanted to determine which parameter had the most impact on OX40L-induced modulation of Th output cytokines. We compared the impact of the Th contexts, bDC contexts and MoDC contexts on OX40L function. Based on the previous PCA, we first calculated the Euclidean distances in each context between presence and absence of OX40L. In the Th contexts, Euclidean distance calculations revealed a higher distance between Th2 and Th2+rhOX40L than in Th0, Th1

and Th17. This suggested that OX40L had a greater impact on output cytokines within Th2 context, followed by Th0 context (Figure 7a). In bDC contexts, OX40L had a greater impact on output cytokines within TSLP-bDC context, as compared to the five other bDC contexts (Figure 7b). Finally, in MoDC contexts, we saw fewer striking differences than in Th and bDC contexts. Still, LPS-MoDC contexts conferred higher OX40L-induced impact on output cytokines (Figure 7b). This confirmed what we observed above, using only the first two components of the PCA.

In addition, we went deeper in the analysis within DC contexts. In the previous analysis, we considered the DC context as bDC or MoDC activated with different stimuli. DC contexts were composed of two variables: the DC type and the DC-activating stimuli. Therefore, we sought to understand which of these two variables, composing DC context, revealed the strongest contextdependent effect of OX40L. To this end, for each cytokine independently, we applied a LMM to remove intra-donor correlations, followed by a group-lasso model on the residuals. We displayed the model's coefficients values according to the lasso penalty, so that the main variable involved in OX40L context-dependency would be the last to fall to zero (Figure 7c andd). We observed two distinct groups of cytokines, one for which OX40L context-dependency was predominantly due to the DC type (Figure 7c), and one for which OX40L context-dependency was predominantly due to the DC-activating stimuli (Figure 7d). However, for the majority of output cytokines (13 out of 17), the DC type was the main variable involved in OX40L context-dependency (Figure 7c). Thus, within tested cellular contexts, OX40L context-dependency on output cytokines was mostly due to the DC type.

Discussion

Context-dependency refers to the variability in the function of a biomolecule when acting in different contexts. A major challenge in studying context-dependency lies in the tremendous diversity of possible contexts, which can be viewed at several levels: different individuals, organs, subanatomical locations or microenvironmental niches. Considering anatomical sites, it is known that the lung microenvironment promotes the development of Th2 responses 16 , whereas the brain promotes regulatory T (Treg) cell responses 17 . However, to our knowledge, there is no direct comparison of the function of the same biomolecules acting within lung versus brain microenvironments. This would allow to precisely determine the extent of that function that may depend on the anatomical microenvironment. Similar questions may be asked when considering different types of inflammatory contexts: is a given molecule functioning differently when expressed in distinct types of inflammation. We and others have shown that TSLP is expressed in atopic dermatitis and activates DC to promote a Th2 response 7,15 . However, in the context of skin psoriasis, TSLP may promote IL-23 production by DC, which would favor Th17 responses 18 . This can only occur due to the lack of IL-4, which can inhibit DC-derived IL-23 18 .

Studies at the level of an organism, an organ or tissue may be important to raise the possibility of context-dependent functions, but cannot be used to definitely demonstrate and quantify contextdependency. In order to do so, a controlled experimental system is required, in which specific output functions of a molecule of interest would be assessed in distinct contexts. This strategy was used to establish important functional dichotomies of cytokines. For example, the differential effect of TGFb on mouse CD4 Th cell polarization was demonstrated by comparing the absence and presence of IL-6, which promoted Treg cells and Th17 differentiation, respectively 19,20 . The importance of the cytokine context in human Th cell polarization was also established for Th17-promoting cytokines 21 , and type I Interferon 6 . However, the limited number of contexts (usually two) did not allow to quantify context-dependency, and to identify possible qualitative variations in a systematic manner. In our study, we considered 15 different contexts, which necessitated the use of quantitative statistical methods in order to precisely quantify context-dependency in the form of a score. This score could be assessed for various output functional response markers, which enabled to rank them according to context-dependency. This revealed that IL-10 was the most sensitive to OX40L contextdependency in Th-polarizing contexts, meaning that the impact of OX40L stimulus on IL-10 production was highly variable. If the inhibition of T cell-derived IL-10 would be a target function of antagonistic anti-OX40L antibody, we would expect high patient-to-patient variability. Conversely, the impact of OX40L on some other T cell-derived cytokines (IL-6, IL-21, TNF-β) was very robust to the context, suggesting a more consistent effect across patients and inflammatory contexts.

Most studies evaluating the context-dependent effects of a molecule have used molecularly defined contexts 7,8 . Although useful in proof-of-concept studies, using the presence and absence of a context. On the contrary, OX40L preferentially increased output cytokines across cellular contexts.

An exception was the TSLP-bDC context, which influenced OX40L in a qualitatively different manner, as compared to the other bDC contexts. Post-hoc tests and the analysis of bDC contexts without TSLP-bDC demonstrated that the TSLP-bDC context was the most impactful on OX40L contextdependency (Table S2). This emphasizes the peculiarity of the TSLP-bDC context, and shows that the function of an IC cannot be dissociated from the state of the DC expressing it.

The large variability of molecular and tissue contexts during inflammation raises the question of how broadly they may be represented and mimicked in experimental systems. In our study, we considered four molecular and 11 DC contexts, as defined by the combination of DC type and activating stimulus. This represents a large diversity of contexts, with broad physiopathological relevance to bacterial (LPS, HKSA, Curdlan) and fungal (Zymosan) infections, and to allergy (TSLP).

However, number of inflammatory conditions may induce different DC states. In cancer, the microenvironment induces peculiar DC programs, which may either promote or control tumor development 22 . Such complex tissue microenvironments are difficult to recapitulate in controlled systems, and require dedicated studies. The availability of data resources on tumor DC states 23,24 , and biological resources from human tumors, should facilitate the generation of tumor "DC contexts" for systematic studies. Our results suggest that distinct DC contexts may influence the function of various IC, and possibly modify the efficiency of IC targeting strategies.

OX40 has been considered as a drug target to enhance or inhibit T cell responses for over 20 years
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. OX40 blockade demonstrated promising effects in mouse models of rheumatoid arthritis 12,26 .

Interestingly, OX40 agonists used in tumor models increased mice survival and tumor-specific CD4 memory T cells in a manner that was dependent on cancer type model and anatomical site, suggesting that the context could significantly influence treatment efficiency 27,28 . More recently, OX40 agonists associated with PD-1 blockade increased antitumor immunity in a transplanted mouse mammary tumor model 29 . In human clinical trials, OX40 targeting has yet to demonstrate an efficacy, although promising results were obtained in early stage studies 13,30 . Variable patient response to OX40 agonists in cancer echoes previous studies showing contextual effects in mouse models 27,28 , and in human Th polarization assays with limited number of contexts 7,8 . Our study now definitely establishes the context-dependency of OX40L function in molecular and cellular contexts, with a precise quantification and identification of the complex underlying determinants. Applying our conceptual and methodological framework to other IC in a systematic manner, could help quantifying their context-dependency, and identifying their most contextual functional outputs. Together, such new knowledge could help in a rational selection of IC to target in a given tumor type, and to identify the determinants of drug response variability in individual patients. On the contrary, ignoring major context-dependent effects may create an obstacle to the efficient targeting of highly contextual molecules and pathways.

Methods

PBMCs purification

Fresh apheresis blood from healthy human blood donors was obtained from Etablissement Français du Sang (French Blood Establishment) after written informed consent, under an ethically-approved convention with Institut Curie and INSERM, according to national regulations. PBMCs were isolated by centrifugation on a density gradient (Lymphoprep, Proteogenix).

Naive CD4 + T cells purification

Naive CD4 + T cells were purified from PBMCs using the EasySep™ Human Naive CD4 + T Cell Isolation Kit (StemCell Technologies) to reach 95% purity as CD4 + CD45RA + CD45RO -cells.

Cytokine contexts for Th cell polarization

Naive CD4 T cells were cultured for 5 days with only anti-CD3/anti-CD28 Dynabeads (Life Technologies) to obtain Th0, or in combination with either 10 ng/mL IL-12 (R&D Systems) (Th1), 25 ng/mL IL-4 (R&D Systems) (Th2), or a cocktail of 100 ng/mL IL-23 (R&D Systems), 10 ng/mL IL-1β, 1 ng/mL TGF-β and 20 ng/mL IL-6 to obtain Th17 (Peprotech) as already published 6 . When indicated, 600 ng/mL rhOX40L (R&D Systems) was added to the T cell culture. At the end of the culture T cells were washed, counted and reseeded at 10 6 cells/mL and restimulated with anti-CD3/CD28 Dynabeads (Life Technologies) for 24 hours before collecting supernatants for cytokine measurement.

Monocyte-derived dendritic cells generation

CD14 + cells were selected from PBMCs using magnetically labeled anti-CD14 Microbeads and MACS LS columns following manufacturer's instructions (MiltenyiBiotec). CD14 + cells were then cultured with IL-4 (50 ng/mL) and GM-CSF (10 ng/mL) (MiltenyiBiotec) for 5 days in RPMI 1640

Medium, GlutaMAX (Life Technologies) with 10% Fetal Calf Serum.

Blood dendritic cells purification

Blood DC were purified using the EasySep Human Myeloid-DC Enrichment Kit (Stem Cell Technologies). cDC2 dendritic cells were sorted on a MoFlo Astrios sorter (Beckman Coulter) to reach 98% purity as Lineage (CD3, CD14, CD16, CD19, CD20, CD56) -, CD4 + (BD), CD11c + (Biolegend), BDCA1 + (ThermoFisher), BDCA3 -(Miltenyi Biotec).

DC and MoDC activation

MoDC and sorted cDC2 were seeded at 10 6 cells/mL in a flat bottom 96-well plate and activated for 24 hours using 10 µg/mL PAM3CSK4 (Invivogen), MOI 10 Heat-killed Staphylococcus aureus (Invivogen), 10 µg/mL Zymosan (Sigma-Aldrich), 10 µg/mL Curdlan (Invivogen) or 100 ng/mL LPS (Invivogen) in RPMI 1640 Medium, GlutaMAX (Life Technologies) with 10% Fetal Calf Serum (Hyclone) 100 U/mL Penicillin/Streptomycin (Gibco), MEM Non-Essential Amino Acids (Gibco) and 1 mM Sodium Pyruvate (Gibco). cDC2 were also activated using 50 ng/mL TSLP (R&D Systems).

DC/T coculture

After 24 hours activation, bDC and MoDC were counted and cocultured with allogeneic naive CD4

T cells, at a ratio of 1 DC for 5 T cells, in serum-free X-VIVO 15 medium (Lonza). When indicated, 10 µg/mL anti-human OX40L monoclonal antibody (Oxelumab, Absolute Antibody) or matching human IgG1 isotype were added to the coculture and maintained for the whole duration of the coculture. After 6 days of coculture, T cells were washed and live cells were counted. T cells were reseeded at 10 6 cells/mL and restimulated with anti-CD3/CD28 Dynabeads (LifeTechnologies). 24 hours later supernatants were collected to measure the T cell cytokines.

Flow cytometry analysis

For surface flow cytometry analysis, dead cells were first stained using Live/dead fixable yellow dead cell stain kit (ThermoFisher). T cells were stained with an antibody recognizing OX40 (Biolegend), while MoDC and bDC were stained with an antibody recognizing OX40L (BD). Cells were acquired on a ZE5 instrument (BioRad).

Cytokine quantification

Cytokines from T cell supernatants were quantified using CBA flex set for IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, TNF-α, IFNγ and GM-CSF (BD), and Luminex for IL-21, IL-22, IL-31 and TNF-β following the manufacturer's protocol.

Software and code availability

FACS data were analyzed using the FlowJo software (TreeStar).

Software used for CBA analysis was FCAP Array v3.

Statistical analysis was performed using the Prism software (GraphPad) and R software (version

3.5.3).

Code to reproduce the results is available in Supplementary material Code_and_Data.

Cohorts description

For the cytokine-induced Th cell polarization experiments, 13 independent donors were included, in five independent experiments.

In 

Statistical analysis

All concentration values below the limit of detection (LOD): 10 pg/mL were set to LOD/2 (5 pg/mL). Luminex measurements (four cytokines) were realized later than CBA measurements ( 13cytokines). Because of the limited amount of material in some donors, we prioritized measurements 

Context-dependency score

The following steps were used to compute the context-dependency score, for each output cytokine independently: (i) using the relative differences in concentration induced by OX40L, the estimated effect for each stimulation context (! " '()*+,* -) and its standard deviation (# $ '()*+,* -) were obtained from a Linear Mixed Model (LMM) featuring the different contexts as fixed effects and donor-specific intercepts as random effects (equation ( 1)) ;

. = 0 12324 + 6 β -8 -
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where Y is the relative difference in concentration induced by OX40L presence for a given cytokine The scores were then represented according to the OX40L-induced effect on the different contexts:

when OX40L effect was in the same direction for all contexts (output cytokine production either always induced or always inhibited), the score was represented with a positive value in black, however, when OX40L effect went in both directions (inducing or inhibiting the output cytokine production, depending on the context), the score was represented in two parts: a positive value in black, representing the main proportion of contexts affected in the same direction by OX40L, and a negative value in grey, representing the minor proportion of contexts affected in the other direction by OX40L.

To evaluate difference in OX40L effect between pairs of contexts, likelihood ratio tests, between the LMM with and without the pair of context variable as a fixed effect, were performed (only observations for the two contexts were used).

Relative importance of DC-type-context and stimuli-context on the context-dependent effect of OX40L was evaluated with a two-steps method, for each cytokine relative difference independently:

(i) first a LMM including only an intercept as fixed and random effect was fitted; (ii) the residuals from this model were used as the response in a group-lasso model. All stimulation contexts were defined as one group in the lasso model in order to compare the two types of context: DC type and stimuli. attributed to cytokines for which OX40L effect was positive for some contexts and negative for others.

The TSLP-bDC context was removed for these analyses to compare the same contexts between bDC and MoDC. 9 independent donors were used in each analysis. * P ≤0.05; ** P ≤0.01; *** P ≤0.001. 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 Step 1.
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GENERAL DISCUSSION AND PROSPECTS I) Context-dependency concept 1) Multidisciplinary importance of context-dependency

The concept of context-dependency has been identified in many scientific fields and some papers tried to better understand its consequences very recently.

Egushi et al. reflected on the importance of the context-dependency concept in the field of genetics and focused more specifically on the context-dependency of genetic mutation on phenotypes 300 . The authors demonstrated that a genetic mutation function on a phenotype could vary according to several parameters such as genetic background, cell type, age, etc. They highlighted that context-dependency complicated phenotypic prediction from a mutation.

As an aside, this is particularly interesting to consider at a time when single-cell RNA sequencing is very popular; measurement at the protein level remains highly important. Then, they interrogated how to predict a phenotype from a mutation when the context can actually influence it. They reviewed different approaches to study genetic context-dependency, for instance, measuring the phenotypic impacts of many gene deletions across many contexts in yeast, or quantifying the impact of several mutations ("mutation contexts") on phenotypic impacts of a single protein mutation. Interestingly, this latter method is in the same frame of mind as our method.

Context-dependency has also been studied on drugs, on animal models. Jackson et al. studied the context-dependent off-target effects of an antidiabetic compound, the dipeptidyl peptidase 4 (DPP4) inhibitor 301 . This drug is associated with frequent comorbidities, such as chronic kidney disease and hypertension, and it is of particular interest to understand the context in which these different comorbidities appear. In preclinical in vivo studies with animal models, they showed that long-term DPP4 inhibitor treatment increased arterial blood pressure in genetically hypertensive rats and on the contrary was antihypertensive in rats with metabolic syndrome and did not affect genetically normotensive rats. This greatly illustrated the impact of the context on disease sideeffect outcomes and its importance in therapy.

Also interesting, a study from 1981 focused on the impact of the environmental conditions on rat behavior injected with cocaine 302 . They observed differences in rat behaviors and tolerance according to the environment in which they received the cocaine.

Context-dependency has been highly studied in ecology, compared to other disciplines. For instance, it has been studied by quantifying trait variance and repeatability, to better understand evolutionary processes. Killen et al. focused on the context-dependent trait of wild fish populations 303 . As for humans, animal populations are constituted of many individuals, each with different behavior and physiology. Thus, they questioned whether the best fish in a population (regarding swimming performances, stress responsiveness, metabolic rate, etc) is always the same one, or whether the best fish differs according to the environmental context, composed of several parameters such as temperature, pollutants, food and oxygen availability, etc. In other words, does an individual that has the greatest fitness in one context, will still be the best in another one?

Until now, in animal populations, context-dependency has been applied to evolutionary ecology and to a lesser extend to ecology management and conservation.

In another recent ecology article, Perring et al. studied the context-dependency of nitrogen deposition effects on forest understorey plant population responses 304 . They demonstrated that the environmental context, defined by parameters such as pH or light, impacted how plants respond to nitrogen deposition. Here, the context-dependency concept is applied to plant physiological response to better understand and predict nitrogen deposition in understorey plant populations, with the aim to better conserve forest biodiversity.

Finally, context-dependency has also been of interest in neuroeconomics, for instance in terms of valuation affected by context-dependent perception 305 .

2) Originality of our context-dependency statistical model

All these articles highlight the importance of considering context-dependency in many disciplines.

Some team built prediction models trying to include context-dependency in the equation 306 . But although context-dependency has been examined and studied in many fields as seen above, few studies allow us to comprehensively quantify it directly. Context-dependency in its entirety is a difficult problem because it is actually the combination of an uncountable number of parameters, each including many variant combinations. Therefore, such complexity needs to be formalized using an integrated mathematical modeling approach. As proof of concept, our study illustrates that context-dependency can be measured and quantified by a new statistical method strategy. About Th polarization, some studies looked at the induction of Th subsets in different contexts [START_REF] Schmitt | The cytokine TGF-β co-opts signaling via STAT3-STAT4 to promote the differentiation of human T FH cells[END_REF][START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF]122 . For instance, Schmitt et al. described that TGFb is a critical signal in Tfh cell induction, and that the cytokine context accompanying TGFb affected the polarization [START_REF] Schmitt | The cytokine TGF-β co-opts signaling via STAT3-STAT4 to promote the differentiation of human T FH cells[END_REF] . However, the number of contexts was limited and context-dependency was not the focus of the study. An interesting study from Cano-Gamez et al. focused on characterizing naive and memory CD4 T cell responses to five different cytokine combinations 307 . They observed the acquisition of distinct phenotypes according to the context but did not focus on context-dependency.

Thus, to our knowledge, no study has quantitatively evaluated the context-dependency of a molecule functions, in a systematic manner and across many contexts. Moreover, more specifically, OX40L context-dependent effects on Th polarization and Th cytokine secretion had never been addressed, in various molecular and cellular contexts. As described throughout this manuscript, the notion of context-dependency refers to the variable function of molecules depending on the context. In this case, it means that OX40L can impact differently Th polarization according to the context in which the T cell is evolving. It can allow the description of some OX40L effects that would not be observed in a "mono-context" experiment. For example, IL-13 is a cytokine principally secreted by Th2 cells and as a consequence, it is mainly studied in Th2 cellfocused studies. In our Th contexts, we observed that rhOX40L had no significant impact on IL-13 secretion by T cells in a Th2 context. However, we observed that rhOX40L decreased IL-13 secretion in Th0 and Th17 context, and it was associated with a significant context-dependency score. Here, context-dependency reflects the complex T cell signal integrations that act on Th polarization and Th cytokine secretion.

To study OX40L context-dependent functions on Th polarization we used two experimental methods, a DC-free Th polarization system and a T cell-DC co-culture system. These methods, as well as tools to agonize or antagonize OX40L, were highly controlled since they were well established in the literature and the team [START_REF] Pattarini | TSLP-activated dendritic cells induce human T follicular helper cell differentiation through OX40-ligand[END_REF][START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF]122,169,170 . This allowed us to elaborate our model on well-known experimental systems. Moreover, it was also useful to already have available data about OX40L effects on Th polarization and Th cytokine secretion [START_REF] Pattarini | TSLP-activated dendritic cells induce human T follicular helper cell differentiation through OX40-ligand[END_REF]170 . As previously discussed, the study of context-dependency involves high numbers of parameters and combinations, and thus, it calls initially for well-established experimental systems and trustable data to go beyond a standard experiment in one specific context.

These aforementioned experimental systems were the base of our two types of contexts: molecular, using the presence of Th-polarizing cytokines, and cellular contexts. Both contexts conferred different advantages and drawbacks. For the few studies that observed different effects of OX40L on Th polarization, molecularly defined contexts were used [START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF]122 . They are easier to control because each context induces a very specific panel of secreted cytokines by T cells, while contexts using activated DCs induced a mixed cytokine panel. We will discuss this aspect more in detail in the last part of the discussion. With cellular contexts, in which T cells are activated and polarized by DCs, we added complexity in our contexts and tried to get closer to physiological conditions compared to molecular contexts.

For all this diversity of contexts applied to CD4 T cells, we measured systematically a big quantity of Th secreted cytokines, 17 output cytokines, compared to most studies which selected few cytokines of interest. We obtained a huge dataset containing 5046 data points: The second type of model we used in this study was Lasso analysis. Lasso model is used to perform variable selection principally in omics disciplines in biology, such as genomics, proteomics or metabolomics. It is commonly used in two types of analysis to improve accuracy 308,309 :

-In the case that a lot of variables are present compared to the number of samples/individuals. When we are confronted with a huge number of variables, the Lasso model allows finding the ones that could explain a variable to explain. By applying penalties, it forces variable coefficients to zero, meaning that these variables are removed from the model, hence sparsity.

-In the case it is necessary to perform variable selection before applying a classical statistical model (i.e. linear model), to identify the best model to understand a variable to explain. Here, we look for the best penalty, associated only with explained variables.

In our case, we used the Lasso model in a non-classical and original way to determine the variable that had the most importance in OX40L context-dependency. In cellular contexts, namely bDC and MoDC, contexts were composed of two parameters: the DC type and the DC-activating stimuli. By applying increasing penalties and forcing their coefficients to zero, the Lasso model helped us to identify the most influential parameter on OX40L context-dependency for each output cytokine, which was the DC type for 13 output cytokines on 17 totals.

3) Context-dependency model applications

In this study, we described an original approach to comprehensively and specifically analyze context-dependency and to better understand how the context influences the function of OX40L on Th polarization. We have analyzed the context-dependency of OX40L in various molecular and cellular contexts representing different immune and inflammatory microenvironments.

In our model, we focused on molecular cytokine contexts and cellular DC contexts, we could also have included molecular immune checkpoint contexts for instance (Figure 13).

contexts can be defined as several parameters, first, it can be simply the same tumor type from different patients, that have their own tumor microenvironment. Then it can go deeper, including different tumor types, different tumor treatments, etc. Pieces of tumor tissue could be placed in culture for 24 hours in an appropriate medium. The day after, the supernatants would be recovered and used to culture T cells in presence of an immune checkpoint agonist or blocking antibody. Measuring and quantifying the context-dependency of an immune checkpoint function would be very interesting. In the case of one context defined by one patient tumor microenvironment, this kind of analysis might be the first step in better understanding the variable efficacy of immune checkpoint blockade.

In line with defining one patient tumor microenvironment as one specific context, it could be interesting to address this question more globally, where the donor could be a context itself. For instance, in our setting, could some OX40L impact on output cytokines be controlled first by the donor effect before the DC activating stimulus or the DC type? This could draw a major conclusion useful for the community about the donor effect, which is usually removed from the analysis, including ours. To evaluate the context-dependency of OX40L function on Th polarization across donors, we would need to have several data points per donor for each condition (in the same way that we have several data points for TSLP-bDC for example in our model).

To finish on context-dependency applications in cancer, we will discuss the use of organoids in preclinical studies. Organoids are three-dimensional in vitro cell culture. This model is more and more used to test immunotherapy treatment because they can recapitulate realistic microarchitecture of the TME. In mice and human models, some studies tested PD-1 blockade in organoids [313][314][315] . Patient-derived organoids are also considered as a tool for personalized cancer treatments, to evaluate and choose the most efficient drug for each patient 316 . It could be very interesting to quantify context-dependency in this model, still in the idea that one context is defined by one patient tumor microenvironment.

Moreover, technically, it exists several methods for organoid generation, for instance hanging drop culture, matrix embedding culture or culture in low adherence plate 317 . However, this parameter can influence the output response. Saitakis et al. studied T cell functions in polyacrylamide gels and generated three contexts defined by different stiffness values (0,5kPa, 6,4kPa or 100kPa). They demonstrated that the stiffness of the environment to which T cells are exposed modulated their functions, including their morphology, migration, gene expression and cytokine secretion. For instance, they showed IFNg and TNF-a secretion increase with the gel stiffness 318 . Thus, in the case of organoids with potential use in personalized medicine, it is important to consider that the physical properties of the surfaces can influence T cell functions. It would be interesting to apply our context-dependency model across physically different contexts defined by the stiffness to quantify the context-dependent function of an immune checkpoint, like OX40L, on cytokine secretion, and see the impact on the different cytokines.

4) Context-dependency model limitations

In this part, we will focus on the limits of our model and the rationale of these limits.

The first limitation of context-dependency studies is of course the number of contexts. As said previously, a context can be composed of a multitude of parameters, which cannot all technically be considered in one experimental study. In our case, we first decided to take into account the cytokine context, because they are commonly described to be a major signal in Th polarization.

We used a recombinant OX40L protein (rhOX40L) in a simplified experiment of polarization, without any DC intervention, using anti-CD3/anti-CD28 beads for T cell activation and synthetic cytokines for polarization. This setting allowed us to well-control all quantities of compounds. In addition, the fact that T cells come from one donor and react to a precise concentration of synthetized recombinant protein in a controlled cytokine context generates less donor variability.

However, "extreme" scenarios can be created due to the simplification of the polarization process, in which only polarizing cytokines are present in high concentrations or not at all, and it obviously does not reflect the complexity of inflammatory contexts.

Our second experimental setting using DCs to activate and polarize T cells aims to "upgrade" our contexts to get closer to the reality of Th polarization in lymph nodes. Nevertheless, increasing our context complexity goes along with decreasing controlled systems. Indeed, co-cultures imply one donor of T cell and one donor of DC, inducing more variability due to histocompatibility between two random donors. Secondly, although an excess of OX40L blocking antibody is added to the co-culture, the initial quantity of OX40L protein on DCs varies according to the DC activating stimulus, so it is different across contexts and this cannot be controlled.

Within cellular contexts, we could have done plenty of other choices for the contexts such as choose other DC activating stimuli for example. Unfortunately, adding more DC activating stimuli would have been difficult in regards to the number of DCs we obtained from a blood pocket.

In terms of DC type, we only include two types of DCs, cDC2 and MoDCs. Co-cultures with these two subsets were routinely done in the team. We thought about adding co-cultures with cDC1

and pDC, to increase our number of cellular contexts and have more diversity. However, both subset percentages in blood are very low 319 and it would have been difficult to perform experiments in the same conditions as with cDC2 and MoDCs. As we need a minimum number of 50000 T cells to performed cytokine secretion analysis, we would not have been able to have all DC contexts for each donor. In addition, in the case of pDCs, Xvivo15, the medium we used for our experiments, is not optimal for co-culture with T cells. In the team and in the literature, pDCs and T cells are usually co-cultured in Yssel medium containing 10% of fetal bovine serum (FBS). We expressly chose to use a medium without FBS for our experiments to not induce a bias linked to the serum composition. Adding pDCs in the model would have compelled us to use Yssel + 10%

FBS medium for all our experiments to have the same settings in all contexts and be able to compare them. It is known that the medium highly impacts cellular interaction in culture and plays a significant role in the reproducibility of results 320 . Having a systematic study on contextdependency related to medium could be very helpful for the scientific community. It would be interesting to include medium contexts in our model to determine how much the medium and the presence/absence of serum and even the type of serum (human versus fetal calf serum) can influence the function of OX40L on Th polarization (and it could be applied to other molecules and outputs).

Overall, we summarized high quantity and diversity of data in understandable and various ways.

We began with 32 dimensions (17 cytokines + 15 contexts) but managed to show them into two dimensions representations:

-Simple graphs: cytokine concentrations versus contexts -PCA: with two principal components for global cytokine analysis -Lollipop plots: Euclidian distances between presence and absence of OX40L versus contexts -Heatmaps: one for absolute differences OX40L impact on cytokine concentrations and one for b coefficients estimated by the LMM Within this type of context-dependency, we could also observe quantitative context-dependency, this important information is missed in our graphs representing context-dependency scores. For an easier comprehension of complex data, we decided to represent only qualitative contextdependency when both were present. We considered qualitative context-dependency more important than quantitative context-dependency. Indeed, the fact that OX40L (or other biomolecules) can have opposite effects in different contexts is more impactful than different magnitudes of action.

Although we took all precautions to avoid variability, we observed inter-donor variability (hence evaluating the context-dependent function of a molecule across donors, as previously suggested, can be very interesting). This inter-donor variability can be linked to many parameters that we cannot control, such as environmental factors. Indeed, although they are healthy donors, they are exposed to factors initiating immune responses and their accumulation modulates immune system responses 321 . Thus, the historical immune reaction varies between an individual and another and can lead to variable responses in our experiments. Moreover, ethnic and social origins but also age and gender can also contribute to variability 322,323 .

The Immune Variation (ImmVar) is a project that aims to understand immune response variation among healthy donors. Among other things, they showed that a minor but meaningful percentage of RNA expression variation (around 20%) between two individuals from different origins can be explained by genetic factors 322 . Moreover, Patin et al. showed that genetic factors, but also external parameters such as smoking, could alter immune system homeostasis 324 .

In our work, the donor effect was taken into account to calculate our context-dependency scores for each type of context (Th, cDC2 and MoDC contexts). Moreover, in the last figure of the paper, the donor effect was even removed from the Lasso analysis to not bias the analysis (otherwise it would have been considered as a parameter like the DC type and the DC-activating stimulus).

II) OX40L impact on Th cytokine secretion and its context-dependent effects

As described in the introduction, OX40L role on Th polarization is very diverse and has been described on many Th subsets. In this part, we will discuss its role on specific cytokines and its context-dependent (or independent) impact on others.

1) OX40L impact on Th main cytokines a) OX40L and IL-4 secretion

Context-dependency may also be interesting to consider in the case of paradoxical results between different studies. In the case of OX40L, we were interested in IL-4 since a lot of studies linked OX40L to allergy, Th2 and Tfh cells 290 . In our Th2 context, we observed a decrease of IL-4 in presence of rhOX40L protein, as well as a decrease of IL-5 and IL-31 Th2 cytokines. Along similar lines, in our TSLP-bDC context, we observed an increase of IL-4 in presence of the anti-OX40L

blocking antibody, which means that OX40L decreased IL-4.

Up to now, OX40L has been classified as inducing Th2 in the literature. Ito et al. performed a prominent study, with settings close to ours, in which they used a co-culture system with human naive CD4 T cells and TSLP-bDC and described a decrease of IL-4 when blocking OX40L 122 .

However, they used neither the same DC type nor the same medium for their experiments. They used total blood CD11c + DCs while we used blood BDCA1 + cDC2, and they used Yssel medium with human serum while we used serum-free Xvivo15 medium. Another recent study (in which Ito is a co-author) showed that anti-OX40L blocking decreased IL-4 secretion by T cells when co-cultured with TSLP-bDC 251 . They still used total blood CD11c + DCs and RPMI medium with human serum.

We determined that the DC type was a very important parameter that could influence OX40L function (cf. Figure 7 of the article manuscript). Indeed, it has a greater impact on OX40L function on cytokine secretion compared to the DC-activating stimuli for the majority of output cytokines.

This might be an explanation of the difference between our study and these regarding OX40L effect on IL-4 secretion.

It can also be noted that in the study from Jacquemin et al., the authors performed intracellular staining for IL-4 and showed a decrease of IL-4 + cells in presence of a rhOX40L protein, in a Th0 context [START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF] . The settings were very similar to ours, activating naive CD4 T cells with anti-CD3/anti-CD28 and the same rhOX40L protein.

b) OX40L and IL-17A/IL-17F secretions

An interesting impact of OX40L in our data was observed on IL-17A and IL-17F cytokines. These two cytokines are only detected in the Th17 context because they necessitate a specific polarizing cytokine cocktail to be induced in absence of DCs 38 . Moreover, using a similar setting to ours, Jacquemin et al. could not detect IL-17 in Th0 and Th1 contexts, even in presence of rhOX40L [START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF] .

As seen in the introduction, OX40L has been described to impact Th17 cell polarization. However, the majority of studies focused only on IL-17A [255][256][257]262 and the few ones measuring both IL-17A

and IL-17F in mice models eventually focused on IL-17A 258,261 .

In our Th17 context, we noticed that OX40L had a differential regulation of IL-17A and IL-17F. IL-17A concentration was decreased whereas IL-17F concentration was increased in presence of OX40L. Originally, IL17A and IL17F genes were proposed to be coordinately regulated 325 In the context of OX40L function on Th17 cells, no study reported yet a differential regulation of IL-17F and IL-17A cytokines. Our data provide new insights about OX40L role on these cytokines.

It could help to better understand how they are differentially regulated in humans by performing RNA sequencing on Th17 cells and Th17 cells treated with rhOX40L for instance. Indeed, although they have similar or even sometimes synergic actions due to high homology, their role can also differ in certain contexts [329][330][331][332] , hence there is an interest in a better comprehension of their secretion mechanism to be able to target them individually.

c) OX40L and other Th cytokines

In the introduction, we reviewed that OX40L had a positive impact on Th9 cells 263,264 .

In our data, we observed that IL-9 significantly increased or tended to increase in almost all Th and DC contexts. The only contexts in which OX40L had no impact is in Th0 and Th1 contexts. This is because IL-9 was not induced initially in these two contexts, it turned out that OX40L never induced a cytokine de novo in our settings.

Regarding Th1 polarization, some papers described an inhibiting effect of OX40L on IFNg 247 and others showed a stimulating effect 249 . We suggested in the introduction that OX40L-induced effect on Th1 polarization varied depending on the context of the experimental condition.

In our Th contexts, IFNg significantly decreased or tended to decrease in all contexts. However, in bDC contexts, we observed a significant context-dependency score for IFNg, meaning that OX40L impact on IFNg depended on the bDC-context. This is interesting given the heterogeneity of responses in the literature.

Before discussing context-dependency more in detail, it is interesting to notice that OX40L function in Th versus DC contexts is different at a global cytokine level. Although OX40L seems to increase and decrease cytokine concentrations more or less equally in Th contexts, we noticed that OX40L mainly increased cytokine concentrations in DC contexts. The only DC context in which OX40L induced clear concentration decrease for several cytokines is the TSLP-bDC context. It will be discussed more thoroughly in the next part.

2) OX40L context-dependent functions on Th cytokines

Our model reveals a new level of complexity of OX40L responses, in terms of contextdependencies. As previously detailed, we differentiated quantitative and qualitative contextdependencies.

In our Th contexts, we observed these two context-dependency types. On the one hand, OX40L

increased or decreased IL-22 and TNF-a across contexts, hence OX40L has a qualitative contextdependent function on these two output cytokines. On the other hand, OX40L played a quantitative context-dependent function on IL-10 and IL-13. Among these output cytokines, IL-10 had the higher context-dependency score, meaning that it was the most sensitive, in a quantitative manner, to OX40L context-dependency in Th contexts, followed by IL-22, in a IFNg are principally defined as Th1 cytokines (even if they are secreted by other Th cells, we will discuss it in the next part of the discussion). GM-CSF can be secreted by several Th cells and is known to stimulate the proliferation and activation of many cells such as macrophages, dendritic cells and monocytes, and to enhance phagocytosis, antigen presentation and proinflammatory cytokine secretion 333 . Thus, the increase of these three cytokines by OX40L in fungal/bacterial infection contexts, and conversely the decrease in allergic contexts, seems consistent with the required immune response in these contexts.

Besides, OX40L played a quantitative context-dependent function on IL-3, which increased in all bDC contexts but at different levels.

The fact that TSLP-bDC context seems to be the main cause of OX40L context-dependency since this latter disappeared in absence of this context, could also let us think that Zymozan, PAM3, LPS, HKSA and Curdlan-bDC are contexts in which OX40L will always have the same function on output secreted cytokines. However, this idea is challenged by context-dependency scores obtained in MoDC contexts. As explained previously, we could not apply the TSLP stimulus on MoDC since they do not express the TSLP receptor 121,334 . Thus, context-dependency scores were calculated only across Zymozan, PAM3, LPS, HKSA and Curdlan-MoDC contexts. In contrast to bDC contexts without TSLP, context-dependency scores for certain cytokines were significant. This was the first evidence that the DC-activating stimulus could not be the only parameter influencing OX40L context-dependent functions. Cytokines impacted by OX40L context-dependency in MoDC contexts were mainly Th2 cytokines. OX40L influenced differently IL-4, IL-5, IL-31 and GM-CSF across the different fungal and bacterial contexts.

We could also have defined a "context-independent" behavior of OX40L on output cytokines. For instance, we observed no context-dependency of OX40L function on IL-21 secretion. OX40L

similarly increased IL-21 cytokine in all our Th and DC contexts. The link between OX40L, IL-21 and Tfh cells has been well-established [START_REF] Pattarini | TSLP-activated dendritic cells induce human T follicular helper cell differentiation through OX40-ligand[END_REF][START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF] and our model is consistent with the literature.

III)Relevance of Th cell classification

As we saw in the introduction, Th subset classification is based on several parameters, mainly their distinct secreted cytokines. In this last part of the discussion, we will reflect on how the cytokine secretion analysis at a large-scale triggered conclusion that modifies, through its quantitative and qualitative aspects, the general concepts of Th differentiation.

1) Narrow profile versus mixed profile of Th cytokine secretion

In our study, we performed the analysis of OX40L function, in a systematic manner across many contexts, on one output, which is Th polarization. We decided to also be systematic regarding our output and for that, we analyzed in each context the global Th cytokines production. We observe that Th contexts induced a narrow Th profile, meaning that each Th subset mainly secreted their specific subset-defining cytokines. However, when complicating our contexts by introducing activated DCs, we observed that T cells secreted a mixed profile of cytokines.

In more details, in Th contexts, a first observation was that the cytokine secretion profiles were clear for each subset: Th1 context induced a high secretion of IL-2, IFNg, TNF-a, TNF-b (Figure 17A); Th2 context induced IL-4, IL-5 (both in small quantity but present), IL-9, IL-10, IL-13, IL-31 (Figure 17B); Th17 context induced IL-17A, IL-17F, IL-6 (Figure 17C). Globally, it seems that the Th2 context was the most mixed between the three. To have a clearer Th2 profile, we could have added anti-IFNg or anti-IL-12, but we did not want to have an even more "extreme" context by adding blocking antibodies. Moreover, we noticed that IL-21 was secreted in all Th-polarizing contexts. IL-21 is principally produced by Tfh and Th17 cells [START_REF] Crotty | Follicular helper CD4 T cells (TFH)[END_REF]335 . The fact that all subsets secreted IL-21 is interesting considering the sub-classification of human Tfh cells into Tfh1, Tfh2 and Tfh17 cells, we will look deeper into this in the next part. We also have substantial production of IL-3

and GM-CSF in Th1 and Th2 contexts only. Mosmann et al. noted that both of their Th1 and Th2 clones secreted IL-3 and GM-CSF 11 . IL-3 secretion by Th cells remains poorly described. GM-CSF has been more described at that time and can be secreted by Th1, Th2 and Th17 333 . Interestingly, two recent studies showed that IL-3 and GM-CSF were typically co-expressed 336,337 . In Figure 18, for these two DC contexts that differ from the DC type and the DC-activating stimulus, we observed that the majority of cytokines are secreted in both contexts, but at different levels.

Figure 17: Concentrations of all secreted output cytokines in Th contexts

Concentrations of all secreted output cytokines in

For example, in the PAM3-MoDC context, we observed a high secretion of Th1 cytokines such as IFNg, TNF-a, TNF-b, IL-2, but also a secretion of IL-17F and Th2 cytokines, IL-4, IL-5 and IL-13 (Figure 18A). In the TSLP-bDC context, we measured a lot of Th2 cytokines (IL-4, IL-5, IL-13, IL-31, GM-CSF), but also Th1 cytokines, although at a lower concentration than in the PAM3-MoDC context (Figure 18B). Although it seems that there is a dominance of certain cytokines compared to others in the different contexts, a mixed profile of cytokines from distinct Th subsets is observed. -Studies usually focus on specific Th subsets or specific cytokines and do not perform a systematic analysis of all main Th cytokines.

-When analyzing a large panel of cytokines, most studies look at gene expression by singlecell or bulk RNA sequencing, whereas we measured our cytokines at the protein level, and it has been shown by comparative studies that correlations between mRNA and protein levels can be relatively uncertain 338,339 .

Specifically in CD4 T cells, this was greatly illustration by Cano-Gamez study. They It would have been great to have this information in our systematic study that includes a lot of cytokines to better understand global Th cytokine secretion. We could also have done intracellular cytokine staining, which is more easily accessible. However, it does not enable to include as many parameters in one panel compared to mass cytometry, and technically, to measure co-expression, they need to be assembled in one panel only.

In our work, we polarized a pool of naive CD4 T cells. This pool of naive CD4 T cells is actually a mix of many different naive antigen-specific CD4 T cells, that can recognize many different antigens.

In the present results, we did not take into consideration antigen specificity since we did not add antigen in Th contexts and we were in allogeneic condition in DC contexts. It could be very interesting to identify if naive antigen-specific CD4 T cells secrete a narrower cytokine profile when activated by their specific antigen. Indeed, the mixed cytokine secretion profile could be explained by the multiplicity of T cell clones. Context dependency is an important aspect of verbal language communication that can directly affect the meaning of individual words but also modify the logic of syntactic rules (Cariani and Rips, 2017; Kintsch and Mangalath, 2011). Similarly, context dependencies may dramatically affect the function of biologically active communication signals. For example, we have shown that 90% of the transcriptional response to type I interferon in human CD4 T cells depends on the cytokine context (T helper 1 [Th1], Th2, or Th17; Touzot et al., 2014). Other studies have identified major contextdependent functions of immune checkpoints, such as OX40ligand (Ito et al., 2005), and regulatory cytokines, such as transforming growth factor b (TGF-b) ( Ivanov et al., 2006; Manel et al., 2008; Volpe et al., 2008). These studies suggest that communication molecules function as words of a complex language with grammar defining combinatorial rules of co-expression and mutual influence of one signal over the function (meaning) of another signal.
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Three levels of biological complexity need to be integrated to decipher those combinatorial rules: ( 1 (3) experimental validation of model-derived hypotheses. We applied this framework to decipher human dendritic cell (DC)-Th cell communication, which potentially involves over 70 individual molecular stimuli (Chen and Flies, 2013), including cytokines, tumor necrosis factor (TNF) family members, integrins, nectins, Notch ligands, and galectins (Tindemans et al., 2017; Zhu et al., 2010; Zygmunt and Veldhoen, 2011). These molecules can all be expressed by DCs and function as communication signals to T cells (hereafter called Th stimuli). They can be measured at the protein level by highly specific assays to optimize biological relevance.

By using this unbiased data-driven approach, we could capture the simultaneous effects of large numbers of DC-T cell communication signals in naturally occurring patterns and expression levels. Our systems-level model revealed novel emergent and context-dependent mechanisms controlling Th cell differentiation. A similar framework can be applied to systematically decipher the communication of other cell types.

RESULTS

Generation of a Unique Multivariate Dataset of Human DC-Th Cell Communication

To induce a broad range of DC molecular states expressing various patterns of communication signals, human monocytederived DCs (MoDCs) and primary blood CD11c + DCs (bDCs), were activated for 24 h with a diversity of DC-modulating signals (hereafter called DC perturbators). These included 14 distinct stimuli that were grouped in three categories reflecting various physiopathological contexts: (1) the endogenous factors interferon b (IFN-b), GM-CSF, TSLP, and PGE2; (2) the Toll-like receptor ligands lipopolysaccharide (LPS) (a Toll-like receptor 4 [TLR4] agonist), PAM3CSK4 (a TLR1 and 2 agonist), Curdlan (a Dectin1 agonist), zymosan (a TLR2 and Dectin1 agonist), R848 (a TLR7 and 8 agonist), poly(I:C) (a TLR3 agonist), and aluminum potassium sulfate (Alum, an NLRP3 inflammasome inducer); and

(3) the whole pathogens heat-killed Candida albicans (HKCA), heat-killed Listeria monocytogenes (HKLM), heat-killed Staphylococcus aureus (HKSA), heat-killed Streptococcus pneumoniae (HKSP), and influenza virus (flu). These 14 DC perturbators were used in distinct doses and combinations to further increase the diversity of DC communication molecules and downstream functional effects (Table S1). In each independent experiment, we included a medium condition as a negative control and LPS (100 ng/mL) and/or zymosan (10 mg/mL) as positive controls. A total of 66 perturbators were used on MoDCs and 16 on bDCs, totaling 82 distinct ''DC conditions'' (C1-C82; Table S1).

Under each DC condition, we measured 36 DC-expressed molecules that influence Th cell differentiation in at least one published study (STAR Methods) and can be measured with a highly specific antibody-based assay. Twenty-nine were measured by fluorescence-activated cell sorting (FACS) at the DC surface (Figure S1A), and 7 were measured in the 24-h DC culture supernatant (STAR Methods).

Following 24-h culture under each of the 82 DC perturbation conditions, the same DC batch was used to stimulate naive CD4 T cells in a heterologous co-culture system. On day 6 of co-culture, we measured Th cell expansion fold (Exp Fold) and a total of 17 distinct Th cytokines broadly representing the spectrum of Th cell output responses (STAR Methods). In total, we produced a unique dataset of coupled measurements of DC-derived Th stimuli and Th response cytokines from 428 independent observations from 44 independent donors (Figure 1A; Table S2).

Variability and Specificity of DC Communication Signals

We asked whether our systematic DC stimulation strategy could generate important variations in the expression of individual DCderived Th stimuli. All Th stimuli were expressed over at least three logs (Figure 1B) with high coefficients of variation (>0.44; Figure 1C). Interleukins had higher variability (10 4 -10 5 ) and high coefficients of variation from 2.72 for interleukin-12 (IL-12) p70 (IL-12) to 1.43 for IL-6. CD11a had a wide expression range (10 4 ) but the smallest coefficient of variation (0.44), with values distributed around the mean (Figure 1C). Hence, we were able to generate highly variable expression patterns for all Th stimuli.

We sought to identify conserved and specific patterns of Th stimuli in response to standard DC perturbators. We compared the expression levels of DC-derived Th stimuli under three conditions belonging to distinct classes of microbes-LPS (100 ng/mL, bacteria), zymosan (10 mg/mL, fungi), and flu (13, Viruses)-that were used across at least 17 MoDC biological replicates (Figure 1D). Medium MoDCs (negative control) expressed lower levels of activation-associated communication molecules (Figures 1D andS1B). We confirmed previous findings, validating our experimental system: (1) zymosan induced specifically IL-10 and IL-23, (2) flu induced a large amount of IL-28a, and (3) LPS and zymosan induced a large amount of IL-12 (Figures 1D andS1B). In addition, we identified novel specific inductions of DC-derived Th stimuli: zymosan-treated MoDCs expressed the highest levels of CD54 and PVR, flutreated MoDCs specifically induced ICOSL, and LPS-treated MoDCs induced the highest levels of CD30L and CD83 (Figure 1D). Specificity of expression of a given signal for a given DC stimulation was determined using Wilcoxon statistical test (Figure S1B). Hence, standard DC perturbators induced specific patterns of Th stimuli.

Defining the Spectrum of DC Communication States

Next we aimed to assess the spectrum of DC communication states, as defined by their expression pattern of communication signals, across the 82 DC conditions. We computed the mean expression of biological replicates for each DC-derived Th stimulus and performed unsupervised hierarchical clustering to identify classes of the most similar conditions (C1-C82, y axis) and DCderived Th stimuli (x axis) (Figure 2A). This revealed five groups of DC conditions (Figure 2B). Each of the four standard DC conditions (Figure 1D) belonged to a different group (Figure 2A). of co-stimulatory molecules and cytokines with the exception of high IL-28a. Group 2 showed low expression for most DCderived Th stimuli but high levels of integrins, VISTA and B7H3, suggesting a capacity to interact with T cells and transmit co-inhibitory signals. Group 3 showed a complementary pattern, lack of group 1-and group 2-specific molecules, and intermediate or high levels of co-stimulatory molecules such as CD83, CD86, HLA-DR, 4-1BBL, and OX40L. This suggested potent T cell stimulating functions. Group 4 exhibited high levels of molecules from the B7 and TNF superfamilies, such as CD80, CD86, PDL1, PDL2, and CD40, but intermediate or low cytokine levels. In contrast, group 5 showed the highest level of cytokines and molecules of the B7 and TNF superfamilies (Figure 2B). Next we sought to analyze intra-cluster heterogeneity. We selected three pairs of perturbators most closely related as defined by Euclidian distance (C32 [MoDC HKLM, MOI and C62 [MoDC PAM3, 10 mg/mL]) and compared them regarding expression of the 36 DC-derived Th stimuli (Figure 2C). C32 and C33 did not exhibit significant differences in CD80 and CD86 expression, reflecting equal levels of DC activation. They were statistically different only for IL-6, with levels ranging from complete absence in C33 to over 1 ng/mL in C32 (Figure 2C). In contrast, the pairs C47/C48 and C61/C62 showed significant differences for multiple Th stimuli. C47 expressed significantly more CD86, PDL1, and IL-1 than C48. On the contrary, C48 expressed higher levels of 4-1BBL. C61 and C62 showed marked differences in CD70 and IL-12 (higher in C61) and OX40L (higher in C62) levels. Hence, each DC condition expressed unique combinations of DC-derived Th stimuli, suggesting different communication potential with CD4 T cells.

An unsupervised Gaussian mixture model showed that the highest Bayesian information criterion (BIC) value corresponded to 82 groups, confirming that each DC condition induced a unique profile of the 36 communication molecules (Figure 2D).

Using principal-component analysis (PCA), we showed that neither the date of the experiment nor the donor batch had a major effect on clustering (Figure S1C; STAR Methods).

The Heterogeneity of DC-Induced Th Cytokine Responses

We characterized the diversity of CD4 T cell output responses, as assessed by Th cytokine profiles, following co-culture of naive CD4 T cells with activated DCs across the 82 conditions described previously. Th cytokines exhibited important variations across the 428 observations (Figure 3A). Some cytokines, such as IL-2, TNF-a, GM-CSF, TNF-b, and IL-3, were always detected (Figure S2A). To identify Th subset signatures, we compared cytokine expression under our four standard conditions: medium (negative control), LPS, zymosan, and flu. The Th17 cytokines IL-17A and IL-17F were induced predominantly in zymosan MoDCs. LPS MoDCs induced mixed Th1, Th2, and Th9 responses characterized by high IFN-g, IL-13, IL-3, and IL-9 compared with medium. Flu MoDCs induced the Th2 cytokines IL-4, IL -5, and IL-31 (Figures 3B and S2B). These results indicate that, under the LPS, zymosan, and flu conditions, each DC state induced a distinct set of Th cytokine responses corresponding to prototypical Th signatures or mixed Th profiles.

Th Cytokine Responses Mirror the Variability in DC Communication States

We asked whether Th cytokine responses would reveal distinct patterns or a continuum of responses mirroring each of the DC communication states (Figure 2A). We performed hierarchical Pearson clustering on our 18 distinct Th-derived variables across the entire 82 DC-activating conditions (Figure 3C). This revealed 6 distinct groups, although intra-group heterogeneity was evident in almost all groups. Interestingly, DC perturbation conditions (C1-C82) did not appear in the same order compared with DC communication signal clustering (Figure 2A), indicating that closely related patterns of DC-derived Th stimuli did not necessarily induce the closest patterns in Th cytokine responses.

Group 1 was dominated by production of IL-10, IL-22, IL-5, GM-CSF, IL-3, IL-31, IL-13, and IL-4 (Figure S2C). Group 2 was the most heterogeneous and included the inflammatory cytokines TNF-a and IL-6 co-expressed with variable levels of the Th1 (IFN-g) and Th2 (IL-4 and IL-13) cytokines (Figure S2C). Group 3 expressed IL-21, IFN-g, and IL-17F but no or low IL-17A, suggesting the possibility of differential regulatory mechanisms (Figure S2C). Group 4 was dominated by the Th17 cytokines IL-17A and IL-17F, group 5 by IL-22, and group 6 by IL-2. Distinct sets of DC perturbation conditions and, hence, patterns of DC-derived communication molecules were associated with each of these groups (Figure 3C). This was the first suggestion of specific rules underlying input-output relationships in DC-Th communication.

Because of intra-group heterogeneity, we asked whether most correlated conditions within the same cluster would differ from each other (Figure 3D). C12 and C33 were associated to different levels in IL-17F, whereas C42 and C47 were different in IL-2 and C46 and C49 were different in IL-6 and GM-CSF levels (Figure 3D). As for the DC dataset, we found that 82 was the best number of groups in our Th-derived dataset, based on a Gaussian mixture model (Figure 3E). This suggested that a single DC profile of communication molecules would induce a unique set of Th cytokines.

A Data-Driven Lasso Penalized Regression Model Predicts Th Cytokine Responses from Combinations of DC-Derived Th Stimuli

Having generated distinct patterns of DC-derived communication signals associated with a diversity of induced CD4 T cell cytokine responses, the question of their relationship appeared to be critical to decipher DC-Th communication. Given the complexity of the dataset and the lack of clear hypotheses concerning the majority of DC-derived Th stimuli, we applied an unsupervised mathematical modeling strategy (Figure 4A).

The MultiVarSel strategy with stability selection performed similarly as the internal positive control and better than other methodologies tested (Figure S3A; STAR Methods). Therefore, we applied MultiVarSel to the modeling of our experimental data (Figure 4A). This methodology takes into account the dependencies that may exist among Th cell cytokines and combines Lasso criterion and stability selection to select associations between DC-derived signals (inputs) and Th cytokines (outputs) (STAR Methods).

Our multivariate model identified a large number of significant positive (red) and negative (blue) associations of the 36 DCderived Th stimuli with the 17 Th-derived cytokines (Figure 4B). White squares represent the absence of significant association (Figure 4B). The frequency of selection obtained for each input-output association is provided in Figure S3B.

Our mathematical model revealed ( 1) the effect of each DC communication signal on Th output responses and ( 2) the critical regulators for each Th cytokine. For example, negative regulators of IL-10 were OX40L, 4-1BBL, IL-12, TNF-a, CD58, VISTA, Galectin-3, CD80, CD29, IL-1, ICAM-3, SLAMF3, IL-28a, and CD83, and positive regulators were Jagged-2, PDL1, IL-10, CD11a, HLA-DR, ICOSL, CD100, CD30L, CD18, ICAM-2, and CD86 (Figure 4B). Hence, the model can predict IL-10 production by responding Th cells for any DC, given the expression level of these molecules. It allows simulating loss or gain of function of an input. Similar insight can be obtained for each of the 17 Th cytokine responses, which may be explained by a combination of DC-derived communication signals.

We used computational cross-validation to evaluate the error of prediction of our model (Figure 4C). For all Th cytokines, the multivariate outperformed the best univariate model (Figure S3C). We ranked Th cytokines based on their prediction errors; the Th variables best explained by our model were IL-6, IL-17F, Exp Fold, and IL-3 (Figure 4C).

To address DC type specificity in model performance, we calculated the cross-validation error for each Th output of the MoDC and bDC dataset, respectively. Our model predicted equally well the majority of the outputs for the two DC types (Figure S3D). For a few outputs, mostly IL-22 and TNF-b, the model was more error prone in bDCs than MoDCs (Figure S3D). Interestingly, a higher prediction error was found for TNF-b in 5 of 118 observations (Figure S3E), where TNF-b levels were very high (range, 6.7-22.2). This suggested that a TNF-b-promoting input signal might be involved in those 5 cases but not included in our model. For IL-22, more observations had a higher prediction error in bDCs compared with MoDCs, but the prediction error range and distributions were similar, suggesting that the input-output relationship was conserved (Figure S3E).

We performed hierarchical clustering for both DC and T cellderived variables to identify co-regulations between Th outputs. We retrieved relevant clusters of Th cytokines belonging classically to the same Th subset (Figure 4B). The Th2-related cytokines IL-13, IL-31, IL-5, IL-4, IL-10, and GM-CSF were found in the same cluster, suggesting that their induction would be controlled by similar mechanisms. IL-17A and IL-17F were also Cell 179, 432-447, October 3, 2019 439 in the same cluster, implying that the model associated them with closely related DC communication signals (Figure 4B). Surprisingly, our model closely related IL-9 expression to IL-17A and IL-17F, suggesting common regulators. It also clustered IL-22 closer to the Th2 than to the Th17 cytokines. IL-21 was associated with the Th1 cytokines IL-2 and IFN-g (Figure 4B).

The Multivariate DC-Th Model Reveals Novel Regulators of Th Cytokine Responses

We systematically compared our model results with the literature as a knowledge-based validation but also novelty assessment.

We screened 178 relevant articles (STAR Methods) and extracted information regarding specific molecular control of a given Th cytokine by DC-derived signals measured in our model (Table S3). We computed a validation score based on the number of articles identifying the same associations than our model (STAR Methods). IL-12 ranked as the top DC communication signal for which our model predictions globally recapitulated existing knowledge (8 of 13 predicted associations). Among other known associations, IL-23 was positively associated with IL-17A and IL-17F, IL-10 was positively associated with IL-10 and negatively with IFN-g, and CD40 was positively associated with IFN-g. However, the model also predicted 290 associations that were not described previously. Putative novel regulators were identified for all Th outputs (Table S4). The robustness of each prediction could be estimated by the value of the coefficient and by the frequency of detection of the association (Table S4). Examples of high scores were B7H3 and CD83 association with IL-4, 4-1BBL association with IL-9, ICOSL association with IL-13, and OX40L negative association with IL-22 (Table S4). Overall, literature knowledge was retrieved for 80 distinct input-output relationships presented in our model (Figure 4B); 56 were in agreement with our model, representing a global literature validation score of 70%.

Systematic and Independent Experimental Validation of Model's Predictions

We performed systematic experimental validation by selecting a subset of target inputs and systematically measuring the Th outputs selected by our model. We assessed the novelty of each validated prediction (Table S3).

First we addressed systematic validations of model predictions by blocking experiments (Figure 5A). We performed double in silico knockout for CD80 and CD86 under the three conditions-LPS (100 ng/mL), flu (13), and zymosan (10 mg/mL) MoDCs-in which CD80 and CD86 were highly expressed and predicted an effect on 15 distinct Th outputs (Figure 5B), 11 of which were successfully experimentally validated (STAR Methods). The positive role of CD80 and CD86 on IL-3 and IL-31, to our knowledge, have not been described elsewhere. The predictions we failed to validate were for IL-4, IL-5, IL-10, and TNF-a (Figure S4A), all predicted to be decreased by CD80/CD86.

Then we validated the effects of three additional inputs: IL-1, ICOSL, and IL-12 used as exogenous factors (Figure 5C). First we gave the selected input together with anti CD3/CD28 signals (Th0) and systematically measured all Th outputs predicted by the model to be influenced by that input. In the absence of any effect, we gave the selected input under a Th2 (IL-4) or Th17 (IL-6, IL-1b, IL-23, and TGF-b) condition to detect additional synergistic or inhibitory effects required to validate the predicted effect. For example, it is not possible to validate the inhibition of a Th2 cytokine without significant production of this cytokine at baseline.

We focused on the ten predictions made by our model for IL-1 (Figure 5D). By adding IL-1b to the Th0 condition, we were able to detect significant upregulation of IL-6 and IL-17F and significant downregulation of IL-10 and IL-13. IL-10 downregulation and IL-6 upregulation were also significant in the Th2 context (Figure S4B). Under a Th2 condition, we validated significant upregulation of TNF-a and downregulation of IL-9 by IL-1b (Figure S4B), not seen in Th0 (Figure S4B). Under a Th17 condition, we observed a positive effect of IL-1b on IL-17A. We could not validate the predictions regarding IL-21, IL-31, and IL-22 (Figure S4B). In total, 7 of 10 predicted effects of IL-1 were validated. Interestingly, the positive role of IL-1b on induction of IL-6 by Th cells was not known (Table S3) and may suggest new biology and amplification loops in an inflammatory context.

We used a similar strategy to validate predictions regarding ICOSL using an anti-ICOS agonistic antibody. Overall, we validated 10 of 16 predictions (Figure 5E and S4C; STAR Methods). Interestingly, five of the 10 validated predictions were novel (Table S3; IL-5, IL-13, IL-3, GM-CSF, and IL-22), suggesting common pathways to induce IL-22 and Th2 responses.

Finally, we experimentally tested the predictions regarding IL-12 (Figure 5F). Adding IL-12 to the Th0 condition validated an induction of IFN-g, IL-21, Exp Fold, and TFN-b. We also validated the inhibitory role of IL-12 on Th2 cytokine (IL-4, IL-5, and IL-13), IL-6, and IL-22 production. Using the Th2 condition, we further validated the inhibitory role of IL-12 on IL-10 and IL-31. The effects of IL-12 on TNF-b, IL-31, and IL-6 have not been described previously (Table S3).

Because our anti-CD3/CD28 system did not allow validating IL-12 effects on IL-2, IL-17F, IL-3, and IL-9 (Figure S4D), we wondered whether DC-dependent factors could affect the role of IL-12 on these cytokines. We selected DC conditions with very low production of IL-12 (C51 and C55; Figure 2A) and performed a co-culture with naive T cells, adding or not adding IL-12. As a positive control, IL-12 was able to induce IFN-g in both zymosan and HKSA conditions (Figure S4E). We did not validate the role of IL-12 on IL-2 or IL-17F regulation (data not shown). However, we validated that IL-3 was induced by IL-12 in both zymosan DCs (C51) and HKSA DCs (C54) (Figure 5G), whereas IL-9 was significantly upregulated only in HKSA DCs. Overall, we were able to experimentally validate 13 of 15 predictions regarding IL-12.

Our systematic strategy established a validated prediction of the input-output relationship in 41 of 56 cases (73.2%), 13 representing new mechanisms identified by the model. This number is similar to or higher than the computational cross-validation (Figure 4C). Predictions with higher stability selection frequencies were more validated than those with low stability selection (Figure S4F). However, the value of the model's coefficients was not statistically different between the two groups (Figure S4F), indicating that the model efficiently captured associations with low coefficient values.

Although IL-12 was the input best explained by our model, we could not validate the predicted association between IL-12 and IL-17F (Figure S4D), neither in the literature nor in our systematic experimental validation. Previous studies have shown either no effect (Volpe et al., 2008) or a negative effect (Acosta-Rodriguez et al., 2007) of IL-12 on Th17 differentiation. We hypothesized that context-dependent effects may lead to new functions of IL-12, not accomplished by IL-12 as a single agent.

A Context-Dependent Model Reveals a Role of IL-12 in Th17 Differentiation

We designed a strategy to capture context-dependent effects of one input on any given output by integrating new composite variables into the model (Figure 6A). These new input variables were based on the co-occurrence of a given input with other DCderived communication signals (i.e., contexts). They adopted the value of the given input (for instance, IL-12) in each observation where the co-expressed DC signal was present, and they took a zero value when the co-signal was absent. We could derive 455 context-dependent variables.

The model including all context-dependent variables performed less well (higher error of prediction) than our classical MultiVarSel strategy (Figure S5A), most likely because of overfitting issues dependent on the dataset size, with a number of input variables exceeding the number of data points used to fit the model. Therefore, we derived 36 models, each one integrating the context dependencies of one input (Table S5). For each of these models, we reported the coefficient and the stability selection frequencies of each input (Table S5). To globally estimate the influence of context dependencies within our data, we quantified the number of times an input variable was selected, either ''alone'' or ''with'' another one. We derived percentages of context dependencies and represented the results either per input (Figure S5B) or per output (Figure S5C). The inputs most likely to present ''context-dependent'' functions were PDL1 and SLAMF3, whereas CD11a and CD70 were mostly contextindependent (Figure S5B). When analyzing the outputs, the models revealed that all cytokines could be regulated by context-dependent mechanisms with relatively similar percentages (range, 0.13-0.22) (Figure S5C).

We used this strategy to explain the role of IL-12 in the control of Th17 differentiation through identification of context-dependent effects. We found that adding context-dependent variables for IL-12 improved the model predictions for IL-17F and performed equally well for IL-17A (Figure 6B). We then focused on DC-derived signals that were kept significant by the model and observed distinct associations of the new IL-12 context-dependent variables with IL-17A and IL-17F (Figure 6C), including some differentially associated with IL-17A and IL-17F, respectively. Among various contexts, we found that IL-12 in the context of IL-1, ICAM-2, or Jagged-2 was associated with IL-17F, whereas IL-12 in the context of CD70, IL-23, or LIGHT was associated with IL-17A.

As a first level of in silico validation, we selected a DC condition under which IL-12 was co-expressed with many of these contexts, and DC-derived signals induced IL-17A and IL-17F by responder Th cells. Zymosan (10 mg/mL) on MoDCs fulfilled these criteria (Figures 1D and3C). To study the specific effects of IL-12 in the context of all other DC communication signals induced by zymosan, we performed in silico IL-12 knockout in the IL-12 context-dependent model. We compared predicted values for IL-17A and IL-17F when IL-12 was kept or not kept in the model (Figure 6D). In silico knockout of IL-12 diminished the production of both IL-17A and IL-17F under the zymosan (10 mg/mL) condition. As experimental validation, we performed independent DC/T cell co-culture experiments using MoDCs treated with 10 mg/mL zymosan in the presence and absence of IL-12-neutralizing antibody (Figure 6E). Blocking IL-12 significantly decreased the production of IL-17A and IL-17F, as predicted (Figure 6E), and inhibited IFN-g production (Figure S5D). The same model predicted no effect of blocking IL-12 in Curdlan MoDCs (Figure S5E), which we validated experimentally (Figure S5F).

Synergistic Interaction between IL-12 and IL-1 Explains Induction of IL-17F without IL-17A

Our model predicted distinct roles of IL-12 on IL-17A and IL-17F production depending on the context in which IL-12 is expressed. Interestingly, IL-12, IL-1, and CD80 were the top variables almost systematically selected by the model to explain the differences between IL-17A and IL-17F (Figure 7A). This corroborated the results in Figure 6C, where we found that IL-12 in the context of IL-1 was associated with IL-17F but not IL-17A. The model estimate for a stability selection of less than 0.8 indicated that IL-12, IL-1, and CD80 were positive contributors to the differences between IL-17A and IL-17F (Figure S6A). Consequently, we hypothesized that the combination of IL-12 with IL-1 would induce IL-17F independent of IL-17A.

To experimentally validate our hypothesis, we used a DC-free Th polarization assay, allowing us to specifically study the interaction between IL-12 and IL-1 regardless of any other molecular context. Naive CD4 T cells were polyclonally activated with anti-CD3/CD28 beads and put in distinct cytokine treatments: Th0 (no cytokine) and Th2 (IL-4) as negative controls; Th17 (IL-1b+IL-23+IL-6+TGF-b) as a positive control, IL-12, IL-1b, and IL-12+IL-1b. IL-12 alone induced IFN-g and IL-21 and inhibited Th2-related cytokines, as expected (Figure S6B). IL-12 alone induced neither IL-17F nor IL-17A, but combining IL-12 with IL-1b dramatically induced IL-17F at levels comparable with the positive control, without a detectable amount of IL-17A, which fully validated the model predictions (Figure 7B). This effect was specific to the IL-12+IL-1b combination IL-6, IL-23, or TGF-b alone or combined with IL-12 could not induce IL-17F expression (Figure S6C). The exact same pattern of Th (legend continued on next page)

Cell 179, 432-447, October 3, 2019 443 cytokine expression was obtained by combining IL-1a or IL-1b with IL-12, which fit model predictions because those two variables were highly correlated (Figure S6D). The capacity of IL-12+IL-1b to induce IL-17F was resistant to the presence of other Th differentiation factors, such as IL-4 (Figure S6E). Using CellTrace Violet (CTV; Figure S6F), we could show that the production of IL-17F could not be attributed to the distinct proliferation capacity of Th cells under the IL-12+IL-1b condition.

Next we questioned whether Th cells generated under the IL-12+IL-1b condition would express transcription factors classically associated with Th17 differentiation. We measured 63 RNA transcripts by qPCR under Th0, Th2, IL-1b, IL-12, IL-12+IL-1b, and Th17 conditions (Table S6). The 63 genes included master regulators of the Th1 and Th2 subsets, such as T-bet and GATA3, respectively, and Th17 regulators, such as RORc, STAT3, BATF, and SATB1 (Ciofani et al., 2012). IL-17A and IL-17F regulation at the mRNA level mirrored the protein level (Figure S6H). IL-12+IL-1b induced significantly more RORc, BATF, and Bcl6 than IL-12 or IL-1b alone (Figure S6H), which could explain the induction of IL-17F and IL-21. Still, the levels of RORc and Bcl6 were lower in IL-12+IL-1b than under the Th17 condition (Figure S6H). T-bet was highly induced in IL-12+IL-1b in comparison with the IL-12 or Th17 conditions, indicating that Th1 differentiation was maintained and that T-bet did not inhibit IL-17F production. IL-12Rb2, a Th1 marker, was downregulated by IL-1b when added to IL-12, whereas IL-12, IL-12+IL-1b, and Th17 conditions all induced the IL-23 receptor (Figure S6H). SATB1 was specifically upregulated in IL-12+IL-1b in comparison with Th17 or IL-1b alone (Figure S6H), suggesting that it could play a role in the specific upregulation of IL-17F.

To globally assess the expression of the various Th lineagespecific factors, across IL-12-and IL-1-containing conditions, we performed a principal-component analysis (PCA) including all 63 mRNA variables (Figure S7A). Cells from the IL-12+IL-1b condition had an intermediate expression pattern between the IL-12 (Th1) and Th17 conditions. By decomposing the PCA space into vectors for each variable, we found that IL-17F, IL-23R, ICOS, and T-bet projected predominantly along the IL-12+IL-1b condition (Figure S7B), again pointing to mixed Th1/Th17 features.

We then addressed the link between IL-12 and IL-17A in various contexts. IL-12 with IL-23 was predicted to induce IL-17A but not IL-17F (Figure 6C). In a DC-free Th polarization assay, we used IL-12, IL-23, or IL-12+IL-23 and found that none of these conditions induced IL-17A (Figure 7C). We hypothesized that a third input could explain the positive link between ''IL-12_with_IL-23'' and IL-17A. Using an unsupervised analysis, we found IL-1 as a top variable with the highest correlation (Figure S7C). In addition, IL-12 and IL-17A positive correlation was significant specifically in the group of data points where IL-23 and IL-1 were expressed (Figures S7D andS7E) and was lost when only IL-1 or IL-23 was expressed with IL-12 (Figure S7D). Therefore, we tested whether IL-12+IL-23 would induce IL-17A in the presence of IL-1b. We validated a significant induction of IL-17A with no effect on IL-17F when IL-12 and IL-23 were given in the presence of IL-1b compared with IL-12 or IL-23 (Figure 7C). We measured IL-17A and IL-17F by qPCR and retrieved the same induction pattern (Figure S7F). Last, we could show that RORc was higher in IL-12+IL-23+IL-1b than in IL-12+IL-1b (Figure S7F).

Finally, we observed that our modeling strategy always identified CD58 as a main Th17 inducer because it positively affected both IL-17A and IL-17F (Figures 4B and6C), an association that we had not seen during our systematic literature review (Fig- ure 4D; Table S3). To test this hypothesis, we used an agonist anti-CD2 antibody that mimics the presence of CD58 (STAR Methods). As predicted, IL-17A and IL-17F were not induced by anti-CD2 alone under the Th0 condition. However, anti-CD2 significantly induced production of IL-17A and IL-17F under Th17 conditions (Figure 7D), which was confirmed by intracellular FACS staining (Figures S7H andS7I), with IL-17F upregulation restricted to IL-17A-positive cells (Figure S7I).

To establish the cytokine co-expression profiles of IL-12+IL-1b-treated Th cells at the single-cell level, we performed intracellular cytokine staining (Figure 7E). We confirmed that IL-12+IL-1b induced significantly more IL-17F-positive Th cells without co-production of IL-17A (Figure 7F). In naive CD4 T cells polarized with the Th17 cytokine cocktail (IL-1b, IL-6, TGF-b, and IL-23) we mainly found two subsets of Th17 cells producing either IL-17A or IL-17F, with very few cells co-producing both cytokines. To check for in vivo existence of those IL-17A and IL-17F single producers, we analyzed the human CD4 T cell memory compartment by intracellular FACS in healthy donor peripheral blood mononuclear cells (PBMCs). We could identify a small fraction of Th cells expressing only IL-17F in the absence of IL-17A, suggesting that this phenotype constitutes a differentiation endpoint (Figure 7G).

To gain more insight into the functional properties of these ''Th17F'' cells, we studied their co-production with IL-21, IFN-g, and IL-22, all relevant to the Th17 and/or IL-12 pathways, in vitro (Figure S7J) and ex vivo (Figure S7K). Among IL-17F + IL-17A À cells generated with IL-12 and IL-1b, the majority co-produced IFN-g (41.8%), IL-21 (10.5%), or both (24.1%) (Figure 7H), reflecting a dominant role of IL-12. IL-17F + /IL-17A À memory CD4 cells preferentially co-expressed IL-21 (30.3%) and IL-21 together with IFN-g (17.5%) (Figure 7I), which matched the in vitro differentiated CD4 T cells. In addition, the percentage of IL-17F + /IL-17A À /IL-22 À /IL-21 À /IFN-g À cells between in vitro IL-12+IL-1b stimulation and the ex vivo restimulated memory compartment was similar (22.2%), which indirectly supported that IL-12+IL-1b induced the emergence of IL-17F single producers.

Taken together, our results demonstrate a synergy between IL-12 and IL-1 in inducing IL-17F single-producing Th cells with possible physiopathological relevance.

DISCUSSION

Cell-cell communication may involve several tens of communication signals functioning concomitantly and possibly interacting with each other. These signals, in turn, modify many molecular and functional parameters in target cells. Such complexity cannot be captured and formalized without an integrated mathematical modeling approach. Theoretical models of Th cell differentiation have already been established (Abou-Jaoude ´et al., 2015; Naldi et al., 2010) and include a large number of possible inputs to T cells. However, they suffer from three limitations: (1) they include input signals that may be expressed by diverse cell types in different anatomical locations; (2) they do not recapitulate combinations of input signals in their naturally occurring patterns and concentrations; and (3) they use prior knowledge to infer inputoutput relationships, which does not integrate possible contextdependencies and interactions. In parallel, data-driven models have been developed in response to predefined stimuli, such as Th17 (Yosef et al., 2013) or Th1/Th2 (Antebi et al., 2013), which do not recapitulate the integration of multiple communication signals. In our study, we applied an unbiased data-driven approach specifically designed to model DC-Th communication. Combinations and concentrations of input communication signals were measured as naturally determined by their intrinsic biological regulation. Subsequently, the input-output relationships were learned from the experimental data and integrated into any underlying context dependency and interaction, even when not described previously. This maximizes the relevance of the model and the potential for novel discoveries.

Cells can change state in response to environmental cues, a concept defined as plasticity (da Silva-Diz et al., 2018; Liu et al., 2001). Each cell state may be associated with different communication potential; i.e., different expression patterns of communication signals (Soumelis et al., 2002; Wang et al., 2014). To broadly cover the possible DC states, we used various DC-stimulatory conditions (cytokines, viruses, bacteria, fungi) at various doses and combinations and across a large number of observations (>400). This prevented us from biasing our observations toward certain quantitatively or qualitatively extreme behaviors. After the model has learned the rules from such an extended range of observations, we anticipate that it should be able to predict behaviors in situations not necessarily covered in our original dataset, as confirmed in our computational and experimental validations. This opens possibilities of application in many areas of immunology, inflammation, and immunotherapy.

RNA sequencing (RNA-seq) has offered a means of capturing the expression of many communication signals and their receptors to infer cell-cell communication between various cell types (Vento-Tormo et al., 2018). However, the RNA-to-protein correlation can be rather low (Liu et al., 2016) and varies a lot depending on the gene (Edfors et al., 2016). Consequently, RNA copies of a gene cannot be associated with a given functional output, preventing quantitative mathematical modeling. Functional response in target cells can only be estimated indirectly through surrogate activation markers, which is most often not performed. In our approach, all measurements of communication signals and output variables were done at the protein level, hence directly measuring the bioactive communication molecules with a direct link to a specific response in target cells. This ensures robustness of the modeling strategy, as evidenced by our model's ability to recapitulate most of the known relationships in DC-Th cell communication.

Modeling complex biological behaviors in a quantitative manner is challenging. In data-driven models, it relies in large parts on the choice of explanatory (input) variables, which drive the induction or regulation of output variables. Here we selected DC-derived communication molecules through exhaustive literature mining. The model was able to integrate 36 input and 18 output variables in a quantitative manner, which makes it a reference in the field. We have been able to describe patterns of DC communication molecules in a way that goes beyond the classical view of immature versus mature DCs (Banchereau and Steinman, 1998; Guermonprez et al., 2002). In fact, we showed that almost every DC stimulatory condition leads to a distinct DC state. This is a first step in defining general combinatorial rules of DC-derived communication molecules: co-expressed molecules form the basis of putative context-dependent effects. Through the large number of variables handled by the model, we identified 290 novel associations explaining major immunoregulatory cytokines, which may lead to the discovery of novel functions of known DC molecules and suggest novel therapeutic targets.

Going further into the complexity of communication, we explored context dependencies of communication signals. In verbal communication, the context may dramatically alter the meaning of an individual word. Currently, there is no systematic way to search for context dependencies in biological communication. In our modeling strategy, we devised a method that introduces context-dependent variables for a given molecule. This allows unbiased identification of context-dependent functions that would have been missed by classical regression models. For example, we identified a new function for IL-12 in promoting IL-17F production by Th cells, which was completely unexpected based on prior knowledge (Korn et al., 2009). Identifying such context dependencies before therapeutic targeting of a DC-Th communication molecule may improve the prediction of its effect.

Given that DC-Th communication is central to a large number of physiopathological conditions (Keller, 2001), we can foresee multiple applications for the model. Based on expression pattern of DC molecules, the model can predict the induced Th cytokine profile. Quantitative measurements of DC communication molecules in a given disease or in an individual patient ex vivo can be used to simulate the corresponding Th response. Depending on the outcome, strategies may be devised to re-orient the response toward a protective or less pathogenic profile, again through model-based predictions. Alternatively, starting from a Th profile (cytokine or groups of cytokines), the appropriate molecular targets can be manipulated through gain-or loss-of-function experiments to amplify or inhibit a given Th cytokine. Last, the model can help predict the most appropriate vaccine adjuvant to obtain Cell 179,432433434435436437438439440441442443444445446447October 3,2019 445 protective immunity against some microbes or to re-orient a pathogenic Th response. For example, all DC molecules positively associated in the model to Th2 responses are potential targets to decrease pathogenic Th2 allergic inflammation (Ito et al., 2005; Nakayama et al., 2017; Soumelis et al., 2002).

Using DC-Th communication as a model, we established a framework that can now be applied to other types of cell-cell communication following 5 major steps: (1) systematic perturbation of the ''sender'' cell to generate a diversity of communication states; (2) broad, quantitative, and protein-level measurement of communication molecules relevant to the sender cell; (3) systematic quantitative assessment of the response in ''receiver'' or target cells; (4) MultiVarSel modeling of the input-output relationship, which defines communication rules; ( 5) in silico and experimental validation. Currently, we believe that cell type specificities in expression of communication molecules and in their function would prevent us from generalizing our DC-Th model to other cell types. Comparing different quantitative models of cell-cell communication will ultimately tell us whether cells speak the same language (i.e., whether they express similar patterns of communication molecules) and whether the same communication molecule has the same meaning (function) when expressed by two different cell types.
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following markers: B7H3, CD30L, 4-1BBL, PDL2, VISTA, CD40, CD54, CD58, ICAM-2, ICAM-3, CD18, CD29, SLAMF5, SLAMF3, PVR, CD11a, CD100, LIGHT, Nectin-2, Jagged-2, Galectin-3, CD70, CD80, CD83, OX40L, PDL1, CD86, ICOSL and HLA-DR. And the remaining cells were put in coculture with allogeneic naive CD4 T cells, at a ratio of 1 DC for 5 T cells, in X- VIVO 15 medium (Lonza). For FACS staining, a single batch of commercially available antibodies was used across the study.After 6 days of coculture, T cells were washed and live cells were counted at the microscope using trypan blue to calculate Exp Fold. T cells were reseeded at 1x10 6 /mL and restimulated with anti-CD3/CD28 Dynabeads (LifeTechnologies). 24 hours later supernatants were collected to measure the following T cell cytokines: IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-21, IL-22, IL-31, GM-CSF, IFN-g, TNF-a, TNF-b. In each coculture experiment, one single DC donor was coupled to a different single CD4 T cell donor. For each DC/T cell pair, the measurement of DC derived signals and Th cytokines were performed in parallel, leading to the acquisition of paired data for the 36 DC derived signals and the 18 T cell parameters measured.

IL-12 blocking experiment

For IL-12 blocking experiment, after 24 hours activation with Zymosan (10mg/mL) or curdlan (10 mg/mL), MoDC were incubated during one hour at 37 C in the presence of 20 mg/mL of anti-IL-12p70 blocking antibody or its matched isotype control. Then, naive CD4 T cells were added to the culture. Antibodies were maintained for the duration of the co-culture. After 6 days of coculture cells were washed and reseeded at 1x10 6 /mL and restimulated with anti-CD3/CD28 Dynabeads (LifeTechnologies). 24 hours later supernatants were collected to measure T cell cytokines.

CD28 blocking experiment

For CD28 blocking experiment, MoDC were first activated for 24 hours with Flu (1X), LPS (100ng/mL) or Zymosan (10 mg/mL). Then, activated DC were cocultured with allogeneic naive CD4 T cells in the presence of 5 mg/mL anti-CD28 blocking antibody or its matched isotype control (Figure 5A). Antibodies were maintained for the duration of the co-culture. After 6 days of coculture cells were washed and reseeded at 1x10 6 /mL and restimulated with anti-CD3/CD28 Dynabeads (LifeTechnologies). 24 hours later supernatants were collected to measure T cell cytokines. We systematically measured all Th outputs predicted to be associated either to CD80 or CD86 (Figure 5B). Finally, we compared the estimated (in silico prediction) and the real (experimental) fold change (FC) (Figure 5B). A FC higher or lower than one for a given Th output indicated an inhibitory versus inducer role of CD80/CD86, respectively.

Addition of rhIL-12p70 during DC/T coculture Sorted myeloid-DC were activated for 24 hours with zymosan (10 mg/mL) or HKSA (MOI 1). Then, 10,000 activated DC were cocultured with 50,000 allogeneic naive CD4 T cells in the presence or absence of 10 ng/mL rhIL-12p70. After 6 days of coculture, 100,000 T cells were restimulated for 24 hours with anti-CD3/CD28 Dynabeads. Supernatants were then collected for cytokine measurements.

DC-free Th cell polarization

Naive CD4 T cells were cultured for 5 days with only anti-CD3/CD28 Dynabeads (Life Technologies) to obtain Th0 or in combination with either 10 ng/mL IL-12 (Th1), 25ng/mL IL-4 (Th2), 10 ng/mL IL-1b or IL-1a, 100 ng/mL IL-23, IL-12 plus IL-1b or a mix of IL-1b, IL-23, 1 ng/mL TGF-b and 20 ng/mL IL-6 to obtain Th17 (Peprotech) as already published (Touzot et al., 2014). At the end of the culture cells were used for intracellular staining or washed, reseeded at 1x10 6 /mL and restimulated with anti-CD3/CD28 Dynabeads (Life Technologies) for 24 hours before collecting supernatants for cytokine measure and lysing cells in RLT buffer (QIAGEN) for qPCR analysis.

ICOS agonism

For experiments with anti-ICOS antibody, prior to culture 5 mg/mL anti-CD3 (OKT3 clone, Biolegend) with 5 mg/mL anti-ICOS or matching isotype control were coated on a flat-bottom 96 well plate (TPP) and incubated overnight at 4 C. The plate was then washed 3 times with PBS before seeding 32,000 naive CD4 T cells with 1 mg/mL anti-CD28 (CD28.2 clone, Biolegend) and cytokines as described above in X-vivo medium (Lonza). After 5 days culture, T cells were counted and 100,000 cells were restimulated with anti-CD3/CD28 Dynabeads for 24 hours before collecting supernatants for cytokine measure.

We were able to induce the following Th outputs in the Th0 condition: Exp Fold, IL,3, IL-5, IL-6, IL-10, IL-13, IL-22, TNF-a and GM-CSF (Figure 5E). In a Th17 condition, we were able to demonstrate a positive effect of the ICOS pathway on the production of IL-17A (Figure 5E). All these observations were statistically significant, and validated the model predictions. However, six predictions on TNF-b, IL-2, IL-21, IL-17F, IL-4 and IL-31 could not be validated using these experimental settings (Figure S4C). For IL-17F, IL-4 and IL-31 we could not detect a significant effect of ICOS (Figure S4C), suggesting possible lack of a co-factor. However, for TNF-b, IL-2, IL-21 we found significant but opposite effects to the one predicted by the model, including the positive role of ICOSL in the induction of IL-21 (Table S3).

CD2 agonism

For experiments with anti-CD2 agonist antibody, prior to culture 5 mg/mL anti-CD3 (OKT3 clone, Biolegend) with 5 mg/mL anti-CD2 or matching isotype control were coated on a flat-bottom 96 well plate (TPP) and incubated overnight at 4 C. The plate was then washed 3 times with PBS before seeding 32,000 naive CD4 T cells with 1 mg/mL anti-CD28 (CD28.2 clone, Biolegend) and cytokines as described above in X-vivo medium (Lonza). After 5 days culture, T cells were counted and 100,000 cells were restimulated with anti-CD3/CD28 Dynabeads for 24 hours before collecting supernatants for cytokine measure.

We showed that our anti-CD2 antibody worked by studying the Exp Fold of naive T cells, cultured with anti-CD3 and CD28 with or without anti-CD2. We found that anti-CD2 significantly induced T cell Exp Fold (Figure S7G).

Flow cytometry analysis

Antibodies and matched isotypes were titrated on the relevant human PBMC population. For surface FACS analysis on activated MoDC and blood DC the complete list of antibodies and important information such as brand, final dilutions, reference, clone and colors are given in Key Resources Table . Dead cells were excluded using DAPI (Miltenyi Biotec).

For intracellular cytokine staining, naive or memory CD4 T cells were stimulated with 100 ng/mL PMA, 500 ng/mL ionomycin and 3 mg/mL Brefeldin A (ThermoFisher) for 5 hours. To exclude dead cells, CD4 T cells were stained using the LIVE/DEAD Fixable yellow dead cell stain kit, following manufacturer's instructions (LifeTechnologies). Cells were fixed and permeabilized using the IC Fix and Permeabilization buffers (ThermoFisher). Intracellular cytokines were revealed with fluorescently conjugated antibodies against IL-17A (BioLegend), IL-17F (ThermoFisher), IL-21 (BioLegend), IL-22 (ThermoFisher), and IFN-g (BD), or matched isotype controls and acquired on a Fortessa instrument (BD).

Cytokine quantification

Cytokines were quantified in dendritic cell supernatants using CBA flex set for IL-1a, IL-1b, IL-6, IL-10, TNF-a and IL-12p70 (also named IL-12) and using Luminex for IL-23 and IL-28a. Cytokines from T cell supernatants were quantified using CBA flex set for, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, TNF-a, IFN-g and GM-CSF (BD) and Luminex for IL-21, IL-22, IL-31 and TNF-b following the manufacturer's protocol.

Gene expression quantification

At the end of the 5 days Th polarization and 24 hours restimulation, total RNA was extracted from 100,000 cells using RNA easy micro kit (QIAGEN). Total RNA was retrotranscribed using Superscript II Reverse Transcriptase (ThermoFisher Scientific) in combination with random primers, Oligo(dT) and dNTP (Promega). Transcripts were then quantified by real time PCR on a 480 LightCycler Instrument (Roche). Reactions were performed using a qPCR Master Mix Plus (Eurogentec) and TaqMan assays listed in the Key Resources Table . Raw expression data (ct values) were normalized on the mean of two housekeeping genes (B2M and RPL34).

Anti-human ICOS monoclonal blocking antibody

The agonist ICOS antibody was produced for research purposes from the sequence made publicly available by JOUNCE THERAPEUTICS in the patent US 2016/0304610, INC. The produced antibody corresponded to the following sequences of the clone 37A10S713 with a human IgG1 isotype.

Heavy chain: EVQLVESGGGLVQPGGSLRLSCAASGFTFSDYWMDWVRQAPGKGLVWVSNIDEDGSITEYSPFVKGRFTISRDNAKN TLYLQMNSLRAEDTAVYYCTRWGRFGFDSWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTS GVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISR TPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPR EPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEAL HNHYTQKSLSLSPGK Light chain: IVMTQSPDSLAVSLGERATINCKSSQSLLSGSFNYLTWYQQKPGQPPKLLIFYASTRHTGVPDRFSGSGSGTDFTLTISS LQAEDVAVYYCHHHYNAPPTFGPGTKVDIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC Classical quality controls were performed to check that the produced anti-ICOS antibody had a correct, Purity (SDS-PAGE reducing), Homogeneity (SEC-MALS) Mass (LC-MS) and binding to target (FACS).

QUANTIFICATION AND STATISTICAL ANALYSIS Dataset quality control -batch effect

As quality control of our procedure we asked whether experimental batch effect could play a role in the differences we observed across our dataset. Selecting the 6 most frequent perturbators within our MoDC dataset we performed principal component analysis to look for batch effects related to the date of the experiments or the donor variability (Figure S1C).

Dataset quality control -T cell expansion

As a control, we could see that the Exp Fold profiles of CD4 T cells matched the activation profiles of DC observed in Figure 1C. Indeed, T cells co-cultured with either LPS-MoDC, Zymosan-MoDC or Flu-DC induced significantly more expansion than the negative Medium-DC control reflecting good quality controls of the experiments (Figure 3B).

Statistical tests

In the figure legends, n is indicated and corresponds to the number of donors used for each experiment. Paired Wilcoxon or t test were applied as detailed in figure legends to compare two groups. Significance was retained for *, p < 0.05.

Statistical analysis

Each variable of the dataset was transformed using first the Box-Cox transformation and then a scaling step on both the mean and the variance (using TBoCo package). For all analyses performed, cytokine values inferior to 20 pg/mL were considered as 0, as 20 pg/mL corresponds to the general detection limit of the assay. In order to cluster the inputs, outputs and the samples a hierarchical clustering approach was applied by using different criterions: Ward's criterion and Pearson correlation metric were used to cluster the inputs and the outputs, while Ward's criterion and the Euclidean metric were used to cluster the samples or DC conditions. The heatmaps were generated by using the heatmap.2 package. The correlations between the continuous variables were computed by using the Pearson correlation. All statistical tests are called ''significant'' if their p value is smaller than 0.05. The p values were corrected using Benjamini-Hochberg correction.

Boxplots represented are Tukey Boxplot, meaning that the box goes from the first to the third quartile, it is cut by the median and the whisker goes from the upper (resp. the lower) whisker extends from the third (resp. the first) quartile to the largest (resp. the smallest) value no further than 1.5 * IQR from the third (resp. The first) quartile (where IQR is the inter-quartile range, or distance between the first and third quartiles). Data beyond the end of the whiskers points and are plotted individually.

The fold change represented in Figures 5B and S4A represent the value (real or estimated) of an output in the absence of CD80 and CD86 divided by the value of the output in the same sample when CD80 and CD86 are present.

Model comparison and ROC Curves

In order to test different multivariate statistical modeling strategies, and to compare them in terms of false and true positive rates, we generated a simulated dataset that mimics the features of our DC and T cell experimental data, but for which we arbitrarily attributed a link between DC communication signals and Th cytokines, the whole strategy is detailed below.

The Figure S3A aims at assessing the performance of our modeling strategy in terms of variable selection and comparing it with other variable selection methodologies. In order to do this, we performed numerical experiment: we used the real input dataset called hereafter X, simulated a random error matrix (E) with a block covariance matrix to mimic the Th subset and a matrix of coefficients (B) to mimic the effect of the inputs on the outputs. Using these three matrices we created a new output matrix Y = XB+E. On this new matrix Y we applied different modeling strategies. 1) The sPLS, 2) the classical Lasso, applied to each column of Y (namely each output) independently (Lasso without covariance) 3) Our methodology, called MultivarSel, (described in the Modeling strategy section), which consists in estimating the covariance matrix of E and use it to remove the dependence between the outputs before applying the Lasso methodology (Lasso empirical covariance) 4) Lasso with real covariance matrix, the same methodology than ours, but with the real covariance matrix of E, corresponding to the internal positive control of this analysis. We also assessed stability selection by adding this analysis step to the three last methods (Lasso with stability selection and without covariance, Lasso with stability selection and empirical covariance, Lasso with stability selection and real covariance matrix). For each part of this methodology, we varied the threshold to vary the number of variables that were kept and calculated for each threshold the True Positive Rate (TPR) and the False Positive Rate (FPR). The TPR is the number of variables that have been properly identified as being relevant for explaining the response divided by the total number of explanatory variables.

We also wanted to assess the sparsity: the percentage of non-zeros in the matrix B. Namely the percentage of pairs of input-output that actually interact together. To do this, we made different scenarios with high and low sparsity (0.01 and 0.3). For all of these scenarios we simulated 1000 different Y, so we performed all this methodology 1000 times each and we calculated at each time, for each methodology and for each threshold the TPR and the FPR. We then took the mean of this TPR and FPR for each methodology and for each threshold. We also assessed the importance of the stability selection.

We can see that our MultivarSel Strategy (Lasso empirical covariance) provides better results than sPLS and Lasso without covariance. Moreover, we observed that its performance is similar to Lasso with the real covariance matrix (the positive control), which means that we greatly estimated the dependence among the outputs. We also noted that the larger the sparsity level, the smaller the differences of performance between MultivarSel (Lasso empirical covariance) and Lasso without covariance, while the differences between Lasso empirical covariance and sPLS are bigger. We can see that adding the stability selection step improves a lot the results.

Modeling strategy

In order to select the most relevant inputs for modeling the outputs, we used the linear model methodology recently developed in Perrot-Docke `s et al. (2018b) which has already been successfully applied to metabolomics data in Perrot-Docke `s et al. (2018a). The great advantage of such an approach is to propose a Lasso-based criterion (Tibshirani, 1996) taking into account the dependence that may exist between the outputs. The parameters involved in the criterion are chosen thanks to 10-fold cross-validation and stability selection with 1000 resampling (Meinshausen and Bu ¨hlmann, 2010). The numerical experiments were performed using the real inputs dataset. Then, in order to mimic the Th groups, a random error matrix having a blockwise constant covariance matrix was generated.

The ROC curves display the True positive rate (TPR) as a function of the False positive rate (FPR) where the TPR is the number of variables that have been properly identified as being relevant for explaining the response divided by the total number of explanatory variables. The FPR is the number of variables that have been wrongly identified as being relevant for explaining the response divided by the total number of variables that do not explain the response. To look for a context dependent role of IL-12p70 in the presence of another input we performed the same methodology but instead of modeling the outputs by using only the inputs, some new variables were added: they correspond to a combination of IL-12p70 with the other inputs. More precisely, for instance, the variable ''IL-12p70 with IL-1'' is equal to the value of IL-12p70 for the samples having a positive concentration in IL-1 and to zero for the samples for which the concentration in IL-1 is equal to zero.

We propose the following modeling for the outputs:

Y = XB + E; ( 1 
)
where Y denotes the n3q output matrix, X denotes the n3p design matrix containing the inputs, B is an unknown p3 q coefficient matrix and E is the n3q random error matrix. Here, n corresponds to the number of samples, q is the number of outputs and p denotes the number of inputs. In order to take into account the potential dependence that may exist between the outputs, we shall assume that each row i of E satisfies:

ðE i;1 ; .; E i;q Þ$Nð0; S q Þ; (2) 
where S q denotes the covariance matrix of the ith row of the random error matrix.

In order to select the most relevant inputs for explaining the outputs, the methodology that we propose can be summarized in the following three steps: First step Fitting a multiple regression model to each output to have an estimation of the error matrix: b E and computing its empirical covariance matrix.

Second step

Using this empirical covariance matrix to remove the dependence in E, namely between the outputs.

Third step

Selecting among the inputs the most relevant for explaining the outputs by applying a Lasso approach to the transformed data as explained in the second step.

First step

Residuals and covariance matrix. We obtained an ordinary least square (OLS) estimator of B by fitting a multiple regression model which is not a variable selection method. More precisely, the corresponding estimator b B OLS is defined by

b B OLS = Argmin B n kY À XBk 2 2 o Using b B OLS we got an estimation of E: b E = Y À X b B OLS
. Then, we computed the empirical covariance matrix b S q of b E.

Second step

Transformation. Let us recall that the standard Lasso criterion, proposed by Tibshirani (1996) estimates B in the following univariate linear model:

Y = XB + E; (3) by 
b BðlÞ = Argmin B n kY À XB k 2 2 + lkB k 1 o ; (4) 
where Y, B and E are vectors. Usually, the components of E are assumed to be independent. Thus, we proposed to transform Model ( 1) to be able to use the Lasso criterion as follows. First, we removed the dependence among the outputs:

Y b S À1=2 q = XB b S À1=2 q + E b S À1=2 q ; (5) 
where b S À1=2 q denotes the inverse of the square root of S q . Then, we applied the vec operator which consists in stacking the columns of a matrix into a single column vector.

Y = vec Y b S À1=2 q = vec XB b S À1=2 q + vec E b S À1=2 q = vec b S À1=2 q 0 5X vecðBÞ + vec E b S À1=2 q = Xb + ε:
Cell 179, 432-447.e1-e11, October 3, 2019 e10 6 A) Prediction of error comparison between MultiVarSel and ''all_with model'' performed for each Th output. B) Quantification per input of the number of times it is selected as associated to an output in the 36 context-dependent models (Table S5). The total number of associations (resp. the number associations of the input alone, resp. the input with another) is represented in the column 'Number' (resp. Number alone, resp. Number with) the ratio (Number with / Number) is represented in the column 'Percentage' C) Same as panel B but per output instead of input. D) On 8 distinct donors of coculture MoDC/naive CD4 T cells experiments IL-12 was blocked using neutralizing antibody. After the coculture at day 6, Th cells were restimulated 24 hours at 1 million cells/mL and the amount of IFN-g was determined using CBA. Paired Student's t test was applied to compare two conditions. E) Model predictions on IL-12 in silico KO in the condition MoDC-curdlan (10 mg/mL) for IL-17A and IL-17F values. Real values in the presence of IL-12 are compared to predicted values obtained in the absence of IL-12. F) Concentrations of IL-17A, IL-17F and IFN-g produced by Th cells after coculture with MoDC treated with 10 mg/mL curdlan, in the presence of neutralizing antibody specific for IL-12 or matching isotype. n = 4 donors. Paired t test was performed to compare the means. This experiment was performed on 3 donors. D) Comparison in the same naive CD4 DC-free culture system of the effect of IL-1a and IL-1b on the production of six distinct cytokines: IFN-g, IL-17A, IL-17F, TNF-a, IL-13, IL-10. This experiment was performed on 3 donors. E) DC-free differentiation assay performed using anti CD3/CD28 beads in the indicated cytokine conditions. n = 6, Wilcoxon test was used for statistics. F) Example of FACS CTV staining for Th proliferation assessment at day 5. G) Quantification of the % of alive cells in each peak of the CTV staining for each condition. n = 3, paired t test was performed H) qPCR expression profiles for selected genes in the following conditions Th0, Th2, IL-12, IL-1b, IL-12+IL-1b, Th17 (IL-6+IL-23+IL-1b+TGF-b). n = 6. Wilcoxon test was used. 
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T H cell diversity and response to dupilumab in patients with atopic dermatitis

To the Editor:

We report here on a systematic assessment of T H cell subsets and their dynamic changes in the context of dupilumab treatment, a recently approved biotherapy in atopic dermatitis (AD).

Dupilumab targets the IL-4 receptor a-chain that is common to the IL-4 and IL-13 receptors. Although the IL-4 pathway is critical for T H 2 differentiation, it may also affect other T H pathways directly or through cross-regulation.

In this study, we used multicolor flow cytometry to measure the evolution of 8 T H and follicular helper (T FH ) cell populations in the peripheral blood of patients with chronic AD before and after dupilumab, with or without concomitant treatment (as detailed in Table E1 in this article's Online Repository at www.jacionline. org). Samples were obtained from 29 patients with moderateto-severe AD at different time points from therapy (month 0 [M0] [ie, baseline], M1, M3, M6, and > _M12) as well as from 25 age-and sex-matched healthy subjects (see Table E2 in this article's Online Repository at www.jacionline.org). By using a validated 5-parameter surface staining 1 percentages decreased between M0 and M3, but they returned to baseline levels at M12 (see Fig E2 ,B).

The biggest baseline differences and dynamic variations were measured in the T H cell populations. When patients with AD at M0 and HDs were compared, there was no significant difference in the percentages of T H 1 cells, but higher percentages of T H 2 and T H 17 cells and lower percentages of T H 1/17 cells were found in patients with AD (Fig 1,A). Dynamically, we detected a significant increase in T H 1 and T H 1/17 cell percentages between M0 and M12, paralleling a gradual decrease in the percentage of T H 2 cells (Fig 1,A). The changes in T H 17 cell percentage were more subtle, with an initial increase (from M0 to M1 and M3) and a return to baseline at M12. The evolutions of T H 2 and T H 17 cell percentages for individual patients are also provided (see Fig E3 in this article's Online Repository at www. jacionline.org).

Among the routine blood cell count variables, the total lymphocyte counts increased slightly over the course of dupilumab treatment, whereas eosinophil counts increased from M0 to M6 and returned to baseline (Fig 1 ,B). These were minor changes as compared with the modifications in T H subpopulations.

Other studies have measured T H cell populations in the peripheral blood of patients with AD, [2][3][4][5] bringing new insights on the proportions of T H subsets between skin-homing CLA 1 and CLA -CD4 1 T cells. Complementarily, our study focused on the total T H and T FH subsets in circulating blood of patients with AD.

Two interesting studies used transcriptomic analysis in whole lesional skin biopsy specimens to compare baseline with 4 weeks of dupilumab treatment; they found that T H 2-associated chemokines were downregulated in response to dupilumab. 6,7 Our study significantly extends those findings by providing a detailed and dynamic analysis of T H cell diversity in patients with AD during 12 months of dupilumab treatment.

In parallel with the immunologic variables, we monitored the baseline value and dynamics of standard clinical scores-the Eczema Area and Severity Index (EASI) and SCORing Atopic Dermatitis score-at each time point. As previously reported, 8 both scores significantly decreased from M0 to M12 during patient treatment with dupilumab (Fig 1 ,C). Administration of concomitant therapies did not influence EASI score (data not shown).

We evaluated the association between T H cell and T FH cell populations and EASI score.

The T H 2 cell percentage significantly correlated with EASI score at all time points except M6 (Fig 2,A). This was expected because the decrease in T H 2 cell percentage from M0 to M12 (Fig 1,A) paralleled the decrease in EASI score (Fig 1 ,C). It also validated blood T H 2 cells as a robust pharmacodynamic biomarker of dupilumab treatment.

Our working hypothesis was that T H cell cross-regulation may induce more complex dynamic changes in T H cell subsets than only changes in T H 2 cells. Indeed, T H 17 cell percentage significantly correlated with EASI score at M0 and very strongly at M12 (Pearson correlation 5 0.7867) (Fig 2 ,B). Also, the correlation between relative difference in EASI score between M12 and M0 and relative difference in T H 17 cell percentage between M12 and M0 showed that the largest decreases in T H 17 cell percentages were found in patients with the largest decreases in EASI score (Fig 2 ,C). This is in line with a possible role for T H 17 cells in the physiopathology of AD. 9 Finally, we grouped the patients according to their response to treatment: high responders displaying an improvement in their EASI score at M12 or longer of at least 85%, low responders showing a decrease in their EASI score of less than 60%, and the remaining intermediate responders. Low responders displayed significantly lower levels of CXCR5 1 total T FH cells at M12 than did strong and intermediate responders. This difference was also identified for T FH 1 and T FH 2 cells. Conversely, low responders displayed higher levels of CXCR5 -cells at M12 than did high and intermediate responders. T FH 17 and T FH 1/17 cell percentages were not significantly different between the 2 groups (Fig 2 ,D).

Reductions in CCL26 and CCL13 (T H 2-associated chemokines) expression were previously correlated with improvement in EASI score. 7 Here, we were able to show that EASI score correlated not only with T H 2 cell percentage but also with T H 17 cell percentage, and that total T FH ,T FH 1, and T FH 2 cell percentages could allow separation of low versus high responders.

Our detailed and systematic study further established a strong link between T H 2 cells and response to dupilumab. However, it also suggests an important role of other T H and T FH cell populations in AD physiopathology and treatment response. Although they were established on a limited number of patients, our results warrant validation in larger independent cohorts. This should set the ground for exploitation of fine-grained T H cell subsets as biomarkers in future clinical observation studies or in the context of controlled therapeutic trials.

Introduction

Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) is the third zoonotic coronavirus that emerged in the last two decades. SARS-CoV-2 is the causative agent of coronavirus disease 2019 (COVID-19) that appeared in late 2019 in Wuhan, Hubei province in China (Nandakumar, 2020; Sheahan and Frieman, 2020). SARS-CoV-2 became rapidly pandemic, and infection have now been detected in 216 countries and territories, and is responsible for approximatively 10 million confirmed cases and 500,000 deaths as of 26 of June 2020 (WHO weekly update). SARS-CoV-2 infection may lead to a diversity of clinical presentations, ranging from asymptomatic or mild "flu-like" syndrome, to severe and life-threatening acute respiratory failure. Disease aggravation usually occurs after 8 to 10 days following initial symptoms (Tang et al., 2020). At this late stage, three main factors were shown to contribute to the progression and severity of the infection (Tang et al., 2020): 1) viral persistence was evidenced in the lung and systemic circulation, although it is not constant (Tang et al., 2020), 2) an excess production of pro-inflammatory cytokines, such as IL-1b and IL-6 (Tay et al., 2020; Arnaldez et al., 2020), 3) a defect in type I interferon (IFN) production, especially in critically ill patients (Tay et al., 2020; Acharya et al., 2020). Although these abnormalities were confirmed in several studies, their origin and underlying mechanisms remain mostly unknown. In particular, it is not known whether an imbalance between inflammatory cytokines and type I IFN occurs early in the disease, at the stage of the primary infection, and whether the virus itself may be responsible. To fill this gap of knowledge, it becomes essential to investigate the early innate immune response to SARS-CoV-2. Among the immune cells that are involved in innate anti-viral immunity, plasmacytoid predendritic cells (pDC) play a particularly important role as the major source of type I IFN in response to viral infection (Liu, 2005). PDC can sense a large array of viruses including the coronaviruses murine hepatis virus (MHV) and the middle east respiratory syndrome coronavirus (MERS) (Scheuplein et al., 2015; Cervantes-Barragan et al., 2007), and respond by producing innate cytokines, including all forms of type I IFNs (α and β), type III IFN, and inflammatory cytokines, in particular TNF-α and IL-6 (Liu, 2005; Yin et al., 2012; Gilliet et al., 2008). However, different viruses may induce different cytokine patterns (Thomas et al., 2014), possibly creating an imbalance between IFN versus inflammatory cytokine response.

Additionally, some viruses were shown to subvert pDC functions through different mechanisms not necessarily related to productive infection. This is the case for HIV, which may induce pDC apoptosis in vitro (Meyers et al., 2007) and pDC depletion in vivo (Soumelis et al., 2001; Meera et al., 2010). Human hepatitis C virus can inhibit IFN-α production by pDC through the glycoprotein E2 binding to BDCA-2 (Florentin et al., 2012). Human papillomavirus induces very low IFN response in pDC (Bontkes et al., 2005), which may be due to impaired TLR-7 and -9 signaling (Hirsch et al., 2010).

Whether SARS-CoV-2 induces efficient pDC activation, or may interfere with various biological pathways in pDC is currently unknown.

In this study, we have systematically addressed the interactions between clinical SARS-CoV-2 isolates and primary human pDC in order to reproduce the early stages of the infection. We showed that pDC are resistant to productive infection with SARS-CoV-2 strains but still mount substantial IFN responses upon viral challenge.

Interestingly, pDC responded to SARS-CoV-2 by a complete activation program, including diversification into effector subsets, production of type I and type III IFN, as well as inflammatory cytokines. We also showed that hydroxychloroquine, an antimalarial drug proposed for treatment of COVID-19 patients (Das et al., 2020; Mahévas et al., 2020), inhibits SARS-CoV-2-induced pDC activation and IFN production in a dose-dependent manner. Our results establish pDC as a potential key player in innate immunity to SARS-CoV-2, and raise caution regarding pharmacological manipulation that could inhibit pDC effector functions.

Results

SARS-CoV-2 induces activation and diversification of primary human pDC

In order to efficiently recapitulate SARS-CoV-2-pDC interactions, we used two strains of SARS-CoV-2 primary isolates. Their viral genome sequences were nearly identical with 99,98% identity. Sequence comparison with reference strain Wuhan-Hu-1 (NCBI accession number NC_045512.2) showed that both strains contain a subset of mutations (C241T; C30307T; A23403G and G25563T), characteristic of the GH clade based on GISAID nomenclature. Human primary pDC were purified from healthy donor peripheral blood mononuclear cells (PBMC) by cell sorting. First, we asked whether SARS-CoV-2 was able to induce pDC activation, and diversification into IFNproducing and/or T cell stimulating effectors, as we previously described for influenza virus A (Flu) (Alculumbre et al., 2018). After 24 hours of culture, SARS-CoV-2activated pDC efficiently diversified into P1 (PD-L1 + CD80 -), P2 (PD-L1 + CD80 + ), and P3 (PD-L1 + CD80 + ) pDC subsets, similar to Flu stimulation (Fig 1A). P1-, P2-, and P3-pDC were all significantly induced by SARS-CoV-2 and Flu, as compared to medium control (Fig 1B). In parallel, we observed a sharp decrease in non-activated P0-pDC (PD-L1 -CD80 -) (Fig 1A andB). SARS-CoV-2-induced pDC activation was comparable with magnetically-versus FACS-sorted pDC (Fig S1A and S1B), confirming that both methods are suitable for subsequent experiments. All main findings were confirmed on at least three independent experiments using FACSsorted pDC, with a protocol that excluded AS-DC, a rare dendritic cell (DC) subset that shares some markers and functional features with pDC (Villani et al., 2017) 

Human pDC are not productively infected by SARS-CoV-2

Next, we asked whether SARS-CoV-2 -induced pDC activation was dependent on productive infection. We first checked whether pDC express at their cell surface ACE2, the major SARS-CoV-2 entry receptor (Hoffmann et al., 2020, 2). No significant expression was detected using an anti-ACE2-specific antibody, as compared to a low and high expression on Vero E6 and 293T-ACE2 cell lines, respectively (Fig 1E) 

Upregulation of major immune checkpoints on SARS-CoV-2-activated pDC

Activating immune checkpoints play a key role in T cell stimulation, and serve as surrogate markers of DC differentiation (Guermonprez et al., 2002). We first assessed the dose-dependent effect of SARS-CoV-2 on CD80 expression and subset diversification. CD80 was induced in a dose-dependent manner by SARS-CoV-2 at MOI 0.04 to 1 (Fig 2A). This was accompanied by an increase in P3-pDC subset, and a slight decrease in P1-pDC (Fig 2B) 

Efficient production of type I and type III interferons by SARS-CoV-2-activated pDC

A key and defining function of pDC is their ability to produce large amounts of type I IFN (Gilliet et al., 2008). We measured the production of several cytokines at the protein level after 24 hours of culture. Both SARS-CoV-2 and Flu induced high levels of IFN-α2 and IFN-λ1, both being critical anti-viral effector cytokines (Fig 3A). IFN-α levels following SARS-CoV-2 activation reached up to 80 ng/ml, indicating a very efficient activation. The chemokine IP-10 was also significantly induced (Fig 3A), possibly due to an autocrine IFN loop (Blackwell and Krieg, 2003). Inflammatory 

SARS-CoV-2-induced pDC activation is inhibited by hydroxychloroquine

Given that SARS-CoV-2 did not infect pDC, and did not interfere with pDC activation, we asked whether pharmacological agents could modulate pDC diversification and cytokine production. Hydroxychloroquine (HCQ) is known to inhibit endosomal acidification which may diminish pDC activation (Kuznik et al., 2011, 9; Sacre et al., 2012). Additionally, it is being tested in several clinical studies as a potential treatment for COVID-19 (Das et al., 2020; Mahévas et al., 2020). Hence, we addressed its role in SARS-CoV-2-induced pDC activation. Following 24 hours of culture, we found that HCQ inhibited pDC diversification in response to SARS-CoV-2, which is similar to the decrease observed with Flu, used as a positive control (Fig which may impact subsequent T cell activation. Last, we assessed the effect of HCQ on innate pDC functions. We measured cytokine production after 24 hours of SARS-CoV-2-induced pDC activation in the presence or absence of HCQ. We found that IFN-α and λ levels were decreased by HCQ (Fig 4E). This was also the case for IL-6 and IL-8, with a much lesser impact on IP-10 (Fig 4E). Together, these results show that HCQ inhibits SARS-CoV-2-induced pDC diversification and cytokine production.

Discussion

Type I IFNs are critical cytokines that control viral replication. Several chronic viral infections were associated to poor type I IFN responses (Lee et al., 2013; Snell et al., 2017; Marsili et al., 2012; Dolganiuc et al., 2006). In COVID-19 patients, decreased serum levels of type I IFN were associated with severity in late stage infection, and increased viral load (Tay et al., 2020; Acharya et al., 2020). This raised the question as to whether SARS-CoV-2 was intrinsically capable of inducing a robust IFN response, or on the contrary could interfere with IFN production and other antiviral immune pathways. In this study, we have used primary SARS-CoV-2 isolates and human primary pDC in order to increase the relevance to a naturally occurring infection. Our results demonstrate that SARS-CoV-2 is a strong IFN inducer by efficiently stimulating primary pDC. Viral sensing was independent of the expression of the ACE2 entry receptor or the ability of the virus to replicate in pDC. However, the precise molecular mechanisms involved remain to be investigated. Both type I and type III IFNs were induced at high levels upon SARS-CoV-2 stimulation. This strongly suggests that the defects observed in critically ill COVID-19 patients are acquired during disease evolution through secondary events, not necessarily associated to direct effect of the virus. Possible mechanisms could be related to inflammatory cytokines, such as TNF, and endogenous glucocorticoid response, both being able to promote pDC apoptosis ( (Abe and Thomson, 2006). However, additional mechanisms may be involved and need to be explored in the context of severe COVID-19.

An excessive production of inflammatory cytokines, such as IL-1 β, IL-6 and TNF, was associated to COVID-19 severity (Tay et al., 2020; Arnaldez et al., 2020; Vabret et al., 2020). Their cellular source and the underlying mechanisms are currently unknown. Our results indicate that SARS-CoV-2-induced pDC activation promotes a balanced production of innate cytokines, including large amounts of type I and type III INFs, without any significant excess in inflammatory cytokines. This suggests that pDC activation may not be a causal factor of COVID-19 aggravation. In support to that, recent studies indicated that endothelial cells may be a target of SARS-CoV-2 infection, and could be at the origin of the systemic and multi-organ production of inflammatory cytokines (Pons et al., 2020). Bronchial epithelial cells could also be involved in the production of high levels of IL-6, which were not detected in the serum and in PBMC transcriptomic studies in severe COVID-19 (Wilk et al., 2020). This supports the view of pDC as being protective through an early and efficient production of antiviral cytokines, with later defects due to currently unknown mechanisms, associated with late stage aggravation. On the contrary, nonprofessional innate immune cells such as endothelial cells and bronchial epithelial cells may be involved in the secondary worsening of COVID-19 through the excessive and uncontrolled production of inflammatory cytokines. Several therapeutic approaches have been explored and are currently being tested in clinical trials on COVID-19 patients (Vabret et al., 2020; Tay et al., 2020). These include antiviral agents (Yang et al., 2020), immune-modulatory molecules, such as glucocorticoids (Fernández Cruz et al., 2020), and anti-inflammatory molecules, such as HCQ (Touret and de Lamballerie, 2020; Lecuit, 2020). This latter drug was additionally shown in in vitro studies to interfere with SARS-CoV-2 replication (Wang et al., 2020). Continued efforts in mapping and dissecting immune effector pathways to SARS-CoV-2 will be of major importance in order to design efficient treatment strategies adapted to each patient and stage of the infection.

Materials and methods

PDC isolation and cell culture

Buffy coats from healthy human donors were obtained from Etablissement Français du Sang, Paris, Saint-Antoine Crozatier blood bank. Peripheral blood mononuclear cells (PBMCs) were isolated through Ficoll density gradient centrifugation (Ficoll-Paque; GE Healthcare). PDC were isolated through a first step of pDC magnetic sorting (Human Plasmacytoid DC Enrichment Kit; StemCell), and subsequent flow cytometric sorting on the basis of live, lineage -(CD16, CD14, CD19, CD20, CD56 and CD3), CD11c -CD4 + , and CD2 -CD5 -cells to a 98% purity. Due to some logistic issues, alternatively frozen PBMCs from Etablissement Français du Sang, Paris, Saint Louis blood bank, were thawed and placed at 37°C for 2h for cell recovery. 

SARS-CoV-2 primary strain isolation and amplification

SARS-CoV-2 viruses were isolated from nasopharyngeal swab specimens collected at Service de Virologie (Hospital Saint Louis, Paris). Samples were centrifugated at 4,000 x g for 10 min then filtered using a 0.45 μM filter, and diluted 1:1 with DMEM-4% (DMEM supplemented with 4% FBS, 1% penicillin-streptomycin, 1% GlutaMAX and 25 mM Hepes). Vero E6 cells were seeded in 96-well cell culture plate (15,000 cells/well), and incubated at 37°C with 200μl of inoculum and observed daily for Viruses titer was ascertained by plaque assays in Vero E6 cells and expressed as PFU per ml. Cells were incubated for 1 hour with 10-fold dilution of viral stocks. The inoculum was then replaced with Avicel 2.4% mixed at equal volume with DMEM supplemented with 4% FBS, 2% Glutamax, 50mM MgCl 2 , 0.225 % of NaHCO 3 , and incubated 3 days at 37°C before plaque counting.

Infection assays

Vero cells were plated (50,000 cell per well) in p24-well plates 4 hours before being incubated with SARS-CoV-2 diluted in DMEM-2%. Freshly purified pDC were seeded in p96-well plates (50,000 cells per well) and incubated with SARS-CoV-2 diluted in pDCs culture medium (RPMI 1640 Medium with GlutaMAX, 10% of FBS, 1% of MEM NEAA, 1% of Sodium Pyruvate, and 1% of Penicillin/Streptomycin). At 2, 24 and 48 hour post-inoculation, Vero cells were trypsinized and transferred to p96-well plates.

Vero and pDC were washed with PBS and fixed with 2% (v/v) paraformaldehyde (PFA) diluted in PBS for 15 min at room temperature. Cells were incubated for 1 hour at 4°C with 1μg/ml of anti-nucleoprotein mAb (40143-MM05; Sino Biological) diluted in permeabilization flow cytometry buffer (PBS supplemented with 5% FBS, 0.5% (w/v) saponin, 0.1% Sodium azide). After washing, cells were incubated with 1μg/ml of Alexa Fluor 488 (115-545-003; Jackson ImmunoResearch) or 647-conjugated (115-606-062; Jackson ImmunoResearch) goat anti-mouse IgG diluted in permeabilization flow cytometry buffer for 30 min at 4°C. SARS-CoV-2 infection was quantified by flow cytometry.

To quantify infectious viral particle released in the supernatants of infected cells, pDC and Vero cells were inoculated with SARS-CoV-2 as described above and incubated at 37°C for 72-hour. At indicated time points, supernatants were collected and kept at -80°C. Virus titer were then determined by plaque assay on Vero E6 cells as described above.

Kinetic of infection by qPCR assay

Vero E6 and pDC were inoculated with SARS-CoV-2 as described above. At the indicated time points, cells were washed thrice with PBS. Vero E6 were further incubated with trypsin 0.25% for 5 min at 37°C to remove cells surface bound particles. Total RNA was extracted using the RNeasy plus mini kit (Qiagen) according to manufacturer's instruction. cDNAs were generated from 80 ng total RNA by using the Maxima First Strand Synthesis Kit following manufacturer's instruction (Thermo Fisher Scientific). Amplification products were incubated with 1 Unit of RNAse H for 20 min at 37 °C, followed by 10 min at 72°C for enzyme inactivation, and diluted 10fold in DNAse/RNAse free water. Real time quantitative PCR was performed using a Power Syber green PCR master Mix (Fisher Thermo Scientific) on a Light Cycler 480 (Roche).

The primers used for qPCR were: E_Sarbeco_F1 (5'- GenScript (pUC57-2019-nCoV-PC:E; MC_0101078) and serially diluted (294 to 2.94x10 9 genes copies/µl) to generate standard curves.

ACAGGTACGTTAATAGTTAATAGCGT-3'), E_Sarbeco_R2 (5' 

pDC activation

Freshly sorted pDC were cultured in p96-well plates at a concentration of 5.10 5 cells per ml in the presence of medium alone (RPMI 1640 Medium with GlutaMAX, 10% of FBS, 1% of MEM NEAA, 1% of Sodium Pyruvate, and 1% of Penicillin/Streptomycin), influenza virus A (Charles River, A/PR/8/34, 2µg/ml), the SARS-CoV-2 primary strain

220_95 or 211_61 at a multiplicity of infection (MOI) of 1. After 24 or 48h of culture, pDC supernatant was collected and store at -80°C for subsequent cytokine quantification. PDC were stain for flow cytometry analysis.

Flow cytometry analysis

To sort pDC, cells were stained with zombie violet or BUV fixable viability dye For ACE2 cell surface expression, indicated cells were incubated with a goat antihuman ACE2 polyclonal Ab (5 μg/ml; AF933 Biotechne) in 100 μl of PBS with 0.02%

NaN3 and 5% FBS for 1 h at 4°C. Cells were then washed and incubated with a Alexa 647-conjugated secondary antibody (Jackson ImmunoResearch) for 30 min at 4°C. Acquisition was performed on an Attune NxT Flow Cytometer (Thermo Fisher Scientific) or a LSR Fortessa (BD Biosciences), and analysis was done by using FlowJo software (Tree Star). Flow cytometry analysis were performed at flow cytometry core facility of IRSL (Paris, France).

Inflammatory cytokines measurement

PDC cytokine production of IFN-α2, IL-8, IL-6, IP-10 and TNF-α, was measured in culture supernatants using BD cytometric bead array (CBA), according to the manufacturer's protocol, with a 20pg/ml detection limit. Acquisitions were performed on a LSR Fortessa (BD Biosciences), and cytokine concentrations were determined using FCAP Array Software (BD Biosciences). Clinical outcome upon infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) ranges from silent infection to lethal coronavirus disease 2019 (COVID-19). We have found an enrichment in rare variants predicted to be loss-of-function (LOF) at the 13 human loci known to govern Toll-like receptor 3 (TLR3)-and interferon regulatory factor 7 (IRF7)-dependent type I interferon (IFN) immunity to influenza virus in 659 patients with life-threatening COVID-19 pneumonia relative to 534 subjects with asymptomatic or benign infection. By testing these and other rare variants at these 13 loci, we experimentally defined LOF variants underlying autosomal-recessive or autosomal-dominant deficiencies in 23 patients (3.5%) 17 to 77 years of age. We show that human fibroblasts with mutations affecting this circuit are vulnerable to SARS-CoV-2. Inborn errors of TLR3-and IRF7-dependent type I IFN immunity can underlie life-threatening COVID-19 pneumonia in patients with no prior severe infection.

S

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has already claimed at least 1 million lives, has been detected in at least 20m i l l i o np e o p l e , and has probably infected at least another 200 million. The clinical manifestations range from silent infection to lethal disease, with an infection fatality rate of 0.1 to 0.9%. Three epidemiological factors increase the risk of severity: (i) increasing age, decade by decade, after the age of 50, (ii) being male, and (iii) having various underlying medical conditions (1). However, even taking these factors into account, there is immense interindividual clinical variability in each demographic category considered. Following on from our human genetic studies of other severe infectious diseases (2, 3), we established the COVID Human Genetic Effort (https:// www.covidhge.com) to test the general hypothesis that in some patients, life-threatening coronavirus disease 2019 (COVID-19) may be caused by monogenic inborn errors of immunity to SARS-CoV-2 with incomplete or complete penetrance (4). We enrolled 659 patients (74.5% men and 25.5% women, 13.9% of whom died) of various ancestries between 1 month and 99 years of age (Fig. 1A). These patients were hospitalized for life-threatening pneumonia caused by SARS-CoV-2 (critical COVID-19). We sequenced their whole genome (N =3 64) or exome (N =295),andprincipalcomponent analysis (PCA) on these data confirmed their ancestries (Fig. 1B).

Candidate variants at 13 human loci that govern immunity to influenza virus

We first tested the specific hypothesis that inborn errors of Toll-like receptor 3 (TLR3)-and interferon regulatory factor 7 (IRF7)-dependent type I interferon (IFN) immunity, which underlie life-threatening influenza pneumonia, may also underlie life-threatening COVID-19 pneumonia (5) (Fig. 2). We considered three loci previously shown to be mutated in patients with critical influenza pneumonia: TLR3 (6), IRF7 (7), and IRF9 (8). We also considered 10 loci mutated in patients with other viral illnesses but directly connected to the three core genes conferring influenza susceptibility: TICAM1/TRIF (9), UNC93B1 (10), TRAF3 (11), TBK1 (12), IRF3 (13), and NEMO/IKBKG (14)in the TLR3-dependent type I IFN induction pathway, and IFNAR1 (15), IFNAR2 (16), STAT1 (17), and STAT2 (18) in the IRF7-and IRF9dependent type I IFN amplification pathway. We collected both monoallelic and biallelic nonsynonymous variants with a minor allele frequency (MAF) <0.001 at all 13 loci. Twelve of the 13 candidate loci are autosomal, whereas NEMO is X-linked. For the latter gene, we considered only a recessive model (19). Autosomaldominant (AD) inheritance has not been proven for six of the 12 autosomal loci (UNC93B1, IRF7, IFNAR1, IFNAR2, STAT2, and IRF9). Nevertheless, we considered heterozygous variants because none of the patients enrolled had been hospitalized for critical viral infections before COVID-19, raising the possibility that any underlying genetic defects that they might have display a lower penetrance for influenza and other viral illnesses than for COVID-19, which is triggered by a more virulent virus.

Enrichment of variants predicted to be LOF at the influenza susceptibility loci

We found four unrelated patients with biallelic variants of IRF7 or IFNAR1 (Table 1 andtable S1). We also found 113 patients carrying 113 monoallelic variants at 12 loci: TLR3 (N =7 patients/7 variants), UNC93B1 (N =1 0 / 9 ) , TICAM1 (N =17/15),TRAF3 (N =6/6),TBK1 (N =1 2 / 1 1 ) ,IRF3 (N =5 / 5 ) ,IRF7 (N =2 0 / 1 3 ) , IFNAR1 (N =14/13),IFNAR2 (N =17/15),STAT1 (N =4/4),STAT2 (N =11/11),andIRF9 (N = 4/4). We detected no copy number variation for these 13 genes. Unexpectedly, one of these variants has been reported in patients with life-threatening influenza pneumonia (TLR3 p.Pro554Ser) (6, 20) and another was shown to be both deleterious and dominant-negative (IFNAR1 p.Pro335del) (21). Nine of the 118 biallelic or monoallelic variants were predicted to be LOF (pLOF), whereas the remaining 109 were missense or in-frame indels (table S1). In a sample of 534 controls with asymptomatic or mild SARS-CoV-2 infection, we found only one heterozygous pLOF variation with a MAF <0.001 at the 13 loci (IRF7 p.Leu99fs). A PCAadjusted burden test on the 12 autosomal loci revealed significant enrichment in pLOF variants in patients relative to controls [P = 0.01; odds ratio (OR) = 8.28; 95% confidence interval (CI) = 1.04 to 65.64] under an AD mode of inheritance. The same analysis performed on synonymous variants with a MAF <0.001 was not significant (P = 0.19), indicating that our ethnicity-adjusted burden test was well calibrated.

Experimentally deleterious alleles at the influenza susceptibility loci in 3.5% of patients

We tested these 118 variants experimentally in ad hoc overexpression systems. We found that 24 variants of eight genes were deleterious (including all the pLOF variants) because they were loss-of-expression, LOF, or severely hypomorphic: TLR3 (N =4v a r i a n t s ) ,UNC93B1 (N =1),TICAM1 (N =3),TBK1 (N = 2), IRF3 (N = 2), IRF7 (N =8 ) ,IFNAR1 (N = 3), and IFNAR2 (N = 1) (table S1, Fig. 3, and figs. S1 to S8). Consistently, heterozygous LOF variants of IRF3 and IRF7 were reported in single patients with life-threatening influenza pneumonia (22, 23). The remaining 94 variants were biochemically neutral. Twenty-three patients carried these 24 deleterious variants, resulting in four autosomal-recessive (AR) deficiencies (homozygosity or compound heterozygosity luciferase reporter and a constitutively expressed reporter. Cells were either left untreated or infected with Sendai virus for 24 hours before the normalized measurement of luciferase activity. The differences between variants and WT were evaluated using two-way ANOVA (*P <0 .05).(E)HEK293Tcellsweretransiently transfected with WT and mutant forms of IRF7, together with an IFN-b luciferase reporter and a constitutively expressed reporter. Cells were either left untreated or infected with Sendai virus for 24 hours before the normalized measurement of luciferase activity. The differences between variants and WT were tested using two-way ANOVA (*P < 0.05 S2) (24-26). These findings suggest that at least 23 (3.5%) unrelated patients of the 659 patients tested suffered from a deficiency at one of eight loci among the 13 tested: four patients with a known AR disorder (IRF7 or IFNAR1) (7, 15), 11 with a known AD disorder (TLR3, TICAM1, TBK1,orIRF3) (6, 9, 12, 13, 20), and eight with a previously unknown AD genetic disorder (UNC93B1, IRF7, IFNAR1, or IFNAR2).

Impaired TLR3-and IRF7-dependent type I immunity in patient cells in vitro

We tested cells from patients with selected genotypes and showed that PHA-driven T cell blasts (PHA-T cells) from patients with AR or AD IRF7 deficiency had low levels of IRF7 expression (Fig. 4A). We then isolated circulating plasmacytoid dendritic cells (pDCs) from a patient with AR IRF7 deficiency (fig. S9A) (7). These cells were present in normal proportions (fig. S9B), but they did not produce any detectable type I or III IFNs in response to SARS-CoV-2, as analyzed by cytometric bead array (CBA), enzyme-linked immunosorbent assay (ELISA), and RNA sequencing (RNAseq) (Fig. 4, B and C). We also showed that PHA-T cells from a patient with AR IFN-a/b receptor 1 (IFNAR1) deficiency had impaired IFNAR1 expression and responses to IFN-a2or IFN-b,andthatthepatient'sSV40-transformed fibroblast (SV40-Fib) cells did not respond to IFN-a2 or IFN-b (Fig. 5). We then infected TLR3 -/-,TLR3 +/-,IRF7 -/-SV40-Fib cells, and IRF7 -/-SV40-Fib cells rescued with wild-type (WT) IRF7; IFNAR1 -/-SV40-Fib cells, and IFNAR1 -/-SV40-Fib cells rescued with WT IFNAR1, all of which were previously transduced with angiotensin-converting enzyme 2 (ACE2) and transmembrane protease, serine 2 (TMPRSS2). SARS-CoV-2 infection levels were higher in mutant cells than in cells from healthy donors, and transduction of WT IRF7 or IFNAR1 rescued their defects (Fig. 6). Collectively, these findings showed that AR IRF7 deficiency impaired the production of type I IFN by pDCs stimulated with SARS-CoV-2, whereas AR and AD deficiencies of TLR3 or AR deficiency of IFNAR1 impaired fibroblast-intrinsic type I IFN immunity to SARS-CoV2. They also suggest that heterozygosity for LOF variations at the other five mutated loci also underlie lifethreatening COVID-19.

Impaired production of type I IFNs in patients in vivo

We tested whether these genotypes impaired the production of type I IFN in vivo during the course of SARS-CoV-2 infection. We measured the levels of the 13 types of IFN-a in the blood of patients during the acute phase of COVID-19. We found that 10 of the 23 patients with mutations for whom samples were available (one with AR IRF7 deficiency, four with AD IRF7 deficiency, one with AD TLR3 deficiency, two with AD TBK1 deficiency, one with AR IFNAR1 deficiency, and one with AD TICAM1 deficiency) had serum IFN-a levels <1 pg/ml (Fig. 7). By contrast, previously published cohorts of patients hospitalized with unexplained, severe COVID-19 had various serum IFN-a levels, significantly higher than our 10 patients [one-way analysis of variance (ANOVA), P = 1.4 × 10 -7 ;Fig. 7] (27, 28). Another 29 patients from our cohort displaying auto-antibodies (auto-Abs) against type I IFNs, reported in an accompanying paper, had undetectable levels of serum IFN-a (29). Moreover, none of the 23 patients with LOF mutations of the eight genes had detectable auto-Abs against type I IFNs ( 29), strongly suggesting that the two mechanisms of disease are similar but independent. Excluding patients with auto-Abs against type I IFN from the burden test of pLOF variants at the 12 autosomal loci strengthened the association signal (P =0.007; OR = 8.97; 95% CI = 1.13 to 71.09). and none of the four patients had a prior history of life-threatening infections (Table 1).

Inborn

One patient with IRF7 deficiency was tested and was seropositive for several common viruses, including various influenza A and B viruses (figs. S10 and S11). These genetic defects therefore display incomplete penetrance for influenza respiratory distress and only manifested clinically upon infection with the more virulent SARS-CoV-2.

Conclusion

The AR form of IFNAR1 deficiency highlights the importance of type I IFN production relative to type III IFN production, which is also impaired by defects of TLR3, IRF7, and IRF9 ( 5). This conclusion is also supported by our accompanying report of neutralizing auto-Abs against type I IFNs, but not type III IFNs, in other patients with life-threatening COVID-19 pneumonia (29). Inborn errors of TLR3-and IRF7-dependent type I IFN immunity at eight loci were found in as many as 23 patients (3.5%) of various ages (17 to 77 years) and ancestries (various nationalities from Asia, Europe, Latin America, and the Middle East) and in patients of both sexes (Table 1). Our findings suggest that there may be mutations in other type I IFN-related genes in other patients with lifethreatening COVID-19 pneumonia. They also suggest that the administration of type I IFN may be of therapeutic benefit in selected patients, at least early in the course of SARS-CoV-2 infection.

Methods Patients

We included in this study 659 patients with life-threatening COVID-19 pneumonia, defined as patients with pneumonia who developed critical disease, whether pulmonary with mechanical ventilation (CPAP, BIPAP, intubation, hi-flow oxygen), septic shock, or with any other organ damage requiring admission to the intensive care unit. Patients who developed Kawasaki-like syndromew e r ee x c l u d e d .T h e age of the patients ranged from 0.1 to 99 years, with a mean age of 51.8 years (SD 15.9 years), and 25.5% of the patientswerefemale.Ascontrols, we enrolled 534 individuals infected with SARS-CoV-2 based on a positive polymerase chain reaction (PCR) and/or serological test and/or the presence of typical symptoms such as anosmia or ageusia after exposure to a confirmed COVID-19 case, who remained asymptomatic or developed mild, self-healing, ambulatory disease.

Next-generation sequencing

Genomic DNA was extracted from whole blood. For the 1193 patients and controls included, the whole exome (N = 687) or whole genome (N = 506) was sequenced. We used the Genome Analysis Software Kit (GATK) (version 3.4-46 or 4) best-practice pipeline to analyze our whole-exome-sequencing data (30). We aligned the reads obtained with the human reference genome (hg19) using the maximum exact matches algorithm in Burrows-Wheeler Aligner software (31). PCR duplicates were removed with Picard tools (http://broadinstitute. github.io/picard/). The GATK base quality score recalibrator was applied to correct sequencing artifacts.

All of the variants were manually curated using Integrative Genomics Viewer (IGV) and confirmed to affect the main functional protein isoform by checking the protein sequence before inclusion in further analyzes. The main functional protein isoforms were TLR3 (NM_ 003265), UNC93B1 (NM_030930.4), TICAM1 (NM_182919), TRAF3 (NM_145725. The analysis of IKBKG was customized to unmask the duplicated region in IKBKG using a specific pipeline previously described (32). We searched the next-generation-sequencing data for deletions in the 13 genes of interest using both the HMZDelFinder (33) and CANOES (34) algorithms.

Statistical analysis

We performed an enrichment analysis on our cohort of 659 patients with life-threatening COVID-19 pneumonia and 534 SARS-CoV2infected controls, focusing on 12 autosomal IFN-related genes. We considered variants that were pLOF with a MAF <0.001 (gnomAD version 2.1.1) after experimentally demonstrating that all of the pLOF variants seen in the cases were actually LOF. We compared the proportion of individuals carrying at least one pLOF variant of the 12 autosomal genes in cases and controls by means of logistic regression with the likelihood ratio test. We ac-counted for the ethnic heterogeneity of the cohorts by including the first three principal components of the PCA in the logistic regression model. PC adjustment is a common and efficient strategy for accounting for different ancestries of patients and controls in the study of rare variants (35-38). We checked that our adjusted burden test was well calibrated by also performing an analysis of enrichment in rare (MAF <0.001) synonymous variants of the 12 genes. PCA was performed with Plink version 1.9 software on whole-exome-and wholegenome-sequencing data and the 1000 Genomes (1kG) Project phase 3 public database as a reference, using 27,480 exonic variants with a MAF >0.01 and a call rate >0.99. The OR was also estimated by logistic regression and adjusted for ethnic heterogeneity.

Reporter assays

Cell lines or SV40-Fib cells with known defects were transiently or stably transfected with WT, mutant variants, IFN-b-or ISRE-firefly luciferase reporter, and pRL-TK-Renilla luciferase reporter. Reporter activity was measured with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. Firefly luciferase activity was normalized against Renilla luciferase activity and expressed as a fold change. TRAF3-deficient human embryonic kidney (HEK) 293T cells were kindly provided by M. Romanelli (39).

pDC activation by SARS-CoV-2 and cytokine production pDCs from an IRF7 -/-patient and a healthy donor matched for age and sex were cultured in the presence of medium alone, influenza virus (A/PR/8/34, 2 mg/ml; Charles River Laboratories), or the SARS-CoV-2 primary strain 220_95 (GISAID accession ID: EPI_ISL_469284) at a multiplicity of infection (MOI) of 2. After 12 hours of culture, pDC supernatant was collected for cytokine quantification. IFN-a2 levels were measured using CBA analyzis (BD Biosciences) in accordance with the manufacturer's protocol using a 20 pg/ml detection limit. IFN-l1 secretion was measured in an ELISA (R&D Systems, DuoSet DY7246), in accordance with the manufacturer'si n s t r u c t i o n s .

SARS-CoV-2 infection in patient SV40-Fib

To make patient-derived fibroblasts permissive to SARS-CoV-2 infection, we delivered human ACE2 and TMPRSS2 cDNA to cells by lentivirus transduction using a modified SCRPSY vector (GenBank ID: KT368137.1). SARS-CoV-2 strain USA-WA1/2020 was obtained from BEI Resources. ACE2/TMPRSS2-transduced cells were either left untreated or treated with 500 U/ml IFN-b (11415-1, PBL Assay Science) 4 hours before infection. Cells were infected with SARS-CoV-2 (MOI = 0.5) for 1 hour at 37°C. After 24 hours of infection, cells were fixed and taken out of the BSL3 for staining. After fixation, cells were stained with SARS-CoV-2 and ACE2 primary antibodies (0.5 and 1 mg/ml, respectively). Primary antibodies were as follows: for SARS-CoV-2, human monoclonal anti-spike-SARS-CoV-2 C121 antibody (40), and for ACE2, mouse monoclonal Alexa Fluor 488conjugated antibody (FAB9332G-100UG, R&D Systems). Images were acquired with an ImageXpress Micro XLS microscope (Molecular Devices) using the 4× objective. MetaXpress software (Molecular Devices) was used to obtain singlecell mean fluorescence intensity (MFI) values.

Data analysis on single-cell MFI values was done in the R environment (version 4.0.2). ACE2/TMPRSS2-transduced cells were classified as ACE2 positive when the ACE2 log MFI was superior to the log mean MFI of mocktransduced cells plus 2.5 SDs. We excluded all wells with <150 ACE2-positive cells before SARS-CoV-2 scoring. ACE2-expressing cells were classified SARS-CoV-2 positive when the fluorescence intensity value was superior to De plus, en termes de fonction, l'interaction OX40-OX40L va permettre d'augmenter la prolifération, l'expansion, la polarisation et la survie des lymphocytes T CD4 213,235 . Elle joue également un rôle dans l'adhésion et la migration des lymphocytes T 221,233,[241][242][243] .

Contrôle de la polarisation Th et de la sécrétion de cytokines par OX40L

Tout d'abord, concernant les premières sous-populations Th1 et Th2, il a été montré OX40L induit préférentiellement les lymphocytes Th2. En revanche, le contexte influe beaucoup sur la fonction de OX40L sur la polarisation Th1 108,122,251 .

Pour les lymphocytes Th17, des effets opposés de OX40L ont également été observés. Dans les modèles de souris, les avis sont très partagés, suggérant de nouveau que le contexte influe probablement sur la fonction de OX40L [256][257][258]262 .

Concernant l'impact de OX40L sur la polarisation Th9, deux études vont dans le même sens, en démontrant que OX40L joue un rôle important dans l'induction des lymphocytes Th9 263,264 .

Pour les lymphocytes Tfh et Treg, des régulations positives et négatives par OX40L sont rapportées, démontrant encore une fois l'importance du contexte dans la fonction de la molécule [START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF]268,278,282 .

OX40-OX40L en pathologies et essais cliniques

Différents anticorps ou protéines, visant OX40 ou OX40L, sont en développement en clinique dans plusieurs types de pathologies. De plus, en fonction de la pathologie, l'objectif va être de stimuler la voie de signalisation de OX40, ou au contraire de l'inhiber. Originalité de notre modèle statistique sur la contexte-dépendance À propos de la polarisation Th, certaines études ont examiné l'induction de sous-populations Th dans différents contextes [START_REF] Schmitt | The cytokine TGF-β co-opts signaling via STAT3-STAT4 to promote the differentiation of human T FH cells[END_REF][START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF]122 . Cependant, à notre connaissance, aucune étude n'a évalué quantitativement la contexte-dépendance des fonctions d'une molécule, de manière systématique et dans de nombreux contextes. De plus, plus spécifiquement, les effets contextedépendants d'OX40L sur la polarisation Th et la sécrétion de cytokines, dans divers contextes moléculaires et cellulaires, Th n'avaient jamais été abordés.

Pour étudier les fonctions contexte-dépendants d'OX40L sur la polarisation Th, nous avons utilisé deux méthodes expérimentales, un système de polarisation Th, sans DC, et un système de coculture de cellules T-DC. Ces derniers, ainsi que les outils pour stimuler ou inhiber OX40L, étaient très contrôlés car bien établis dans la littérature et dans l'équipe [START_REF] Pattarini | TSLP-activated dendritic cells induce human T follicular helper cell differentiation through OX40-ligand[END_REF][START_REF] Jacquemin | OX40 Ligand Contributes to Human Lupus Pathogenesis by Promoting T Follicular Helper Response[END_REF]122,169,170 . Ces systèmes expérimentaux étaient à la base de nos deux types de contextes : des contextes moléculaires, Autant de questions qui restent ouvertes sur la classification des lymphocytes Th.
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Firstly, several studies

  compared the role of cDC1 and cDC2 on Th polarization. For instance,Segura et al. compared polarizing capacities of cDC1 and cDC2 from healthy donor blood and breast cancer noninvaded lymph nodes. They showed first that all DC subsets, migratory and resident, were equally competent in inducing CD4 T cell proliferation. Secondly, they showed that cDC1 and cDC2 were both inducing production of the Th1 cytokine IFNg by CD4 T cells, but poor production of the Th2 cytokine IL-5 and IL-13 107 . Yu et al. also described that both cDC1 and cDC2 were able to induce IFNg-producing CD4 T cells, but they added that cDC1 were more efficient to induce Th2 polarization than cDC2, by measuring IL-4 and IL-13 T cell secretion 108 . On the contrary, Jongbloed et al showed that blood cDC1 induced more Th1 responses compared with cDC2 109 . Additionally, Durand et al. isolated DC subsets from human tonsils and compared their ability to polarize naive CD4 T cells into Tfh cells. They looked at Tfh surface markers, such as PD-1 and CXCR5, and secreted cytokines and chemokines, such as IL-21 and CXCL13. They observed that cDC2 population was the most efficient subset, compared to cDC1 and pDC, to induce Tfh polarization 110 .Concerning inflammatory DCs, Segura et al. showed that this subset was highly competent in polarizing Th17 cells[START_REF] Segura | Human Inflammatory Dendritic Cells Induce Th17 Cell Differentiation[END_REF] . Some studies were also conducted using the MoDC differentiation model. In a mouse study, Chow et al. compared the capacity of MoDC and cDC to influence Th polarization and proliferation. They showed that, although cDC were more competent in inducing CD4 T cell proliferation, MoDCs were more efficient at inducing Th1 and Th17-associated cytokines than cDC. They also added that MoDCs were efficient at inhibiting Th2 polarization via CCR2 111 . Some studies were also conducted on DCs from the skin.Klechevsky et al. demonstrated that Langerhans cells were more efficient to induce a Th2 profile compared to dermal CD14 + DCs and cDC2. Moreover, they showed that dermal CD14 + DCs were the most potent to induce Tfh cells, followed by cDC2 and Langerhans cells 112 . Furio et al. confirmed that Langerhans cells were more capable than cDC2 to induce a Th2 profile, but also a Th1 profile 113 .

First, a lot

  of studies have been conducted in vivo in mouse models. Using OVA mouse model,Pulendran et al. showed that Escherichia coli (E. coli) lipopolysaccharides (LPS) predominantly induced Th1 polarization. However, Porphyromonas gingivalis LPS were not efficient in inducing Th1 but induced a Th2 response. Moreover, in line with these observations, they described that IL-12 secretion by CD11c + CD8α + DCs, the equivalent of human cDC1, was only induced by E. coli LPS 116 . Using the same model, Dillon et al. confirmed in vitro that E. coli LPS stimulation was highly efficient in inducing IL-12 secretion by DCs and a Th1 response with IFNg production. Additionally, they used Pam3Csk4 (Pam3) stimulation and showed that it was efficient in inducing IL-10 secretion by DCs and Th2 response, by measuring IL-4 and IL-5. Interestingly, they also performed in vivo analysis showing an interest in the impact of these stimuli on DC cytokine secretion. CD11c + CD11b + DCs (including cDC2) were more potent to secrete IL-10 and CD11c + CD11b -(including cDC1) to secrete IL-12 117 . In human, several studies also demonstrated an impact of these DC-activating stimuli on Th polarization. Agrawal et al also studied E. coli LPS. They showed that E. coli LPS stimulation induced high IL-12 and TNF-α secretion by MoDCs. On the contrary, Pam3-stimulated MoDCs did not induce Th1polarizing cytokines. By co-culturing MoDCs with allogeneic CD4 T cells, they showed that E. coli LPS-stimulated MoDCs induced more IFNg secretion by T cells and that Pam3-stimulated MoDCs induced more IL-5 and IL-13 secretion by T cells 118 . These results corroborated those in mice. A few years later, they stimulated human MoDC with other stimuli: Zymosan, prepared from yeast cell walls and stimulating TLR2 and dectin-1 CLR, and Curdlan, a dectin-1 agonist bacterial polysaccharide. They observed that Curdlan favored IL-23 secretion and both Curdlan and Zymosan favored IL-1b and IL-6 secretion by MoDCs. Consistent with these results, they showed that both dectin-1 stimuli promoted Th17 polarization of CD4 T cells 119 . Interestingly, different pathogen stimuli on the same DC subset could lead to different Th polarizations. In addition to microorganism-derived stimuli, cytokines can also activate DCs and indirectly affect Th polarization. For instance, thymic stromal lymphopoietin (TSLP) is an IL-7-like cytokine belonging to the IL-2 cytokine family. It is produced by epithelial cells or other stromal cells and can activate DC-mediated inflammation in allergic diseases. In atopic dermatitis patients, it is especially secreted by keratinocytes 120 . Soumelis et al. showed that CD11c + DCs (including cDC1 and cDC2) stimulated with TSLP primed Th2 response by CD4 T cells by measuring IL-4, IL-5 and IL-13. Moreover, they observed that TSLPactivated DCs induced TNF-α but inhibited IFNg and IL-10 production by CD4 T cells 121 . Ito et al confirmed these observations by demonstrating that TSLP-stimulated DCs promoted TNF-α + IL-10 - Th2 cells from naive CD4 T cells 122 . Moreover, TSLP-activated CD11c + DCs have been described to induce Tfh differentiation. Indeed, TSLP-DC-polarized Tfh cells secreted high levels of IL-21, IL-4 and IL-13, expressed Tfh markers such as CXCR5, PD-1 and ICOS, and were able to help B cells to secrete class-switched IgE 85 .In addition to the DC subset and the DC-activating stimulus, another interesting parameter affecting Th polarization was identified. Tanaka et al. observed that Th polarization could be influenced by the number of DCs. In their study, they showed that in vitro stimulator/responder cell ratio could impact the differential regulation of Th1 and Th2 polarization. Using MoDC, they found that a low ratio (meaning few DCs compared to T cell number) induced preferentially a Th2 profile, with IL-4, IL-5 and IL-13 secretion, whereas a higher ratio (meaning higher DCs number in the co-culture) induced preferentially a Th1 profile, with IFNg and IL-2 secretion 123 .

  of STAT5 and Th2 failure 126 . Another study using OVA peptide corroborated these data by showing Th2 induction with low antigen doses and Th1 induction with increasing antigen doses. They also added that increasing antigen doses can also lead to Th2 polarization, which complexifies even more the concept 127 . Furthermore, Boyton et al. greatly illustrated Th polarization according to TCR affinity. The experimental system involved a bulk of CD4 T cells with a receptor of low or high affinities, and two microenvironments, one containing the Th1-polarizing cytokine IL-12 and the other containing the Th2-polarizing cytokine IL-4. In a "Th1 microenvironment", Th1 polarization occurred only for CD4 T cell clones with high-affinity receptors. On the contrary, in a "Th2 microenvironment", both CD4 T cell clones, with high and low-affinity TCRs, could be differentiated into Th2 cells, with a preferential expansion of clones with low-affinity receptors (Figure6) 128 .b) Impact of co-signal molecules on Th polarizationCo-signals are composed of co-stimulatory and co-inhibitory molecules. They play a critical role in immune response activation and regulation. Nowadays, they are commonly called immune checkpoint molecules, since their preferential targeting in immunotherapies, mostly in cancer therapies. They include over thirty molecules, belonging to various molecular and structural subfamilies. Functionally, co-stimulatory molecules can boost T cell activation, whereas coinhibitory molecules play a role in the regulation of T cell responses. Immune checkpoints will be discussed in more detail in the last part of this introduction.

  cell, a molecule can have different behaviors or functions depending on the context in which it is evolving. Cytokines frequently exhibit context-dependent functions. This is the case of TGF-b that can differentiate naive CD4 T cells into different Th subsets when it functions within specific cytokine environments. In conjunction with IL-2, TGF-b was shown to promote Treg 168 . TGF-b was also a key inducer of Th17 cells, when it co-operated with IL-6, IL-1b and IL-23 38 . In combination with IL-4, TGF-b was involved in the polarization of Th9 cells 57 . Moreover, Schmitt et al. showed that TGFb in presence of IL-12 and IL-23 could induce several Tfh markers from naive CD4 T cells such as CXCR5, ICOS, Bcl-6 and IL-21 82 . IFN has also been studied in this perspective because of its pleiotropic functions. Touzot et al. explored the context-dependency of this cytokine in Th-polarizing cytokine contexts: Th0, Th1 (IL-12), Th2 (IL-4) and Th17 (TGF-b, IL-6, IL-1b, IL-23). They showed that IFNa induced distinct transcriptional signatures in each of these Th contexts 169 . These two examples illustrate that a single cytokine can drive multiple effects in target cells, here different Th polarizations or signatures, when it is combined with different other cytokines. Co-stimulatory molecules can also induce differential effects in target cells according to the immunological context. This can be illustrated by CD28 that induced functionally diverse Th cytokine secretion depending on the MoDC-activating stimuli. For instance, blocking of CD28 induced quantitatively different secretion of IL-6, IL-21 and IL-17A by CD4 T cells in co-culture with MoDC activated with LPS and Zymosan, compared to MoDC activated with Influenza virus 170 .
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 8 Figure 8: Schematic representation of TME cellular composition(Illustration adapted fromHackl et al. Nat. Rev. Genet, 2016 174 ) 

Finally, during the

  escape phase, tumor cell variants, which resisted the equilibrium phase by increasing resistance and reducing their immunogenicity, dominate the immune response 179 . CTLs become less responsive and less efficient in eliminating cancer cells. Regarding CD4 T cells, this phase goes along with modifications in the TME that affect Th polarization. They also become less responsive and inefficient in providing suitable T cell help while TME promotes Treg cell induction. TME-driven regulatory phenotype occurs through different processes such as immunosuppressive cytokine secretion (e.g. TGF-b and IL-10) 180,181 and co-inhibitory molecule expression (e.g. PD-L1) 182 , among many others. Thus, the TME delivers signals that can affect Th polarization to favor malignancy progression. There is a lack of specific target to specifically deplete or functionally impair Treg, without affecting T helper cells and CTLs.

  discovered by Paterson et al. during the '80s at Oxford University. Using activated rat T cells and mouse monoclonal antibodies, Alan Williams team showed that one monoclonal antibody, MRC OX-40, recognized a new antigen of 50000 molecular mass on CD4 T cells, and increased their proliferation 213 . In the '90s, OX40 antigen cDNA was cloned, sequenced and classified as a member of the tumor necrosis factor receptor superfamily (TNFRSF) 214 .

  Leishmania major infected mouse model, Akiba et al. also showed that the decrease of Th2 cytokine in presence of OX40L blocking went along with an increase of IFNg Th1 cytokine production, in vitro and in vivo 247 . So et al. described similar results under physiological conditions by comparing WT and OX40-deficient mice T cells in vitro 248 . On the contrary, under physiological conditions as well, Murata et al. showed that the absence of OX40L led to IFNg inhibition 249 .

  et al. demonstrated that OX40 stimulation abrogated IL-10-producing Treg (also called Tr1 cells) from naive and Tr1 memory CD4 T cells induced by dexamethasone and vitamin D3. OX40 also inhibited the generation of Tr1 cells from naive CD4 T cells induced by ICOSL or by the co-culture with immature DCs 278 . Voo et al. confirmed these observations by showing that anti-human OX40 agonist antibody inhibited Treg induction and suppressive function 279 .

  Quantitative modeling of OX40 ligand context-dependent function on human T helper cell polarization Léa Karpf, Coline Trichot, Iris Legbre, Lilith Faucheux, Maximilien Grandclaudon, Charlotte Lahoute, Hamid Mattoo, Benoit Pasquier and Vassili Soumelis Submitted at Plos Biology Immune checkpoints are part of a broad signal diversity integrated by T cells. Immune checkpoints are known to play a key role during T cell activation and regulation. This family includes about thirty molecules and is divided into two functional categories. Co-stimulatory immune checkpoints, such as CD28, have the ability to boost T cell activation whereas co-inhibitory immune checkpoints, such as PD-1, play a role in T cell response regulation.

  possible molecular and cellular contexts may influence the function of a biomolecule of interest. For example, TNF-α in the context of rheumatoid arthritis may act differently than TNF-α in the context of cancer microenvironment. Second, context-dependency can be of different types, depending on the quantitative or qualitative differences observed across different contexts. The same type of output response (such as induction of protein X) observed at different magnitudes, would correspond to a quantitative context-dependency. Conversely, opposite effects observed in two different contexts would be qualitative context-dependency. Third, the nature and magnitude of the contextdependency may depend on the functional outputs. There is currently no systematic framework to decipher and quantify context-dependency by taking into account these different levels of complexity. IC include over thirty molecules, and play a key role in T cell activation and regulation. Most IC functions were established by studying checkpoints individually, focusing on one function, in one stimulatory condition. However, IC act in variable microenvironmental contexts, at steady state and in pathologies, which might impact their function. Studies of IC context-dependency are scarce. The cytokine context was shown to impact the function of OX40 ligand (OX40L), a co-stimulatory IC, on Th2 7 and Tfh

  , Step 4.1). For each output cytokine, we applied a Linear Mixed-effects Model (LMM) (Figure S2, Step 4.2). Then, we calculated the mean distances between the different Th contexts re-scaled estimate, b' (i.e. ! " # $ ⁄ ), to score contextdependency (Table

  context (FigureS2,Step 2). OX40L increased IL-13 in all MoDC contexts but in different magnitude, similar to bDC contexts (quantitative context-dependency). This was also observed for TNF-b, but this time it was not concordant with what was observed in bDC contexts. For IL-22, both MoDC and bDC contexts determined qualitative context-dependency (Figures 3b/c and 5b/c). PCA performed on MoDC contexts revealed a large shift in all MoDC contexts when comparing the presence and absence of OX40L (Figures 5d and S2, Step 3). Thus, OX40L-induced effects on Th output cytokines were more evenly distributed across MoDC contexts, as compared to bDC contexts.Next, we compared OX40L context-dependency scores for each output cytokine between bDC and MoDC contexts. Scores for bDC were re-computed without considering TSLP-bDC context, since MoDC were not stimulated with TSLP(Figures 6a, 6b, 6c and S2, Step 4). Interestingly, OX40L context-dependency scores showed different patterns in bDC and MoDC contexts (Figure6b). The likelihood ratio tests highlighted significant context-dependency for four output cytokines in MoDC contexts and none in bDC contexts (Figures6b and 6c). In MoDC contexts, OX40L induced an increase in IL-31 and GM-CSF concentrations in all contexts, which indicated that contextdependencies were defined by a quantitative effect. IL-4 and IL-5 secretion increased or decreased in presence of OX40L according to the MoDC context, indicating qualitative context-dependency

  cofactor to define a biological context has several limitations. First, it creates extreme scenarios of complete absence versus high concentrations of the molecular context. This would not reflect slight variations that may be observed in physiopathology. Second, it does not reflect the complexity of inflammatory contexts, which may involve variations in several contextual molecules of different nature. In our study, we have introduced the concept of "cellular context", represented by different cell types, in different activation states. It is known that distinct DC-activating stimuli are associated to very different DC molecular and functional states10 . However, the impact of the DC state on the function of a given IC was never addressed. By studying the function of OX40L systematically across 11 DC states, we could precisely quantify the impact of the cellular context on OX40L effects in T helper cell polarization. The use of group-lasso models allowed us to deconvolute the respective contribution of DC type versus DC-activating stimuli in the control of OX40L function. This revealed that the DC type was the most influential variable. This should encourage future studies of cellderived biological stimuli to consider the cellular context as a potentially key determinant of functional variability.OX40L context-dependency was very different when comparing molecular and cellular contexts. In molecular contexts, OX40L could enhance or decrease the production of an output cytokine (IL-22, TNF-α), depending on the Th-polarizing context considered. It also revealed previously unknown functions of OX40L, in particular the differential regulation of IL-17A versus IL-17F in the Th17

  each bDC-T cell and MoDC-T cell coculture experiment, one single bDC or MoDC donor was coupled to a different naive CD4 T cell donor. For the MoDC-T coculture experiments, 9 independent MoDC donors were included, and cocultured with 9 different T cell donors, in 3 independent experiments. For the bDC-T coculture experiments, 9 independent bDC donors were included, and cocultured with 9 different T cell donors in 6 independent experiments. The 9 TSLP-bDC donors were processed in different experiments than the 9 donors of the other bDC contexts, so the donors are different from the other bDC contexts.

  of the output cytokines by CBA over Luminex. Supernatants from 12 samples (out of 108 samples) of the bDC-T coculture experiments and from 10 samples (out of 90 samples) of the MoDC-T coculture experiments were missing and measurement of four cytokines (IL-21, IL-22, IL-31 and TNF-β) could not be performed. To handle missing values, stochastic single imputation was performed using MICE (Multiple Imputation by Chained Equations). Absolute and relative differences in concentration induced by OX40L were computed. Two-sided paired Wilcoxon tests were used to compare raw concentrations and absolute differences across stimulation contexts; mean and standard deviation are displayed.

; 8

 8 is the indicator function, B C is the fixed effect for stimulation context k ; 0 12324 is the random intercept associated to each donor, with D E()(F ∼ H(0, ν M ) ; and ε ∼ H(0, # M ) is the residual error term (Figure S2, Step 4.2); (ii) Pairwise Euclidean distances between the context-specific estimated effect divided by their standard deviation P Q R STUVWXV Y Z [ STUVWXV Y \ were computed (Figure S2); (iii) Last, the context-dependency score was obtained by taking the mean of the pairwise Euclidean distances. A likelihood ratio test, between the LMM with and without the context variable as a fixed effect, was performed to evaluate the significance of the context-dependency (Figure S2, Step 4.3).

Figure 1 :

 1 Figure 1: OX40L impact on Th cell polarization depends on the cytokine polarizing-context. a) Experimental design of the Th cell polarization assay. b) Heatmap representing OX40L-induced scaled absolute difference on the 17 output cytokines measured in each Th context. The absolute difference corresponds to the concentration of a given cytokine in a Th context in the presence minus absence of rhOX40L. The mean over 13 donors is represented. Paired Wilcoxon's test was used to evaluate significance of OX40L effect. c) IL-10, GM-CSF and IL-21 production in each Th context in the presence (red dots) or absence (black dots) of rhOX40L. The mean ± SD, and individual values from 13 donors are represented. Paired Wilcoxon's test was used for statistical analysis. d) Principal component analysis representing the barycenters of the four Th-polarizing contexts in the presence (red dots) and absence (black dots) of rhOX40L. * P ≤0.05; ** P ≤0.01; *** P ≤0.001.

Figure 2 :

 2 Figure 2: OX40L context-dependency across molecular contexts is the strongest on IL-10. a) Simplified mathematical modeling strategy used to quantify the context-dependent role of OX40L on output cytokine production (illustrated in b), and scoring of OX40L context-dependency (depicted in c). In the following analyses, IL-4, IL-5, IL-9, IL-17A, IL-17F and IL-31 were excluded to avoid bias because they were produced in only one or two contexts. b) Heatmap representing the estimated OX40L-induced relative difference for the 11 output Th-cytokines measured in each Th context, calculated using Linear Mixed-effects Models (LMM) on 13 independent donors. The estimated coefficients for the fixed effects from the models are represented. For a given cytokine, in a given Th context, the LMM's fixed effect coefficient corresponds to the mean over donors of the concentration in the presence minus absence of rhOX40L, divided by the concentration in the absence of rhOX40L. c) Scoring of the context-dependency across the four Th-polarizing contexts ranked according to statistical significance. Black bars represent the variation of a considered output cytokine in one direction (increase or decrease) in the majority of the Th contexts in presence of OX40L. When present, grey bars indicate variation of an output cytokine in the opposite direction in at least one Th context due to the presence of OX40L. The scores were computed from 13 independent donors. Likelihood ratio tests, between the LMM with and without the context variable as a fixed effect, were performed to evaluate the significance of the context-dependency. * P ≤0.05; ** P ≤0.01; *** P ≤0.001. d) Statistical significance (likelihood ratio test) of the context-dependency across the fourTh-polarizing contexts. 13 independent donors were used in the analysis. Negative signs for contextdependency scores were attributed to cytokines for which OX40L effect was positive (induction) for some contexts and negative (inhibition) for others.

Figure 3 :

 3 Figure 3: OX40L influence on Th cell differentiation varies depending on the bDC-activating stimulus. a) Experimental design of the bDC-T coculture. b) Heatmap representing the OX40Linduced scaled absolute difference on the 17 output Th-cytokines measured in each bDC context.

Figure 4 :

 4 Figure 4: TSLP-DC context determines a specific OX40L functional impact on Th output cytokines. a) Heatmap representing the estimated OX40L-induced relative difference on the 17 output Th-cytokines measured in each bDC context, calculated using Linear Mixed-effects Models.The estimated coefficients for the fixed effects from the models are represented. For a given cytokine, in a given bDC context, the LMM's coefficient corresponds to the mean over donors of the concentration in the presence of the isotype (DC cont.) subtracted by the concentration in the presence of anti-OX40L antibody (DC cont. + anti-OX40L mAb), divided by the concentration in the presence of anti-OX40L antibody (DC cont. + anti-OX40L mAb). b) Scoring of the contextdependency across the six bDC contexts, ranked according to statistical significance. Black bars represent the variation of a considered output cytokine in one direction (increase or decrease) in the majority of the bDC contexts in presence of OX40L. When present, grey bars indicate variation of an output cytokine in the opposite direction in at least one bDC context due to the presence of OX40L. Likelihood ratio tests, between the LMM with and without the context variable as a fixed effect, were used to assess the significance of the context-dependency. c) Statistical significance (likelihood ratio test) of the context-dependency across the six bDC contexts. Negative signs for context-dependency scores were attributed to cytokines for which OX40L effect was positive for some contexts and negative for others. 9 independent donors were used for the analysis. * P ≤0.05; ** P ≤0.01; *** P ≤0.001.

Figure 5 :

 5 Figure 5: High and variable impact of OX40L on Th cell polarization in the different MoDCactivating contexts. a) Experimental design of the MoDC-T coculture. b) Heatmap representing the OX40L-induced scaled absolute difference for the 17 output Th-cytokines measured in each MoDC context. The absolute difference corresponds to the concentration of a given cytokine in a MoDC context in the presence of the isotype (DC cont.) subtracted by the concentration of the cytokine in that MoDC context in the presence of anti-OX40L antibody (DC cont. +anti-OX40L mAb). The mean is represented. Paired Wilcoxon's test was used for statistical analysis. c) IL-13, IL-22 and TNF-β production in each MoDC context in the presence of anti-OX40L blocking (black dots) or isotype (red

Figure 6 :

 6 Figure 6: The cellular context highly impacts OX40L context-dependency effects on Th cytokine secretion. a) Heatmaps representing the estimated OX40L-induced relative difference for the 17 output Th-cytokines measured in each of the five bDC and MoDC contexts, calculated using Linear Mixed-effects Models. The estimated coefficients for the fixed effects from the models are represented. For a given cytokine, with a given DC type and in a given DC context, the LMM's coefficient corresponds to the mean over donors of the concentration in the presence of the isotype (DC cont.) subtracted by the concentration in the presence of anti-OX40L antibody (DC cont. + anti-OX40L mAb), divided by the concentration in the presence of anti-OX40L antibody (DC cont. + anti-OX40L mAb). b) Scoring of the un-ranked context-dependency across the five bDC and MoDC contexts. Black bars represent the variation of a considered output cytokine in one direction (increase or decrease) in the majority of the bDC or MoDC contexts in presence of OX40L. When present, grey bars indicate variation of an output cytokine in the opposite direction in at least one bDC or MoDC context due to the presence of OX40L. Likelihood ratio tests were used to evaluate the significance of the context-dependency. c) Statistical significance (likelihood ratio test) of the contextdependency across the five DC contexts. Negative signs for context-dependency scores were
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 72 Figure 7: OX40L context-dependency depends mainly on the DC type. a) Euclidean distance between presence and absence of rhOX40L for each Th context based on a PCA of the 17 Thcytokines measured. 13 independent donors were used in the analysis. b) Euclidean distance between presence (isotype) and absence (OX40L blocking) of OX40L on DC for each bDC and MoDC context based on a PCA of the 17 Th-cytokines measured. 9 independent donors were used in the analysis. c-d) For each of the 17 output Th-cytokines measured in DC-T cocultures, grouplasso coefficients as a function of the penalization parameter (lambda) are represented. c) Cytokines for which OX40L context-dependency was predominantly due to the DC type. d) Cytokines for which
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  302 conditions x 17 cytokines) -88 missing values = 5046 data points (missing values are due to a lack of supernatants to perform Luminex for four cytokines (IL-21, IL-22, IL-31 and TNF-b); CBA for the 13 other cytokines have been performed in all conditions). Regarding the mathematical and statistical modeling, we worked in close relationship with biostatisticians. The model was established in the first place on the Th molecular contexts because there are easier to control and involve less parameter. To understand the impact of the context on cytokine variation due to OX40L, we used LMM. This classical model in statistics allowed us to determine and quantify the link between the variable to be explained and explanatory variables. LMM was applied to each cytokine individually. The model estimated b coefficients, that quantify this impact of the context on the cytokine variation due to OX40L for each context. Then, for the context-dependency score, we first calculated a b' value (b/standard deviation) for each context. This allowed us to consider the standard deviation, in other terms, the confidence in b coefficients estimated by the model. Subsequently, we calculated the distance between each b' for each context two by two and our context-dependency score was defined as the mean of these distances. We made the decision to use the mean of these distances to define the contextdependency score. Indeed, the mean enabled to consider b' extreme values. We could have used the median but it would have excluded b' extreme values while there are interesting in our setting because they show different context impacts on OX40L function (the definition of contextdependency).

.

  Up to now, few studies have reported a differential regulation of IL-17A and IL-17F. In mouse model, Gomez-Rodriguez et al. observed that naive CD4 T cells secreted less IL-17A, but not IL-17F, in response to a low dose TCR stimulation or low dose of Calcineurin inhibitor. They noted normal levels of RORgt and RORa, however, they showed that IL-17A promoter had a binding site for Ca 2+ sensitive Nuclear Factor of Activated T cell (NFAT) transcription factors, but not IL-17F 131 .A few years later, two papers from the same team showed that cAMP-responsive element modulator α (CREMα) transcription factor was responsible for increasing IL-17A and decreasing IL-17F in SLE patients326,327 . Additionally, Adamik et al. described that distinct conditions mixing IL-1b, IL-23 and Prostaglandin E2 led to different induction levels of IL-17A and IL-17F in human primary memory Th17 cells. Moreover, they showed that IL17A and IL17F chromatin were differentially regulated because of divergent epigenetic architecture loci, which led to a preferential expression of IL17A 328 . Finally, Grandclaudon et al. demonstrated that the combination of IL-12 and IL-1b induced the production of IL-17F, but not IL-17A 170 .

  qualitative and quantitative manner. Interestingly, IL-10 and IL-22 both belong to the IL-10 cytokine family. The main function of this cytokine family is to protect organs and tissues from damage caused by infections and inflammatory responses[START_REF] Ouyang | Regulation and functions of the IL-10 family of cytokines in inflammation and disease[END_REF] . Decrease of IL-10 in all Th contexts is interesting, for cancer treatment for instance. The fact that OX40L induced a quantitative context-dependent decrease of IL-10 could also suggest that we would expect patient-to-patient variability in the case of treatment with an OX40L agonist antibody.Within bDC context, OX40L context-dependency on IL-2, GM-CSF, IFNg and IL-3 output cytokines was highly dependent on the TSLP context. This is particularly obvious because after removing the TSLP context from the analysis to compared bDC and MoDC contexts, we could not observe context-dependency on any output cytokine (cf. Figures4 and 6of the article manuscript). At first sight, it looked coherent because the TSLP-bDC context is instinctively different from the five other ones. Indeed, in Zymozan, PAM3, LPS, HKSA and Curdlan-bDC contexts, the DC activating stimuli are mimicking an external pathogen, fungal or bacterial infections. On the contrary, TSLP is an inflammatory cytokine produced by epithelial cells or by other stromal cells, in a very distinct context that is allergy.As for Th contexts, we observed the two types of context-dependency. OX40L played a qualitative context-dependent function on IL-2, GM-CSF and IFNg. OX40L induced a decrease of these cytokines in the TSLP-bDC context, whereas it induced an increase in the five other ones. IL-2 and

  Figures 17 and 18 gather together all the output secreted cytokines in Th1, Th2 and Th17 for Th contexts, and in PAM3-MoDC and TSLP-bDC for DC contexts (without any addition of rhOX40L in the Th contexts or OX40L blocking antibody in the DC contexts).

Figure 18 :

 18 Figure 18: Concentrations of all secreted output cytokines in two very different DC contextsConcentrations of all secreted output cytokines in A) PAM3-MoDC context and B) TSLP-bDC context. Eachcolor represents one donor (n=9).

  of narrow versus mixed profile of secreted cytokine by Th cells with the literature is difficult for several reasons:

  stimulated naive and memory CD4 T cells in a Th17 and iTreg stimulation contexts. For naive CD4 T cells, they observed 733 differentially expressed genes and only 455 differentially expressed proteins between the two contexts. In the same line, for memory CD4 T cells, they observed 42 differentially expressed genes and no differentially expressed proteins 307 .Wong et al. investigated the impact of tissue microenvironment on T cell differentiation. In this study, they used mass cytometry to measure many Th output parameters at the protein level, including cytokines and surface receptors. Interestingly, their data suggested that it is actually very difficult to distinguish distinct Th subsets across the different human tissues they studied. Similar to what we observed in DC contexts, they showed that Th cells could secrete multiple Thassociated cytokines. For instance, they showed a co-secretion of IFNg, IL-17A and IL-22 340 .The use of mass cytometry in this study has many advantages. First, it allows quantifying many different molecule expressions at the protein level. Secondly, this molecule expression quantification is done at the single cell level, and thus, it enabled them to look at cytokine coexpression at the single cell level. On the contrary, in our data, we can only look at a simultaneous secretion of cytokines, but we cannot determine whether they are secreted from a unique cell or distinct ones within a population. For example, in the PAM3-MoDC context (Figure18A), does the same T cell co-secrete IL-17F and IL-13? Or is Th population constituted of IL-17F + cells and IL-13 + cells? Does co-secretion of cytokines by the same cell or co-presence of cytokines at the same location induce different immune responses?

  Ahmed team and Robert Thimme team are specialized in antigen-specific T cells, respectively of yellow fever virus (YFV) and hepatitis C virus (HCV). Akondy et al. characterized naive and memory YFV-specific CD8 T cells, from donors vaccinated or not against yellow fever 341 . They used YFV-specific tetramer to enrich and sort naive YFV-specific CD8 T cells in unvaccinated donors and memory YFV-specific CD8 T cells in vaccinated ones. Besides, Wieland et al. studied memory HCVspecific CD8 T cells in chronically HCV-infected patients342 . Both focused on antigen-specific CD8 T cells, but the same principle could be applied to antigen-specific CD4 T cells.The use of tetramer could be a great tool to apply in our study. The idea would be first to stimulate a pool of naive CD4 T cells isolated from blood (it would necessitate a large number of naive T cells since antigen-specific T cell frequency is very low) with an antigen, flu for instance. Stimulation could be done either directly on T cells, using a flu optimal epitope and complemented with an anti-CD28, or through flu-activated DCs (certainly, CD4 responses in each context could be different). After 6 days of activation, flu-specific CD4 T cells would be sorted with flu tetramer. Fluspecific CD4 T cells and the rest of the pool would be restimulated separately for 24 hours with anti-CD3/anti-CD28 beads and cytokine secretion measured by CBA and Luminex (same protocol as in the article manuscript). It would allow distinguishing whether flu-specific CD4 T cells activated by flu secrete a narrower cytokine profile compared to other antigen-specific CD4 T cells activated by flu.In this plot, we can observe that 20,9% of Th cells only express IL-4, 10% of Th cells only express IFNg and 5,78% of Th cells co-express both cytokines. If we consider classical Th subsets, we would say that we have 20,9% of Th2 cells, 10% of Th1 cells and 5,78% of Th1/Th2 cells. These doublepositive cells are difficult to explain with the classical Th subset classification.Another example of an increasing level of Th subset complexity has been described in Treg cells.Dong et al. showed that Treg subset could be subdivided into three subpopulations and that two of them (CD4 + FoxP3 + CD45RA -HLA-DR -and CD4 + FoxP3 + CD45RA -HLA-DR + ) were able to produce IFNg and IL-17A (not both cytokines within the same cell) 343 . The secretion of pro-inflammatory cytokines by Treg cells that are supposed to induce tolerance greatly illustrates the growing complex heterogeneity of Th subsets.We saw previously, in Figure17, that IL-21 was secreted in all our Th contexts. IL-21 is produced in large amounts by Tfh cells and this observation seems consistent with Tfh cell plasticity. Indeed, looking at CXCR5, CCR6 and CXCR3 surface markers in the CD4 memory cell compartment, Morita et al. described that human Tfh cells isolated from peripheral blood, usually called circulating Tfh cells, can be subdivided into different sub-subset that mirror Th cells: Tfh1, Tfh2 and Tfh17 344 .The main characteristic of these cells is that they express CXCR5 chemokine receptor and secreted the specific cytokines of Th1, Th2 and Th17 subsets respectively, in addition to IL-21 and CXCL13 secretion. Tfh2 and Tfh17 cells were capable of B cell help, contrary to Tfh1 cells that could not induce the secretion of Ig. But, this raises questions such as: is it coherent to name Tfh a cell that cannot provide help to B cells? Moreover, a new sub-subset of Tfh13 cells has been identified very recently in mice and human and was described as responsible for the production of high-affinity anaphylactic IgE 345 .Mixed profiles of cytokine secretion by Th cells and new subset identification bring a main question: does the identification of new subsets or even sub-subsets is really relevant? Would it not be more relevant to reconsider Th cells by taking into consideration the global cytokine secretion (which would not exclude the fact that some cytokines can dominate compared to others)? In the example of Tfh13 cell study, only a few cytokines have been measured (principally IL-13 and IL-4). Does the identification of IL-13 not a bias toward a single cytokine inducing highaffinity anaphylactic IgE production (which is amplified by the name given to the subset)? More generally, is defining a new subset on a handful of effector cytokines not biased?The global understanding of all these Th subsets and their derived cytokines leads to re-examine Th association to disease. At the time when only Th1 and Th2 were identified, Th classification of diseases was binary and related to a specific pathogenic Th subset and their specific cytokine secretion between those two. A clear example of this fact is multiple sclerosis. IFNg-producing Th1 cells were described as playing a major role in multiple sclerosis, which was clearly classified as a Th1-associated disease[346][347][348] . Additionally, in line with the Th dichotomy described by Mossman and Coffman, EAE clinical improvements were correlated with the decrease of IFNg but also the increase of IL-4, and Th2 cytokines were described as protective against exacerbated Th1 cells 349,350 . However, the discovery of Th17 changed the view of multiple sclerosis as a Th1-associated disease and helped the understanding of immune responses that were unexplained by the Th1 and Th2 paradigm 351 , and after that, Th17 cells were shown to also play a pivotal role in multiple sclerosis disease352 . Multiple sclerosis is one example among others in which a disease was associated with a specific subset and finally with many subsets. The evolution from a bipolar view to a multipolar view of multiple Th subsets involved in a single pathology led to growing complexity of Th cells and Th cytokine association to diseases and disease states. This brings many questions. First, related to the disease itself, is a disease associated with a specific pathogenic Th subset or several ones? In the second case, how the identification of several Th subsets involved in one pathology can help the understanding and therapy of this disease? Moreover, Th plasticity questions what is the best strategy to treat patients when several Th subsets are involved? Targeting the signals in the microenvironment that induce pathogenic Th cells? Targeting directly these pathogenic Th cells? Targeting the pathogenic Th effector? As many questions that remain open on the classification of Th lymphocytes. communication involves the exchange of molecular signals produced by a given cell and transmitting an effect through specific receptors expressed on target cells. This process requires integration of multiple communication signals of different nature during homeostatic or stress-related responses. For example, differentiation of pluripotent hematopoietic stem cells into mature myeloid or lymphoid blood cells requires the collective action of multiple cytokines, growth fac-tors, and Notch ligands(Balan et al., 2018). In the context of stress, multiple signals need to be integrated by innate and adaptive immune cells, including cytokines, growth factors, inflammatory mediators, and immune checkpoints(Chen and Flies, 2013; Macagno et al., 2007). In most studies, these communication molecules have been studied as individual stimuli to a target cell by gain-and loss-of-function experiments. This provides important knowledge regarding the downstream effects of the signals but prevents us from widely addressing their function in various contexts of other co-expressed communication signals.

  ) the multiplicity of input communication signals to include as many possible contextual effects; (2) communication signals at their naturally occurring concentrations; and (3) a large number of output responses in target cells, reflecting the effect of cell-cell communication quantitatively and qualitatively. Those three levels create a bottleneck in deciphering cell-cell communication. Here we developed an integrative approach combining (1) coupled protein-level measurement of multiple communication signals and output response molecules in target cells; (2) a multivariate mathematical modeling strategy enabling us to infer the input-output relationships for individual signals, taking into account the context and configuration of all other signals; and

  Group 1 was defined by high expression of adhesion molecules such as CD18, ICAM-2, ICAM-3, and CD29 and low levels Cell 179, 432-447, October 3

Figure 1 .

 1 Figure 1. Variability and Specificity of DC Communication Signals (A) Experimental strategy. (B) Raw expression values of the 36 DC communication signals (n = 428 data points). (C) Statistical descriptors of the 36 DC communication signals: expression range (log magnitude), percentage of positive observations among the 428 datapoints, and coefficient of variation. (D) Average expression values and SD for the four indicated DC signals for MoDCs.

Figure 2 .

 2 Figure 2. The Diversity of DC States Is Defined by Unique Combinations of Communication Molecules (A) Heatmap showing expression values of each 36 DC-derived signal, performed with hierarchical clustering on Pearson metrics for the DC signals and Euclidian distances for the 82 DC conditions. (B) Expression profiles (mean and SD) of the 36 communication molecules within the five groups of DC conditions, defined by hierarchical clustering. Expression data were logged and scaled so m represents the mean and s the SD of the expression of a given DC signal across the whole dataset. (C) Boxplot of selected DC signals for pairs of stimulatory conditions defined as being the most correlated within our dataset by Pearson correlation (t test). (D) Best number of groups by Gaussian mixture model, determined using the 428 points of the 36 DC parameters.

Figure 3 .

 3 Figure 3. Th Cytokine Responses Mirror the Variability in DC Communication States (A) Raw expression values of each of the 18 Th-derived parameters (n = 418 data points). (B) Average expression values and SD for all Th-derived signals under the MoDC conditions medium, LPS, zymosan, and flu. (C) Heatmap of expression values of each 18 Th parameters, performed with hierarchical clustering on Pearson metrics for the DC signals and Euclidian distances for the T cell conditions. (D) Boxplot of Th signals for pairs of conditions selected as being the most correlated within our dataset by Pearson correlation (t test). (E) Best number of groups by Gaussian mixture model, determined only using the 428 points of the 18 Th parameters.

Figure 4 .

 4 Figure 4. A Data-Driven Lasso Penalized Regression Model Predicts Th Differentiation Outcomes from DC-Derived Communication Signals (A) Mathematical modeling strategy. (B) Heatmap of the model's coefficient values of the MultiVarSel-derived model, explaining the 18 Th parameters based on the 36 DC-derived signals (Pearson correlation-based hierarchical clustering). (C) Mean and SE of prediction error values obtained by 10-fold cross-validation for Th parameters using the multivariate model (yellow) and the best univariate model (gray) within the 36 DC signals. (D) Literature-based validation score.For each DC signal, all predicted associations with Th cytokines were categorized as''new,'' ''validated,'' or ''contradictory.'' 

Figure 5 .

 5 Figure 5. Independent and Systematic Experimental Validation of the Model's Prediction (A) CD28 blocking experimental design in DC-T co-culture. (B) Comparison of the predicted versus observed fold change following CD28 blocking; n = 6 donors. (C) Experimental scheme of the ''adding'' validation procedure used in (D)-(F). (D) DC-free validation experiment studying the effect of adding IL-1b in Th0, Th2, and Th17. Naive T cells were stimulated by anti-CD3/CD28 beads; n = 6 donors. (E) DC-free validation experiment studying the effect of adding ICOS in Th0 and Th17. Naive T cells were stimulated by coated anti-CD3 and ICOS antibodies and soluble anti-CD28; n = 6 donors. (F) IL-12 validation experiments in the DC-free system. Naive T cells were stimulated by anti-CD3/CD28 beads under Th0 and Th2 conditions; n = 8 donors. (G) Validation of IL-12 predictions regarding IL-3 and IL-9. bDCs were cultured with naive CD4 T cells. IL-12 at 10 ng/mL was added for 6 days; n = 6 donors. For (B) and (D)-(G), each panel shows the mean and SD of cytokine concentration, measured on restimulated Th supernatants (Wilcoxon test).

Figure 6 .Figure 7 .

 67 Figure 6. A Context-Dependent Model Reveals a Role of IL-12 in Th17 Differentiation (A) Context-dependent modeling and application to IL-12. I, input; O, output. (B) Error of prediction values obtained by 10-fold cross-validation for IL-17A and IL-17F, comparing the best univariate model (gray), MultiVarSel (yellow), and MultiVarSel with context dependencies (blue). (C) Heatmap of the model's coefficient value of the context-dependent multivariate model explaining IL-17A and IL-17F. (D) Model predictions regarding IL-12 in silico knockout (KO) under the zymosan MoDC condition for IL-17A and IL-17F values (blue) compared with experimental values in the presence of IL-12 (yellow); paired t test. (E) Concentrations of IL-17A and IL-17F produced by Th cells after differentiation with zymosan MoDCs in the presence of anti-IL-12 neutralizing antibody or a matched isotype; n = 6 donors, paired t test.

  (E) Day 5 intracellular FACS analysis of Th cells differentiated as in (B). Dot plots show a representative donor. (F) Quantification of live total CD4 T cells producing either IL-17A or IL-17F; n = 6 donors, paired t test. (G) Representative donor of CD4 memory T cells with intracellular FACS staining for IL-17A versus IL-17F. (H) Venn Diagrams of IL-17F + /IL17A À Th cells co-producing IL-22, IFN-g, and IL-21 of naive CD4 T cells under the IL-12+IL-1b. IL-12+IL; mean percentage and confidence interval, n = 6 donors. (I) Venn Diagrams of IL-17F + /IL17A À Th cells co-producing IL-22, IFN-g, and IL-21 of memory CD4 T cells stimulated for 5 h with PMA and ionomycin; mean percentage of 6 donors with confidence interval.

  activation profile after 24 hours stimulation ith Medium LPS ymosan or Flu. 29 surface markers measured by flo cytometry sho n on one representative donor.

Figure S1 .

 S1 Figure S1. Descriptive Analysis of 36 DC-Derived Communication Molecules, Related to Figures 1 and 2

A)

  Example of raw FACS staining of MoDC communication molecules after 24 hours stimulation with Medium, LPS, Zymosan or Flu. 29 surface markers measured of one representative donor are shown. B) Statistical analysis comparing a given DC stimulation to the other 3 for each signal annotated. P values are annotated in the table, red should be considered as significant. Paired Wilcoxon test was used (n = 14). C) PCA performed either on the whole dataset (left and middle panel) or on the 6 most frequent perturbators (right panel) used across MoDC and bDC stimulations. From left to right colors respectively indicates, the dates of experiments, the DC subset, the 6 most frequent DC stimulations.

Figure

  Figure S2. Mathematical Description and Statistical Analysis of Th Cytokine Profiles, Related to Figure 3 A) Table showing three key mathematical parameters of the Exp Fold and the 17 Th derived cytokines. First column: the range of expression (the number of log on which the data are expressed). Second column: the percentage of positive observations among the 428 datapoints. Third column: the coefficient of variation. Communication molecules were ranked based on their range of expression and their coefficient of variation. B) Statistical analysis comparing selected Th cytokines within the following groups: Medium-MoDC, LPS-MoDC, Zymosan-MoDC and Flu-MoDC. The statistical test used is paired Wilcoxon test on n = 14 donors. C) Expression profiles of the Exp Fold and the 17 Th derived cytokines within the six groups of DC conditions defined by hierarchical clustering. Expression data were logged transformed and scaled so as m represents the mean and s the SD of the expression of a given communication molecule across the whole dataset (n = 428).

Figure

  Figure S3. Multivariate Modeling Strategies Applied to Our DC-T Cell Datasets, Related to Figure4A) Comparative analysis of distinct modeling strategies on simulated data. Using ROC curves, we applied the annotated strategies in terms of true and false discovery. The simulated dataset mimics the features of our DC and T cell experimental data but for which we artificially attributed a link betweenDC signals and Th cytokines. This allowed us to compare four different types of modeling strategies (Raw, OR, MultivarSel and sPLS) and different variable selection methods (Lasso, Stability Selection and CV) by analyzing their false and true positive rates. B) Frequency of selection of input variables established through model stability selection. Stability selection was applied after our MultivarSel strategy to the full DC-T dataset (n = 428). C) Table(legend continued on next page)

F

  Figure S4. Complementary Th Secretion Profiles of the Tested Conditions for Systematic Model Validation, Related to Figure 5 A) Fold change of the cytokine concentration estimated versus experimentally measured for the four indicated cytokines. n = 6 independent donors B) Mean cytokine concentration and SD indicated for each condition. n = 6 C) Mean cytokine concentration and SD indicated for each condition. n = 6 D) and E) Mean cytokine concentration and SD indicated for each condition. n = 6 F) Boxplot of the coefficient and stability selection frequencies in the two conditions: True (validated predictions) and False (not validated), Wilcoxon test. Performed only for IL-12, IL-1 and ICOSL validations.

Figure 7 A

 7 Figure S6. In-Depth Characterization of Th Cells Polarized under the IL-1+IL-12 Condition, Related to Figure7A) Multivariate model explaining the differences between IL-17F and IL-17A for a stability selection threshold of 0.8. B) Cytokine profiles of Th cells differentiated in distinct cytokine condition: Th0 (medium), Th2 (IL-4), IL-12, IL-1 (IL-1b), IL-12+IL-1 and Th17 (IL-6+IL-1b+TGF-b+IL-23), measured by CBA on 6 donors. Paired Student's t test was used for statistical analysis. C) IL-17A and IL-17F were measured by CBA in the supernatants of Th cells differentiated in distinct cytokine condition: Med, IL-12, IL-1b, IL-6, IL-23, TGF-b, IL-12+IL-1b, IL-6+IL-12, IL-23+IL-12, TGF-b+IL-12, IL-6+IL-23+IL-1b+TGF-b. This experiment was performed on 3 donors. D) Comparison in the same naive CD4 DC-free culture system of the effect of IL-1a and IL-1b on the production of six distinct cytokines: IFN-g, IL-17A, IL-17F, TNF-a, IL-13, IL-10. This experiment was performed on 3 donors. E) DC-free differentiation assay performed using anti CD3/CD28 beads in the indicated cytokine conditions. n = 6, Wilcoxon test was used for statistics. F) Example of FACS CTV staining for Th proliferation assessment at day 5. G) Quantification of the % of alive cells in each peak of the CTV staining for each condition. n = 3, paired t test was performed H) qPCR expression profiles for selected genes in the following conditions Th0, Th2, IL-12, IL-1b, IL-12+IL-1b, Th17 (IL-6+IL-23+IL-1b+TGF-b). n = 6. Wilcoxon test was used.

Figure S7 .

 S7 Figure S7. Detailed Description of Distinct Experimentally Validated Predictions,A) PCA using 63 genes measured by qPCR in the 6 indicated Th conditions B) Detailed descriptions of the contribution of each 63 genes to the two first dimensions of the PCA represented in A). C) Systematic univariate analysis evaluating the Pearson correlation between IL-17A and IL-12 in the presence of IL-23 and another input (listed in the column 'Inputs') the number of samples having both of these inputs is in column 'Number'. D) Pearson correlation between IL-17A and IL-12 in the presence or absence of IL-1 and IL-23. E) Dot plot representing the correlation between IL-12 and IL-17A on IL-23 positive data points. F) qPCR measuring RORc, IL-17A and IL-17F in the indicated conditions. n = 6 independent donors. Wilcoxon test was used for statistical analysis G) Positive control showing the validation of the anti-CD2 agonist antibody through the measure of Exp Fold in the Th0 condition n = 8 H) Representative intracellular cytokine staining for IL-17A and IL-17F performed in the Th17 and Th17+anti-CD2 conditions. I) Quantification of the intracellular FACS staining performed in H) for 8 distinct donors. Wilcoxon analysis. J) Representative raw data staining of intracellular FACS for IFN-g, IL-21, IL-22, IL-17A and IL-17F in 6 distinct conditions, Th0 (medium), Th2 (IL-4), IL-12, IL-1 (IL-1b), IL-12+IL-1 and Th17 (IL-6+IL-1b+TGF-b+IL-23) for naive CD4 culture. K) Representative raw data staining of intracellular FACS for IFN-g, IL-21, IL-22, IL-17A and IL-17F for memory CD4 purified cells, previously isolated by magnetic sorting, and restimulated 5 hours with PMA/ionomycin.

  FIG 1. Systematic analysis of clinical scores and T H cell populations in patients with AD during dupilumab treatment. A, Percentages of T H 1, T H 2, T H 17, and T H 1/17 cells among CD4 1 CD45RO 1 cells in HDs and patients with AD at each time point during dupilumab treatment. B, Lymphocyte and eosinophil counts in blood at each time point. C, Values of EASI and SCORing Atopic Dermatitis (SCORAD) score measured by clinicians at each time point. Medians 6 interquartile ranges are plotted for each graph.

FIG 2 .

 2 FIG 2. EASI score association with T H 2, T H 17, and T FH cell percentages in patients with AD treated with dupilumab. A, Correlation of T H 2 cell percentage with EASI score at M0, M1, M3, M6, and M12 or longer of dupilumab treatment. B, Correlation of T H 17 cell percentage with EASI score at M0 and M12 or longer of dupilumab treatment. C, Correlation of relative difference in EASI score between M12 or longer and M0 and percentage relative difference in T H 17 between M12 or longer and M0. D, Comparison of CXCR5 1 , CXCR5 -,T FH 1, T FH 2, T FH 17, and T FH 1/17 cell percentages at M12 or longer between low responders and high/ intermediate responders.

  , based on CD2, CD5 and AXL expression (Fig S1A). PDC activation and diversification was observed with two independent primary SARS-CoV-2 strains (Fig 1C), which both induced similar proportions of P1-P3 subsets. PDC diversification was also observed by co-culturing of pDC with SARS-CoV-2-infected Vero E6 cells with a similar efficiency than free SARS-CoV-2 (Fig S1C). SARS-CoV-2 improved pDC viability as compared to medium condition (Fig 1D), which is compatible with subsequent effector functions.

  . The ability of pDC to replicate SARS-CoV-2 was then assessed. Human pDC were challenged with SARS-CoV-2 strain 220_95 at MOI of 2, and cultured for 2h, 24h or 48 h. Our results showed that pDC were refractory to SARS-CoV-2 infection, as evaluated by quantifying 1) the intracellular production of the nucleoprotein antigen (N) (Fig 1F), or the accumulation of viral RNA in SARS-CoV-2-infected cells (Fig S1D), and 2) the release of infectious progeny virus in the supernatants of infected cells using plaque assays (Fig 1G). As positive control, the permissive Vero E6 cells produced high level of the N antigen, increased viral RNA overtime (Fig S1D), and high viral titers following SARS-CoV-2 incubation (Fig 1G). Similar results were obtained with pDC isolated from three independent donors (Fig S1E). Overall, these results show that pDC are resistant to SARS-CoV-2 infection, and are efficiently activated by the virus independently of ACE2 expression. Their viability was not affected by SARS-CoV-2 challenge.

2 (

 2 . A detailed phenotypic analysis was subsequently performed on pDC after 24 and 48 hours of culture with SARS-CoV-Fig 2C and Fig S2A). Diversification was observed at both time points, with a slight increase in P3-pDC at 48 hours (Fig S2A). P2-and P3-pDC significantly upregulated CD80, CD86, CCR7, and OX40L, as compared to non-activated P0-pDC, in both SARS-CoV-2 and Flu conditions (Fig 2C). PD-L1, and CD62L, an integrin that promotes lymph node homing, were both higher on P1-and P2-pDC (Fig 2C). Expression of checkpoint molecules persisted at 48h, especially the higher CD80 and CD86 expression on P3-pDC (Fig S2B).

  cytokines IL-6 and IL-8 were comparably induced by SARS-CoV-2 and Flu (Fig 3A). However, TNF-α levels were marginally induced by SARS-CoV-2 as compared to Flu activation (Fig 3A). Cytokine production was maintained after 48 hours of viral activation (Fig 3B). Secreted protein levels were similar to 24h levels for most cytokines. Interestingly, IFN-α levels raised by 3-fold between 24h and 48h for one donor (Fig 3A and B), indicating the possibility of increased production. Such strong IFN producer suggests a potential virus controller. Because the oropharyngeal mucosa is an entry site for SARS-CoV-2, we aimed at validating our results using pDC purified from tonsils. SARS-CoV-2 induced a marked diversification of tonsillar pDC into all three activated subsets (Fig S2C). Tonsillar pDC efficiently produced IFN and inflammatory cytokines in response to SARS-CoV-2 (Fig S2D). Overall, our results establish SARS-CoV-2 as a very efficient inducer of type I and type III IFN responses. Inflammatory cytokines were induced at similar level than Flu activation, without any significant imbalance that would be suggestive of excessive inflammatory response.

  4A). In particular, P2-and P3-pDC differentiation were almost completely inhibited (Fig 4B). Inhibition of SARS-CoV-2-induced pDC diversification by HCQ was dosedependent (Fig S3A). The significant decrease in P3-pDC was paralleled by a decrease in CD80, CD86, and CCR7 expression (Fig 4C and D). OX40-ligand expression was not significantly affected by HCQ (Fig 4C and D). However, HCQ inhibited the appearance of an OX40-ligand high pDC population (Fig S3B and S3C),

  The difficulty in designing current and future COVID-19 treatment strategies lies in part in the complexity of the host-virus interactions. Ideally, an efficient therapy should control the excessive and potentially pathogenic inflammatory cytokine response, while preserving antiviral effector pathways in order to efficiently control viral replication. In our study, we have shown that SARS-CoV-2 effectively induced type I IFN production by pDC during initial encounter with the virus. Given the importance of IFN responses in the control of viral infections, pharmacological agents that decrease IFN production should be avoided. Our results showing that HCQ could inhibit all aspects of SARS-CoV-2-induced pDC activation call for a lot of caution in the use of that drug in the context of COVID-19. A favorable cost-benefit ratio would be expected only if a strong direct antiviral effect was demonstrated, associated with an efficient ability to control the production of pathogenic inflammatory cytokines.Else, interfering with pDC anti-viral response could contribute to a less efficient control of SARS-CoV-2 infection and subsequent worsening of the disease.

  pDC were then magnetically sorted (Human Plasmacytoid DC Enrichment Kit; StemCell). PDC enrichment was assessed based on the cytometric sorting panel, and was ranged from 71 to 90%. African green monkey kidney epithelial Vero E6 cells (ATCC, CRL-1586) were cultured in Dulbecco's Modified Eagle Medium (DMEM; Thermo Fisher Scientific) supplemented with 10% FBS, 1% penicillin-streptomycin, 1% GlutaMAX and 25 mM Hepes.

  cytopathogenic effects (CPE) by light microscopy. Substantial CPE were seen at 72-96 hours post inoculation. Culture supernatants were then collected, clarified by centrifugation, filtered using a 0.45 μM filter and kept at -80°C. We confirmed SARS-CoV-2 replication by RT-qPCR and whole viral genome sequences were obtained by next generation sequencing using Illumina MiSseq sequencers. Strains sequences have been deposited in the Global Initiative of Sharing All Influenza Data (GISSAID) database with accession ID EPI_ISL_469284 (220_95) and EPI_ISL_469283 (211_61). All viruses belong to the GH clade. SARS-CoV-2 strains were further propagated on Vero E6 in DMEM-2% (DMEM supplemented with 2% FBS, 1% penicillin-streptomycin, 1% GlutaMAX and 25 mM Hepes). Viruses were passaged three times before being used for experiments. For the last passage, viruses were purified through a 20% sucrose cushion by ultracentrifugation at 80,000 x g for 2 hours at 4°C. Pellets were resuspended in HNE 1X pH7.4 (Hepes 5 mM, NaCl 150 mM, EDTA 0.1 mM), aliquoted and stored at -80°C.
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  ATATTGCAGCAGTACGCACACA-3') for viral RNA quantification. The plasmid containing the sequence corresponding to the amplified cDNA was purchased from

(

  Biolegend), FITC anti-CD16 (BD, clone NKP15), FITC anti-CD14 (Miltenyi, clone TÜK4), FITC anti-CD19 (Miltenyi, clone LT19), FITC anti-CD20 (BD, clone 2H7), FITC anti-CD56 (Biolegend, clone HCD56), FITC anti-CD3 (BD, clone HIT3a), BV650 or AF700 anti-CD4 (Biolegend, clone OKT4), PE-Cy7 anti-CD11c (Biolegend, clone Bu15), APC-Vio770 anti-CD2 (Miltenyi, clone LT2), and APC anti-CD5 (BD, clone UCHT2). PDCs were gated as live, lineage -(CD16, CD14, CD19, CD20, CD56 and CD3), CD2 -CD5 -, and CD4 + CD11c -cells. For pDC diversification and checkpoint assessment, cells were stain with zombie violet fixable viability dye (Biolegend), BV711 anti-CD123 (Biolegend, clone 6H6), PE anti-CD80 (BD, clone L307.4), PerCP efluor 710 anti-PD-L1 (eBioscience, clone MIH1), BUV737 anti-CD86 (BD, clone 2331), BV421 anti-OX40 Ligand (BD, clone ik-1), APC anti-CD62L (BD, clone DREG-56), FITC anti-CCR7 (R&D System, clone 150503).
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 1 Figure 1. SARS-CoV-2 induces activation and diversification of primary human
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 2 Figure 2. SARS-CoV-2 induces pDC activation in a dose dependent manner.
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 3 Figure 3. SARS-CoV-2-activated pDC produce pro-inflammatory cytokines.
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 S3 Figure S3. Hydroxichloroquine inhibits SARS-CoV-2-induced pDC activation in

  Figure3

CONCLUSION:

  At least 3.5% of patients with lifethreatening COVID-19pneumoniahadknown (AR IRF7 and IFNAR1 deficiencies or AD TLR3, TICAM1, TBK1, and IRF3 deficiencies) or new (AD UNC93B1, IRF7, IFNAR1, and IFNAR2 deficiencies) genetic defects at eight of the 13 candidate loci involved in the TLR3-and IRF7-dependent induction and amplification of type I IFNs. This discovery reveals essential roles for both the double-stranded RNA sensor TLR3 and type I IFN cell-intrinsic immunity in the control of SARS-CoV-2 infection. Type I IFN administration may be of therapeutic benefit in selected patients, at least early in the course of SARS-CoV-2 infection. ▪ RESEARCH Zhang et al., Science 370, 422 The full author list and the list of affiliations is available in the full article online. Corresponding author: Jean-Laurent Casanova (casanova@ rockefeller.edu) This is an open-access article distributed under the terms of the Creative Commons Attribution license (https:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Cite this article as Q. Zhang et al., Science 370, eabd4570 (2020). DOI: 10.1126/science.abd4570 READ THE FULL ARTICLE AT https://doi.org/10.1126/science.abd4570 of TLR3-and IRF7-dependent type I IFN production and amplification underlie lifethreatening COVID-19 pneumonia. Molecules in red are encoded by core genes, deleterious variants of which underlie critical influenza pneumonia with incomplete penetrance, and deleterious variants of genes encoding biochemically related molecules in blue underlie other viral illnesses. Molecules represented in bold are encoded by genes with variants that also underlie critical COVID-19 pneumonia.

Fig. 1 .

 1 Fig. 1. Demographic and genetic data for the COVID-19 cohort. (A) Age and sex distribution of patients with life-threatening COVID-19. (B)P C Ao fp a t i e n t( w i t ho r without LOF variants in the 13 candidate genes) and control cohorts (patients with mild or asymptomatic disease and individuals from the 1000 Genomes Project).

Fig. 3 .

 3 Fig.3. Impact of TLR3, TICAM1, TBK1, IRF3, IRF7, IFNAR1, and IFNAR2 variants on type I IFN signaling. (A) TLR3-deficient P2.1 fibrosarcoma cells were stably transfected with plasmids expressing WT or mutant forms of TLR3, and IFNL1 mRNA levels were determined by reverse transcription quantitative PCR. IFNL1 mRNA levels were expressed relative to the housekeeping gene GUS and then normalized. IFNL1 was undetectable in unstimulated cells. The differences between variants and WT were tested using one-way ANOVA (*P <0.05).(B)TICAM1deficient SV40-Fib cells were transiently transfected with WT or mutant forms of TICAM1, together with an IFN-b luciferase reporter and a constitutively expressed reporter. Normalized luciferase induction was measured 24 hours after transfection. The differences between variants and WT were tested using one-way ANOVA (*P < 0.05). (C) HEK293T cells were transiently transfected with WT and mutant forms of TBK1, together with an IFN-b luciferase reporter and a constitutively expressed reporter. Normalized luciferase activity was measured 24 hours after transfection. The differences between variants and WT were tested using one-way ANOVA (*P < 0.05). (D) IRF3-deficient HEK293T cells were transiently transfected with WT and mutant forms of IRF3, together with an IFN-b

Fig. 4 .

 4 Fig.4. Type I IFN responses in patient cells defective for IRF7. (A) Levels of the IRF7 protein in PHA-T cells from two patients with AR IRF7 deficiency (P1 and P3), one patient with AD IRF7 deficiency (P2), and four healthy donors (C1 to C4). Cells were either left untreated or stimulated with IFN-a2 for 24 hours, and protein levels were measured by Western blotting. MX1 was used as a positive control for IFN-a2 treatment. (B) pDCs isolated from an AR IRF7deficient patient (P1) and a healthy donor (C1) were either left untreated or infected with influenza A virus (IAV) or SARS-CoV-2, and RNA-seq was performed. Genes with expression >2.5-fold higher or lower in C1 after infection are plotted as the fold change in expression. Red dots are type I IFN genes; blue dots are type III IFN genes. (C) pDCs isolated from healthy donor C and IRF7-deficient patient (P1) were either left untreated (Medium) or infected with IAV or SARS-CoV-2, and the production of IFN-a2 and IFN-l1 was measured by CBA and ELISA, respectively, on the supernatant. ND, not detected.

  errors of TLR3-and IRF7-dependent type I immunity underlie critical COVID-19 Collectively, our data suggest that at least 23 of the 659 patients with life-threatening COVID-19 pneumonia studied had known (six disorders) or new (four disorders) genetic defects at eight loci involved in the TLR3-and IRF7-dependent induction and amplification of type I IFNs. This discovery reveals the essential role of both the double-stranded RNA sensor TLR3 and type I IFN cell-intrinsic immunity in the control of SARS-CoV-2 infection in the lungs, consistent with their previously documented roles in pulmonary immunity to influenza virus (5-8). These genotypes were silent until infection with SARS-CoV-2. The most thoughtprovoking examples are the AR deficiencies of IRF7 and IFNAR1. AR IRF7 deficiency was diagnosed in two individuals aged 49 and 50 years, and AR IFNAR1 deficiency was diagnosed in two individuals aged 26 and 38 years,

Fig. 5 .

 5 Fig. 5. Type I IFN responses in patient cells defective for IFNAR1. (A) FACS staining of IFNAR1 on the surface of PHA-T cells from a patient with AR IFNAR1 deficiency (P5) and healthy donors (C1 and C2). (B) PHA-T cells and SV40-Fib from a patient with AR IFNAR1 deficiency (P5) and a healthy donor (C3) were stimulated with IFN-a2 or IFN-b, and p-STAT1 levels were determined by FACS. Interleukin-27 stimulation served as a positive control on PHA-T cells, whereas IFN-g stimulation served as a positive control on SV40-Fib cells.

Fig. 6 .

 6 Fig.6. Cell-intrinsic type I IFN response to SARS-CoV-2. SV40-Fib cells of TLR3 -/-,T L R 3 +/-,I R F 7 -/-, and IRF7 -/-SV40-Fib cells rescued with WT IRF7; IFNAR1 -/-SV40-Fib cells, and IFNAR1 -/-SV40-Fib cells rescued with WT IFNAR1 were transduced with ACE2 and TMPRSS2 and then either left untreated or treated with IFN-b for 4 hours. Cells were then infected with SARS-CoV-2 (MOI = 0.5). After staining, ACE2 and viral S-protein levels were measured by high-content microscopy with gating on ACE2 + cells. IRF7-deficient SV40-Fib cells were previously transduced with either WT IRF7 or negative control (Luc). IFNAR1-deficient cells were previously transduced with either WT IFNAR1 or empty vector (EV).

Fig. 7 .

 7 Fig. 7. In vivo type I IFN responses to SARS-CoV-2 infections. Plasma levels of 13 IFN-a were measured by Simoa. Auto-Ab(+) without LOF variants indicates COVID-19 patients with neutralizing anti-IFN-a auto-Abs in our accompanying report(29). P values indicated were evaluated using one-way ANOVA.

-

  Tout d'abord, des anticorps antagonistes anti-OX40 sont en développement dans les cancers. Le cancer est une pathologie très complexe. Contrairement à la chimiothérapie, qui a pour but de tuer les cellules tumorales en visant les cellules se divisant rapidement, les immunothérapies vont stimuler le système immunitaire du patient, pour qu'il puisse les reconnaître et les détruire par lui-même. Pour l'instant, seules des immunothérapies visant des molécules de checkpoint immunitaires co-inhibitrices ont eu une autorisation de mise sur le marché (anti-PD-1, anti-CTLA-4)212 . La raison pour cibler OX40 en immunothérapie vient de son aptitude à augmenter la prolifération, la migration et la survie des lymphocytes T, et leur production de cytokines. Ainsi, plusieurs anticorps monoclonaux antagonistes sont testés en essais cliniques comme MEDI6469 (NCT02274155) ou GSK3174998 (NCT02528357). En plus des anticorps, des protéines molécule dans des systèmes biologiques. Ainsi, avec ce travail, plusieurs questions ont été adressées :-Est-il possible de quantifier la contexte-dépendance de la fonction d'une molécule biologique ? Comment ? -Quelle serait la meilleure méthode pour quantifier cette contexte-dépendance ? -Comment les modèles statistiques peuvent s'appliquer à ce concept et à cette quantification ? D'autres questions se sont posées : -Comment évaluer la quantité de données nécessaires pour étudier cette contextedépendance ? Comment représenter une telle quantité de données sans perdre d'information ? -Comment choisir les systèmes expérimentaux pour quantifier la contexte-dépendance de façon adéquate ? -Est-ce que la contexte-dépendance vient du contexte en son ensemble ou d'un paramètre spécifique du contexte ? -Dans cette même directive, est-il possible de disséquer le contexte pour mieux comprendre d'où vient la contexte-dépendance de la fonction de la molécule étudiée ? Résultats Les checkpoints immunitaires font partie d'une large diversité de signaux intégrés par les cellules T. Les checkpoints immunitaires sont connus pour jouer un rôle clé lors de l'activation et de la régulation des lymphocytes T. Cette famille comprend une trentaine de molécules et est divisée en deux catégories fonctionnelles. Les molécules co-stimulatrices, tels que CD28, ont la capacité de stimuler l'activation des lymphocytes T tandis que les molécules co-inhibitrices, tels que PD-1, jouent un rôle dans la régulation de la réponse des lymphocytes T. Dans cette étude, nous utilisons la polarisation T auxiliaire comme modèle, pour illustrer comment les paramètres du microenvironnement peuvent avoir un impact sur les paramètres internes, tels que la fonction de biomolécule. Nous voulions explorer davantage cet aspect de contexte-dépendance, son possible impact sur la polarisation Th et en particulier sur la sécrétion de cytokines. De plus, nous avons choisi OX40L comme un checkpoint immunitaire intéressant pour étudier ce concept. Comme présenté dans l'introduction, nous avons déjà des indices sur les fonctions d'OX40L sur la polarisation Th et la sécrétion de cytokines. Cependant, la manière dont le contexte peut influencer sa fonction n'a jamais été décrite. De plus, des outils étaient disponibles pour étudier OX40L dans nos deux systèmes expérimentaux : la protéine OX40L recombinante humaine (rhOX40L) et l'anticorps bloquant anti-OX40L humain. Par conséquent, nous avons d'abord décidé d'utiliser une approche systématique en appliquant plusieurs contextes cytokiniques sur les lymphocytes T en présence ou en absence de rhOX40L. Pour cela, nous avons utilisé un système de culture de polarisation Th, avec des billes anti-CD3/anti-CD28 pour la stimulation du TCR et des cytokines polarisantes Th pour induire Th0 (pas de cytokine), Th1 (IL-12), Th2 (IL-4) et Th17 (IL1β + IL-6 + IL-23 + TGF-β). Une protéine rhOX40L soluble trimérique a été ajoutée à la culture pour stimuler OX40 sur les cellules T. Dans un deuxième temps, nous avons voulu intégrer un contexte cellulaire dans nos paramètres externes appliqués aux cellules T, pour voir son impact sur la fonction OX40L. Ces contextes cellulaires sont composés de deux paramètres, le type DC et les stimuli activant les DC. Nous avons utilisé deux types de DC : des cDC2, directement isolé du sang de donneur sain, et des MoDC, différenciés par IL-4 et GM-CSF à partir de monocytes CD14 + , également isolés du sang de donneur sain. Pour étendre le nombre de contextes, chaque population a été activée à l'aide de différents stimuli, avec une large pertinence physiopathologique pour les infections bactériennes (LPS, HKSA, Curdlan) et fongiques (Zymozan), et pour les allergies (TSLP). Dans ce cas, nous avons ajouté un anticorps monoclonal antagoniste contre OX40L pour bloquer la communication DC-T via l'interaction OX40-OX40L. Dans nos deux systèmes expérimentaux, nous avons analysé les 17 principales cytokines Th sécrétées par les lymphocytes T, en présence ou en absence d'OX40L, avec l'hypothèse que la contexte-dépendance peut se produire sur différentes cytokines. Ces cytokines sécrétées ont été mesurées dans 302 observations pour créer une grande base de données. En combinant les systèmes expérimentaux et la modélisation statistique, nous avons quantifié et évalué les fonctions contexte-dépendantes de OX40L sur la polarisation Th. Notre stratégie de modélisation mathématique nous a permis : 1) d'identifier les cytokines pour lesquelles la contexte-dépendance d'OX40L était la plus importante dans chacun de nos systèmes, 2) de classer chaque contexte selon la contexte-dépendance d'OX40L, 3) d'identifier le paramètre le plus important influençant la contexte dépendance d'OX40L, entre le type DC et les stimuli activant les DC. Ainsi, parmi les contextes Th, Th2 apparaît comme celui qui a le plus d'influence sur la fonction OX40L, tandis que dans les contextes bDC, TSLP est de loin le plus influent. Enfin, parmi les contextes cellulaires, le type DC s'est révélé dominant dans le contrôle de la contextedépendance d'OX40L par rapport au stimulus activant les DC. Pour conclure, notre modèle statistique peut être appliqué à n'importe quelle biomolécule, pour déchiffrer et quantifier sa contexte-dépendance et évaluer son impact sur sa fonction. Discussion générale et perspectives 1) Concept de contexte-dépendance Importance multidisciplinaire de la contexte-dépendance Le concept de contexte-dépendance a été identifié dans de nombreux domaines scientifiques et certains articles ont tenté de mieux comprendre ses conséquences très récemment. Elle a par exemple été étudiée en génétique, écologie et même en économie 300,303-305 . Mais bien que la contexte-dépendance ait été examinée et étudiée dans de nombreux domaines, peu d'études nous permettent de la quantifier de manière complète et directe. La contexte-dépendance dans son intégralité est un problème difficile car il s'agit en réalité d'une combinaison d'un nombre incalculable de paramètres, chacun comprenant de nombreuses combinaisons de variantes. Par conséquent, une telle complexité doit être formalisée à l'aide d'une approche de modélisation mathématique intégrée.
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 23 utilisant des cytokines Th polarisantes, et des contextes cellulaires. Les contextes moléculaires sont plus faciles à contrôler car ils induisent un panel très spécifique de cytokines sécrétées par les cellules T, les contextes utilisant des DC activées induisant un panel mixte de cytokines.Cependant, bien qu'il soit utile comme preuve de concept, ce type de système crée des contextes « extrêmes », dans lesquels les cytokines polarisantes sont présentes à des concentrations élevées ou pas du tout. Par conséquent, nous avons décidé d'également introduire des contextes cellulaires, dans lesquels les cellules T sont activées et polarisées par les DC. Avec les contextes cellulaires, nous avons ajouté de la complexité à nos contextes et avons essayé de nous rapprocher de la physiologie.Pour toute cette diversité de contextes appliqués aux cellules T CD4, nous avons mesuré systématiquement une grande quantité de cytokines Th sécrétées, 17 cytokines, là où la plupart des études ne sélectionnent que peu de cytokines d'intérêt. Nous avons obtenu une base de données contenant 5046 points de données. Concernant le modèle que nous voulions établir et la taille du jeu de données généré, nous avons travaillé en étroite relation avec des biostatisticiens.Application du modèle de contexte-dépendanceDans nos contextes cellulaires, nous avons inclus des stimuli d'activation présentant une pertinence physiopathologique pour les bactéries (LPS, HKSA, Curdlan), les champignons (Zymozan) et les allergies (TSLP). Il aurait été intéressant d'inclure un contexte tumoral dans notre panel puisque nous travaillons sur les fonctions d'une molécule intéressante pour l'immunothérapie. Les programmes DC induits par le microenvironnement tumoral sont particuliers et peuvent favoriser ou contrôler le développement du cancer. Il existe des ressources sur les états des DC dans les tumeurs311,312 . Cependant, ces microenvironnements tissulaires complexes, en plus d'être très variables entre les patients, sont difficiles à récapituler dans des systèmes contrôlés, et nécessitent des études dédiées. Comme expérience intéressante, les cellules T pourraient être cultivées dans des surnageants de tumeurs. Les différents contextes peuvent être définis selon plusieurs paramètres. Premièrement, il peut s'agir simplement d'un même type de tumeur provenant de différents patients, qui ont leur propre microenvironnement tumoral. Ensuite, il est possible d'aller plus loin, y compris avec différents types de tumeurs, différents traitements de tumeurs, etc. Ce type d'analyse pourrait être une première étape pour mieux comprendre l'efficacité variable du blocage des checkpoints immunitaires.Limitation du modèle de contexte-dépendanceNous pouvons également nous concentrer sur les limites de notre modèle et la justification de ces limites.Une première limitation de l'étude de la contexte-dépendance est bien sûr le nombre de contextes. Dans notre cas, nous avons d'abord décidé de prendre en compte le contexte des cytokines, car elles sont communément décrites comme étant un signal majeur en polarisation Th. Nous utilisons une protéine OX40L recombinante (rhOX40L) dans une expérience simplifiée de polarisation, sans aucune intervention de DC, en utilisant des billes anti-CD3 / anti-CD28 pour l'activation des lymphocytes T et des cytokines synthétiques pour la polarisation. Notre deuxième cadre expérimental utilisant des DC pour activer et polariser les cellules T vise à complexifier nos contextes pour se rapprocher de la réalité de la polarisation Th dans les ganglions lymphatiques.Néanmoins, l'augmentation de la complexité va de pair avec la diminution de contrôle des systèmes. Nous aurions pu faire beaucoup d'autres choix pour les contextes tels que choisir d'autres stimuli d'activation DC par exemple. Malheureusement, ajouter plus de stimuli d'activation DC aurait été difficile par rapport au nombre de DC que l'on peut obtenir à partir d'une même poche de sang. De plus, dans les contextes cellulaires, nous n'avons inclus que deux types de DC, cDC2 et MoDC, nous aurions pu en choisir d'autres, mais encore une fois le problème du nombre de DC persiste, ainsi que celui du choix du milieu de culture par rapport au type de DC. Impact de OX40L sur la sécrétion de cytokines Th et ses effets contexte-dépendants Impact de OX40L sur les principales cytokines Th La contexte-dépendance peut également être intéressante à considérer dans le cas de résultats paradoxaux entre différentes études. Dans le cas d'OX40L, nous avons été intéressés par IL-4 car de nombreuses études ont lié OX40L à l'allergie et aux cellules Th2 et Tfh 290 . Dans notre contexte Th2, nous avons observé une diminution de l'IL-4 en présence de la protéine rhOX40L, ainsi qu'une diminution des cytokines Th2 IL-5 et IL-31. De manière similaire, dans notre contexte TSLP-bDC, nous avons observé une augmentation de l'IL-4 en présence de l'anticorps bloquant anti-OX40L, ce qui signifie une diminution de l'IL-4 par l'OX40L. Cependant, OX40L a été plutôt classé comme induisant les cellules Th2 dans la littérature 122,251 . Cependant, dans ces études, d'autres types de DC et milieux ont été utilisés. Dans notre contexte Th17, nous avons remarqué qu'OX40L entrainait une régulation différente d'IL-17A et IL-17F. La concentration d'IL-17A était diminuée alors que la concentration d'IL-17F était augmentée en présence d'OX40L. À l'origine, les gènes IL17A et IL17F ont été décits comme étant régulés de manière coordonnée 325 et jusqu'à présent, seules quelques études ont rapporté une régulation différente de l'IL-17A et de l'IL-17F 131,170,326-328 . Dans le cadre de la fonction d'OX40L sur les cellules Th17, aucune étude n'avait encore rapporté une régulation différente des cytokines IL-17F et IL-17A. Nos données fournissent de nouvelles informations sur le rôle de d'OX40L sur ces cytokines. En effet, bien qu'elles aient des actions similaires voire parfois synergiques du fait d'une forte homologie, leur rôle peut également différer dans certains contextes 329-332 , d'où l'intérêt d'une meilleure compréhension de leur mécanisme de sécrétion pour pouvoir les cibler individuellement. Fonctions contexte-dépendantes d'OX40L sur les cytokines Th Dans nos contextes Th, nous avons observé deux types de contexte-dépendance d'OX40L, qualitative et quantitative sur l'IL-22, TNF-a, IL-10 et IL-13. Parmi ces cytokines, l'IL-10 avait le score de contexte-dépendance le plus élevé, ce qui signifie qu'elle était la plus sensible, de manière quantitative, à la dépendance au contexte OX40L dans les contextes. Dans nos contextes bDC, la contexte-dépendance d'OX40L sur IL-2, GM-CSF, IFNg et IL-3 dépend fortement du contexte TSLP. Cela est évident parce que lorsque nous l'avons retiré de l'analyse, nous n'avons pas pu l'observer sur ces cytokines. À première vue, cela semblait cohérent car le contexte TSLP-bDC est instinctivement différent des cinq autres. C'est une cytokine inflammatoire produite dans un contexte très distinct qu'est l'allergie. Mais il s'est avéré que dans les contextes MoDC (qui n'ont pas de contexte TSLP car pas de récepteur), une contexte-dépendance a malgré tout pu être observée entre les contextes bactériens et fongiques. Nous avons observé les types de deux dépendances contextuelles. OX40L a joué une fonction qualitative dépendante du contexte sur IL-2, GM-CSF et IFNg. OX40L induit une diminution de ces cytokines dans le contexte TSLP-bDC, alors qu'il induit une augmentation dans les cinq autres. De plus, OX40L a joué une fonction quantitative dépendante du contexte sur IL-3, qui a augmenté dans tous les contextes de la BDC, mais à différents niveaux. Les cytokines affectées par la contexte-dépendance d'OX40L dans les contextes MoDC étaient principalement des cytokines Th2. OX40L a influencé différemment IL-4, IL-5, IL-31 et GM-CSF dans les différents contextes fongiques et bactériens. Nous aurions pu également définir des comportements « contexte-indépendants » d'OX40L sur les cytokines sécrétées. Par exemple, nous n'avons observé aucune contexte-dépendance de la fonction OX40L sur la sécrétion d'IL-21. Ceci est conforme à la littérature 85,86 . Pertinence de la classification Th Profil étroit versus profil mixte de sécrétion de cytokines Th Dans notre étude, nous avons observé que les contextes Th induisaient un profil Th étroit, ce qui signifie que chaque sous-population Th sécrète principalement leurs cytokines spécifiques définissant la sous-population. Cependant, en introduisant les DC, nous avons observé que les cellules T sécrètent en fait un profil très mixte de cytokines. Bien qu'il semble qu'il y ait une dominance de certaines cytokines par rapport à d'autres dans les différents contextes, un profil mixte de cytokines de sous-populations Th distinctes est observé. La comparaison de ces résultats de profil étroit versus mixte de cytokines sécrétées par les cellules Th avec la littérature est difficile pour plusieurs raisons : -Les études se concentrent généralement sur des sous-populations Th spécifiques ou sur des cytokines spécifiques et n'effectuent pas d'analyse systématique de toutes les principales cytokines Th. -Lors de l'analyse d'un large panel de cytokines, la plupart des études se penchent sur l'expression des gènes par séquençage d'ARN, alors que nous avons mesuré nos cytokines au niveau protéique, et il a été démontré par des études comparatives que les corrélations entre les niveaux d'ARNm et de protéines peuvent être relativement incertaines 338,339 . Cela peut être illustré par l'étude Cano-Gamez. Ils ont stimulé des cellules T CD4 naïves et mémoires dans un contexte de stimulation Th17 et iTreg. Pour les cellules T CD4 naïves, ils ont observé 733 gènes différemment exprimés pour seulement 455 protéines différemment exprimées entre les deux contextes. Dans la même logique, pour les cellules T CD4 mémoire, ils ont observé 42 gènes différemment exprimés et aucune protéine différemment exprimée 307 . Dans notre travail, nous avons polarisé un ensemble de cellules T CD4 naïves. Cet ensemble est en fait un mélange de nombreuses cellules T CD4 naïves spécifiques à un antigène donné, qui peuvent donc reconnaître de nombreux antigènes différents. Dans nos résultats, nous n'avons pas pris en compte la spécificité de l'antigène car nous n'avons pas ajouté d'antigène dans les contextes Th et nous étions en condition allogénique dans les contextes DC. Il pourrait être très intéressant d'identifier si les cellules T CD4 naïves spécifiques à l'antigène sécrètent un profil de cytokines plus étroit lorsqu'elles sont activées par leur antigène spécifique. En effet, le profil de sécrétion de cytokines mixtes pourrait s'expliquer par la multiplicité des clones de cellules T. Complexité de la classification Th Nos données fournissent des preuves supplémentaires que la majorité des cellules Th ont un degré important de plasticité. Il est important de garder à l'esprit que cette plasticité est influencée par de nombreux paramètres tels que les expressions des récepteurs des cytokines et des facteurs de transcription, la disponibilité des signaux polarisants dans le microenvironnement des lymphocytes T, etc… Cela signifie que la plasticité est considérée à un niveau « inter-souspopulation », c'est-à-dire lorsque la cellule T passe d'un phénotype de sous-population Th à une autre. Nos travaux et réflexions sur le profil des cytokines mixtes nous amènent à l'idée que la plasticité pourrait même être définie à un niveau « intra-sous-population ». En considérant tous ces aspects, le concept de plasticité peut devenir contre-intuitif car si une cellule Th est supposée être engagée dans une sous-population spécifique, alors elle ne devrait pas être plastique, sinon ce ne serait pas une sous-population spécifique. La compréhension globale de toutes ces sous-populations Th et de leurs cytokines dérivées conduit à réexaminer leur association aux maladies. Au moment où seuls Th1 et Th2 étaient identifiés, la classification des maladies liées aux Th était binaire et liée à une sous-populations Th pathogène spécifique, c'est-à-dire Th1 ou Th2 associée à leur sécrétion spécifique de cytokines. Un exemple clair de ce fait est la sclérose en plaques. Les cellules Th1 productrices d'IFNg ont été décrites comme jouant un rôle majeur dans la sclérose en plaques, qui était clairement classée comme une maladie associée à Th1 346-348 . De plus, conformément à la dichotomie Th décrite par Mossman et Coffman, les améliorations cliniques de l'EAE étaient corrélées à la diminution de l'IFNg mais aussi à l'augmentation de l'IL-4, et les cytokines Th2 ont été décrites comme protectrices contre les cellules Th1 exacerbées 349,350 . Cependant, la découverte de Th17 a changé la vision de la sclérose en plaques et a aidé à comprendre les réponses immunitaires qui n'étaient pas expliquées par le paradigme Th1 et Th2 351 . Après cela, les cellules Th17 ont été considérées comme jouant également un rôle central dans la maladie de la sclérose en plaques 352 . La sclérose en plaques est un exemple parmi d'autres dans lequel une maladie a été associée à une sous-population spécifique et a finalement été associée à de nombreuses sous-populations par la suite. L'évolution d'une vue bipolaire à une vue multipolaire de plusieurs sous-populations Th, impliquées différemment dans une seule pathologie, conduit à une complexité croissante de la classification Th et de l'association des cytokines Th aux maladies et aux états pathologiques. Cela soulève de nombreuses questions. D'abord liée à la maladie elle-même : une maladie est-elle associée à une sous-population Th pathogène spécifique ou à plusieurs ? Dans le second cas, comment l'identification de plusieurs sous-populations Th impliquées dans une pathologie peut aider à la compréhension et au traitement de cette maladie ? De plus, la plasticité Th questionne la meilleure stratégie à appliquer pour traiter le patient lorsque la polarisation Th est impliquée et la manière la plus simple lorsque plusieurs sous-populations sont impliquées. Cibler les signaux dans le microenvironnement qui induisent des cellules Th pathogènes ? Cibler directement ces cellules Th pathogènes ? Cibler l'effecteur Th pathogène ?

  

OX40-OX40L and Treg subset

  

	Corroborating Xiao et al. observations, another study showed that OX40L was a key contributor impaired for T cell anti-viral response and failed to control lymphocytic choriomeningitis virus
	of naive CD4 T cell polarization into Th9 cells when primed by dectin-1-activated DCs. Still in mice, (LCMV) infection, suggesting that Tfh responses might be negatively affected 268 . However, one
	but this time in cancer models, the authors showed that dectin-1 directed Th9 polarization via the year later, they published that treating LCMV infected mice with an anti-OX40 agonist antibody at
	contribution of OX40L and another member of the TNFSF, and induced an antitumoral response the early phase of infection inhibited LCMV-specific humoral response and enhanced viral
	in vivo that relies on IL-9 264 . replication. They added that Tfh population was reduced in the anti-OX40 treated mice compared
	to the control group, most probably because OX40 induced Blimp-1 and T-bet expression and thus
	drove Th1 differentiation 269 .
	d) OX40-OX40L and Tfh subset On the other hand, Marriott et al. did not see any impact of OX40-OX40L interaction on Tfh cell
	number in Listeria infection mouse model 270 .
	OX40-OX40L interaction has been observed to highly influence Tfh development. Just before 2000, Another study described that anti-OX40L antagonist antibody treatment did not impair GC and
	studies came out suggesting that OX40 could play a role in Tfh response. For instance, OX40L was CXCR5 + Tfh development, as opposed to anti-ICOSL antagonist antibody 271 .
	shown to promote the expression of the chemokine receptor CXCR5 and to be involved in CD4 T
	cell migration into B cell zone and GC development 221,265 . Then, a lot of studies reported a positive
	impact of OX40-OX40L on Tfh cells, in mouse and human models.
	In mouse model, Vogel et al. showed that OX40 and ICOS degradation by Roquin-1 and Roquin-2
	proteins controlled Tfh cells and that Roquin-1 and Roquin-2 deletion increased OX40 signaling OX40 ligation impact on Treg is a worthwhile topic, in particular since anti-OX40 agonist antibodies
	and Tfh differentiation 266 . are being developed for cancer immunotherapies, where Treg promotion would be counter-
	productive. Indeed, Treg cells in tumors are known to upregulate OX40 and up to 80% of Treg cells
	More recently, in a vaccinia virus infection mouse model, Tahiliani et al. observed that OX40-can express OX40 in some cancers 272 .
	deficient mice displayed a huge decrease (about 70%) of Tfh cells in comparison with WT mice. In
	this line, they showed that OX40 signaling was crucial for GC development and antibody
	production. Finally, in addition to its action at the initial phase of Tfh response, OX40 was shown
	to maintain mature and GC Tfh cells 267 .
	Regarding human studies, Jacquemin et al. showed that a human soluble recombinant OX40L
	protein induced characteristic Tfh-associated genes, IL-21, CXCR5 and Bcl-6 among others, by both
	naive and memory CD4 T cells from healthy donors, stimulating with anti-CD3/anti-CD28 86 .
	These results were confirmed by Pattarini et al., this time in a co-coculture system. They
	demonstrated that co-culturing TSLP-activated CD11c + DCs and allogeneic naive CD4 T cells with
	an anti-OX40L blocking antibody decreased key features of Tfh cells, such as IL-21 and CXCL13
	secretion and Bcl-6 expression 85 .
	However, some papers showed that OX40-OX40L negatively regulated Tfh population.
	In murine infection model, Boettler et al. described that OX40-deficient mice lacked GC, were

e)

  280 .

	Recently, Polesso et al. showed that anti-OX40 agonist treatment did not impair Treg function and
	actually enhanced CD4 T cells (including Treg) proliferation, in vitro and in vivo in tumor-bearing
	mice 281 . This study is in line with a study from Takeda et al. showing that OX40 positively
	influenced Treg development, homeostasis and suppressive function 282 .
	Thus, OX40-OX40L impact on Treg seems to highly depend on the context and this is greatly
	illustrated by Ruby et al. They showed in mice that Treg differentiation from naive CD4 T cells,
	induced by TGFb and OX40L, was dependent on the cytokines present in the medium. In addition,
	blocking IFNg and IL-4 increased Treg cell subset percentage 283 .
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  Figure S5. Quantification of Context-Dependent Input-Output Associations, Related to Figure
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Table S1 Related to Figure 1:

 S1 Number of data point generated per stimulation per DC subset: This table recapitulates the number of distinct data points corresponding to the biological replicates (column Frequency) generated for each DC stimulation on bDC or MoDC.

	DC Condition C48	Perturbators HKLM (MOI 1)*bDC	Frequency
	C1 C49	Flu (1X) + PAM3 (1µg/mL)*MoDC GMCSF (50ng/mL)*bDC	
	C2 C50	Alum (200µg/mL) + Flu (1X)*MoDC PolyIC (50µg/mL)*bDC	
	C3 C51	Flu (1X) + HKSA (MOI 1)*MoDC Zymosan (10µg/mL)*bDC	
	C4 C52	Flu (1X) + HKCA (MOI1)*MoDC HKLM (MOI 100) *bDC	
	C5 C53	Flu (1X) + HKLM (MOI 1)*MoDC HKSA (MOI 10)*bDC	
	C6 C54	PolyIC (100µg/mL)*MoDC R848 (1µg/mL)*bDC	10
	C7 C55	HKLM (MOI 10)*MoDC HKSA (MOI 1)*bDC	
	C8 C56	HKCA (MOI100)*MoDC Zymosan (10µg/mL) + PGE2 (10µg/mL)*MoDC	
	C9 C57	GMCSF (100ng/mL)*MoDC Curdlan (10µg/mL)*MoDC	
	C10 C58	Curdlan (20µg/mL)*MoDC LPS (10ng/mL) + R848 (10ng/mL) *MoDC	
	C11 C59	Alum (200µg/mL)*MoDC LPS (10ng/mL)*MoDC	
	C12 C60	PolyIC (50ng/mL)*MoDC Zymosan (1µg/mL)*MoDC	
	C13 C61	Flu (0,1X)*MoDC R848 (1µg/mL)*MoDC	10
	C14 C62	Flu (1X)*MoDC PAM3 (10µg/mL)*MoDC	17 10
	C15 C63	Flu (0,5X)*MoDC LPS (100ng/mL)*MoDC	21
	C16 C64	PAM3 (0,1µg/mL)*MoDC PAM3 (1µg/mL) + R848 (1µg/mL)*MoDC	
	C17 C65	HKSA (MOI 1)*MoDC HKSA (MOI 20) + PAM3 (1µg/mL)*MoDC	
	C18 C66	PAM3 (1µg/mL)*MoDC HKSA (MOI 20)*MoDC	
	C19 C67	Zymosan (0,1µg/mL)*MoDC LPS (100ng/mL) + PAM3 (1µg/mL)*MoDC	
	C20 C68	LPS (1ng/mL)*MoDC HKSA (MOI 20) + R848 (1µg/mL)*MoDC	
	C21 C69	Zymosan (1µg/mL) + PGE2 (1 µg/mL)*MoDC LPS (100ng/mL) + R848 (100 ng/mL)*MoDC	
	C22 C70	Zymosan (0,1µg/mL) + PGE2 (0,1µg/mL)*MoDC LPS (1000ng/mL)*MoDC	
	C23 C71	PGE2 (1 µg/mL)*MoDC LPS (1000ng/mL) + R848 (1000ng/mL)*MoDC	
	C24 C72	PGE2 (0,1 µg/mL)*MoDC Flu (1X)+ PAM3 (10µg/mL)*MoDC	
	C25 C73	HKSA (MOI 0,1)*MoDC Flu (0,5X) + PAM3 (1µg/mL)*MoDC	
	C26 C74	HKCA (MOI 10)*MoDC Flu (0,1X) + PAM3 (0,1µg/mL)*MoDC	
	C27 C75	PGE2 (10 µg/mL)*MoDC Zymosan (20µg/mL)*MoDC	
	C28 C76	R848 (10ng/mL)*MoDC Zymosan (10µg/mL)*MoDC	23
	C29 C77	R848 (100 ng/mL)*MoDC LPS (100ng/mL) + R848 (1µg/mL)*MoDC	
	C30 C78	IFNb (50ng/mL)*MoDC Zymosan (10µg/mL) + PAM3 (1µg/mL)*MoDC	
	C31 C79	GMCSF (50ng/mL)*MoDC Zymosan (10µg/mL) + HKSA (MOI 20)*MoDC	
	C32 C80	HKLM (MOI 1)*MoDC LPS (100ng/mL) + Zymosan (10µg/mL) *MoDC	
	C33 C81	HKCA (MOI1)*MoDC LPS (100ng/mL) + HKSA (MOI 20)*MoDC	
	C34 C82	Med*MoDC Zymosan (10µg/mL) + R848 (1µg/mL)*MoDC	24
	C35	HKSP (MOI1)*MoDC	
	C36	HKSA (MOI 20) + HKCA (MOI 10)*MoDC	
	C37	HKSA (MOI 1) + HKCA (MOI 1)*MoDC	
	C38	HKSA (MOI 0,1) + HKCA (MOI 0,1)*MoDC	
	C39	HKCA (MOI0,1)*MoDC	
	C40	TSLP (50ng/mL)*bDC	12
	C41	PAM3 (1µg/mL)*bDC	
	C42	Curdlan (10µg/mL)*bDC	
	C43	Flu (1X)*bDC	13
	C44	Med*bDC	20
	C45	HKCA (MOI1)*bDC	
	C46	PAM3 (10µg/mL)*bDC	
	C47	LPS (100ng/mL)*bDC	

  sidered 10 loci mutated in patients with other viral illnesses but directly connected to the three core genes conferring influenza susceptibility: TICAM1/TRIF, UNC93B1, TRAF3, TBK1, IRF3, and NEMO/IKBKG from the TLR3-dependent type I IFN induction pathway, and IFNAR1, IFNAR2, STAT1, and STAT2 from the IRF7and IRF9-dependent type I IFN amplification pathway. Finally, we considered various modes of inheritance at these 13 loci.

	Qian Zhang et al.		
	INTRODUCTION: Clinical outcomes of human	the general hypothesis that life-threatening	RESULTS: We found an enrichment in variants
	severe acute respiratory syndrome corona-	COVID-19 in some or most patients may be	predicted to be loss-of-function (pLOF), with a
	virus 2 (SARS-CoV-2) infection range from	caused by monogenic inborn errors of immu-	minor allele frequency <0.001, at the 13 can-
	silent infection to lethal coronavirus disease	nity to SARS-CoV-2 with incomplete or com-	didate loci in the 659 patients with life-
	2019 (COVID-19). Epidemiological studies have	plete penetrance. We sequenced the exome or	threatening COVID-19 pneumonia relative to
	identified three risk factors for severe disease:	genome of 659 patients of various ancestries	the 534 subjects with asymptomatic or benign
	being male, being elderly, and having other	with life-threatening COVID-19 pneumonia	infection (P =0.01).E xperimentaltestsforall
	medical conditions. However, interindividual	and 534 subjects with asymptomatic or benign	118 rare nonsynonymous variants (including
	clinical variability remains huge in each demo-	infection. We tested the specific hypothesis that	both pLOF and other variants) of these 13 genes
	graphic category. Discovering the root cause	inborn errors of Toll-like receptor 3 (TLR3)-	found in patients with critical disease identified
	and detailed molecular, cellular, and tissue-and	and interferon regulatory factor 7 (IRF7)-	23 patients (3.5%), aged 17 to 77 years, carrying
	body-level mechanisms underlying life-threatening	dependent type I interferon (IFN) immunity	24 deleterious variants of eight genes. These
	COVID-19 is of the utmost biological and medical	that underlie life-threatening influenza pneu-	variants underlie autosomal-recessive (AR) defi-
	importance.	monia also underlie life-threatening COVID-19	ciencies (IRF7 and IFNAR1) and autosomal-
		pneumonia. We considered three loci identified	dominant (AD) deficiencies (TLR3, UNC93B1,
	RATIONALE: We established the COVID Human	as mutated in patients with life-threatening	TICAM1, TBK1, IRF3, IRF7, IFNAR1,andIFNAR2)
	Genetic Effort (www.covidhge.com) to test	influenza: TLR3, IRF7,andIRF9.Wealsocon-	in four and 19 patients, respectively. These
			patients had never been hospitalized for other
			life-threatening viral illness. Plasmacytoid den-
			dritic cells from IRF7-deficient patients produced
			no type I IFN on infection with SARS-CoV-2, and
			TLR3 -/-,TLR3 +/-,IRF7 -/-,andIFNAR1 -/-fibro-
			blasts were susceptible to SARS-CoV-2 infec-
			tion in vitro.
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STAR+METHODS KEY RESOURCES

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Vassili Soumelis (vassili.soumelis@curie.fr). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Apheresis blood from healthy human blood donors were obtained from Etablissement Franc ¸ais du Sang (French Blood Establishment) after written informed consent and in conformity with Institut Curie ethical guidelines. Gender identity and age from anonymous donors were not available, but all donors were between 18 and 70 years old (age limits for blood donation in France).

METHOD DETAILS

PBMCs purification

PBMCs were isolated by centrifugation on a density gradient (Lymphoprep, Proteogenix).

MoDC generation and activation CD14 + cells were selected from PBMCs using magnetically labeled anti-CD14 Microbeads and MACS LS columns following manufacturer's instructions (MiltenyiBiotec). CD14 + cells were then cultured with IL-4 (50 ng/mL) and GM-CSF (10 ng/mL) (Miltenyi-Biotec) for 5 days in RPMI 1640 Medium, GlutaMAX (Life Technologies) with 10% Fetal Calf Serum. Monocyte-derived Dendritic Cells (MoDC) were activated for 24 hours using one or a combination of perturbators as described in Table S1.

Blood dendritic cells purification

A step of DC pre-enrichment was performed from PBMCs using the EasySep Human Pan-DC Pre-Enrichment kit (StemCell Technologies). Total DC were sorted on a MoFloAstrios (Beckman Coulter) as Lineage (CD3, CD14, CD16, and CD19) À , CD4 + (Beckman Coulter), CD11c + (BD), as described in Alculumbre and Pattarini (2016).

CD4 + T lymphocytes purification

Naive CD4 + T lymphocytes were purified from PBMCs using the EasySep Human Naive CD4+ T Cell Isolation Kit (StemCell Technologies). Memory CD4 + T cells were purified from PBMCs using the Memory CD4 + T cell isolation Kit (MiltenyiBiotec).

Paired protein measurement in DC/T coculture After 24 hours DC or MoDC activation with DC stimuli listed in Table S1, culture supernatants were kept for cytokine analysis for IL-23, IL-28a, IL-1, IL-10, IL-12p70, IL-6, TNF-a, while cells were washed in PBS. Some cells were used for for surface staining of the Þ. Since B = vecðBÞ, estimating the coefficient of B boils down to estimating the coefficients of B. The parameter l in ( 4) is chosen by 10-fold cross-validation followed by a stability selection step with 1000 resamplings, as proposed by Meinshausen and Bu ¨hlmann (2010).

The squared error of prediction of the different models were assessed using 10-fold cross-validation (Figures 4A, 6B, S3D, S3E, and S5A).

Systematic literature review

To assess the literature and evaluate the generated multivariate model of Figure 4B, we conducted a systematic literature review to identify articles indexed on the PubMed database by March 1st 2017, examining the effects of inputs on naive CD4+ cells.

One of three different search strategies was used to export references from the PubMed database into the reference management software EndNote.

We started by performing the first search strategy which consisted of using free text to search English language articles for the input (or any of its aliases) and the output (or any of its aliases). If the search yielded 20 or less results, the references were exported into EndNote.

If not, then we performed the second search strategy, which consisted of searching English language articles for the input (or any of its aliases) and the output (or any of its aliases), both in the title or abstract, and at least one of the following medical subject heading terms: ''cell differentiation'' or ''CD4-positive T-lymphocytes'' or ''lymphocyte activation». If the search returned 50 or less results, the references were exported into EndNote. If not, then we carried out the third search strategy which returned English language articles that had both the input (or any of its aliases) and the output (or any of its aliases) in the title or abstract, as well as indexes to both of the following medical subject heading terms: ''cell differentiation'' and ''CD4-positive T-lymphocytes.'' Results were exported into EndNote.

The electronic searches generated a total of 14,748 references that were managed through EndNote. A manual search of references from review articles and other records identified 21 additional publications that were not included in the search results. Of these 14,769 articles, 9,780 duplicates were removed, leaving 4,989 records to be screened.

Titles and abstracts were screened by 2 independent reviewers. Publications were selected for further in-depth consideration if they met all of the following inclusion criteria: 1) Journal Article, 2) Examining the effect of one input at a time, 3) Testing on naive CD4 + T cells, which were defined as CD4 + and CD45RA + and/or CD45RO -and/or CD25 -cells. Studies were excluded from the analysis if: 1) Full-text article, Title and/or abstract were not available, 2) Methods and/or experiments and/or results were unclear or inconclusive or of low quality. Reasons for removing articles included not performing proper experimental controls, insufficient information, lack of replicates and/or statistical analysis.

The reviewers excluded 4,589 articles because they did not meet the inclusion and exclusion criteria, leaving 400 articles of which, at least, the figures and materials and methods sections were examined. Finally, 178 publications met all the inclusion criteria and underwent data extraction.

Extracted information included the PubMed identifier, the input, the output, the input's effect on naive CD4 + T cells in regards to the output, the experimental context and setup (e.g., details about T cell stimulation context, input's concentration, duration.) and the organism. Data were cross-checked by the 2 reviewers, and any ambiguities were discussed and resolved through a consensus.

The Exp Fold was not included in the literature review so it was not included in the following literature validation score. Calculation of the literature validation score: an association predicted by our model (Figure 4B) between an input and an output was considered as ''new'' if none of the 178 publications found that the input induces or inhibits the output. Absence of effect depicted in some articles was not considered relevant to assess novelty of the prediction. It was ''validated'' if at least one of the 178 publications found similar results than our model and ''contradictory'' if none of the study found the same results than our model but at least one found an opposite result. Opposite result would be an induction if the model predicted a negative coefficient or an inhibition if our model predicted a positive coefficient.

DATA AND CODE AVAILABILITY

The dataset generated during this study is available in Table S2.

All references from literature mining are listed in Table S3. Software used for flow cytometry data analysis was FlowJo software (TreeStar). Software used for CBA analysis was FCAP Array v3. Software used for statistical analysis was Prism software v5 (GraphPad). Software used for statistical analysis and modeling was R version 3.5.2.

The R packages used to perform this study are: package MultiVarSel 1.0. used for modeling ( available at https://cran.r-project.org/ web/packages/MultiVarSel/index.html) and package TBoCo 0.0.1 for boxcox transformation available at https://github.com/ Marie-PerrotDockes/TBoCo. This study did not generate code. strains. Fanny Onodi, Ali Amara and Vassili Soumelis wrote the initial manuscript draft and other authors contributed to its editing in its final form.
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