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TLR2/1 orchestrate human plasmacytoid dendritic cell response to Gram+ bacteria

Tuberculosis is worldwide life-threatening disease. Moreover, infections by Gram+, multi-drug resistant bacteria are emerging as a cause of mortality. In both cases new studies have hoghlighted the pathological role of Type I interferon (IFN). Plasmacytoid dendritic cells (pDCs) produce high amounts of Type I IFN following viral sensing. Recent evidence suggests that human pDCs might sense bacteria. However, human pDCs are reported to express only endosomal pattern recognition receptors, Toll-like receptors (TLR)-7 and TLR9, mostly associated to viral sensing. The receptors mediating bacterial sensing in pDCs are not known. We show here that human primary pDCs express TLR1 and TLR2 at the mRNA and protein level. We demonstrate that pDCs respond to TLR2/1 synthetic ligand (PAM3CSK4), as well as Gram+ bacteria Mycobacterium tuberculosis, Staphylococcus aureus and Listeria monocytogenes, with the up-regulation of costimulatory molecules (as MHCII, CD80 and CD86) and cytokine secretion (IL-6, TNF-α, IFN-I). pDCs activation in these settings is blocked by a TLR2/1 competitive antagonist (CU-CPT22). In human primary pDC we have found that in response to bacterial lipoproteins up-regulation of costimulatory molecules is TLR1-dependent while IFN secretion is TLR2-dependent. TLR2 and TLR1 play a different role in pDC priming of naïve CD4+ T-cells, inducing proliferation and T-helper cell differentiation. We further demonstrate that these differences rely on the diverse signaling pathways activated by the two TLRs (PI3K, MAPK, NF-β). Overall, we show that pDCs sense Gram+ bacteria through the TLR2/1 pathway, and suggest a differential role for TLR1 and TLR2 in the induction of type I IFN versus T-cell activation. This work provides the rationale to explore and target pDCs in human bacterial infection.
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Preamble

Two things fill the mind with ever-increasing wonder and awe, the more often and the more intensely the mind of thought is drawn to them: the starry heavens above me and the moral law within me.

Immanuel Kant, Critique of Practical Reason, 1788 When Immanuel Kant wrote this inspiring quote, fascinated by the complexity of the starry heavens, biology was moving its first steps. Nowadays, we can appreciate the intricate complexity of the living system, crafted by billions of years of evolution. In this outstanding landscape I was fascinated by the immune system and its elaborate strategies designed for confronting daily threats. This system relies on two components: innate immunity as a first line of defense, common to all the vertebrates, to quickly counterattack the invading microbes, and adaptive immunity as a sophisticated system that evolves to confront new threats. This system bases its efficiency on its complicate regulation and its capacity to be flexible to adapt to a wide range of challenges.

In the 20 th century the positivistic idea of science was undermined by the formulation of Heisenberg's Uncertainty principle and by quantum mechanics in general. In the 30's, Gödel's Incompleteness theorems revolutionized math to the extent of affecting our faith in it. At the same time, the concept that the immune system can be detrimental to its host when its delicate balance is altered can also be considered revolutionary. As physicists have abandoned the simplicity of the Newton mechanics to delve into the uncertain space of quantum theories, more in-depth studies and a new way of thinking appear to be necessary in order to understand how all the parts of the immune system can work together in concert.

As I was captivated by this compelling challenge, my thesis is focused on the pivotal role of dendritic cells in determining the final outcome of the immune response. These cells are in a key position between innate and adaptive immunity: their repertoire of sensors allows them to sense potential threats in order to mount a specific response or shoot down excessive responses to harmless antigens. This study is mainly based on a particular subset, the plasmacytoid dendritic cells (pDCs), and their interaction with GRAM+ bacteria. The unique features of pDCs and their capacities of interaction with all the immune system components influence their responses. The aim of my work was to decipher how they sense GRAM+ bacteria, which sensors are implied, and how they affect pDCs response. This manuscript it divided in three parts: an Introduction, describing the state of the arts about pDCs, their response to bacteria and TLR2/1, to outline the framework in which results will be inserted. The results, in the form of a manuscript finalized for submission, describe how pDCs sense GRAM+ bacteria, as well as the impact of TLR2/1 on pDC function. In the discussion and perspectives results will be discussed within the wider frame of their implications and participation, with the aim of answering some open questions. In 1991 Ralph Steinman proposed the criteria for defining a DC: 1) a dendritic morphology, (2) the constitutive expression of high levels of major histocompatibility complex (MHC) class two molecules, and (3) a capacity to induce proliferation of naïve CD4 + T cells in a mixed leukocyte reaction.

List of abbreviations

Since the discovery of DCs the scientific community's interest has grown exponentially, and an abundance of observations and studies has shown the importance of DCs in the immune system.

This importance was definitely stated in 2011 with the Nobel Prize assigned to Steinman "for his discovery of the dendritic cell and its role in adaptive immunity".

Dendritic cell characteristics and functions

In humans, unlike mice, where spleen and lymph nodes are available, the most accessible tissues for the study of leukocytes are peripheral blood and the skin. In 1982, after several studies, a rare population was identified in the human blood (accounting for less than 1% of the total PBMCs) that shared cytological characteristics, high levels of MHC-II and the capability of inducing potent activation of T-cells [ 1 ]. DCs are defined as lineage negative (CD3-(T-cell), CD19/20 (B-cell), and CD16 (natural killer (NK) cell)) and they are MHC-II high (the high level of expression of HLA-DR is used to exclude monocytes). [ 2 ] DCs are antigen-presenting cells with the ability to shape the adaptive immune response according to the menaces they encounter. The circulating pool of human DCs is renewed on a regular basis from the bone marrow hematopoietic stem cells (HSCs). According to the current view, CD34+

HSCs are multi-potent progenitors that give rise to common lymphoid precursors (CLPs) and common myeloid precursors (CMPs); both are capable of generating monocytes, macrophages and DCs. The progenitor cells that eventually differentiate into DCs in human (despite a better knowledge in mice) are yet to be identified [ 3 , 4 ]. The precursors enter the blood, acquire a mature phenotype and home to different tissues. The DCs reside in the tissues in an immature state, ready to sense the micro-environment thanks to their capacity to phagocytate and to the an abundance of sensors which they possess (that will be discussed in details below).

The current nomenclature divides the peripheral blood circulating DCs into three different subsets within tonsils around the high endothelial venules (HEV), CD4+CD3-CD11c-cells with lymphoid-plasmacytoid morphology were found. These cells were able to differentiate into mature DCs and were later renamed "plasmacytoid dendritic cell precursors (pDCs)" [ 7 ].

In 1970, the presence of a blood cell type capable of secreting a higher amount of type I interferon (IFN) compared with other cell types was detected. Due to this peculiar characteristic, these cells were called Type 1 interferon-(α, β, ω)-producing cells (IPCs). To start with, scientists believed NK cells were exerting this secretion. Subsequent studies excluded NK cells and B cells, T cells, monocytes and macrophages from responsibility for IFN production. These IPCs were found to express high levels of MHC-II; they were thought to belong to the DC family. In 1999 the connection between IPCs and pDCs was finally made and it was accepted that indeed they were the same cells. [ 8 ]

Plasmacytoid dendritic cells characteristics pDCs morphology

Under a light microscope, and through Giemsa staining, it is possible to observe that pDCs have a smooth, round morphology and that they resemble plasma cells. pDCs have a diameter between 8-10 µm, are smaller than monocytes and bigger than non-activated lymphocytes. Unlike monocytes, whose nucleus is horseshoe-shaped, pDCs have a kidney-shaped nucleus. They also have a basophilic cytoplasm and a dim Golgi zone. In transmission electronic microscope pictures it is possible to observe the nucleus with marginal heterochromatin, a well-developed rough endoplasmic reticulum, a reduced Golgi apparatus and the presence of many mitochondria. 

pDCs development

Despite the wide interest in understanding the development of pDCs, there are still many open questions. The administration of fms-like tyrosine kinase-3 ligand (FLT3L) into healthy volunteers appears to promote pDCs development: after the injection there was a significant increase of peripheral blood pDCs. Likewise, FLT3L transgenic mice have a higher number of pDCs compared to the wild type. FLT3L knock-out mice have fewer pDCs. In addition, FLT3L may promote the survival of pDCs in the periphery and this effect is also shown in in vitro experiments. Mainly, FLT3L is believed to promote the generation of pDCs in the bone marrow. Cultures of mouse bone marrow-derived cells give rise to a good yield of pDCs after 5-9 days when treated with FLT3L. [ 10 ] Other studies suggest that M-CSF can play a role in pDCs development: cultures of mouse bone marrow-derived cells can differentiate in pDCs when treated with M-CSF. On the contrary, other myeloid cytokines, such as GM-CSF, inhibit pDCs development. However, thrombopoietin (TPO), better known for its role in megakaryocyte/platelet development, promotes pDC development from precursors. It seems that TPO is acting in combination with FLT3L. IL-7 is also capable of promoting pDC development; their number of pDCs is reduced in IL-7 knock-out mice. It is thought that IL-7/IL-7R signaling plays a role during pDCdevelopment in the bone marrow. [ 11 , 12 , 13 , 14 ] The FLT3L signal passes through STAT3, a factor in the development of all DCs. IRF8 has proved crucial to the development of pDCs since IRF8 knock-out mice show depletion of these cells. E2-2 is specifically required for their development in both humans and mice. This transcription factor, a member of basic helix-loop-helix family, activates IRF8 and SpiB (another important gene involved in pDCs development). In the absence of E2,-2 pDCs are not found in peripheral blood. [ 15 , 16 , 17 , 18 , 19 ] pDCs can be efficiently generated by CMP and CLP precursors in the bone marrow: most CLPs are FLT3+; on the contrary, only a small portion of CMPs is FLT3+. Other evidence showed that pDCs can have lymphoid-related developmental history, such as the rearrangement of immunoglobulin heavy chain (IgH) genes (this phenomenon can be appreciated in the other lymphoid cells outside B-cells). This is not happening in the myeloid dendritic cells. [ 20 ] On the other hand, a common dendritic cell precursor (CDP) was found downstream of CMP, which suggested a myeloid origin for pDCs development. CDPs give origin to both pDCs and myeloid DCs. [ 21 , 22 ] In conclusion, some differences between CLP-and CDP-derived pDCs were found. CDP pDCs in the mouse present different markers of mature pDCs such as CD11c, B220 and Siglec-H but they express low levels of MHC-II. CDP pDC progenitors do not express MCSF-R and maintain high levels (HEV). On the contrary, the other DCs migrate through the afferent lymphatic vessels to the lymph nodes. pDCs also migrate in a homeostatic state to mucosa-associated lymphoid tissues and the marginal zone of the spleen. pDCs can also migrate to peripheral tissues. [ 24 , 25 ] pDCs constitutively express CD62L (L-selectin for lymph node homing) and PSGL1. Moreover, their unique ability to migrate through HEV seems related to the fact that they express CXCR4 (a chemokine receptor with CXCL12 as a ligand; this chemokine is produced by HEV but it can also be expressed by the skin). pDCs also express CCR9 (the chemokine receptor for CCL25), which plays a role in the homing to the small intestine. When pDCs are activated, they express other receptors that influence their migration. They up-regulate the expression of CCR7 for lymph node homing, CCR5, CXCR3 and 1/2 integrins, receptors for CCL19 and CCl21 (a chemokine produced by the HEV). pDCs also express CXCR3 and CCR9, two receptors respectively guiding the pDCs towards the skin and the small intestine. pDCs can also migrate to inflamed tissues: IL-3 stimulation leads them to express CCR6 and CCR10 that drive them towards inflamed skin or mucosa. [ 26 , 27 ] Actually, pDCs migration is influenced by the environment, and different activation states lead to a different recruitment. 

pDCs, a node in an intricate network

Although pDCs are mainly known for the high amount of Type I IFN they can secrete, it is reductive to consider their role in immunity as limited to this. In this chapter, it would be interesting to summarize their capability to interact with a plethora of different cells through cytokine production and/or direct interaction. All these elements allow us to conclude that pDC activation can influence the different branches of the immune system: from innate to adaptive immunity.

Endothelial cells

After exiting the bone marrow, pDCs enter the blood stream. 

Myeloid DCs

During inflammation, pDCs and mDCs are in contact in vivo, but this is also true at the steady state: could they act synergistically? The two DC subsets share many different functions, from the ability to present antigens to the expression of many co-stimulatory molecules. However, the two subsets are not redundant and each presents some unique features. These differences consist in the expression patterns of sensors (that will be discussed further below) but also in the production of cytokines and in the expression of co-stimulatory molecules. mDCs, for instance, are capable of producing IL-1β, IL-10 and IL-12p70 that pDCs do not secrete. In a viral infection, no other cells are able to secrete such high amounts of Type I IFN as pDCs and Granzyme B production is restricted to pDCs among the DC subsets [ 42 ]. Other considerations suggest that pDCs and mDCs may crossactivate each other to reinforce the immune response. This crosstalk can be exerted by Type I IFN and TNF-α, but it seems there is a direct contact occurring. These interactions rely on Also pDCs cytokines augment iNKT responsiveness to CD1d mDCs presentation and induce TLR9 expression (otherwise they are unable to respond to CPG). [ 46 ] Tumor cells pDCs infiltrate tumors: in fact, they have been found in different types of cancer lesions (melanoma, head and neck cancers, breast, ovarian and prostate cancers). pDCs, as stated before, express CCR6 (a receptor for skin homing, CCL20 ligand is produced by keratinocytes) and the chemokine receptor's expression level is higher in pDCs from melanoma patients compared to healthy volunteers. pDC infiltrates generally correlate with poor prognosis. pDCs infiltrating the tumor are generally in an immature state, suggesting a tolerogenic and immune-suppressive role.

Prostaglandin 2 (PGE 2 ) and TGF-β seem to play a role in maintaining pDCs at an immature stage, inhibiting their secretion of IFN-α and TNF-α, and up-regulation of CCR7 (lymph node homing) [ 47 ].

In this environment, pDCs can indirectly support tumor cell proliferation, migration, invasion and angiogenesis through release of IL-6 and IL-8. pDCs can also support tumor growth through the induction of Tregs; the majority of Treg cells express ICOS (pDCs, as stated before, can express high levels of ICOSL supporting Tregs expansion and suppressive function). Immature pDCs express immunoglobulin-like transcript 7 (ILT7) that is activated by bone marrow stromal cell antigen 2 (BST2, which can be produced by cancer cells): this binding leads to the inhibition of IFN-α and TNF-α production in response to TLR stimulation. [ 48 ] Properly activated pDCs behave differently: they induce anti-tumor T cell-mediated immune responses and kill cancer cells directly. Tumor cells are often TRAIL-sensitive: pDCs up-regulating TRAIL can induce apoptosis in these cells. [ 49 ] On the other hand, tumors can exploit pDCs' ability in inducing a tolerogenic response by hijacking their immune strategy. GM-CSF has been reported to activate pDCs [ 50 ] and is found at high levels in breast cancer cell line supernatant (it has also been found in colon cancer and prostate cancer cell lines). Tumors also produce GM-CSF, and this has been confirmed in tumor supernatants and [ 63 , 64 ] Type I IFNs have also been implicated in the pathogenesis of Systemic sclerosis (SSc). Type I IFN is shown to induce SSc-like cutaneous sclerosis. PBMCs in SSc patients show increased Type I IFNregulated genes signature. pDCs are also found in the lesions. Type I IFN also seems to play a role in Dermatomyositis (DM), a systemic autoimmune disease characterized by pathognomonic skin rashes and symmetric proximal muscle weakness. In DM there is a Type I IFN signature correlating with disease progression and, again, pDCs are found in the lesions. In Sjögren's syndrome (SS), another autoimmune disease of the connective tissue, up-regulation of the type I IFN pathway and an increase of pDCs in the lesions have been shown. It has been suggested that pDCs also play a role in vitiligo and in psoriasis, a chronic T-cell-mediated disease. pDCs infiltrate early psoriatic skin, and this correlates with the expression of markers typical of the early psoriasis phases. In mice models, blocking Type I IFN receptor or depleting pDCs improves the symptoms [ 65 , 66 ]. In psoriasis, there is a large production of cationic anti-microbial peptides (AMPs). AMPs make up a family of peptides including cathelicidins and the defensins; these molecules are all amphiphatic or, rather, they contain a patch of positive charges clustered on one side. The AMPs bind to negatively-charged phospholipids, leading to the disruption of the microbial membrane. However, these peptides can bind other negatively-charged molecules, such as RNA and DNA fragments; this binding leads to the formation of aggregates protected from extracellular degradation. This complex can be endocyted, and is recognized by TLR7 and TLR9. Activated pDCs seem to recruit pathogenic TH17 cells to the skin, and TH17 IL-17 secretion seems to activate a pathogenic loop inducing AMPs release by keratinocytes [ 67 ]. Interestingly, pDCs were also found to be involved in Type I diabetes (T1D): an important role of Type I IFN in the initiation of the destructive autoimmunity was shown, and this correlated to the increased Type I IFN expression in pDCs in the pancreatic lymph nodes [ 68 , 69 ].

In conclusion, this work presented the ability of pDCs to directly (through different surface molecules) or indirectly (through cytokine production) interact with many different cell types involved in the innate or the adaptive immune responses. These interactions shape or modulate the response of other cell types, showing that pDCs represent a knot in an intricate network. In this way, the activation of pDCs influences the innate and adaptive responses. pDCs aberrant activation is involved in the local and systemic autoimmunity insurgence (it was hereby described a wide range of pathologies where there is altered pDCs activation: systemic lupus erythematosus, multiple sclerosis, systemic sclerosis, psoriasis etc…). These features show that pDCs are powerful cells, playing an important role in the immune system, and the relevance of deeply understanding how their behavior changes according to the environmental conditions. 

Bacterial sensing 2.1 Gram positive bacterial infection

Bacteria are generally classified in two groups: GRAM+ and GRAM-Bacteria. GRAM+ bacteria become purple-coloured after GRAM staining while GRAM-bacteria appear red or pink. In this manuscript, I will focus on GRAM+ bacteria because they present a lipoprotein with a particular role in the pathogenesis on their surface. These lipoproteins are recognized by TLR2/1, and the role of TLR2/1 in pDCs is one of the questions of this thesis.

GRAM+ bacteria present different characteristics: cytoplasmic lipid membrane, thick peptidoglycan layer, lipoteichoic acids, rigid cell walls and a smaller volume of periplasm than that in GRAM-bacteria.

GRAM+ bacteria, comprehending both extracellular (for istance S. aureus) and intracellular (L.

monocytogenes, M. tuberculosis) pathogens, developed different strategies to escape the immune system, many of them involving the exploitation of the immune sensors. GRAM These surface receptors are important in the recognition of extracellular bacteria. However, there are different mechanisms that allow engulfing the pathogen and permitting the activation of the intracellular receptors. In the same extent, intracellular pathogens also lead to the activation of surface receptors. Several studies highlighted their importance in the sensing process. In this chapter, I present the dendritic cells repertoire and a deeper charaterizationTLR2 and TLR1, which consist the main object of this thesis. S aureus: a bacterium with two souls S. aureus has been defined as "pathobiont", a microbe that can switch from commensal state to a pathogenic state according to certain conditions (that are still unknown). S. Aureus is the most common bacterium isolated from inpatient cultures and among the most common microbes from outpatients samples [ 70 ]. Moreover, S. aureus is considered the most potent skin pathogen; it colonizes about 30 to 50% of healthy adults intermittently and 10 to 20% persistently.

S. aureus can cause localized infections, like pneumonia or abscess, or a systemic risk like sepsis or toxic shock syndrome (TSS). In particular, it is a major risk for patients suffering from severe burns [ 71 ]. In 2005, 20,000 deaths and 500,000 hospitalizations cases were estimated in USA to be due to S. aureus infections. These numbers have grown during the last decade, due to the increased frequency of antibiotic multi-resistant strains. Despite an increase in mortality and morbidity, and Listeria monocytogenes: the comet bacteria Listeria monocytogenes is responsible for a severe food-borne disease characterized by meningitis, meningo-encephalitis, materno-fetal and perinatal infections. Generally, Listeriosis is considered an opportunistic infection in immune-compromised patients. Listeria bacteria cross the intestinal epithelial barrier, migrate through lymph and blood vessels to reach liver (they replicate inside hepatocytes) and spleen. Successively, the bacteria can disseminate in the brain and in the placenta, showing their capacity to cross the blood-brain barrier and the materno-fetal barrier.

S.
Listeria is capable of escaping neutralization by phagocytic cells and invading non-phagocytic cells.

Lysteria bacteria enter in the cells through a "zipper" mechanism, whereby bacterial surface ligands interact with receptors in the host cells. The bacteria's entrance into the cells is concluded with the pathogen entrapped in a sort of vacuole. In about 30 minutes, Lysteria bacteria are able to escape from the vacuole and start to replicate in the cytosol. Lysteria bacteria are also capable of recruiting actin and starting actin polymerization, which results in a network of branched filaments. The polymerization process is located at one bacterial pole, allowing the bacteria to move in the cytoplasm at 10 μm per minute. Lysteria bacteria reach the membrane, inducing the formation of protrusions that allow them to invade neighboring cells and start a new infection cycle. This system protects the bacteria from the host's defenses. During bacterial infection, phagocytic cells (macrophages and neutrophils) constitute the first line of defense against many common microorganisms and are essential for the control of common infections. The sensing of different pathogen by these cells leads to phagocytosis and successive killing of the microbe. However, infectious organisms cannot always be eliminated, as some bacteria have evolved their capacity to escape and others are not recognized. The lymphocytes in the adaptive immune system have evolved to provide a more versatile means of defense, increasing innate immunity capacity to kill and, in addition, providing increased protection against subsequent re-infection by the same pathogen. The cells of the innate immune system play a fundamental role in the initiation and subsequent guidance of adaptive immune responses, as well as the effective removal of pathogens targeted by an adaptive immune response. Moreover, as the adaptive immune response acts a with a delay of 4-7 days, the innate immune response plays a critical role in controlling infection during this period [ 84 ].

Like other pathogens penetrating the epithelial surfaces of the body for the first time, bacteria encounter cells and molecules that can activate innate immune response. Phagocytic macrophages and neutrophils express receptors on their surface, able to recognize and bind different constituents of common bacterial membranes. Activation through these receptors triggers the engulfment of bacteria by macrophages and leads to the release of biologically active molecules -cytokines and chemokines -which are a starting point for the inflammation.

Local inflammation and phagocytosis of invading bacteria may also be triggered by complement activation on the bacterial cell surface. Complement is a system of plasma proteins that, when binding on microbial surfaces (but not on host cells), initiate a cascade of proteolytic reactions.

The coating of microbes with the resulting fragments leads to their recognition and binding by phagocytic receptors on macrophages. Complement allows phagocytic cells to recognize pathogens that would otherwise escape phagocytosis and, thus, destruction. The process also releases small peptides that contribute to inflammation. Complement can be activated through Macrophages also express other proteins with antimicrobial activity in the phagosome. These proteins sequester critical nutrients for bacterial growth (divalent cations like Fe 2+ , Zn 2+ , and Mn 2+ ). This process, called Nutritional Immunity, is also important in bacteria killing, as many pathogens rely on their hosts' resources [ 90 ]. During phagosomal maturation, natural resistanceassociated macrophage protein 1 (NRAMP-1) depletes Fe-and Mn-from the phagosome lumen [ 91 ]. On the contrary, the lumen is enriched with Cu and Zn ions (macrophages express Zn and Cu transport proteins such as Znt1 and ATP7A). These metal ions are toxic to several bacteria that do not possess detox enzymes. In addition, phagocytes contain different proteases with the potential to digest bacteria: endopeptidases (cysteine and aspartate proteases), exopeptidases (serine and cysteine proteases), hydrolases that degrade carbohydates (for instance lysozyme) and lipids (phospholipase A2) [ 92 ]. Neutrophils express serine proteases (elastase and cathepsin G) [ 93 ].

Macrophage elastase (Matrix metalloprotease (MMP) 12) is a protease delivered to the phagolysosome with the role of killing Gram+ and Gram-bacteria [ 94 ]. MMP12 is important in the early killing of S. Aureus, as it adheres to the bacterial cell wall and disrupts its membrane. Many of these enzymes need a low pH to be activated, and the acidified pH also inhibits microbial growth. When the canonical phagolysosomal killing mechanisms are exhausted, macrophages undergo apoptosis as further mechanism to kill a high load of bacteria. Neutrophils (but a similar mechanism has been proposed to macrophages and other cells) release neutrophil extracellular traps (NETs) through a process called NETosis [ 95 ]. During this process, which leads to neutrophil death, they eject their chromatin into the extracellular milieu (enriched with antimicrobial proteins including, defensins, myeloperoxidase, lactoferrin and calprotectin) with the intent to entrap and subsequently kill bacteria. For instance, S. Aureus is sensible to these NETs, but pathogenic S. aureus have been found able to secrete nuclease enzymes and degrade NETs [ 96 ].

Some pathogenic S. Aureus strains are able to escape from the phagosome (they express αhemolysin (Hla)) and, moreover, block macrophages apoptosis (this mechanism seems crucial to fighting the intracellular persistence of living bacteria). In addition, some strains express different proteins that can block phagocytosis.

ROS and NO are potently toxic products that can seriously damage the host tissues: in fact, cells exposed to ROS form adenosine, a potent immunosuppressive signaling molecule. Pathogenic S.

aureus expresses adenosine synthase A (AdsA), which converts adenosine monophosphate (AMP)

to adenosine, a molecule that inhibits neutrophil superoxide bursts or degranulation, and also leads to loss of T-cell adherence and an increased production of IL-10. Some strains express superoxide dismutases (SodA and SodM), catalase (KatA), alkyl hydroperoxide reductase (AhpCF), and staphyloxanthin, that protects or mitigates the damage induced by ROS [ 97 ]. They express urease to degrade urea into ammonia (weak base), to contrast acidification.

S. aureus pathogenic strains modify their surface membrane (they express a cell envelope modification system that attaches D-alanine to cell wall teichoic acids) to reduce the bacterial surface's negative charge and limit the microbe's susceptibility to cationic antimicrobial peptides (AMPs). This system inhibits another killing mechanism produced by macrophages and neutrophils (as alpha-defensins). In addition, S. aureus becomes insensible to lysozyme, which is largely present in the neutrophils granules, by modifying its peptidoglycan. Successful pathogens like S. 

Dendritic cells sensors repertoire

DCs play a sentinel's role in the immune system; they migrate in the peripheral and as well in the inflamed tissues to sense the menace. Pathogen recognition is mediated by various receptors which, through different pathways, induce DC maturation. DCs incur in a number of changes during this maturation process: for example, they express different co-stimulatory molecules and secrete different cytokines. The ensemble of these inputs shapes the T cells' prime and final outcome of the response. The differential pattern of co-stimulatory molecules and cytokines is the result of the downstream signals derived by the different receptors' activations. In this frame, the importance of the variety of these sensors is clearly understandable.

In vertebrates, sensing the pathogens relies on two systems:

 Pathogen-recognition receptors (PRRs): sensors of this class recognize the molecules of the pathogen; there is a direct binding of these molecules which is defined as pathogenassociated molecular patterns (PAMPs)).

 Danger-associated receptors: during the infection the damage of the host tissues leads to the release of danger-associated molecular patterns (DAMPs).

Cytosolic RNA sensors

The RIG-like helicases (RLH) are a family of RNA sensors which includes three members: retinoic  LRRFIP1: identified in mice macrophages responding to Lysteria monocytogenes and binding the DNA in a leucine-rich repeat domain.

 AIM2-like receptors (ALRs): a family of four genes capable of binding the DNA and signaling through inflammasome and leading to IL-1β production. It is reported that non-virulent mycobacterial strains induce IL-1β production followed by AIM2 activation.

 DDX41: once activated, it interacts with STING to induce Type I IFN production.

 cGAS: the latest identified sensor, presents a enzymatic activity after DNA binding to activate, in turn, STING and the Type I IFN production. In Chlamydia trachomatis and Listeria monocytogenes infections it seems that cGAS plays a role in IFN-β production.

Other cytosolic DNA sensors are present and, most likely, further ones will be identified in the next few years. This redundancy shows the danger associated to the DNA presence in the cytosol. TLRs are divided into cell surface type and endosome type. In humans, TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10 are located on the surface, whilst TLR3, TLR7, TLR8 and TLR9 are in the endosome.

C-type lectin receptors

Cell-surface type TLRs mainly recognize microbial components present in the membranes of the bacteria or fungi (lipoproteins, lipids and proteins). Conversely, endosomal TLRs recognize nucleic acids from pathogens (bacteria or virus).

TLR2 recognizes various molecules of pathogens including bacteria, viruses, fungi and parasites.

TLR2 forms heterodimers with TLR1 or TLR6 to differentially recognize triacyl and diacyl lipoproteins. TLR2 and TLR1 will be examined more in detail below. TLR9 is yet another endosomal TLR. It recognizes unmethylated CpG DNA, which is highly frequent in bacteria, viruses and parasites, but rare in mammalian cells. Malaria parasites produce DNA and hemozoin (this is the residual product of heme-detoxification by Plasmodium). Granulin, an unusual cysteine-rich protein, can interact with CpG DNA and facilitate the binding with TLR9.

[ 125 ] TLR10 is predominantly expressed in immune cell-rich tissues, such as the small intestine, stomach, thymus, peripheral blood lymphocytes, lymph nodes and tonsils. Coimmunoprecipitation studies have shown the association of TLR10 in homodimers or in heterodimers with TLR1 and TLR2: these interactions are likely to be be mediated by the extracellular domain of these receptors. For a long time the ligand specificity of TLR10 has remained elusive, but bioinformatic analysis suggests that the ligand could be lipoproteins. Five TIR-domain-containing cytoplasmic adaptors are known:

 MyD88: this adaptor is downstream of all the TLRs except TLR3: its recruitment leads to NF-κB activation and pro-inflammatory secretion.

 TIRAP: it connects TLR2 and TLR4 to MyD88, helping on the MyD88 pathway.

 TRIF: it is involved in the Type I IFN induction by TLR3 and TLR4 activating IRF3

 TRAM: it connects TLR4 to TRIF and plays a role in the TLR4 trafficking to endosomes.

 Sterile α and Armadillo motif (SARM): unlike the others, which are expressed ubiquitously, SARM is expressed in the neurons. Studies in the human neuron cell lines show its role as a negative regulator of the TLR3 pathway.

In brief, the signaling passes mainly through two branches: MyD88 and TRIF mediated.

MyD88-dependent pathway

MyD88 interacts through its death domain with the kinase IRAK4 which, in turn, interacts with IRAK2. The complex MyD88-IRAK4-IRAK2 interacts with E3 ubiquitin ligase and TRAF6. The These heterodimers preexist on the surface (this is confirmed byfluorescence resonance energy transfer (FRET) in monocytes) but their increase is directly related to the presence of the ligand. In absence of ligands, these heterodimers are unstable and their associations are only temporal.

Some studies suggest that heterodimers migrate to lipid rafts upon the ligand binding. The disruption of the lipid rafts has showed to impair activation. Lipid rafts are "membrane islands" with a different composition in lipids: there are highly ordered saturated lipids and a major content of cholesterol. These islands are sparse in the more fluid membrane (higher content of unsaturated lipids). After cells activation, lipid rafts islands cluster to form a large platform.

Receptors and adaptor molecules accumulate in the lipid rafts during activation.

[ 132 ]

TLR2 can also homodimerize: in this case it is able to recognize microbial membrane components such as lipoteichoic acids (LTA) and peptidoglycan (PGN). TLR2 can also recognize some endogenous ligands that occur in response to an inflammation. These ligands play a role as

DAMPs.
Here is a list of some of them (other have been proposed but whether they are really ligands or not is still being debated) [ 133 ].

 Pancreatic adenocarcinoma up-regulated factor (PAUF)

 Amyloid β (Aβ): it has been established that synthetic peptide aggregates of Aβ1-42 are recognized by TLR2 and its activation is enhanced with TLR2/1 heterodimers.

 α-Synuclein: TLR2 binds the α-Synuclein when this molecule is in oligomer form and adapted toa β-sheet conformation.

 Serum amyloid A (SAA)

 SNAP-associated protein (Snapin)

 β2-Glycoprotein I (β2-gpI)
TLR2 can heterodimerize with other receptors as, for instance, CD14 (CD14 has also been showed to interact with TLR3, TLR4, TLR7 and TLR9). CD14 directly binds TLR2 on the membrane surface.

With the use of surface plasmon resonance techniques, CD14 has been found to increase the responsiveness of TLR2/1 heterodimers to triacylated lipopeptides. CD14 is highly concentrated inside lipid rafts as a glycosylphosphatidylinositol-anchored membrane protein; this causes TLR2/1 heterodimers to migrate to lipid rafts.

[ 134 ]

TLR2 can also interact with integrins, even if only few studies have reported direct interaction.

Integrins are generally heterodimeric receptors that exert the role in cell-cell and cell-extracellular matrix interactions. Integrins activation leads to changes in the membrane phosphoinositide composition: this attracts some specific TLR adaptor molecules to the lipid rafts, thus leading to enhanced TLR activation. Interestingly, the integrin subunit β 3 interacts directly with TLR2 in resting monocytes; the stimulation with a synthetic triacylated lipopeptide induced a rapid dissociation of this complex. The integrin β 3 binds vitronectin: this soluble protein that is generally present in the blood or in the extracellular matrix has the capacity to opsonize microbes. In this frame, it has been suggested that integrin β 3 concentrates the ligands to TLR2/1 to enhance activation.

[ 135 ]

TLR2 can also heterodimerize with Dectin-1, leading to activation in response to zymosan (fungal membrane component) and some Mycobacterium species.

There is high evidence showing that lipoproteins (TLR2/1 ligands) play an important role in TLR2 During allergic diseases and helminth infections there is an increased presence of eosinophils in the peripheral blood and tissue. In mycobacterial infections there is an enhanced recruitment of eosinophils within the lung granuloma. Lipomannan induces the eosinophil activation through TLR2. NK cells can also be activated by TLR2 mycobacterial ligands.

The above evidence leads to conclude that TLR2 and TLR2/1 play a beneficial role for the host, except that MTB can hijack TLR2 for immune evasion. One of the facts that can explain the outstanding evolutionary success of MTB is its own capacity of modulating its gene expression according to the different infection stages. Initial MTB-expressed genes promote DCs activation All these elements show the importance of lipoproteins in GRAM+ bacterial pathogenicity and their possible participation in the pathogens overcome of the immune system. As reported in this chapter, TLR2 KO mice succumb quickly to GRAM+ bacterial infection. It would be a too simplistic view to consider TLR2 important for bacteria sensing. M. Tuberculosis and other pathogenic bacteria evolved to hijack the immune system, being TLR2 and the other co-receptors part of the escape strategy.. How the interplay among these TLRs works is still not fully understood, but it seems likely that they play a role in the balance between mounting a protective response and an immune evasion.

pDCs sensing

The different Dendritic cells subsets express different PRR.

[ 150 ] pDCs express different receptors on the surface and in the cytosol that allow them to sense microbes in the surrounding environment. pDCs express TLR7 and TLR9 at high levels, which will be discussed in detail below.

pDCs also express RIG-I, DHX9 and DHX36 to sense viral replication in the cytosol, cGAS, C-type lectin receptors as BDCA-2, DEC-205 and DCIR. Morever, they express FC receptors on the surface (FccRIIa, FcaR and FceRI have been reported to be expressed by pDCs): these receptors are important for the uptake of microbes complexed with antibodies, and their activation induces the mobilization of MHC-II molecules from lysosomal vesicles to the plasma membrane.

TLR7 and TLR9 mediated sensing

Among the DCs subsets, pDCs have been described to be important in viral sensing and immune response for their unique capacity to produce an extraordinary amount of Type I IFN in viral infections. This capacity relies on high expression of TLR7 and TLR9 and their internal machinery.

The engagement of TLR7 and TLR9 receptors leads to a sustained Type I IFN production. The role of Type I IFN in bacterial infection and the fact that the TLR7/9 pathway is partly shared with TLR2/1, make an interesting issue for discussion. Whether or not pDCs express TLR2 and TLR1 will be discussed in the results.

As stated above, TLR7 and TLR9 reside in the endosomes. TRL7 and TLR9 undergo posttranslational maturation in the ER, the chaperone protein gp96 plays a role in these modifications and, following these steps, UNC93B helps translocation from ER to endosomes 

Plasmacytoid dendritic cells and bacterial infectious disease

Role of Type interferon in bacterial infection

As described in the frame of antiviral infections, the type I IFN could play a dual role, namely, by being part of either the solution or the disease. Interest on microbiota has grown exponentially in the last two decades: its profound impact on the "teaching" of the immune system in early life and its continuous modulation of the immune 

Type I IFN in parasitic and fungal infections

It is interesting to discuss, however briefly, the role of Type I IFN in parasitic and fungal infections where, once again, its dual role emerges: protective versus pathological. For instance, in Leishmania, IFNα/β inhibits the macrophage and neutrophil functions. The role of IFNα/β in malaria is more complex and depends on both the stage of infection and the Plasmodium species.

In some cases, such as Plasmodium berghei and Plasmodium chabaudi, Type I IFN inhibiting the CD4+ T-cells functions; in other cases, in P. berghei mouse models Type I IFN protects from cerebral malaria disease through a TH1 immunity response. These results may seem conflictual but clearly demonstrate the complexity of IFNα/β impact on the immune response. In the 

Plasmacytoid dendritic cells in bacterial infections

For a long time, pDCs were well known for their pivotal role in antiviral immunity; nevertheless, there were only few reports about their ability to sense and respond to bacteria and fungi. We have already discussed the role of type I IFN in bacterial infections; in this section we shall present more information about direct interactions between pDCs and bacteria.

pDCs are present in the tonsils, where they enter into contact with the bacteria; besides, they are recruited from inflamed tissues (through CCR6). In particular, they are found in bacterial inflamed mucosal epithelia, considered major sites of host-microbe interaction.

Early studies observed Type I IFN induction in Escherichia Coli and in S. aureus models;, however, neither the cells' source nor their mechanism were explained. Subsequent reports showed that pDCs can be a major source of Type I IFN among leucocytes in the peripheral blood. It was further demonstrated that pDCs can uptake S. aureus, up-regulate co-stimulatory molecules and secrete cytokines (IL-6, TNF-α, and Type I IFN). The inhibition of the endosomal maturation seems to reduce the production of Type I IFN. pDCs stimulated with S.aureus are capable of priming naive CD4+, allowing them to proliferate and polarize in the TH subset. Interestingly, in the tonsils some unidentified soluble factors dampen the production of pDC-derived cytokine as well as Type I IFN.

[ 226 ] pDCs can also uptake IgG-bounded S. aureus through FcγRIIA receptors; this uptake also leads to a Type I IFN release. Due to continuous exposition to S. aureus, which is a commensal bacterium, human sera contains IgG specific for S. aureus. 

Choose your fate a priori

Receptor regulation complexity

The Lorenz laws in biology Does the flap of a butterfly's wings in Brazil set off a tornado in Texas?

Edward Lorenz, 1979 In 1960 Edward Lorenz was working on a weather forecast modeling. The complex mathematical calculations this involved led him to try small approximations in the number of digits. Surprisingly, he found that even the smallest approximation led to outstanding change in the final model. The so-called "butterfly effect", named after the title of his famous 1972 talk, has now become a much-beloved metaphor. In the same vein, on proposing the chaos theory, Lorenz had written "One meteorologist remarked that if the theory were correct, one flap of a sea gull's wings would be enough to alter the course of the weather forever. The controversy has not yet been settled, but the most recent evidence seems to favor the sea gulls."

Effectively, chaos is the reason why we cannot forecast a precise weather model. The weather presents a chaotic dynamic, based on three properties:

1. it must be sensitive to initial conditions 2. it must be topologically mixing 3. it periodic orbits must be dense One fundamental paradigm of biology is homeostasis, i.e., the property of a system in which a variable is actively regulated to remain very nearly constant. Examples of homeostasis are: the body temperature regulation, the pH in extracellular fluids, the ions' concentration (Na + and Ca + ), the partial pressure of oxygen in blood, carbon dioxide partial pressure, arterial blood pressure, the volume of body water, and the glucose in the blood plasma. The metabolism of each living being spends a considerable amount of energy to maintain these variables stable during changes in the external environment. Dysregulation of homeostasis mechanisms may lead to death or the insurgence of a severe disease state, such as an excessive increase in the body temperature or an excessively high glucose plasma concentration (in diabetic subjects). Variations in the variables are measured by different sensors leading to the activation of a correcting system to recover stability. In mammals, for example, the body temperature is tightly regulated, and when hypothalamic temperature sensors notify a decrease in the temperature blood flow is regulated to preserve body heat; conversely, sweating is induced to cool down the body through water evaporation. It is easy to understand the need for homeostatic behavior, less so the advantages of chaotic dynamics. One example is the neuronal integration of the signal, where a small change in stimulus integration leads to the activation of different brain neurons. Such a behavior allows a sophisticated response to minimal changes in the environment. The nonlinear dynamics of a chaotic system facilitates the extraordinary ability of neural systems to adapt, making transitions from one pattern of behavior to another when the environment is changed and, consequently, 

Complexity and plasticity

Pathogens use largely complicated, diverse and efficient strategies to escape the immune system which confronts the new challenges through adaptive immunity. Plasmodium falciparum, for instance, undergoes an antigen variance. The plasmodium genome codifies for 60 VAR genes, but only one of these genes is expressed each time and is present on the surface of infected red blood cells. The other 59 genes are epigenetically repressed during this phase. While the immune system generates a response against this antigen, the parasites shut down the expression and express another gene, thus escaping the infection's resolution [ 233 ].

In the Candida albicans infection two forms of fungi can be present: unicellular yeast and hyphae.

These morphological transitions are reversible and this plasticity is believed to facilitate pathogenicity. While C. albicans as unicellular yeast is generally considered a case of commensalism (a harmless colonization), the hyphal growth is associated with mucosal infections.

Unicellular yeast can disseminate throughout the body. The balance between commensalism and infection relies on the immune system; the pathogenic potential is determined by the The dendritic cells integrate these PAMPs signals with cytokines, DAMPs and other inputs. The effect of this combination of signals cannot be predicted from the effect of input alone. In general, the result would involve either of two scenarios : synergism and antagonism. Synergy occurs when the collective response of the signals is higher than the product of the two separate signals.

Antagonism is the contrary.

In macrophages, pre-incubation with LPS (TLR4 Ligand) increases nitric oxide induction in response to CpG DNA (TLR9 ligand), but the reverse reduces this production. This and additional data show that synergism is time dependent. Literature reports different synergisms in TLRs activation, as LPS and bacterial and lipoproteins (TLR2 ligand) induce pro-inflammatory cytokines. In addition, as TLRs stimulation changes the mRNA TLRs expressions, an up-regulation of TLRs mRNA has been shown in monoytes and dendritic cells after their activation. Likewise, TLRs agonists induce up-regulation in the mediators' expression (as described before for IRF7). TLR4 mRNA has been reported to be down-regulated in response to LPS in some cases. [ 255 , 256 , 257 ,] As described in the first chapter, there are different crosstalk levels among the immune cells, as

CpG DNA NK stimulation leads them to produce IFN-γ that acts on the macrophages to augment their responsiveness to LPS. In general, cytokines stimulation affects positively and negatively the cells' response to TLRs agonists. This happens at various levels:

 Regulation of the TLRs receptors, co-receptors and adaptor proteins expression.

 Crosstalk with the negative regulators of TLRs signaling.

 Positive or negative regulation of the target gene promoter.

The administration of IFN-γ to macrophages induces the expression of TLR2, 4, 6 and 9 and coreceptor CD14, and MyD88 and IRAK1 (process called APC priming). In response to LPS, primed monocytes show an increased production of TNF-α, due to higher mRNA stabilization. Similar effects are reported for IL-4, Type I IFN, GM-CSF an M-CSF. Prolonged cytokine exposition upregulates TLR negative regulators such as SOCS-1. IL- 

Toll-like Receptors dysregulation TLR expression alteration in bacterial infection

There is a wide range of variability in infectious disease outcomes among different individuals and advancement in genotyping techniques shows genetic factors of the host influencing susceptibility to this disease. The outcome is also dependent on cytokines production in response to the infection, which has been shown to be influenced by genetic factors. Interestingly, in some human diseases a single gene defect can increase susceptibility. The conflictual interaction between TLRs and bacteria has been already described.

Here the focus will be on how alterations in their expression impact the immune response. TLRs receptor genes defects have generally been linked

to diseases and to insufficient response to pathogens. In the genome, one common variation is the single nucleotide polymorphism (SNP). Some of these SNPs alter expression of TLRs or their In a population-based study in Sweden, eleven TLR1 SNPs were reported: among them, three were found to be associated with an increased risk of prostate cancer. Three SNPs were found in the central extracellular region (Asn248Ser (A743G), H305L (A914T), and P315L). These SNPs lead to diminished sensing of microbial cell wall components in vitro. Interestingly, one of these SNPs (P315L) is part of an epitope for an inhibitory anti-TLR1 monoclonal antibody. After stem cell transplantation, the presence of the SNPs Arg80Thr and Asn248Ser in the recipients make them more susceptible to aspergillosis. The most common is SNP is S602I, is localized at the junction of the transmembrane and cytoplasmic domain of the receptor. This SNP shows a tenfold decrease in IL-6 production by peripheral blood leukocytes. This SNP alters the trafficking of TLR1 to the cell surface; the receptor is retained in the Golgi apparatus. This SNP was found to be protective against leprosy in a Turkish cohort. To assess which model was predominant, I treated different DC subsets with a number of stimuli that can be recognized by those cells.

As stated in the history of science, a rigorous and systematic approach has been fundamental for achieving the results; however, serendipity has also played an important role. During these experiments, I found that pDCs were capable to respond to TLR2/1 ligands. This unexpected discovery opened new, interesting questions.

In the introduction, I presented the essential features of pDCs and how they are connected with other cells, showing that they are a node in a complex network. In the second chapter, I described GRAM + bacterial infections and how they escape immune sensing. Moreover, I focused on the role of Type I Interferon, showing its dual nature in the microbial infection. pDCs are the cells capable to secrete the highest amount of Type I Interferon, posing the question of whether or not they are involved in bacterial infection. Despite their role being still controversial, evidence from the last few years reported in the second chapter of this manuscript suggests that pDCs can respond to the GRAM+ bacterial infection. In the third chapter, I presented the receptors involved in bacterial sensing and focused on TLRs, particularly TLR2/1. Different questions have come up because of the important involvement in the sensing and the immune escape of GRAM+ bacteria:

1. Do pDCs express TLR2 and TLR1?

2. Are TLR2 and TLR1 functional in pDCs? Do pDCs respond to Lipoproteins?

3. Are TLR2/1 involved in pDC bacterial sensing?

Are pDCs capable of inducing T-cell polarization?

Since the results of this thesis gave positive answers to these questions, I was interested in further researching the role of these receptors in pDCs. In the fourth chapter I demonstrated how a small dysregulation of this receptors' expression undergoes a dramatic change in the outcome. The imbalance of these receptors is deeply involved in different pathologies, causing reactions that go from failure to provide a protective response to the microbial infection to the capacity of developing autoimmunity. Likewise, the pDCs' abnormal response has an impact on autoimmune

diseases. An in-depth characterization of the TLRs' response on pDCs will allow us to better understand the role of pDCs in the immune system. So far, a strong effort has been made to understand TLR7 and TLR9 in pDCs, as it was thought they were the only TLRs expressed by them.

The additional questions I addressed were:

1. Do TLR1 and TLR2 exert the same function on the pDCs' lipoprotein activation?

2. Are these difference reflected on T-cell priming?

3. Do these differences rely on a different intracellular signaling?

The answers to all these questions are that pDCs express functional TLR2 and TLR1, which allows them to fully respond to bacterial lipoproteins. This pathway is involved in their capacity to sense Plasmacytoid dendritic cells (pDCs) are a subset of dendritic cells capable to respond by secreting high amounts of Type I interferon when challenged with TLRs ligand or during viral infections. pDCs are able to respond to GRAM+ bacteria and there is further evidence of their potential implication in the disease; nevertheless, their role in the bacterial infection needs to be investigated further.

In the current view, pDCs sense the nucleic acid of GRAM+ bacteria through the endosomal TLRs. This assumption clashes with the poor phagocytic activity of the pDCs that limits their capacity to engulf the bacteria and deliver them to endosomal TLRs. Moreover, TLR response to GRAM+ bacteria is considered to be digital without shades, but this view collides with the conflictual results obtained by knock-down experiments and in vivo infection models.

In this study, we show the presence of TLR2 and TLR1 on a pDC surface that allows them to respond to GRAM+ bacteria without need of internalization. pDCs functionally respond to bacterial lipoprotein (natural ligand of these two TLRs) and we noticed that the two receptors have no redundant functions. TLR1 is more devoted to controlling surface molecules and the cytokines implicated in T-cell polarization; conversely, TLR2 exert control on the Type I IFN which acts on a broader stage. Our results explain the mechanistic reason behind these behaviors, showing the engagement of different pathways from the two TLRs.

These results help answer the question of how pDCs sense the GRAM+ bacteria. Our work allows to further characterize TLR2 and TLR1 behavior and their implications. We have introduced a new level of complexity in the system by challenging the current view that when two receptors cooperate they transmit the same signal. We have furnished a springboard to new intriguing questions leading to a better characterization in the frame of bacterial infection and provide further insights in autoimmune diseases.

Introduction

Tubercolosis (TB) and multi-drug resistant bacteria are a major concern for worldwide health [ 1 ]. In tuberculosis and GRAM+ infection, Type I interferon (Type I IFN) has been shown to play a pathological role [ 2 , 3 ]. Plasmacytoid dendritic cells (pDCs) are known to produce high amounts of Type I IFN in response to viral sensing [ 4 , 5 ]. It is reported that pDCs are able to respond to GRAM+ bacteria. They can be recruited at the site of the infection and are enriched in patient TB lymph nodes but their role in the disease is still poorly investigated [ 6 , 7 , 8 ]. How pDCs sense GRAM+ bacteria is still debated. pDCs express few pathogen pattern recognition receptors, i.e., TLR7 and TLR9 localized in the endosomes and capable of sensing nucleic acid [ 9 ]. pDCs also express a range of cytosolic sensors, either at steady state, such as the helicases DHX9/DHX36 [ 10 ], or following innate activation, such as RIG I [ 11 ] GRAM+ bacteria express lipoproteins on their surface membrane, which play an important role in their survival and pathogenicity [ 12 ]. Bacterial lipoproteins are recognized by TLR2/1 and induce activation and maturation in dendritic cells [ 13 ]. TLR2 knock-out mice are more susceptible to mycobacterial infection but Mycobacterium tuberculosis is able to hijack TLR2 signaling to enhance its survival in the host [ 14 ]. T-helper (Th) 1 is the protective response in TB and in many GRAM+ bacterial infections, while Th2/T regulatory (Treg) have been shown to promote the disease [ 15 ]. Bacterial pathogens may alter this balance to allow their immune escape through a mechanism still not fully understood. [ 16 ] 

Materials and Methods

Blood samples and cell isolation

Buffy coats from healthy human donors were obtained from Etablissement Français du Sang, Paris, Saint-Antoine Crozatier and Saint Louis blood bank. Tonsils were recovered from Hôpital Necker-Enfant malade. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation (Ficoll-Paque; GE Healthcare). pDCs and CD11c+ DCs were isolated by a first step of total DC enrichment (EasySep human Pan-DC Enrichment kit; Stem cell) followed by FACS sorting as Lineage -CD11c -CD4 + to a 99% purity [ 17 ]. Human naïve CD4 T cells were isolated from PBMC by negative selection (naïve CD4 T cell isolation kit; Miltenyi Biotec) to a >98% purity.

Cells were stained with FITC anti-CD3 (BD), FITC anti-CD14 (BD), FITC anti-CD16 (BD), FITC anti-CD19 (Miltenyi), PECy7 anti-CD11c (BD), VioGreen anti-CD4 (Miltenyi), PE anti-TLR1 (eBioscience), AlexaFluor700 anti-TLR2.

pDC culture pDCs were cultured in RPMI 10% FBS at 10 6 cells/ml in the presence of Influenza A/PR/8/34 (H1N1) 82 HA/ml (Charles River Laboratories), PAM3CSK4 1 µg/ml and 10 µg/ml (Invivogen), 10 ng/mL GM-CSF, 0,1 µg/mL LPS (Invivogen), 100 µg/mL heat-killed Mycobacterium tuberculosis (Invivogen), MOI 1 heat-killed Staphylococcus aureus (Invivogen), MOI 10 heat-killed Listeria monocytogenes. Blocking experiments were performed by pre-treating pDCs 1 hour before stimulation with: 1µM CU-CPT22 (Merck-Millipore), Human TLR1 Neutralizing antibody -Monoclonal Mouse IgG1 (Invivogen), Human TLR2 Detection and Neutralizing antibody -Monoclonal Human IgA2 (Invivogen), Mouse IgG1 isotype control antibody (Invivogen), Human IgA2 Isotype Control (Invivogen).

After culture, cells were stained with 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) that was added before acquisition to exclude dead cells. pDCs were stained with the following antibodies: AF700 anti-HLA-DR (biolegend), APC anti-ICOSL (R&D), PE anti-CD86 (BD), FITC anti-CD80 (PE), FITC anti-CD40 (B), Percp5.5 anti-CD83 (ebioscience), Percp5.5 anti PD-L1 (ebioscience). Isotype-matched antibodies were used as control. Cells were analyzed on a flow cytometer (BD Fortessa and BD LSRII) and data were processed using FlowJo software (Tree Star, Inc.).

Real Time quantitative RT-PCR

Total RNA was extracted from freshly isolated, 1-hour PAM3CSK4-activated pDCs, freshly isolated CD11c+ DCs, and HeLa cells, using RNeasy Micro kit (Qiagen) and processed as described. [ 18 ] The following probes (life technology) were used: TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR9, TLR10, B2M, GAPDH, RPL34

pDC-T cell cocultures

CD4 naïve T cells were stained with 5-(and 6)-Carboxyfluorescein diacetate succinimidyl ester (CFSE) (eBioscience). CD4 naïve T cells were cultured for 6 days with allogeneic activated pDCs stimulated (GRAM+ bacteria treated, PAM3CSK4 in combination with anti-TLRs antibody) at a 5:1 ratio as previously described [ 19 ]. After coculture, T-cell expansion was determined by cell counting, and the percentage of dividing cells was determined by flow-cytometer (BD LSR II). Supernatants were collected after 24 hours of polyclonal restimulation with anti-CD3/CD28 microbeads (Dynal). Cytokine measurement was performed by Cytometric Bead Array Flex Set (BD Biosciences). Acquisition was performed in a flow cytometer (BD LSR II) and data were analyzed using Fcap array (BD).

Intracellular Staining

CD4 naïve T-cells were cultured for 4 days with allogeneic activated pDCs (PAM3CSK4 in combination with anti-TLRs antibody). T-cells were stained with ZombieNir fixable kit (Biolegend) before surface staining, fixation and permeabilization (FOXP3 Fix/Perm buffers, eBioscience). Cells were then stained with, APC anti BCL-6 (BD), PercP55 anti Tbet (BD), Pecy7 anti GATA3, APC anti FoxP3 (eBioscience). Isotype-matched antibodies were used as control.

Cells were analyzed on a flow cytometer (BD Fortessa and BD LSR II) and data were processed using FlowJo software (Tree Star, Inc.).

Phosphofacs

pDCs were treated during 4 hours with medium, PAM3CSK4 (in combination with neutralizing antibody as described before) and influenza virus. Cells were fixed with Fix Buffer I (BD) and permeabylized with Perm Buffer III (BD). Cells were stained with PE anti-p-AKT (BD), PECy7 anti-p-p65 (BD), PE anti-p-p38 (cell signal). Isotype-matched antibodies were used as control.

Cells were analyzed on a flow cytometer (BD LSR II) and data were processed using FlowJo software (Tree Star, Inc.).

Statistical Analysis

Statistical analyses were performed to compare the different conditions by Wilcoxon paired test using Prism (GraphPad Software). Statistical significance was consider for p value <0.05

Results and discussion:

Human pDCs express functional TLR2 and TLR1 in order to respond to bacterial lipoproteins

In order to investigate how pDCs sense GRAM+ bacteria, we screened steady state pDCs TLRs mRNA expression. We noticed the expression of TLR1, TLR2 (basal level), TLR6, TLR10 (FIG S1A). We monitored pDCs TLR2 and TLR1 expression following lipoproteins stimulation in comparison with HeLa cells (negative control) and CD11c+ DCs (positive control). pDCs maintained a stable TLR1 expression following stimulation, and increased their TLR2 expression in comparable manner to CD11c+ DCs (FIG 1A and B). We confirmed pDCs expression of surface TLR1 and TLR2 at the protein level using flow cytometry (FIG 1C and FIG S1B).

To address the functionality of TLR1 and 2 on pDCs, we investigated pDC response to PAM3CSK4 (PAM3), a bacterial lipoprotein used as a prototypical TLR1/2 ligand. We observed an upregulation of co-stimulatory molecules and MHC-II expression on the surface (FIG 1D, S1C and D) to an extent comparable to known pDC stimuli, such as GM-CSF and influenza virus. [ 20 ] PAM3 induced the secretion of high levels of type I IFN and pro-inflammatory cytokines, although to a slightly lesser extent than with the influenza virus (Flu) (FIG 1E). Although it is reported that TLR2 in inflammatory monocytes can be endocyted and activate IRF7 in response to a viral ligand, these results are the first report of Type I Interferon induction by TLR2 in response to a bacterial ligand [ 21 ]. pDCs produce Granzyme B in the active form and are capable of inducing T-cell proliferation suppression in a perforin independent manner [ 22 ]. Lozza et al. have shown that pDCs in TB patient lymph node produce GrB; our data suggest that GrB can be induced by bacterial lipoproteins. We stimulated pDC purified from tonsils, a site of frequent encounter with GRAM+ bacteria, with bacterial lipoproteins to fond out whether they respond in the same way as blood pDCs (FIG S1E). Tonsil pDCs up-regulate surface costimulatory molecules to the same extent as blood pDCs do. These data suggest that pDCs from blood and from physiological bacterial intefaces functionally respond to bacterial lipoproteins. TLR1, TLR6 and TLR10 are known to be able to heterodimerize with TLR2 following ligand stimulation.

[ 23 ] TLR6 expression suggests that human pDCs can respond to dyacetil-lipoproteins (TLR2/6 ligands). GRAM+ bacteria-activated pDCs induced secretion of IL-4, IFN-γ indicative, respectively, of a TH2 and a TH1 profile. We further noticed the presence of IL-10 produced by Tregs. We noticed a mixed Th profile (TH1, TH2 and Tregs).

In the last few years, different attempts to develop a vaccine against S. aureus toxins and immune evasion factors have failed.

[ 28 ] Successively, lipoproteins have been considered promising candidates. Besides, vaccines in combination with TLR7 ligand show a boost in the protective immunity [ 29 ]. Our results suggest the possible role of pDCs in vaccine efficacy, considering their capacity to respond to lipoproteins, high TLR7 expression and capacity to prime T-cells in response to GRAM+ bacteria. 

TLR2 and TLR1 play a different role in the pDCs lipoprotein response

In order to investigate the differential contribution of TLR1 and TLR2 in mediating pDC response to bacterial lipoproteins, we alternately blocked the two receptors with specific antibodies. TLR1 blocking affected the co-stimulatory molecule expression (CD80, CD86 and ICOSL) (FIG 3A and S3A), while TLR2 did not have any impact at this level. TLR1 blocking almost abolished pro-inflammatory cytokine secretion (IL-6 and TNF-α) (FIG 3B). Conversely, TLR2 blocking inhibited type I IFN secretion, which was not affected by the following TLR1 blocking (FIG 3B). These results reveal a differential control of pDCs activation by each receptor.

Considering that these molecules are also involved in the potential to induce T-cell polarization, we performed co-culture experiments with lipoprotein-treated pDCs and naïve Tcells, with and without blocking antibodies to TLR1 or TLR2. TLR1 blocking affected T cell expansion and proliferation (FIG 3C and S3B). We analyzed the TH cytokines pattern after polyclonal re-stimulation. We did not notice difference in the TH1-like profile (IFN-γ, IL-3, FIG 3D and S3D); TLR1 blocking in pDCs, however, impacted on the TH2-like profile (IL-13, IL-4, IL-5) F(IG 3D and S3D). TLR1 blocking also diminished IL-10 production by Th cells, suggesting a decrease in Treg generation. We further noticed that TLR1 blocking reduced IL-9 secretion by Th cells. IL-9 production can be associated to allergy, suggesting a previously undescribed link between TLR1 and a pro-allergic Th-cells phenotype. pDCs play a regulatory role in multiple sclerosis through the induction of IL-9 in Tcells to counterplay the pathogenic TH17 [ 30 ]. These reports open questions about the role of bacteria, surface TLRs and pDCs in allergy and multiple sclerosis. TH1 cells play a protective role in GRAM+ bacterial infection, while TH2 cytokines and Tregs are linked to the bacterial immune evasion. After 4 days of pDC T-cells coculture we performed intracellular staining for TH master regulator genes to better characterize the T-helper subset induced. We confirmed that TLR1/TLR2 blocking did not affect Tbet induction (hence TH1 polarization); conversely, TLR1 blocking impacted on GATA3, FOXP3 (confirming its impact on TH2 and GATA3 polarization). TLR1 blocking also affected BCL-6 expression, involved in TfH generation. 

TLR2 and TLR1 induce different pathway activation in response to bacterial lipoprotein

We further questioned the mechanism behind these differences in the pDCs activation. In pDCs it was shown that MAPK and NF-κβ pathway activation led to co-stimulatory expression and pro-inflammatory cytokine release, while PI3K signaling controlled Type I IFN induction [ 34 ]. We performed phosphoFACS to investigate which pathways were activated by bacterial lipoproteins in pDCs. Stimulation with PAM3 led to p38, p65, and AKT phosphorylation (FIG 4A and B). These results suggested that MAPK, NF-κβ and PI3K were being activated. We wondered about whether the differences observed in the TLR blocking experiment were due to a diverse pathway engagement. The TLRs blocking showed that MAPK and NF-κβ pathways were TLR1-dependent, while the PI3K pathway was TLR2-dependent (FIG4C and S4A). These results explained the behavior observed. Co-stimulatory molecules and pro-inflammatory cytokines secretion could be linked to MAPK and NF-κβ pathway in pDCs, while type I IFN production required PI3K pathway activation. In pDCs, the endosomal TLRs signaling has been extensively studied: TLR7 and TLR9 in the early endosomes lead to IRF7 recrutiment and Type I IFN induction, while after maturation to the late endosomes they activate MAPK and NF-κβ pathway [ 35 ]. Since TLR2 activates the PI3K pathway it remains to evaluate whether the receptor has to be internalized to induce Type I interferon. Our results demonstrate that pDCs express functional TLR2 and TLR1 that mediate response to 121 bacterial lipoproteins and whole GRAM+ bacteria. We have provided the first demonstraton of surface TLRs inducing Type I Interferon. This opens broad perspectives on the possible role of pDCs in bacterial diseases. Commensal microbe pDCs interactions seem to be involved in promoting the proliferation of ICOS+ Tregs to avoid colitis in the neo-adjuvants cancer treatment. [ 36 , 37 ] The differences encountered in the activation mediated by TLR1 and TLR2 can help explain why these receptors can be implied in tolerance and autoimmunity or hijacked by bacteria. These data suggest that TLR1 is involved more in T-cell priming while TLR2 is more focused on alerting the innate immunity through Type I IFN control. In perspective, this also creates a manageable system that can be exploited in vaccine development, in the study of the role of type I IFN in bacterial infection, or as a tool for studying TH polarization. TLR1 engagement leads to an adaptive function, while TLR2 engagement controls innate pDCs function. 

Material and methods

Blood samples and cell isolation

Statistical Analysis

Statistical analysis was performed among the different conditions by Wilcoxon paired test using Prism (GraphPad Software). Statistical significance was considered for p value <0.05. pDCs were stimulated with increasing doses of PAM3CSK4, to show that pDCs' response to bacterial lipoproteins is dose dependent. We noticed that pDCs respond to the stimulus even at low doses, a result that is in accord with the basal level expression of TLR2. A real-time quantitative RT-PCR was performed to evaluate the TLRs mRNA expression in tonsil pDCs. The tonsil pDCs present a similar TLRs expression pattern to blood pDCs: high levels of TLR7 and TLR9, comparable expression of TLR1, TLR6 and TLR10.. Moreover, tonsil pDCs express basal levels of TLR2. 

Antefact

During the introduction I presented the complexity of the immune system. Multi-drug resistance bacteria strains are an increasingly worsening threat and new antibiotics are not yet under way.

The evolutionary force of cohabitation between bacteria and mankind has led the former to adapt to our immune system and develop strategies to reverse our weapons to their advantage. a better understanding of the bacterial immune evasion mechanisms can lead us to help the immune system fight them.

TLR2 and TLR1 expression in pDCs

pDCs are capable of sensing bacteria and respond to them with cytokine secretion and upregulation of co-stimulatory molecules. If this is an accepted fact, our knowledge about how pDCs sense bacteria and the relevance of their response is still far from a comprehensive view. The important role of TLR2 and TLR1 in the sensing of GRAM+ bacteria and how their relationship affect the immune response outcome was described in the Introduction.

In 2001, Kadowaki stated that pDCs express TLR7 and TLR9 only, among the TLRs family. For a long time, this statement was viewed a "gravestone" for the inquiry on the ability of pDCs to express other TLRs. In 2014, it was reported that mice spleen pDCs express TLR2. pDCs activation through TLR2 was important for driving an anti-inflammatory response to gut commensal antigens. Briefly, pDCs were inducing IL-10 production by CD4 T-cells and dampening the inflammation in an IBD model. In spite of this interesting report, mice pDCs present several differences from their human counterparts, including the fact that they express TLR4, absent from human pDCs. Successive literature referred to the Kadowaki article to cite the missing expression of TLR2/1 from pDCs. Our results showed that steady-state pDCs express TLR1, TLR6 and TLR10 at the mRNA level, in addition to the canonical TLR7 and TLR9. The expression of TLR1 is definitely comparable to the myeloid CD11C+ DCs (all the available literature concords on that myeloid DCs express high levels of TLR1). Moreover, we noticed a small steady-state expression of TLR2, at the mRNA level, in pDCs. This expression is increased following pDCs activation with Pam3CSK4 (a structural analog of the triacylated lipopeptide, a synthetic chemical compound mimicking the GRAM+ bacterial ligand). pDCs TLR2 expression is lower than the CD11C+ myeloid DCs, although it seems comparable after stimulation. I have confirmed the pDCs TLR2/1 expression at the protein level,

showing pDCs are expressing both TLRs, at a low level, on the surface. [ 293 , 294 ] TLRs expression can be modified by the environment; I presented some examples where cytokines are inducing up-regulation or down-regulation of their expression. Our results show that pDCs TLR7 and TLR9 mRNA expression is modified by the stimuli. PAM3CSK4 does not affect TLR7 mRNA expression, while it reduces the expression of TLR9. The influenza virus increases TLR7 expression, while it abrogates the TLR9. R848, a TLR7/8 synthetic ligand, profoundly affects the expression of both TLRs. The influenza virus also activates TLR7 (while also engaging other receptors) and exerts a different effect on TLR7 expression in comparison to R848. This difference is another proof of the system's complexity. pDCs do not express TLR4 and their stimulation does not induce TLR4 mRNA expression. These results show that the TLRs mRNA expression can be modified by the environment but is not an un-regulated variation: it changes according to the circumstances.

These differences might rely on the promoter's state; CHIP-seq analysis could unveil the mechanism behind the possible induction of TLR2 but not of TLR4. It has been shown that decreased methylation of the TLR2 promoter results in an up-regulation of TLR2 expression in cystic fibrosis patients, leading to an enhanced pro-inflammatory response. TLRs expression levels were also affected by histone deacetylase complexes (HDAC) inhibitors. However, these changes were not unidirectional, with the expression of some TLRs increasing and that of others decreasing, which suggests a complex regulation yet to be analysed. [ 295 , 296 ] It is interesting that the up-regulation of the TLR2 expression happens in the presence of the ligand. pDCs in steady state express TLR1, TLR6 and TLR10 at the mRNA level. All these receptors can heterodimerize with TLR2. These data suggest that TLR2 expression is more strictly regulated and is expressed only in case of necessity. TLR2 can also heterodimerize with other proteins that pDCs do not express (for instance CD14, for which pDCs are negative). TLR2 SNPs, as described before, are involved in different autoimmunity processes, and this could be one of the reasons for a stricter regulation. Interestingly, it was reported that in multiple sclerosis there are two subsets of pDCs, differentiated from among the other markers by their TLR2 expression. TLR2 expression in pDCs seems more activated in this context and correlating with the pathology. An imbalance of TLR expression on the pDCs can be detrimental and play a role in autoimmunity, as shown by the role played by TLR7 and TLR9 in different diseases. This could be also true for TLR2 and TLR1. This point will be further discussed in the following paragraphs.

[ 297 ]

8.3 pDCs respond functionally to bacterial lipoprotein.

We further investigated pDCs about their functional capability of sensing bacterial lipoproteins. Interesting, pDCs are capable of responding to GRAM-bacteria, but this is not mediated by TLR4 activation. pDCs expressTLR7 and TLR9 in endosomal compartments, these receptors can sense ssRNA or dsRNA when the bacteria are engulfed. pDCs lack TLR4 expression and they are not capable of responding to bacteria through this mechanism. Despite having other receptors on the surface that can be implied in the recognition of GRAM-bacteria, these are not part of the TLRs family and they activate different pathways. Instead, GRAM + bacteria activateTLR2/1 on the pDCs surface and this difference could potentially have an interesting meaning. These results suggest pDCs can sense, through TLR7 and TLR9, GRAM+ and GRAM-ssRNA or dsRNA. However, only GRAM+ have the possibility to activate surface TLRs before the engulfment. This allows the cells to receive complementary patterns of information leading them to differentiate the two kinds of pathogens.

For our experiments, pDCs isolated from blood were used. Blood pDCs can be recruited at the site of the infection, but it is very unlikely that blood pDCs enter in contact with the bacteria. We tested if pDCs from tonsils were capable of responding to bacterial lipoproteins. Tonsil is a much more physiological environment; pDCs are quotidianly in contact with GRAM+. The respiratory tract is the entrance door for different pathogens as M.Tuberculosis and S. Aureus, and pDCs are normally present in the human tonsils, suggesting a possible contact in case of infection. Tonsil pDCs up-regulate co-stimulatory molecules in response to Pam3CSK4 in a similar way to their the blood counterparts. Moreover, pDCs TLRs mRNA expression is similar to blood pDCs: they express TLR1 at steady state and barely TLR2. This data supports the idea that pDCs are capable of responding to bacterial lipoproteins in the infection tissues after their recruitment.

8.4 pDCs sense GRAM+ bacteria through the TLR2/1 pathway.

It is still controversial how pDCs sense GRAM+ bacteria. Since these are poorly phagocytic, the TLR7/9 contribution could be more theoretical than practical. The TLR2/1 pathway is a good candidate, as these two receptors are expressed on the surface and ready to enter into contact with the microbe when in its presence. On the other hand, bacterial engulfment is not necessary for signaling and, therefore, for pDCs activation. It has already been reported that pDCs respond to S. Aureus, but whether pDCs can be activated by M. Tuberculosis is still controversial. pDCs are capable of responding to all these three bacteria and, more interestingly, they are able to secrete Type I IFN in response to them. As previously reported in this manuscript, Type I IFN has a controversial role. It is generally accepted that, Type I IFN is implicated in the pathogenesis of M.

Tuberculosis infection, and the source of this cytokine is still debated. pDCs are able to secrete a high amount of type I IFN in response to these GRAM+ pathogens, and this can affect the disease.

Moreover, as previously described in this manuscript, pDCs are recruited during tuberculin skin tests, and are found in the lymph nodes of patients with TB. Our results reinforce the hypothesis that pDCs can be implicated in the GRAM+ infection and explain how pDCs sense them.

Furthermore, we tested pDC sensing of the GRAM+ bacteria for mediation by the TLR2/1 pathway.

We used CU-CPT22, a competitive antagonist of PAM3CSK4. After treatment with the antagonist, the co-stimulatory expression induced by the GRAM+ bacteria appeared to be dramatically affected. Likewise, there was an almost complete inhibition of Type I IFN production. On one hand, these data suggest that pDCs recognize GRAM+ bacteria mainly through the TLR2/1 pathway. On the other hand, the data reinforce the importance of the regulation of TLR2 expression in pDCs. Considering that GRAM+ bacteria sensing is mediated by the TLR2/1 pathway, and the fact that TLR2 can recognize different endogenous ligands, regulating its expression in presence of the ligand could amount to an autoimmunity prevention system. stimulatory expression, as CD86, CD80 and ICOSL surface expression is remarkably reduced.

Moreover, there is a sensible decrease in pro-inflammatory cytokines secretion (IL-6, TNF-α). TLR2

blocking does not produce changes in this activation. Conversely, TLR2 blocking impacts around 90% of the Type I IFN release. These data show the different roles of the two TLRs in controlling the pDCs' response to bacterial lipoproteins.

A simplistic view of receptor cooperation consists in the idea of "digital response": two receptors cooperate to activate the same signaling pathway. Each co-receptor could also be an inhibitor subunit blocking signal transmission. One example is IκB, which is bound to NF-κB. IκB is the inhibitory subunit. Only after its degradation, the two subunits of NF-κB (p50 and p65) assemble together and translocate into the nucleus to allow transcription. p50 and p65 are both necessary to inducing a response; the knockout of one of these genes silences the response. In other cases, a different subunit exists with a higher or lower affinity to the ligand (IL-2 receptor, for instance).

Even if this simplistic view can be seen as a good approach, it may be more realistic to consider that this system has a more complicated regulation. As TLR2 can cooperate with a broader range of receptors, it seems reductive to suppose that changes in the response do not happen in the case of different heterodimerizations. Indeed, some reports postulate the existence of a different signalization between the heterodimers TLR2/1 and TLR2/6. The strength of the cellular activation after the lipopeptide binding seems to depend on the intracellular domains (ICDs) of the TLR1 and TLR6 co-receptors. The exchange of the TLR1 ICD with the TLR6 ICD reduces cytokine release after lipopeptide stimulation. Moreover, the TLR2's intracellular adaptor TIRAP directly connects TLR2/6 to PI3K after the binding, whereas TLR2/1 depends on a currently unknown adaptor, ultimately leading to differences in phosphatidylinositol- (3,4,5)-trisphosphate (PIP3) production and macrophage polarization. In fact, what causes these differences remains an object for speculation: the above evidence is considered inconclusive, and the whole system needs to be studied in Interestingly, T-cell production of these two cytokines is not affected by TLR1 blocking, while the other cytokines are reduced, suggesting TLR1's pathologenic role in these settings.

Because IL-4, IL-5, and IL-13 are generally regarded as being produced by TH2, whereas IL-10 is generally produced by T-regs, we decided to investigate the induction of these subsets. We performed intracellular staining in T-cells on Day 4 to check the expression of master regulator genes (as previously mentioned, these genes control the gene expression profile associated with a particular subset). We observed a decrease in the percentage of cells expressing GATA3 and FoxP3

(master regulator genes respectively for TH2 and T-reg T cells) in the case of the TLR1 blocking. As expected, we did not notice a sensible decrease in Tbet (master regulator gene for TH1). TLR2

does not affect the priming of these T helper subsets. Interestingly, the TLR1 and TLR2 blocking also reduces the expression of BCL-6 (master regulator genes for Tfh). Similarly, we observed a reduction in the MFI in TLR1 blocking for GATA3 and FoxP3, but not for Tbet. These ICOS+ Tregs exert protection, and their activation is thought to be mediated by pDCs activation.

An intriguing study shows that the same mouse strain, coming from two different facilities, displays significant differences in melanoma growth following anti PD-1 treatment. These differences were attributed to the differential presence of GRAM+ Bifidobacterium (associated with enhanced control of the tumor growth, restored CTL response and augmented DCs antigen presentation and activation). These studies suggest that the role of pDCs needs be better understood without forgetting the implication of TLR2/TLR1. [ 315 ]

These TLRs are also capable of recognizing endogenous ligands, as previously described. In future, it would be interesting to perform RNAseq, in order to determine which different gene expression profiles are present in pDCs after the differential blocking of TLR1 and TLR2. pDCs are a node in a complicated network, since they can interact with different cells, as described in the first chapter of this manuscript. These interactions are directly or indirectly mediated by surface molecules or cytokines, respectively. A wider analysis could help to find known and unknown targets. The differential blocking of the TLRs can put in evidence pDCs' unexpected features and cell partners.

Chapter 4 described the Lorentz force law; these results show a similar behavior: a small change in the initial conditions is amplified during the evolution of the system. Alternate blocking of the two TLRs leads to different patterns at the pDCs level, but these variations amplified in T-cell priming.

The generation of different TH profiles leads to a potential alteration in the whole immune response outcome. The potential implications of the dysregulation of these TLRs expression in pDCs could be linked to different pathologies. Factors that alter the balance of these receptors in the cells need consideration in order to evaluate the response of a population to a stimulus.

Considering that pDCs can interact with numerous cell types, the pleiotropic effects of Type I IFN, a dysregulation of TLR expression profoundly affects the immune response to pathogen infection.

A change on this balance could be also implicated in the autoimmunity insurgence and should be further investigated.

TLR1 activates a different signaling cascade from TLR2 in pDCs

The differences observed in pDC activation after the differential blocking of the two receptors leave open the question about a mechanistic explanation for this behavior. In the literature, different reports show that there are differences in the signaling pathway engaged during endosomal TLRs activation. The early endosomes TLR7 and TLR9 recruit MyD88 and various components leading to the activation of PI3K and the phosphorylation of AKT, which, in turn phosporylates IRF7. In pDCs, IRF7 is the master regulator gene controlling Type I IFN. The trafficking of nucleic acids to the late endosomes, instead, leads to the recruitment of different proteins. The signal is still mediated by MyD88, but this leads to activating a MAPK cascade, as well as Nf-κβs. These two pathways lead to, respectively, the induction of co-stimulatory molecule expression and pro-inflammatory cytokine production. TLR2/1 signaling has been studied in cell lines and in myeloid cells but not in pDCs. TLR2/1 activates PI3K, MAPK and Nf-κβ pathways through MyD88.

Our results show that lipoprotein stimulation in pDCs activates PI3K, MAPK and Nf-κβ pathways.

TLR1 blocking reduces the phosphorylation of p38 and p65, showing that MAPK and Nf-κβ are TLR1-dependent. These data are coherent with the previous results, i.e., a decrease in costimulatory and pro-inflammatory cytokines. TLR2 blocking leads to a reduction in the phosphorylation of AKT. PI3K is essential to IRF7 nuclear translocation and its Type I IFN gene transcription. Some reports suggest that in inflammatory monocytes and bone marrow-derived macrophages, TLR2 can be internalized and lead to IRF7 activation. Barbalat et al. showed that TLR2 activation leads to IRF7 activation in the inflammatory monocytes of mice. TLR2 engagement by virus leads to Type I IFN induction, but this induction was only viral ligand-dependent, not bacterial ligand-dependent. In the mouse model of Listeria infection, TLR2 engagement leads to Type I IFN production in a IRF7-dependent way. It has been suggested that TLR2 can be internalized in murine macrophages, while in the endosome it recruits IRF7 and induces Type I IFN.

There are no studies on human cells confirming the engagement of IRF7 after TLR2 activation. All previous studies with bacterial lipoproteins suggest that the TLR2/1 complex signals through MAPK and Nf-κβ and, in addition, through IRF7 activation. In pDCs, the two receptors induce different pathways, one leading to co-stimulatory molecule expression and pro-inflammatory cytokine secretion, the other inducing type-I IFN release. These data provide a mechanistic explanation for the phenotype previously observed. Within the frame of TLR7 or TLR9 pDC activation, the spatiotemporal regulation leads to a differential signaling pathway engagement.

TLR2 and TLR1 are expressed on the surface, and there is some evidence that they can be internalized and directed to the endosome. My work showed that human primary pDCs express TLR1 and TLR2 at the mRNA and protein level. In human primary pDC, I found that in response to bacterial lipoproteins upregulation of costimulatory molecules is TLR1dependent while IFN-I secretion is TLR2dependent. TLR2 and TLR1 play a different role in the pDCs priming of naïve CD4+ Tcells, inducing proliferation and differentiation to TH1/TH2/Treg subsets. I further demonstrate that these differences rely on the diverse signaling pathway activated by the two TLRs. This work provides the rational to explore pDCs in human bacterial infection.
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  Langerhans observed a new cell type in epidermal tissue sections that later was named the Langerhans cell (LC). Although he considered LCs a new type of neuron cells, the link between them and the immune system was highlighted many decades later. The history of the dendritic cell (DC) began when Ralph Steinman and Zanvil Cohn discovered a new cell type in the spleens of mice in 1973. They named it dendritic cell (DC) due to its cytoplasmic extensions that reminded them of a tree. The enrichment of this population prompted them to conduct functional studies that revealed the cells' capacitiy to induce potent proliferation and activation in T-cells. In 1985 LCs were recognized to be part of the DCs family by Gerold Schuler and Ralph Steinman.
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 1 Figure 1: Dendritic cells subsets in mice and humans. From Haniffa et al., 2012
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 92 Figure 2: A. pDCs Giemsa staining. B. Monocytes Giemsa staining. C. Scanning electron microscopy picture of pDCs. D. Transmission electron microscopy picture of pDCs. Adapted from Liu et al., 2005.
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 3 Figure 3:Possible developmental pathways to 26lasmacytoid cells. From Shortman et al., 2012
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 4 Figure 4: Migration of pDCs in the lymph nodes. From Liu et al., 2005
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 5 Figure 5: pDCs T-cell crosstalk. From Mathan et al., 2013

  CD40L/CD40, OX40L, HEVML, RANKL, CD27, CD30L, glucocorticoid-induced tumor necrosis factor receptor-ligand (GITRL), and 4-1BB. NOTCH ligands secretion by mDCs activates maturation markers on pDCs (such as CD86). After activation, pDCs express ICAM-1 (an adhesion molecule with immune stimulatory property) to match LFA-1 expression on mDCs.[ 43 ] NK cells and NKT cells NK cells belong to the innate immune system and are capable of recognizing both virally infected and tumor cells due to the absence of MHC on the surface. They respond rapidly by lysing.Different studies highlight the crosstalk between pDCs and NK cells through direct and cytokinemediated interactions. In tonsil T-cell areas, pDCs and NK cells are found in close proximity. During a Herpes simplex infection it was reported, that pDCs and NK cells migrated simultaneously to the infected site. pDCs and NK cells are also found in tumor lesions. These findings support the hypothesis that these cells have many possibilities to enter into contact. Type I IFN enhances the activation and the cytolytic potential of NK cells. pDCs express GITRL on the surface to bind GITR in NK cells. This binding enhances NK cell-mediated killing and their IFN-γ production. The CD69 NK cell surface expression is IFN-α and TNF-α dependent. Furthermore, direct contact between these two cell subsets leads to up-regulation of HLA-DR on the NK cells. HLA-DR expression on NK cells seems to exert a role in handling bacterial infection (shown for instance in Mycobacterium bovis (BCG) model).[ 44 ] This crosstalk is bi-directional, IL-2-stimulated NK cells induce pDCs to release type I IFN, also inducing up-regulation of CD83 in pDCs (but not CD80 and CD86) in a contact-dependent manner.Due to their high expression of MHC-I and lack of Nectin-2 (the ligand for NK cell activating receptors DNAM-1), pDCs are not susceptible to lysing; however, IL-3 stimulation can induce Nectin-2 expression on mature pDCs. TLR stimulation induces LLT1, thus inhibiting the NK cells' cytolytic function, which saves pDCs from being killed. [ 45 ] Natural Killer T (NKT) cells are a T-cell subset expressing semi-invariant T-cell receptor (TCR-αβ) and surface antigens shared with NK cells. The TCR recognizes glycolipid antigens presented by the MHC class I-like molecule CD1d. iNKT cells are the best-characterized NKT subsets, as they express an invariant TCR-α chain that recognizes α-galactosylceramide (α-GalCer). Despite their lack of CD1d, pDCs crosstalk with iNKT cells directly, both via cell-to-cell interactions and by cytokine release. TNF-α and IFN-α release by pDCs enhance iNKT cell survival but not that of other NKT cell populations. pDCs interact with iNKT through the OX40L-OX40, augmenting iNKT IFN-γ release.
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 616 Figure6: pDCs' crosstalk with the immune system.[START_REF] Swiecki | The Multifaceted Biology of Plasmacytoid Dendritic Cells[END_REF] 
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 7 Figure 7. Involvement of pDCs in the human diseases. From Lande et al., 2010
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 8 Figure 8. GRAM positive and negative bacterial membrane. From janeway et al., 2008
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 779 Figure 9: Lysteria model of infection A. Progression of Lysteria infection. B. Cell invasion process.

  example, contain lysozyme (an antibacterial enzyme that hydrolyzes β-glyosidic linkages in the cell wall peptidoglycan), in the intestine antibacterial and antifungal peptides called cryptidins or αdefensins are secreted (by Paneth cells), in the respiratory and skin tract other antimicrobial peptides (β-defensins) are present. On the other hand, cationic peptides exist which are able to kill bacteria by damaging bacterial cell membrane. In the fluid coating the lung epithelial surfaces, two proteins (surfactant proteins A and D) are present which bind to and cover the surfaces of bacteria, facilitating phagocytosis by macrophages.[ 83 ] 

  three different pathways: binding C1q to the pathogen surface; mannan-binding lectin recognition of mannose on bacteria surface and consequent triggering of complement cascade; or spontaneous and stochastic activation of the cascade on the pathogen surface. Moreover, complement's final components are also able to damage bacteria by creating pores on their membranes. The membrane-attack complex has a hydrophobic external face and a hydrophilic internal channel. The diameter of this channel is about 100 Å, allowing the free passage of solutes and water across the lipid bilayer. The pores created by complement destroy the ionic balance and allow the entrance of lysozyme, leading to pathogen killing [ 85 ]. Complement can be subverted by pathogenic bacteria, such as S. Areus, expressing Staphylococcal protein A (SpA), an abundant cell wall-anchored surface protein. SpA binds tightly to the complement binding (Fcγ) portion of IgG and stimulates an abnormal B lymphocyte proliferation, provoking their clonal expansion and subsequent cell death [ 86 , 87 ]. Inflammation is characterized by increased local blood flow and fluid leakage. Chemokine attracts leukocytes. Among the first cells to migrate are the neutrophils (recruited in large number to the infected tissue), which possess different receptors for bacteria recognition and for their subsequent engulfing and destruction. Kinetically, monocytes concomitantly migrate or arrive a short time after neutrophils. Monocytes quickly differentiate into dendritic cells and macrophages. Dendritic cells are also able to recognize and engulf bacteria (though less efficiently than phagocytic cells). This pathogen recognition leads to dendritic cells activation, maturation and migration to the lymph nodes, where they present the antigens to the T-cells. Dendritic cells provide all three signals necessary for T-cells activation: antigen presentation, co-stimulatory molecules, and cytokines.Binding of many of the cell-surface receptors that recognize pathogens leads to bacteria being phagocytated. In this active process, the pathogen is surrounded by the phagocytic cell membrane, and thus internalized in a membrane-bounded vesicle known as a phagosome. This latter undergoes different maturation steps during an increasingly acidified process: on one hand, vacuolar ATPase are recruited, leading to a pH of 5.5-6; on the other hand, there is a fusion of phagosomes with lysosomes, (granules containing enzymes, proteins, and peptides involved in an intracellular antimicrobial response). The fusion of phagosome and lysosome leads to a new structure called phagolysome, where bacteria are actively killed[ 88 ]. In addition, macrophages and neutrophils produce other toxic substances to kill the engulfed bacteria, such as: hydrogen peroxide (H 2 O 2 ), the superoxide anion (O 2 -), and nitric oxide (NO), which are directly toxic to bacteria. These products are generated by lysosomal NADPH oxidases that transfer an electron from cytosolic NADPH to molecular oxygen. Superoxide (O2 _ ) can dismutate to form hydrogen peroxide (H 2 O 2 ), which in turn can react with superoxide to generate singlet oxygen (O2•) or hydroxyl radicals (collectively defined as reactive oxygen species (ROS)). Superoxide and hydrogen peroxide damage enzymes; and H2O2 reacts to cysteine residues, while hydroxyl radicals damage DNA. Different pathogenic bacteria have developed different mechanisms to neutralize these toxic products. In certain circumstances, macrophages express Myeloperoxidase (MPO), which converts superoxide into hypochlorous acid and chloramines, other potent products toxic to bacteria. This microbial activity is tightly regulated to avoid damaging tissue (oxygen reactive species are also able to damage host tissues) and is generally activated by the receptors' pathogen recognition. Macrophages generate nitric oxide (NO) by using inducible nitric oxide synthase (NOS2). The NO is produced in the cytoplasmatic side of the phagosome and diffused inside. NO reacts with ROS to form peroxynitrite and nitrosothiols that can lead to protein inactivation, lipid oxidation, and DNA damage [ 89 ]. These two mechanisms are regulated and increased by the IFN-γ produced by TH1 T-cells. The NO production is important in bacterial clearance of S. Aureus infections, as demonstrated by the fact that patients deficient in NOS2 undergo severe diseases.

  aureus or MTB have developed nutrient acquisition systems that can circumvent the host's nutritional immunity response.Alveolar macrophages are among the first host cells to encounter Mtb in the lungs following aerosol transmission.[ 98 ] They represent a major cellular niche for bacterial replication during the initial phase of the infection and serve as reservoirs for bacteria persistence within the lung granulomas during the chronic phase. MTB reside in the non-acidified phagosomes, reverting the functionality of macrophages. The macrophages response to IFN-γ activates an antimicrobial killing program that allows MTB clearance.[ 99 ] The most abundant cell type found in the bronchoalveolar lavage (BAL) and sputum of active pulmonary TB patients is neutrophils: within the lungs, they are only second to lymphocytes [ 100 ].Neutrophils play a dual role in tuberculosis, mediating antimicrobial activity but also leading to host damage. This is due to their release of granules containing elastase, collagenase, and myeloperoxidase [ 101 ]. During chronic infection, neutrophils can express the programmed death ligand 1 (PD-L1) with an immune regulatory effect. [ 102 ]Macrophages and dendritic cells release cytokines , like IL-6, TNF and IL-1, which are also called pyrogens, because they induce fever (the temperature increase is believed to reduce bacterial replication). These cytokines induce hepatocytes to produce acute-phase proteins. These proteins, like C-reactive protein and Mannan-binding lectin, are released into the blood stream and are thought to bind the pathogens, as well as facilitate complement activation and phagocytic engulfment. These cytokines and Type I IFN also activate NK cells in order to kill intracellular bacteria. Dendritic cells have been shown to constitute a significant population of cells harboring MTB in vitro and in vivo (studies conducted in mice models). Whether dendritic cells serve as a major cellular niche for MTB replication in vivo remains unclear. Dendritic cells, as previously explained, play an important role in bridging innate to adaptive responses. In TB, immature DCs are impaired in their function and prone to induce a tolerogenic response with induction of IL-10 and blockade of the protective response. Mature DCs induce a TH1 response with consequent IFN-γ release, fundamental for the activation of phagocytic cells antimicrobial killing. For instance, during MTB infection, the binding of DCs DCSIGN receptor to MTB ManLAM leads to the induction of IL-10 release, which is implicated in the impairment of DC maturation and expression of co-stimulatory molecules. Different reports indicate that MTB modulates DC functions in order to prevent optimal induction of host adaptive immunity. The impaired ability of DCs to stimulate T cells is also reflected on the infection late phase, with compromised CD4+ and CD8+ memory response. Natural killer cells, granular innate lymphocytes possessing potent cytolytic capacity, are also part of the innate immunity. NK cells act early during an infection. Their activation is MHC-restricted, but dependent on the engagement of a number of their activating cell surface receptors to ligands upregulated by stressed or infected target cells. In the TB infection context it has been found that various MTB cell-wall components (such as mycolic acids) are direct ligands for the natural cytotoxicity receptor (NCR) NKp44 on NK cells. These cells are able to kill infected macrophages and produce IFN-and IL-22, which can inhibit intracellular growth of MTB in vitro by enhancing phagolysosomal fusion [ 103 ]. In TB, NK cells are impaired, as patients with pulmonary TB display decreased frequencies of NK cell subsets and lower expression of IFN-.

  acid-inducible gene-I (RIG-I), melanoma differentiation antigen 5 (MDA5), and RLH3. Moreover, new helicases implied in cytosolic RNA sensing have been discovered: DDX1, DDX21 and DHX36. These helicases unfold the RNAs and with their CARD domain interact with adaptor proteins. The signaling passes through MAVS converging in the Type I IFN induction and NF-κB activation with subsequent pro-inflammatory cytokines release. Generally, these sensors respond to virus infection or to pathogens that are escaping TLR sensing. [ 104 ] Cytosolic DNA sensors In the last few years different cytosolic DNA sensors have been identified whose signaling passes through TBK1 and IRF3, inducing Type I IFN secretion. Different genes belong to this class of sensors, for instance:  ZBP1: the first identified cytosolic DNA sensor capable of binding the DNA z-form.

C

  -type lectin receptors (CLR) are a family of plasma membrane proteins that recognize conserved carbohydrate moieties from pathogens. These receptors contain carbohydrate recognition domains binding carbohydrate structures in a calcium(Ca2+)-dependent manner. C-type lectins are either present as transmembrane proteins or secreted as soluble proteins. [ 105 ]  Mannose receptor: it recognizes mannose or fucose on the bacterial surface; it is one of the principal receptors mediating macrophages phagocytosis. It can recognize LAM and ManLAM from the Mycobacterium Tuberculosis cell wall. The engagement of the Mannose receptor in macrophages triggers the production of IL-10, IL-1R antagonist and IL-1R type II, which dampen the immune response. Despite the apparent detrimental effect on the host, mice deficient in this receptor do not show more resistance to mycobacterial infections. [ 106 ]  DC-SIGN: it is a type II transmembrane receptor that recognizes mannan, expressed on macrophages and on some DCs subsets. In Mycobacterium Tuberculosis it recognizes mannosyl residues of LAM, although its role in the mycobacterial infection is unclear (also because mouse homologs do not recognize the same pathogen moieties), DC-SIGN promoter polymorphisms have been associated with an increased risk of tuberculosis in South African cohorts; results, however, are not confirmed in other cohorts. [ 107 , 108 , 109 ]  Dectin-1: Dectin-1 is a type II transmembrane receptor that recognizes β-glucans and which is expressed on DCs and neutrophils. What it recognizes on Mycobacterium Tuberculosis is unknown. What is known is the role of its activation in IL-1, IL-23, TNF, and IL-6 production by monocytes derived dendritic cells leading to TH1/TH17 T-cells priming Dectin-1 -/-mice do not show significant differences in inflammatory cytokine levels during the mycobacterial infection: this and other evidence suggest a possible redundant role. [ 110 ]  Mincle: it is an inducible C-type lectin receptor that recognizes trehalose-6,6′ dimycolate (TDM) from Mycobacterium Tuberculosis and is expressed on macrophages. After binding, it induces pro-inflammatory cytokines. [ 111 ] Scavenger receptors Scavenger receptors can be expressed on the cell surface or secreted from monocytes and macrophages. They are capable of recognizing different ligands: self and non-self lipoproteins.  CD36: CD36 is expressed on different cell types; it recognizes and internalizes oxidized lowdensity lypoproteins (LDL). In the innate immunity frame, this sensor recognizes bacterial diglycerides including lipoteichoic acid (LTA) from Gram-positive bacteria. The binding induces pro inflammatory cytokines such as TNF-α. [ 112 ]  MARCO: MARCO is expressed by macrophages and is up-regulated during bacterial infection. It recognizes LDL and TDM; its activation leads to NFκB signaling and proinflammatory cytokines release. [ 113 ]  Scavenger receptor A: this receptor exerts the ability to bind and internalize endogenous proteins and microbial ligands (for example LPS from Gram-negative bacteria and LTA from Gram-positive bacteria). It can associate with TLRs to enhance the endocytosis of microbes. Its impact in mycobacterial infections is still debated. [ 114 ]  AIM: it is a receptor secreted by tissue macrophages and promotes macrophage survival. It seems to provide a protective role in mycobacterial infection by promoting cathelicidin production. [ 115 ] CD14 CD14 binds LPS from Gram-negative bacteria and lipoteichoic acids, and peptidoglycan from Gram-positive bacteria. It is expressed on monocytes and macrophages and is involved in phagocytosis. In the mycobacterial infection it recognizes LAM. [ 116 ] NOD receptors NODs are a cytoplasmic family of over 20 receptors. The best-known, NOD1 and NOD2, recognize bacterial cell wall peptidoglycan; their binding to the ligands leads to NFκB and consequent proinflammatory cytokines production (as TNF, IL-12p40, RANTES). NOD-deficient mice are more susceptible to mycobacterial infection; they succumb sooner in comparison with wild-type. Knockdown in human macrophages augments the bacterial load in them. [ 117 ] 2.4 Toll-Like Receptors Toll-like receptors (TLR) are the first family of PRRs to have been characterized; they recognize different types of molecules from pathogens. TLRs consist, respectively, of 10 and 13 members in humans and mice. TLR1-10 are conserved in the genome of the two species, while TLR10 locus is disrupted in the mice genome by insertion of a retrovirus. In the human genome TLR11, TLR12 and TLR13 are not present. TLRs differentially recognize lipoproteins, lipids and nucleic acids thanks to the various N-terminal outer membranous domains called leucine-rich repeat (LRR). TLRs are composed of a transmembrane domain and the C-terminus is involved in signal transduction (Tollinterleukin 1 receptor (TIR) domain). [ 119 ]

  TLR5 recognizes a bacterial flagella-derived protein called flagellin. TLR5 is highly expressed on intestinal lamina propria dendritic cells; it plays a role in the CD4 T-cell priming towards TH17 and in the B-cells IgA secretion. [ 120 ] TLR4 plays an essential role in the recognition of lipopolysaccharide (LPS). LPS represents the main GRAM-bacteria cell wall component and is the major causative of lethal septic shock. CD14 with LPS-binding protein (LBP), a soluble plasma protein, bind and deliver the LPS to TLR4. TLR4 forms a complex with MD2: while the phosphate groups of LPS interact with positively charged residues of TLR4, the LPS lipid chains are bound by a hydrophobic portion of MD2. TLR4 is also capable to detect viral envelope or fusion proteins from viruses. TLR4 is able to sense its ligands either on the cell surface or in the endosomes. [ 121 ] TLR3 is located in the endosomes and recognizes double-stranded RNA (dsRNA), believed to be generated in some virus replication (such as West Nile virus, respiratory syncytial virus and encephalomyocarditis virus). TLR3-mutated humans show to be highly susceptible to herpes simplex virus type 1 (HSV-1). Studies performed in vitro with the synthetic dsRNA analog, polyinosinic-polycytidylic acid (poly(I:C)), show that TLR3 macrophages and DCs result in strong type I IFN secretion (although poly(I:C) in dendritic cells can induce Type I IFN in a TLR independent pathway through RIG-I). Structural Analysis performed on the crystal structure of the extracellular domain of TLR3 bound to dsRNA showed that the N-terminal domain of TLR3 is a horseshoe-like shape thought to increase the surface area that can interact with dsRNA. [ 122 ] TLR7 is another endosomal TLR that recognizes single-stranded forms of RNA (ssRNA). TLR7 has been shown to recognize ssRNA from human immunodeficiency virus, influenza virus and vesicular stomatitis virus. Different synthetic ligands are available, such as poly(U) RNA, and nucleic acid analogs, such as imiquimod and resiquimod (R-848). This last compound can also activate TLR8, another receptor that recognizes ssRNA. TLR7 activation leads to pro-inflammatory cytokine production and Type I IFN. TLR7 and TLR8 are tandemly aligned and share highly similar aminoacid sequences. TLR8 is expressed in monocytes, macrophages and myeloid dendritic cells. [123 , 124 ] 
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 12 Figure 12: Human and mouse TLRs. May et al., 2012.
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 13 Figure 13: Model of the Ligand-Induced Heterodimer of Full-Length TLR1 and TLR2. Jin et al., 2007.

  TLRs) accelerate the phagosome's maturation. Moreover, bacterial engulfment can lead to degradation of the bacterial cell wall, making more ligands available for TLR2 recognition, which amplifies the response. Neutrophils play an important role in the immune response to S. aureus:neutropeniaor neutrophil dysfunction result in recurrent staphylococcal diseases. TLR2/1 are expressed by neutrophils; Pam 3 CSK 4 activation induces secretion of pro-inflammatory cytokines (IL-8, MIP-1α, MIP-1β, MIP-3α, and IL-1β). In a model of Staphylococcus-induced mice septicemia TLR2 has been shown to help enhance survival [ 141 ]. These elements explain the evolutionary importance of the LPP for bacteria, as well as the importance of relative sensing by the host. [ 142 ]In MTB, around 99 putative lipoproteins have been found encoded in the genome. LPP form an important part of the surface component, localized not only in the plasma membrane or in the mycobacterial outer membrane; in fact, some of them are even shed from the membrane. LPP are important for nutrient uptake, drug export, cell wall homoeostasis and direct host-pathogen interaction through host cell adhesion. Many of them have shown to be glycosylated; the purpose of this modification, however, remains unknown. TLR2/1 is responsible for recognizing different components of the mycobacterial membrane. The relationship between them and the above TLRs is problematic, as with Mycobacterium tuberculosis it can be either beneficial or detrimental. TLR2 activation through Rv0577 (MTB complex-restricted secreted protein) leads to DCs maturation with co-stimulatory expression and pro-inflammatory cytokine release through MyD88-, MAPKand NF-κB-dependent pathway activation. In mice, Rv0577-treated DCs induce TH1 and TH17 phenotype, and TLR2 -/-mouse models have fewer TH17 cells in the lung. Lipomannan (a TLR2 ligand) from several mycobacterial species is able to trigger macrophage activation with the production of TNF-α and IL-6. M. tuberculosis 19 kDa lipoprotein is a TLR2/1 agonist and their binding leads the heterodimers to translocate to lipid rafts. After this translocation, the production of reactive oxygen species (ROS) in macrophages is induced. TLR2 can recognize mycobacterial lipoglycoproteins, but causes neither strong activation nor subsequent T-cells priming.Mycobacterium indicus pranii (MIP), a non-pathogenic mycobacterium recognized by TLR2, has been proposed as a vaccine candidate to protect against tuberculosis and leprosy. Moreover, Mycobacterium abscessus (MAB), recognized by TLR2 (while the TLR2 and Dectin-1 lead to the internalization in macrophages), has emerged as an opportunist pathogen in bronchiectasis patients, but can potentially lead to severe and even lethal lung infections. [ 143 ] MTB infections can induce macrophage death via apoptosis or necrosis (apoptosis appears to be protective, while necrosis promotes bacterial growth and dissemination, and enhances damages to the surrounding tissues). Apoptosis depends on the synergy of TLR2 and TLR4 signals, while the TLR2 signal alone is responsible for necrosis. Mycobacterial lipoprotein LpqH can induce antibacterial autophagy through TLR2/1 pathway [ 144 ]. In human monocytes, activation of TLR2/1 induces Vitamin D production, which plays an antimicrobial role. TLR2/1 activation also induces IL-1β secretion and the up-regulation of IL-1 receptor; conversely, there is a down-regulation of the IL-1 receptor antagonist. [ 145 ]

  but subsequently expressed genes can block DCs activation. MTB express genes to down-regulate MHC class I and II on infected macrophages. Further studies show that MTB genes enhance the TLR2-mediated expression of suppressors of cytokine signaling 1 in DCs, leading to reduce IL-12 secretion and block ROS production [ 146 ]. Suppressors of cytokine signaling 1 lead to the decrease of inducible NO synthase 2 expression in macrophages. Pathogenic mycobacteria block the macrophage activation and phagosome maturation via TLR2, and lead to induce IL-10 production. Virulent mycobacteria contain proline-proline-glutamic (PPE) motifs, PPE18 (one of the PPE family) specifically interacted with TLR2; this interaction leads an early and sustained activation of p38 MAPK in macrophages, followed by IL-10 production [ 147 ]. MTB heat shock protein 60 (hsp60) interacts with TLR2, inhibiting the nuclear c-rel transcription factor with consequently IL-12 p40 secretion decrease and favoring TH2 skewing in the response. [ 148 ] Bacteria naturally secretevesicles (called membrane vesicles (MVs)), which contain toxins and immune-modulatory molecules. M. tuberculosis and BCG produce MVs in a virulent related manner. Proteomic analysis has shown that only MVs released by virulent strains contain TLR2 lipoprotein agonists. When injected in the lungs of mice, these MVs induce inflammatory responses in a TLR2-dependent manner. On the other hand, if they are administered to mice lungs before MTB pulmonary exposure, an increase in the bacterial replication is observed. [ 149 ]
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 14 Figure 14: Spatiotemporal differential signaling of TLR7 and TLR9 in pDCs. From Lande et al., 2010.

3. 1 .Table 2 .

 12 Type I Interferon: a friend or a foe? The interferon genes family has been divided into three distinct groups. In humans, the type I IFN family encodes 13 partially homologous IFNα subtypes, IFNβ and some other genes that are poorly characterized (IFNε, IFNτ, IFNκ, IFNω, IFNδ and IFNζ) [ 163 ]. IFN-γ is the only gene that belongs to the type II IFN family, and is mainly produced by T-cells and natural killer cells [ 164 ]. The last group defined as type III IFN family encodes IFNλ1, IFNλ2 and IFNλ3 (also known as IL-29, IL-28A and IL-28B, respectively) [ 165 ]. The role exerted by the Type III IFN family looks similar to the first group but with a less broad activity since the receptor's expression is restricted to epithelial cells. Type I IFN family is well known because of its important role in viral infections, while a massive release of IFNα/β induces a general antiviral state in the cells. IFNα/β can be released by infected and uninfected cells and, after binding the receptor, induces a broad transcription gene program to contrast the viral infection. Almost any cells in the human body can secrete type I IFN in response to the stimulation of different receptors that recognize microbial products, known as pattern recognition receptors (PRRs), to be discussed in detail further below. There are different receptors capable of inducing the Type I IFN production, which exploit different pathways (depending on cell type) lately converging into the IFN-regulatory factor (IRF) family. These master regulator genes play a key role after translocating from the cytoplasm to the nucleus, thus powerfully inducing IFNα/β transcription [ 166 ].IFNα/β binds to a heterodimeric transmembrane receptor composed of two subunits: IFNAR1 and IFNAR2. The binding of the cytokine with the receptor triggers two associated kinases (Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2)). These are phosphorylating STAT1 and STAT2, both present in the cytosol; in turn, they dimerize and translocate into the nucleus to bind to IRF9 to form the ISG factor 3 (ISGF3) complex. This complex is binding to IFN-stimulated response elements in ISG promoters, leading to the activation of ISG transcription [ 167 ]. There is also an alternative pathway passing through other STAT protein as STAT3, STAT4 and STAT5. The binding IFNα/β induces the transcription of hundreds of genes, stimulating broad antiviral program in the cell. The name Interferon derives from its ability to interfere with the viral replication in vertebrate cells. This effect is mediated by the large number of antiviral genes induced in the cells [ 168 ]. Some genes acting against ISGs are present in different virus genomes and this demonstrates the importance of this antiviral program in contrasting the infection [ 169 ]. Here, as an example, is a small list of the best-known ISGs:  Myxovirus resistance 1 (MX1)  IFN-inducible double-stranded RNA-dependent protein kinase (PKR; encoded by EIF2AK2)  2′-5′-oligoadenylate synthetase (OAS),  IFN-induced transmembrane proteins (IFITMs)  Apolipoprotein B mRNA-editing enzyme catalytic polypeptide 1 (APOBEC1)  Tripartite motif-containing (TRIM) family The use of exogenous IFNα/β to treat viral infections in mouse models has suggested a role in the antiviral immunity. The knockout of the IFN receptor in mice has proved that Type I IFN has a pivotal role in the protection against the virus in vivo. The absence of receptors was shown to be impacting the outcome in different viral infection models. In humans, a naturally occurred mutation in the JAK and STAT genes has been found, thus providing further evidence. [ 170 , 171 , 172 ]., The role of Type I IFN in the resolution of the infection is less clear in other contexts: studies in rhesus macaques during simian immunodeficiency virus (SIV) transmission and acute infection have shown the importance of timing in IFN administration. Because of the extent of the powerful immune response and wide gene program induced, the results lead to consider that type IFN makes the system extremely complex. Alterations of this delicate equilibrium can change the balance from a therapeutic response to detrimental consequences. [ 173 ] Type I, II, III family members. Adapted from Pestka et al., 2004. The effects of Type I IFN go far beyond the induction of an antiviral program in the cells, as its secretion has an impact on the entire immune system: IFNα/β affects myeloid cells, B cells, T cells and NK cells supporting the immune response and their activation in the frame of resolving the infection nd stimulating the generation of memory. Therefore, there is new evidence of its detrimental role under certain conditions where IFNα/β can trigger immune suppression or lead to tissue damage when exacerbating immune activation. Abundant evidence from mice and human studies shows IFNα/β to promote precursor differentiation in the dendritic cells. IFNα/β stimulation on immature DCs enhances their expression of MHC-II complex, CD80 and CD86, thus stimulating their capacity to cross present antigens to CD8+ T-cells and their migration through the lymph nodes (up-regulation of chemokine receptors), inducing IL-12 (fundamental for the TH1 polarization) [ 174 , 175 , 176 , 177 , 178 , 179 , 180 ]. Despite this beneficial role in mouse influenza, high levels of IFNa/b and pDCs were found in susceptible strains. pDCs and IFNα/β were leading to high inflammation and lung damage, resulting in poor survival. The pathogenic mechanism was identified in the TNF-related apoptosisinducing ligand (TRAIL) by pDCs and its death receptor 5 (DR5) expressed by epithelial cells. [ 181 ] Type I IFN also acts directly on CD4+ and CD8+ T-cells and, with context-dependent activity, promotes or inhibits T-cell activation, survival, proliferation cytokine production (IFN-γ as an example), cytotoxic function and memory formation. In humans, IFNα/β is associated with a TH1 polarization in CD4+ T-cells that play a protective role in different viral infections. IFNα/β supports the memory T-cell effector function and trafficking during a secondary infection. Conversely, in HIV infection IFNα/β induces chronic inflammation and facilitates CD4+ recruitment and HIV spread. IFNα/β can promote T-cells death through the TRAIL and DR5 expression . One study showed that in HIV infection Type I IFN mediates the TRAIL expression by pDCs, enabling these cells to induce TRAIL-dependent CD4+ T cell apoptosis [ 182 , 183 ]. IFNα/β can induce the IL-10 expression in the T-cells, leading to an immunosuppressive effect. Indeed, the levels of IFNα/β expressed during the infection, the abundance of the signaling and the specific STAT pathway involved can generate different (positive or detrimental) outcomes. [ 184 , 185 ] IFNα/β exerts a modulator control on NK cells promoting or inhibiting survival and activation. A STAT1 dependent signaling inhibits IFN-γ production by NK cells, while STAT4-dependent signal promotes IFN-γ secretion. [ 186 , 187 ] IFNα/β plays a dual role also in survival and development of precursor and immature B-cells, promoting activation, antibody response and class switch [ 188 ]. The role of Type I IFN is context-and time-dependent. Whereas generally it is important for the resolution of the virus infection, in some cases (in chronicity or in the presence of other factors) Type I IFN leads to disease insurgence, pathogen evasion or symptoms worsening.
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 15 Figure 15: Type I IFN role in host protection and diseases. McNab et al., 2015.

  IFNα/β can induce IFNγ and TH1 immunity, which in turns produces different effector molecules effective against bacteria (as, for example, inducible nitric oxide synthase (iNOS)). Conversely, Type I IFN can inhibit antibacterial factors and pro-inflammatory cytokines, allowing up-regulation of immune suppressive genes. What determines the outcome of a pathogenic or protective response is poorly understood. Early reports show the protective role of IFNα/β in chlamydial infections as the administration of exogenous IFNs reduces the Chlamydia trachomatis intracellular replication in human cells [ 189 ,]. IFNα/β induces the expression of indoleamine 2,3-dioxygenase (IDO) depleting the intracellular pool of tryptophan (necessary for the intracellular survival of the bacteria) [ 190 ,]. Moreover, the induction of IFN-γ is important for the resolution of the infection. In the Legionella pneumophila, the IFNα/β mediates the protection of macrophages and lung epithelial cells (macrophages present a lower load of bacteria and are more polarized to M1). To the same extent, macrophages infected by Bacillus anthracis present lower bacterial growth when treated with IFNα/β. [ 191 ] Another effect attributed to IFNα/β is a reduced cellular invasion of the intestinal epithelia cells in Shigella flexneri and Salmonella enterica infections. Some other evidence suggests a protective role in the Streptococcus pneumoniae, Escherichia coli, Helicobacter pylori and Streptococcus pyogenes infections, where Ifnar1-/-mice display reduced survival. About the Streptococcus pneumoniae infection it has been suggested that IFNα/β contributes to macrophages activation, TNF and IL-6 production. [ 192 ] In the Listeria monocytogenes infection Ifnar1-/-mice are resistant, showing an immune suppressive effect of IFNα/β [ 193 ]. These mice present an augmented survival rate and a reduction of bacterial load in the spleen and in the liver. Further investigations have revealed that in the presence of IFNα/β there is a large apoptotic cell death, particularly affecting lymphocytes. These cells are sensitized by IFNα/β to listeriolysin O (a toxin produced by Listeria monocytogenes),resulting in high level of apoptosis. In Ifnar1-/-mice, a reduced lymphocytes apoptosis and a reduced expression of TRAIL p53 and domain-associated protein 6 (DAP6) were noticed. This massive lymphocytes apoptosis leads to a subsequent production of IL-10, driving a general immune suppression[ 194 , 195 , 196 ]. In Ifnar1-/-mice there is also a decrease in the pro-apoptosis genes of the bone marrow-derived macrophages, as IFNα/β leads macrophages apoptosis through a STAT1 mechanism. The myeloid cell apoptosis causes a reduction in protective cytokines production (TNF) and protective iNOS induction. Moreover, macrophages responding to the IFNα/β by down-regulate IFNγR expression (it has been showed that Ifngr1 is silenced by transcription repressor). The IFNγ macrophage response is fundamental for eradicating the bacteria, and IFNγR down-regulation is one of the pathological mechanisms of the Listeria monocytogenes immune escape.[ 197 , 198 , 199 , 200 ] In Mycobacteria infections the greater part of the studies highlights the detrimental role of IFNα/β. In 2010 the O'Garra group analyzed the gene expression of large patient cohorts from the United Kingdom and South Africa. They identified an IFNα/β-inducible transcriptional profile in patients with active tuberculosis in the blood; this signature was correlated with radiographic lung disease. It is Interesting to note that this profile was found to diminish with successful antimycobacterial treatment [ 201 ]. Successive studies have verified the presence of this IFNα/β transcriptional profile in additional patient cohorts from Africa and Indonesia. These data suggest a pathological role of Type I IFN in tuberculosis. In the following year, additional evidence emerged from mouse models, where IFNα/β overexpression during the infection was shown to be detrimental [ 202 ]. In hyper-virulent M. tuberculosis strains infection, a correlation between increasing levels of IFNα/β and increased virulence was highlighted [ 203 ]. Moreover, Type I IFN administration to the mice's lungs was shown to be deleterious. To the same extent, the administration of substances such (as TLR3 ligand,) capable to induce IFNα/β production, was found to increase the severity of the disease. Another study proved that the knockout of the MAPK kinase kinase kinase 8 (MAP3K8) augmented the bacterial burden in the lung. MAP3K8 is a downstream kinase in the TLR activation acting as a negative regulator of Type I IFN production. Subsequent experiments with double knock-out Map3k8-/-Ifnar1-/-showed a reduction in the bacterial burden in the lung and diminished levels of IL-10 correlating with increased IL-12 levels in the serum. Co-infection mouse models with influenza A virus and M. tuberculosis displayed disease exacerbation in a Type I IFNdependent manner. [ 204 , 205 , 206 ] However, while the detrimental role of IFNa/b in tuberculosis is clear, the mechanism behind it is not yet fully understood. Early studies with hyper-virulent M. tuberculosis suggested that IFNα/β production mediates the suppression of pro-inflammatory cytokines and TH1 immunity (both are important for the resolution of the infection). The role of IL-1α and IL-1β in the host immunity defense proved crucial, as both are inhibited or reduced by IFNα/β production (confirmed by in vitro experiments and in mouse models) [ 207 ]. IFNα/β inhibits the inflammasomes which affect the IL-1β post-translational maturation. Indeed, inhibition of pro-inflammatory cytokines production by the IFNα/β is also extended to TNF and IL-12. Their secretion by DCs and macrophages is negatively affected. On the other hand, IFNα/β induces the secretion of 10 and IL-1 receptor antagonist that in turn suppress TNF and IL-12 production [ 208 , 209 ]. IL-1α and IL-1β, on the contrary, can suppress IFNα/β production in mouse models and in human macrophages. IL-1β leads to the production of prostaglandin E2 that also has an IFNα/β suppressive effect. Prostaglandin E2 administration in mouse infection models can reduce mortality. IL-1β and prostaglandin E2 contrast the pro-bacterial role of IFNα/β, displaying a complicate balance during the infection [ 210 ]. As already described, IFNα/β affects the responsiveness of macrophages to IFNγ, another mechanism that leads to immune suppression. A down regulation of IFNγR expression in the macrophages has been noted in mycobacterial infection. On the other hand, IFNα/β suppresses their ability to produce anti-mycobacterial effector molecules in the macrophages. In mice, Type I IFN induces chemokine productions that attract M. tuberculosispermissive innate cells to the lungs. [ 211 , 212 , 213 ] Type I IFN has been shown to be detrimental during Brucella abortus infection (Ifnar1-/-mice had a reduced bacterial load, increased IFNγ and nitric oxide production, and less apoptosis), Yersinia pestis infection (Ifnar1-/-mice were more resistant thanks to a higher number of neutrophils with an enhanced phagocytic function), different GRAM-bacterial infections (where IFNα/β induced an extended cell death).

  response have been evinced by a number of fascinating studies [ 214 ]. In the past two years, three articles helped to define the IFNα/β's role in host-microbiota interactions. It has been found that in germ-free mice or in mice under antibiotic treatment IFN-inducible transcriptional response is reduced, with a consequently reduced antiviral immunity. IFNAR knock-out mice showed a proliferation of Paneth cells with altered intestinal microbiota composition. The microbiota induces the production of IFNα/β by the DCs, showed to be protective in a colitis-induced mouse model. These findings show that IFNα/β can play a role in intestinal immune homeostasis. [ 215 , 216 , 217 ] Viral infections followed by bacterial infections are a significant cause of mortality and morbidity [ 218 ]. This has proved particularly dangerous when following influenza viral infection; these findings have prompted numerous research teams to seek an explanation to how viral infection sensitizes the host to bacterial infection. In the past few years, IFNα/β has emerged as one of the factors at work in this process. In mouse models, Influenza virus-infected Ifnar1-/-mice challenged with a subsequent Streptococcus pneumonia infection show increased survival rates compared with wild type [ 219 ]. A more thorough bacterial clearance has been noticed, whose increased survival rates have been attributed to the increased production of neutrophil and macrophages chemo attractants (such as CXC-chemokine ligand 1 (CXCL1), CXCL2 and CCchemokine ligand 2 (CCL2)). Despite the rather obscure mechanism underlying the exacerbation of the IFNa/b disease, similarly valuable results can be seen in cases of Staphylococcus aureus and Mycobacterium tuberculosis infection following a primary viral infection. [ 220 ] IFN exerts a beneficial role for the host. As a counterpart, in other infections, especially the ones caused by S. Aureus, L. Monocytogenes and M. Tuberculosis, Type I IFN is strongly linked to the pathogenesis.

Figure 16 :

 16 Figure 16: Effects of the Type I IFN on bacterial infections. McNab et al., 2015.
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 17 Figure 17: Confocal microscope picture showing that pDCs are engulfing bacteria. From Michea et al., 2013.
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 18 Figure 18: increased presence of pDCs in TB patient LN A. pDCs (CLEC4C+ cells) increase in the TB patients LN T-cell zone. B. pDCs (CLEC4C+ cells) Granzyme B (GrB) in the TB patients LN T-cell zone.Adapted fromLozza et al., 2014. 

  creating a rich variety of patterns. [ 231 ] TLRs activation can be considered a chaotic system. It depends from the initial conditions (amount of receptors present on the surface or in the endosome, presence of different adaptor proteins, co-receptor expressions, negative o positive regulators, epigenetic state of the cells, integration of a number of other signals). An alteration in these initial conditions can lead to a different outcome. Topological mixing (or topological transitivity) means that the system will evolve over time, so that any given region or open set will eventually be influenced. TLRs activation induces a strong response in the cell, leading to an exponential amplification of the signals thanks to recruitment of different molecules. Likewise, Type I IFN immune effects follow a chaotic dynamic and, more broadly, we can assume dendritic cells to behave in a similar fashion. DCs cytokines production and co-stimulatory expression patterns decide the T-cells' polarization fate. How the DCs choose these different patterns is the result of the signaling integration coming from the environment. Changes in the initial stimuli lead to profoundly different outcomes. Another example is the TGF-β in tumorigenesis, either acting as a tumor suppressor or facilitating the tumor's progression according to the initial conditions.[ 232 ] The engagement of TLR receptors and the role of Type I IFN in bacterial infections have shown conflictual results, leading the scientific community to unsatisfying forecasts. These results can be explained by a chaotic dynamic, which means it is important to further investigate the hidden factors that allow this behavior.
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 19 Figure 19: TH subsets and their role. From Craft et al., 2012.
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 20 Figure 20: Scanning electron microscopy pictures of pDCs stimulated with Aspergillus fumigatus hyphae. Areas with pDCs ETs are shown at low (left panels) and high (right panels) magnification. From Loures et al., 2015.

  function. [ 265 , 266 ]A non-synonymous SNP, Arg753Gln (G2258A) (rs5743708), in the TIR domain of TLR2 was identified in the year 2000. This SNP is a missense mutation leading an arginine to glutamine substitution. This mutation leads to a decrease in the activation. A reduction in TLR2/TLR1 signaling and protection against the development of late-stage Lyme disease has been shown. This mutation was found to reduce the response against Staphylococcus aureus, and was found associated with recurrent bacterial infections in Turkish children. People carrying this SNP were found to be more susceptible to urinary tract infection with Gram-positive pathogens, presenting more frequent infections. In patients with Herpes simplex viral infection, mutation in TLR2 seems to play a role in augmenting viral shedding and lesional rate. Moreover, TLR2 SNPs are linked in post transplantation infections, allograft failure and mortality. Different polymorphisms of TLR2 are associated with Tuberculosis. The synonymous SNP 597CC is reported to be strongly associated with meningeal TB and miliary TB (disseminated forms of Tuberculosis outside the lung) in Vietnamese patients. [ 267 ] Some TLR2 SNPs are linked to different cancers: in lymphoma progression, and related to higher risk of gallbladder cancer, breast cancer, and gastric cancer in the Brazilian population, bladder cancer in the North Indian population, and cervical cancer in North Indian women. Individuals with SNP 597CC show a fivefold decreased risk of colorectal carcinoma. TLR2 SNPs are associated with rheumatic fever, preterm birth and pancolitis. [ 268 ,269 , 270 , 271 ] 

  [ 272 , 273 ]. Moreover, it provides protection against Helicobacter pylori-induced gastric diseases. This SNP is also connected with the reason why the Borrelia lipoprotein vaccine trail failed. It also has a significant association with mild malaria, ileal disease, and TB in Africans, Americans and Hispanics. [ 274 ,275 , 276 , 277 , 278 ]TLR role in autoimmunityToll-like Receptors recognize foreign structures. Mammals do not produce LPS or flagellin, and endosomal confinement should prevent their recognition of endogenous mRNA or DNA. While it is clearer that some dysregulation can lead to autoimmunity in the endosomal TLR case, the discovery that surface TLRs can bind endogenous DAMP offer new suggestions. It has been reported that synovial fluid macrophages in the arthritic joint recognize PAMPs and DAMPs from necrotic cells. In rheumatoid arthritis, there is a high content oflow molecular weight hyaluronic acid and RNA release that can be recognized by TLRs. There is a high infiltration of neutrophil polymorphs, macrophages and lymphocytes and these are all cells that can be activated by TLRs binding. It is known that the pro-inflammatory cytokines in the joint lead the macrophages to differentiate into bone resorbing osteoclasts. TLR9 plays an anti-inflammatory role in arthritis through the induction of tolerance. TLR9 Agonists decrease severity in mouse model. TLR2 can recognize HMGB-1 and lead to the production of pro-inflammatory cytokines [ 279 ] Type I diabetes (T1D) is an autoimmune disorder in which the pancreatic β cells (the cells present in the islet of Langerhans which secrete insulin) are selectively destroyed by T-helper 1 (TH1) cells. Its etiology is still far from being elucidated but a combination of environmental and genetic factors contribute to its pathogenesis. TLRs play a role in the development of T1D [ 280 ]. Mice treated with TLR3 agonist and insulin have developed insulitis; furthermore, TLR7 engagement leads to autoimmunity [ 281 ]:pancreatic β cells up-regulate MHC-I molecules. TLR2 activation of DCs contributes to the onset of T1D in non-obese diabetic mice by inducing β-cell death. Mice knockout for MyD88 do not develop diabetes. Other studies show up-regulation of TLR2, TLR6 mRNA in PBMCs with respect to healthy controls; moreover, TLR2 and TLR4 ligands in T1D patients are significantly increased. TLR2 SNPs are associated with T1D in Norwegian and Korean populations. TLR1 SNPs associations with T1D patients were found in a large Chinese cohort. [ 282 , 283 , 284 ] Systemic lupus erythematosus (SLE) is a systemic autoimmune condition characterized by B cell hyperactivity and the presence of various circulating autoantibodies, often directed to dsDNA and RNA-binding proteins. Its etiology is multifactorial: genetic, environmental factors, UV light, drugs, infections and immune system alterations have been proposed as causes. SLE patients show a marked increase in the apoptosis with a consequent release of DNA and RNA that can be sensed by TLR9 and TLR7. A diminished susceptibility to the onset of SLE has been reported in the presence of a SNP affecting MAL involved in TLR4 and TLR2 signaling pathways. [ 285 ]Systemic sclerosis (SSc) is a connective tissue pathology with initial vascular injuries followed by exaggerated extracellular matrix (ECM) and collagen production, due to fibroblasts hyperactivation. The fibrosis in the mild forms are limited to the skin with some vascular complications; in the most aggressive cases, they extend to the internal organs, progressively leading to their collapse. Several studies support the role of TLRs in its pathogenesis. Among the endogenous TLRs ligands there are proteins, matrix-derived molecules, immune complexes and nucleic acids. SNPs in TLR4 in mice showed a reduction in a skin sclerosis-induced model. HMGB-1 is present in serum and lesional skin and, through the up-regulation of transforming growth factor β (TGF-β) signaling, it induces fibroblast activation. SNPs have been found in TLR2 associated with the pathology (antitopoisomerase positivity), as well as higher levels of pro-inflammatory cytokines. [ 286 , 287 ] Crohn's disease (CD) and ulcerative colitis (UC) represent the two principal forms of idiopathic inflammatory bowel disease (IBD). IBD patients present a chronic inflammation affecting the gastrointestinal tract and frequent extra-intestinal manifestations. It has been suggested to be dependent by dysregulation of the innate and adaptive immune responses against PAMPs to the intestinal flora as part of the pathogenesis. TLR4 SNPs are associated with IBD and confirmed by enhanced expression in epithelial cells, l macrophages and DCs infiltrating in the inflamed mucosa. TLR1, TLR2, and TLR10 SNPs are associated with IBD (these receptors can all heterodimerize). Two independent study confirmed TLR10s' association with IBD. [ 288 , 289 , 290 ]Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS), characterized by immune mediated demyelination and damage of axons, and whose complex etiology is not fully disclosed. TLR2 and TLR4 expression levels in PBMCs were found significantly higher for both in MS patients compared to healthy controls. [ 291 ] Different TLR2 and TLR4 SNPs were found associated with vitiligo. Myasthenia gravis (MG) is characterized by auto-antibodies recognizing several components of the neuromuscular junction (NMJ) and causing muscle weakness and early fatigability. One of the hypotheses about its insurgence is that the infections represent triggering factors for MG (in concrete, microbial antigens could promote the activation of T-cells against self-antigens similar to the foreign molecules). The PBMCs MG patients show TLRs expression alterations compared with healthy controls: TLR2, TLR3, TLR4, TLR5, TLR8 and TLR9 expression levels were enhanced, whereas TLR1, TLR6 and TLR10 were diminished. [ 292 ] TLR2, TLR1 are implicated in different autoimmune diseases, where pDCs and type I IFN are also involved. Deregulation of TLR7 and TLR9 expression in pDCs has a role in the insurgence of SLE and other pathologies. TLR2, TLR1 andTLR6 expression in pDCs is still being debated, but it may be interesting as a future perspective. This thesis project originates from a differenti initial question "what is more important in the priming of T-cells immunity: the DC's subset or the stimuli?" Two models have been proposed:  Evolutionary theory: differences in the DC subset decide T-cell priming and the same stimulus administration to different DC subsets leads to different T-cell profiles.  Environmental instruction theory: the stimulus is the main determinant in T-cell commitment and the same stimulus administration to different DC subset leads to an equal T-cell profile.

  Gram+ bacteria. When stimulated with GRAM+ bacteria, pDCs are capable to induce a T-cell response.Surprisingly, in the pDCs' response to lipoproteins TLR1 controls co-stimulatory and proinflammatory cytokines production, T-cells proliferation and expansion, and TH2 and Tregs priming. TLR2, instead, controls Type I IFN production. These differences rely on Salvatore Raieli, Vassili Soumelis While Tuberculosis and multi-drug resistant bacteria are becoming a serious threat for our health, we are still far from a comprehensive knowledge of the host microbe relationship.Whilst we are still surrounded by open questions, there are numerous reports establishing the pathogenic role of Type I Interferon in the skewing from a protective to a failing immune response.

Figure 1 .

 1 Figure 1. : Human pDCs express TLR2/1 and respond to PAM3 A-B. Real time RT-PCR from total mRNA from sorted human pDCs (and after 1 hour activation with PAM3CSK4), CD11c+ and HeLa cells. Results were normalized on three housekeeping genes. Results include 5 donors. A. TLR1 mRNA expression B. TLR1 mRNA expression. C. pDCs and CD11c+ were stained in freshly isolated PBMCs with anti-TLR1 and anti-TLR2 antibody, respective cognate isotype. D-

Figure 2 .

 2 Figure 2. : pDCs sense different GRAM+ bacteria through TLR2/1 pathway A-B. Sorted human pDCs were cultured during 24 hours with only medium ( ), heat-killed Mycobacterium tuberculosis (MT), heat-killed Staphylococcus aureus (SA), heat-killed Listeria monocytogenes (LM) in the presence (+) or absence (-) of CU-CPT22. A. Surface expression of costimulatory molecules from activated pDCs. Results include the mean of 27 independent donors. B. Cytokines secretion by pDCs. Results include the mean of 17 independent donors. C-D. Heterologous CD4+ naïve expansion and percentage of dividing living cells after 6 days co-culture with 24 hours GRAM+ stimulated pDCs. Influenza virus (FLU) activated pDCs was used as a control. Results include the mean of 9 donors. E. T-helper cytokine pattern from GRAM+ pDCs activated T-cells co-culture. Cytokines were measured after 24h polyclonal re-stimulation of the T-cells. Results include the mean of

Figure 3 .

 3 Figure 3. : pDCs differential TLR2 and TLR1 pDCs activation A-B. Sorted human pDCs were cultured during 24 hours with only medium ( ) and PAM3CSK4 (PAM3)

Figure 4 .

 4 Figure 4. : pDCs differential TLR2 and TLR1 pDCs signaling A-C. Sorted human pDCs were culturedduring 4 hours with only medium ( ) and PAM3CSK4 (PAM3) in combination with TLR1 Neutralizing antibody (αTLR1 ab), TLR2 Neutralizing antibody (αTLR2 ab), IgG1. Influenza virus (FLU) was used as control. A p38 MAPK (first panel), p65 NF-κβ (second panel), AKT PI3K (third panel) at 3 hours. B-C. p38 MAPK (first panel), p65 NF-κβ (second panel), AKT PI3K (third panel) at three different time points (2, 3, 4 hours). Results include the mean of 8 independent donors. p<0.05; **p<0.01; ***p<0.001 (Wilcoxon test)

Figure

  Figure S2. : pDCs sense different GRAM+ bacteria through TLR2/1 pathway A-B. Sorted human pDCs were cultured during 24 hours with only medium ( ), DMSO and CU-CPT22, influenza virus (in combination with DMSO and CU-CPT22) A. Cell viability as percentage of cells DAPI negative. Results include the mean of 4 independent donors. B. Surface expression of CD86 from treated pDCs. Results include the mean of 4 independent donors. C. Sorted human pDCs were culturedduring 24 hours with only medium ( ), heat-killed Mycobacterium tuberculosis (MT), heat-killed Staphylococcus aureus (SA), heat-killed Listeria monocytogenes (LM) in the presence (+) or absence (-) of CU-CPT22. Surface expression of co-stimulatory molecules from activated pDCs. p<0.05; **p<0.01; ***p<0.001 (Wilcoxon test)

Figure

  Figure S4. : pDCs differential TLR2 and TLR1 pDCs activation A. Sorted human pDCs were culturedduring 4 hours with only medium ( ) and PAM3CSK4 (PAM3) in combination with TLR1 Neutralizing antibody (αTLR1 ab), TLR2 Neutralizing antibody (αTLR2 ab), IgG1. p38 MAPK (first panel), p65 NF-κβ (second panel), AKT PI3K (third panel) at 3 hours.

  Buffy coats from healthy human donors were obtained from Etablissement Français du Sang, Paris, Saint-Antoine Crozatier and Saint Louis blood bank. Tonsils were recovered from Hôpital Necker-Enfant Malade. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation (Ficoll-Paque; GE Healthcare). pDCs and CD11c+ DCs were isolated by a of total DC enrichment (EasySep human Pan-DC Enrichment kit; Stem cell) followed by FACS sorting as Lineage -CD11c -CD4 + to a 99% purity. Human naïve CD4 T cells were isolated from PBMC by negative selection (naïve CD4 T cell isolation kit; Miltenyi Biotec) to a >98% purity. CD14+ monocytes were isolated with monocytes enrichment (CD14+ monocytes isolation kit; Miltenyi Biotec) to a >98% purity.Cells were stained with FITC anti-CD3 (BD), FITC anti-CD14 (BD), FITC anti-CD16 (BD), FITC anti-CD19 (Miltenyi), PECy7 anti-CD11c (BD), VioGreen anti-CD4 (Miltenyi). pDCs culture pDCs were cultured in RPMI 10% FBS at 10 6 cells/ml in the presence of Influenza A/PR/8/34 (H1N1) 82 HA/ml (Charles River Laboratories), PAM3CSK4 1 µg/ml and 10 µg/ml (Invivogen), 10 ng/mL GM-CSF, 0,1 µg/mL LPS (Invivogen), MOI 1 heat-killed Staphylococcus aureus (Invivogen), MOI 10 heat-killed Listeria monocytogenes. After culture, cells were stained with 4,6-diamidino-2phenylindole (DAPI, Sigma-Aldrich). DAPI was added before acquisition to exclude dead cells.Isotype-matched antibodies were used as control. Cells were analyzed on a flow cytometer (BD Fortessa and BD LSRII) and data was processed using FlowJo software(Tree Star, Inc.).24 hour-pDCs subsets were cytospined in parallel and dyed with Giemsa staining. Pictures were taken with a CFW-1308C color digital camera (Scion Corporation) on a Leica DM 4000 B microscope, with a 100x /1.30 oil objective.Real Time quantitative RT-PCRTotal RNA was extracted from freshly isolated pDCs (or 1 hour PAM3CSK4 activated), freshly isolated CD11c+ DCs and HeLa cells by using RNeasy Micro kit (Qiagen) and processed as described. The following probes (Life Technology) were used: GAPDH (Hs99999905_m1), B2M ,RPL34, TLR1 , TLR2, TLR3 , TLR4 , TLR5, TLR6, TLR7, TLR8, TLR9, TLR10 Intracellular Staining pDCs were cultured for 24 hours with different stimuli. T cells were stained with ZombieNir fixable kit (Biolegend) before surface staining, fixation and permeabilization (FOXP3 Fix/Perm buffers, eBioscience). Cells were then stained with, APC antiGrB. Isotype-matched antibodies were used as control. Cells were analyzed on a flow cytometer (BD Fortessa and BD LSR II) and data were processed using FlowJo software (Tree Star, Inc.).

Figure 22 :

 22 Figure 22: Comparison of stimuli response pattern among different human blood subpopulations

Figure 23 :

 23 Figure 23: TLRs mRNA expression change

Figure 24 :

 24 Figure 24: Bacterial lipoproteins activate pDCs in a dose dependent manner

Figure 27 :

 27 Figure 27: pDCs do not respond to NOD ligand activation

Figure 28 :

 28 Figure 28: TLRs expression from tonsil pDCs

  pDCs were stimulated with different activators (e.g., influenza virus, GM-CSF) and with LPS. It is reported in the literature that pDCs do not express TLR4 and do not respond to LPS. The results showed that pDCs are capable of responding to Pam3CSK4 with co-stimulatory molecules expression and cytokine production. The extent of the response is comparable to the one induced by flu and GM-CSF (higher than GM-CSF for different markers). pDCs are fully capable of responding to the bacterial lipoproteins deriving from GRAM+ bacteria. The different cytokines and co-stimulatory molecules have all roles in T cells priming. Our results show that pDCs are upregulating the MHC-II complex on the surface, suggesting their capacity to present the antigen to the CD4+ T-cells. CD80, CD86, CD40, CD83 are all involved in the T-cells polarization. Moreover, pDCs up-regulate the expression of ICOSL, which is a key factor to induce IL-10 secretion and proliferation in T cells. Interestingly, pDCs are capable of producing the serine protease Granzyme B (GrB), which can be important to further shape the immune response. They express constitutively in the active form; experiments with the erythro-leukemic cell line K562 showed the pDCs cytotoxic capacity. Furthermore, Grb pDCs production yields T-cell proliferation suppression in a perforin independent manner. Influenza virus treated pDCs (and, in general, other TLRs stimulated pDCs) down-regulate the intracellular GrB production, conversely cytokine (IL-3, IL-21, GM-CSF) stimulate pDCs GrB up-regulation. PAM3CSK4 stimulated pDCs up-regulate intracellular production of GrB in comparison with medium. It has been observed that pDCs in TB patient lymph nodes present Granzyme B in the cytoplasm. [ 298 , 299 , 300 , 301 ] Dendritic cells undergo phenotypically maturation following activation, likewise PAMPs stimulation induces surface modification with the characteristic plasma membrane extroflexions, called dendrits. Bacterial lipoproteins induce these changes in the pDCs shape in a similar extent to influenza virus. The absence of stimulation does not lead to these characteristic shape modifications.

  [ 302 ] pDCs are professional APCs. They are able to prime naïve CD4+ T cells and thus shape the final response. We stimulated the pDCs with different GRAM+ bacteria and co-cultured them with T cells for 6 days. GRAM+ bacteria treated pDCs are capable of inducing proliferation and expansion in the naïve CD4+ T cells. These primed T cells are capable of producing cytokines: in fact, we observed a mixed TH subset phenotype. pDCs are able to induce a number ofbroad polarization, of which the predominant one is the result of the environment where pDCs are primed.Notwithstanding the efforts to develop a protective vaccine against S. aureus remains an extremely tough challenge. Numerous vaccine trials directed towards different toxins and immune evasions factors have failed to pass the test of usefulness. Lipoproteins in GRAM+ bacteria represent a consistent part of the proteome and exert a broad range of functions; besides, they also play a role in the disease. In the last few years, lipoproteins have started to be considered promising candidates for a vaccine. S. aureus strains defective in lipidation of the pro-LPP (Δlgt) are particularly affected in their virulence (in fact, they are severely impaired in their uptake of iron, among other processes). Some LPPs are expressed in the early phase of the infection cycle, and a murine model vaccine looks rather promising. Moreover, some of these vaccines have triggered a protective immunity boost when used in combination with TLR7 ligands. A better understanding of the pDCs' role in bacterial immune responses can contribute to vaccine development.[ 303 ] TLR2 and TLR1 can recognize PAMPs from fungi: in fact, β-glucans from different fungi species can be recognized by TLR2. TLR2 also interacts with phospholipo-mannans (PLMs), linearbeta-1,2oligomannoside structures that are unique to C. albicans. [ 304 , 305 ] TLR2 also recognizes some unknown ligands from the conidia and hyphae forms of A. fumigatus. TLR2/1 and TLR2/6 are receptors for the glucuronoxylo-mannan (GXM) component of the C. neoformans' cell wall.
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 86 depth. In pDCs lipoproteins stimulation a division of labor can be observed, with TLR1 controlling the activation and TLR2 being responsible for the Type I IFN. Considering the pleiotropic effects exerted by Type I IFN, this might explain the importance of a strict regulation of TLR2's expression by pDCs. Furthermore, considering the fact that TLR1 controls co-stimulatory molecule expression, pro-inflammatory cytokines expression is likely to have a role in T-cell differentiation. pDCs also express TLR6 and TLR10 which can heterodimerize with TLR2. The role of these TLRs in pDCs should be investigated, as unexpected features and present differences in the pDCs activation could emerge. [ 309 ,310 , 311 ] Differential role of TLR2 and TLR1 in adaptive immunity primingWe were interested in verifying whether the pDCs' differential activation was reflected in some changes in naïve CD4+ T-cell activation. The TLR1 blocking in pDCs has an impact on T-cell expansion; moreover, there is a reduction in the percentage of cycling cells. Thus, TLR1 activation is important in the proliferation of T cells. We further noticed alterations in the cytokine profile after pDCs activation in the presence of the TLRs' differential blocking. TLR1 blocking in pDCs affects the T-cell secretion of IL-13, IL-9, IL-10 and IL-5. We did not observe differences in IFN-γ and IL-3 production; besides, the reduction in TNF-α secretion was small. The reduction in T-cell proliferation and expansion could be explained by the TLR1's blocking impact on co-stimulatory expression and pro-inflammatory cytokines production. IL-10 reduction could be the effect of a lower ICOSL expression by pDCs, previously observed with TLR1 blocking. Whereas a general decrease in the overall cytokines' pattern could be considered a generally reduced T-cell activation, the missing reduction in the TH1 profile (IFN-γ, IL-3 and TNF-α) secretion suggests a different T-helper differentiation profile. IFN-γ and TNF-α are both fundamental for immunity against intracellular bacteria. As previously mentioned, IFN-γ enhances macrophage microbicidal defense and is crucial to the maturation of phagosomes and autophagy. IFN-γ is necessary but not sufficient for mycobacterial control after infection, while TNF-α also plays an important role in the maintenance of granuloma integrity. The absence of both these cytokines is considered deleterious and associated to the host's failure to control the infection. Conversely, IL-4 and IL-13, associated with a TH2 profile, coincide with the inhibition of the autophagic process and with granuloma impairment in TB patients. Likewise, IL-10 plays a pathologenic role in Tuberculosis.

  data confirm the intuition of TH2 and Tregs profile as TLR1-activation dependent. pDCs were found enriched in the TB lymph nodes and TH1/TH2/Tregs balance plays a role in bacterial infection. pDCs are able to sense being activated by the GRAM+ bacteria; moreover, they are capable of inducing CD4+ Tcell polarization. Our results show that T-cells are polarized towards a mixed TH pattern; this could be due to the engagement of both receptors. It is interesting to alternately block the two receptors to highlight their different responsibilities in inducing specific TH subsets. These results collectively support a possible role of pDCs in the immune response to bacteria.Food allergy currently affects an estimated 15 million Americans, and the incidence of inflammatory bowel disease (IBD) has been growing in the last few decades; for both pathologies the relationship among dendritic cells and commensal bacteria plays a crucial role. Studies conducted on animal models as well as actual patients show that oral administration is generally a tolerogenic route and commensal bacteria participate in the immune-modulatory process. It was found that capsular polysaccharide A (PSA) of the gut commensal Bacteroides fragilis has an immune-regulatory potential. PSA can induce Tregs generation and release of IL-10, thereby ameliorating pathological inflammation in the gut and even in more distant tissues. In a 2,4,6trinitrobenzenesulfonic acid (TNBS)-induced colitis mouse model, pDC depletion abrogates PSAmediated protection. Moreover, in the same model, pre-treated PSA pDCs were capable of confering protection after adoptive transfer (interestingly, myeloid DCs are unable to confer protection). PSA is a TLR2 homodimers ligand. Interestingly, however, , PAM3CSK4 was unable to induce the same protection in a mouse model.[ 312 ] Our results show that in human blood pDCs TLR1 engagement leads to IL-10 induction and Tregs generation. These conflictual results can be explained by: 1) splenic pDCs and environment factors impact were used on the TLR2 pDCs response (for istance, it is reported that TLR7/9-stimulated splenic pDCs induce a strong Tregs response). [ 313 ] 2) mouse and human pDCs are known to present differences and these might have an impact on activation behavior. The literature suggest that what has an impact in the balance between inflammatory and regulatory response is the presence of B7 family molecules (for instance CD80, CD86) or other pro-inflammatory signals. Type I IFN and ICOSL might be important factors in IL-10 induction. In the absence of other factors, Type I IFN can induce IL-10, while the role of ICOSL in IL-10 T-cell release is well known. PSA activation through TLR2 homodimers induces ICOSL and Type I IFN without B7-family co-stimulatory expression. This could explain astrong tolerogenic response. An in-depth investigation of the intimate relationship among TLR2, TLR1, pDCs and commensal bacteria could lead to harness pDCs to ameliorate IBD.On other hand, gut microbiota influence the antitumor effects of different chemotherapy agents and immunotherapeutic régimes. For instance, optimal oxaliplatin-based chemotherapy requires the immune system to detect components of the gut microbiota, as mice lacking an intact microbiota or MyD88 suffer from reduced antineoplastic effects. Moreover, treatment of GRAM+ bacteria with antibiotics deeply reduces the cyclophosphamide-mediated therapeutic effect in tumor-bearing mice. In the last few years, immune checkpoint blockers have shown to be among the most successful new treatments (for instance, cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and the programmed cell death protein 1 (PD-1)/programmed cell death ligand 1 (PD-L1) axis). In principle, theiranti-tumor effect is mediated by reactivating T cells driven to an anergic state by the tumor's microenvironment [ 314 ,]. The reactivated T cells actively respond against the tumor's antigens. Anti-CTLA4 antibodies can induce colitis and the formation of intestinal lesions;

Figure 29 :

 29 Figure 29: pDCs B-cells pathogenic crosstalk in SLE. Menon et al., 2016.

Figure 30 :

 30 Figure 30: New proposed model of pDC GRAM+ bacteria sensing. Old model of pDCs GRAM+ bacteria sensing is mediated by the endosomal TLRs leading to pDCs activation and maturation. Activated pDCs express co-stimulatory molecules and secreting cytokines in order to prime T-cells and converse with innate immunity. The new model shows pDCs sensing the GRAM+ bacteria through TLR2/1. TLR1 activates MAPK and NF-κβ pathway inducing co-stimulatory molecules and pro-inflammatory cytokines and regulating Tcells proliferation and polarization. TLR2 specific controls Type I IFN secretion to alert innate immunity.
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 1 Figure 1 : Les pDC humaines expriment TLR2 / 1 et répondent à PAM3

Figure 2 : 1

 21 Figure 2 : Les pDC détectent différentes bactéries GRAM+ via la voie TLR2 / 1

Figure 3 .

 3 Figure 3. : Activation différentielle des pDC par TLR2 et TLR1

Figure 4 :

 4 Figure 4 : Signalisation différentielle de TLR2 et TLR1 dans les pDC

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  aureus being considered a major health care problem, 25% of the population host this bacterium in the upper respiratory tract without developing any disease[ 72 , 73 ]. Although large cohort studies have been carried out, the genetic factors explaining why a quarter of the population chronically hosts S. aureus in the nasal swabs are not clear.[ 74 ] 

	S aureus can induce TSS, an acute toxin-mediated illness caused by the expression of bacterial
	pyrogenic exotoxins called super-antigens (SAg). SAgs binding to the β chains of the T cell receptor
	(TCR) in the T-cells and to the MHC-II on the DCs generates the over-activation of an enormous
	number of T-cells. [ 75 ] This over-activation causes what is called a "cytokine storm", a massive
	release of cytokines with a TH1 profile characterized by high levels of interferon-γ (IFN-γ) and TNF-
	α. The patient suffers hemodynamic alterations, tissue ischemia that can lead to multi-organ
	failure, cardiovascular collapse, and death. Paradoxically, despite the large incidence of people
	carrying S. aureus in the nose, there is a remarkably low frequency of those developing TSS. Some
	groups have proposed that an evolutionary pressure has caused S. aureus to regulate is own
	pathogenicity. [ 76 ]

Figure 10:. Infected

  

	bacteria to escape the immune response. Moreover, mycobacterial strains resistant to antibiotics process can be induced by IFN-γ. Since this process can kill Mycobacteria, the bacteria express
	are increasingly widespread, constituting a serious threat for global human health. Tuberculosis proteins to block it. [ 80 ]
	causes approximately 1.5 million deaths per year: every year about 9 million new TB cases are
	diagnosed and it is estimated that 1/3 of the world's population is latently infected with M. Infection and modulation of APCs: while macrophages are the most important site for intracellular
	tuberculosis. The only existing vaccine is the bacille Calmette-Guerin (BCG), shown to be replication, also DCs can be infected by Mycobacteria. Dendritic cells can present antigens, and
	protective only against the most severe disseminated form of the disease in children but with no prime a T-cells response against the pathogen. Dendritic cells infected by the bacteria are not
	effect in adult lung tuberculosis. MTB affects the lungs and is transmitted through aerosols sufficiently activated: they migrate to the lymph nodes and, instead of priming a protective
	produced during coughing and sneezing of patients with active disease. After its entrance in the immune response, they seem to help spread the bacteria to other tissues (as a kind of "Trojan
	lung, MTB is phagocytated by alveolar macrophages where it prevents its own active killing. MTB horse"). Dendritic cells fail to mature in response to Mycobacteria infection, with reduced
	starts to replicate inside the macrophages and the phagosome. In most individuals, a delayed expression of MHC-II molecules on the surface and without a sufficient load of mycobacterial
	adaptive immune response is able to contain the pathogen in granulomas for a long time. In these antigens. [ 81 ]
	heterogeneous structures consisting mainly of infected macrophages and T cells, M. tuberculosis
	encounters stress induced by reactive oxygen species and nutrient deprivation, which drives the Modulation of the CD4 response: TH1 cells are crucial to a protective response, as their IFN-γ
	bacilli into a latent stage. Resuscitation from this containment occurs upon disturbance of the production stimulates the macrophages' killing activity, leading to bacterial clearance. Despite
	immune system, such as HIV infection or a deficiency in IFN-γ or TNF-α production. some positive reports, the importance of the TH17 cells in the protective immunity development is
	still debated. By inducing reduced IL-12 production by monocytes and macrophages,
	Inhibition of macrophage effector function and phagosome maturation: M. tuberculosis resides Mycobacterium Tuberculosis affects TH1 development. [ 82 ]
	primarily in the macrophages, and bacilli use different sophisticated mechanisms to replicate and
	resist killing. In infected macrophages the fusion of phagosomes with lysosomes is abrogated
	(through avoidance of exposure to lysosomal hydrolases, low pH, and other components of
	lysosomes). The phagosomes fail to incorporate vacuolar ATPases, resulting in no acidification.
	New studies have found a serine/threonine kinase encoded by the M. tuberculosis pknG gene that
	Cossart et al., 2008 is responsible for the inhibition of phagosome-lysosome fusion. [ 79 ]
	Mycobacterium tuberculosis: an old unfriendly companion. Prevention of macrophagy autophagy: autophagy is a homeostatic process for eliminating
	Mycobacterium tuberculosis is an extremely successful pathogen that seems to have coevolved damaged organelles; a double membrane forms an autophagic vacuole that engulfs organelles or
	with the human species during an intimate relationship lasting thousands of years. This unwanted structures within the cell. The vacuole is successively fused with the lysosomes. This
	evolutionary success relies on the mycobacterial genome, designed to encode genes allowing

DCs crosstalk with naïve CD4+. Goldberg et al.,

2014 2.2 Innate immunity in GRAM+ bacterial infection

  

	Pathological microorganisms enter the human body from different sites. These invasions are
	initially countered by innate immunity. Only when the innate host defenses are bypassed, evaded,
	or overwhelmed is an adaptive immune response required. Infections are generally rare, despite
	the fact that we are continuously exposed to potentially pathogenic agents, as many of them fail
	to overcome the epithelial barrier, and the ones that succeed to infiltrate themselves are in a
	great part eliminated. Epithelia are more than a simple physical barrier. Tears and saliva, for

  Streptococcus pyogenes, and in Listeria monocytogenes (the mutant was impaired in invasion and intracellular survival, showed to be attenuated in a mouse infection model, was unable to induce TLR2 activation and exhibited increased susceptibility to cationic peptides) [ 137 ]. In the two main groups of Gram-positive endospore-forming bacteria, LPP turned out to be crucial to spore germination and spore formation. Bacillus anthracis LPP mutants showed decreased innate immune stimulation and were affected in spore germination in both in vitro and mouse infection models, showing markedly decreased virulence [ 138 ]. Moreover, in Clostridium difficile, which causes severe gastrointestinal diseases, the LPP have been found to be essential to sporulation and transmission [ 139 ]. These elements explain the evolutionary importance of bacteria, and that of relative sensing by the host. In S. aureus around 55-70 different lipoproteins are present, some of which only in particular strains. Around 50% of the LPP were annotated as transporters for amino acids, peptides, iron, zinc, or molybdenum or as chaperones, but still many of the proposed LPP showed no similarity to known proteins, and their function awaits elucidation [ 140 ]. LPP proved important for S. Aureus to invade keratinocytes and mouse skin. Also triacylated lipoproteins are

activation by staphylococci bacteria. The lipoproteins are abundant in GRAM + bacteria, representing about 2-3% of the bacterial proteome. Their biosynthesis is a multistep process requiring a high-energy effort for the bacteria. These proteins are translated within the cytoplasm and later modified at the membrane level. The mutants in different genes, important for the lipoprotein maturation of various S. aureus strains, areseverely affected in pathogenicity [ 136 ]. This is also true for different GRAM+ pathogens with impaired growth and pathogenicity. In MTB, the lspA mutant (gene for LPP maturation) is markedly attenuated in virulence, showing decreased intracellular multiplication in mouse macrophages and growth decrease in lungs and spleens of mice. Reductions in the pathogenicity have also been noticed in Streptococcus pneumoniae (severely affected in growth, virulence, adherence, and the oxidative stress response), present in S. aureus. TLR2-deficient macrophages release significant lower amounts of proinflammatory cytokines in response to S. aureus. TLRs are not phagocytic receptors per se but undergo internalization and can facilitate bacteria engulfment. It is reported that TLR2 (and other

Table 1 .

 1 Toll-like receptors summary. Adapted fromKumar et al., 2009. 

independent donors. p<0.05; **p<0.01; ***p<0.001 (Wilcoxon test).

***p<0.001 (Wilcoxon test)
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NLRP3

NLR family, pyrin domain-containing 3 (NLRP3) is important in the inflammasome formation; this multi-protein complex leads to the activation of caspase-11. Caspase-11 is important in the cleavage of pro-IL-1β and pro-IL-18; once cleaved, these two cytokines can be secreted. IL-1β plays a protective role in mycobacterial infection. The specific NLRP3 still remains elusive and NLRP3 -/mice show no great differences in survival and control of the infection. pDCs, CD11c+ DCs and monocytes from the same human healthy donor (in order to reduce biological variability) were treated with different stimuli. pDCs lack TLR3, TLR4, TLR5 and TLR8 expression and do not respond to LPS (TLR4 ligand) or to TLR5 (ligand). pDCs do not respond to Type I IFN stimulation, even when expressing the IFNA receptor. CD11C+ DCs are responsive to almost all stimuli. Nevertheless, we noticed TLR7 mRNA expression in monocytes, which respond to loxoribine (syntethic TLR7 agonist). pDCs, activated by bacterial lipoproteins show phenotypical changes comparable, to an extent, to the influenza virus. Granzyme B is normally considered to be produced by CD8 and NK cells. In particular conditions, some innate cells are able to secrete them. Unstimulated pDCs accumulate in the cytoplasm GrB and are secreted at low levels. The administration of IL-3 and other cytokines, such as GM-CSF and IL-21, to pDCs leads to increased intracellular level secretion. TLR7/TLR9 stimulation, conversely, down-regulates GrB pDCs production at both levels. Despite bacterial lipoproteins signal in the pDCs through TLRs, PAM3CSK4 treatment induces an intracellular, secreted GrB increase. Considering pDCs express NOD receptors capable of sensing bacterial cell-wall peptidoglycan, we tested NOD receptor for activity in pDCs. We did not notice up-regulation of co-stimulatory molecules (FIG 7), nor cytokine production (data not shown) when pDCs were treated with a NOD ligand. NOD receptors are localized in the cytoplasm and pDCs are poorly engulfing bacteria, which could explain their negligible activation.

OBJECTIVE OF THE THESIS

Contrary to what happens in mice, in humans TLR2/1 but not TLR2/6 recognize different ligands in A. fumigatus. [ 306 ] In the A. fumigatus infections, TLR2 impairment reduces neutrophils recruitment and killing. TLR1 SNPs are associated with higher susceptibility to candidemia.

Patients with TLR1 SNPs show a reduced cytokine release from blood monocytes. Interestingly, patients receiving transplanted organs from donors with TLR1 polymorphism are more prone to Aspergillus infection. In fungal infection the role of Type I interferon is controversial, apparently helping the development of protective immunity or conversely participating in progression of the disease. The role of pDCs in fungal infection is poorly evaluated. It would be potentially interesting to assess their impact,as well as that of the exprression of TLRs and pDCs in this frame. [ 307 , 308 ] On the whole, it would be interesting to further investigate the role of pDCs in different GRAM+ bacterial infection, in order to evaluate the presence of pDCs, as well as their TLRs expression and activation state. In several studies, mice were challenged with M. Tuberculosis, S. Aureus and other GRAM+ bacteria to highlight the pathological role of Type I IFN. In the last years, mouse models with depleted pDCs have been generated (E2-2 mutation, BDCA2-DTR mice). It would definitely be interesting to challenge these mouse models with GRAM+ bacteria and evaluate what changes in their immune response. Notably, pDCs not only produce Type I IFN, but also express different molecules on their surface (and secrete other cytokines) which have an important role in the interaction with other immune cells. In this way, an intriguing perspective would be to challenge mice with impaired pDCs, in order to produce Type I IFN. Moreover, taking advantage that different mouse models defective for TLRs (TLR1, TLR2 KO…) are available, it could be interesting to generate TLR1 KO or TLR2 KO mice with depleted pDCs. Another approach could be to analyze pDCs (activation state, TLRs expression and response to bacteria) from patients with recurrent infections or more susceptible to GRAM+ bacteria.

Differential role of TLR2 and TLR1 in pDCs response to Pam3CSK4

TLR2 and TLR1 hetero-dimerize together in the presence of the ligand; surprisingly, however, the differential block of either receptor exposes some differences. TLR1 blocking affects co-

Concluding remarks

The old view represents pDCs as responding to GRAM+ bacteria through the sensing of their nucleic acid, mature and prime T-cells. pDCs engulf the bacteria poorly, leaving the question open.

Our results show the likelihood of a different model: pDCs can sense GRAM+ through TLR2/1 without the need to engulf the bacteria. This model suggests that the two receptors play different roles, allowing a more finely tuned response. The division of labor between the two TLRs allows the cells to adjust the response to different challenges. Conversely, an up-regulation of one receptor can skew the response to a pathogenic one. These results suggest that there is an adjunctive level of complexity to be considered in the frame of TLRs' activation, which might extend to receptor cooperation. Our data could also help explain conflictual results about TLR2s' role in infective diseases where some studies show their protective role in bacterial infection and others suggest a detrimental impact. TLR2 DC activation needs to be considered in concert with the other expressed co-receptors. The balance between these receptors chooses the final outcome response; small variations in this game can profoundly affect the final results. The environment or genetic factors can modify TLR expression by dendritic cells, leading to the onset of disease. Notably, our work shows that the system is more complex, especially for receptors that hetero-dimerize, as the two TLRs are not redundant but transmit different information in a nondigital response.