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Abstract
T cells are central to the vertebrate immune system. Two distinct types of T cells, αβT and γδT cells, express different types of T cell antigen receptors (TCRs), αβTCR and γδTCR, respectively, that are composed of different sets of somatically rearranged TCR chains and CD3 subunits. γδT cells have recently attracted considerable attention due to their ability to produce abundant cytokines and versatile roles in host defense, tissue regeneration, inflammation, and autoimmune diseases. Both αβT and γδT cells develop in the thymus. Unlike the development of αβT cells, which depends on αβTCR-mediated positive and negative selection, the development of γδT cells, including the requirement of γδTCR, has been less well understood. αβT cells differentiate into effector cells in the peripheral tissues, whereas γδT cells acquire effector functions during their development in the thymus. In this review, we will discuss the current state of knowledge of the molecular mechanism of TCR signal transduction and its role in the thymic development of γδT cells, particularly highlighting a newly discovered mechanism that controls proinflammatory γδT cell development.
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Background
The immune system of the jawed vertebrates relies on T lymphocytes (T cells) that develop in the thymus. T cells are classified into two types, αβT cells and γδT cells [1]. These different T cell lineages express different types of T cell antigen receptors (TCRs), i.e., αβTCR or γδTCR, that are composed of different sets of somatically rearranged TCR chains and CD3 subunits.
The development and function of αβT cells depend on the αβTCR recognition of antigen peptides presented by the major histocompatibility complex (MHC) proteins. Upon the recognition of the peptide-MHC (pMHC) complex, αβT cells differentiate into effector cells that exert cytotoxic activity or produce cytokines so as to activate innate immune cells or B cells, thus protecting against invading pathogens and tumors [2]. In contrast, no coherent mechanism exists for antigen recognition by γδT cells. The γδTCR reportedly recognizes structurally diverse and biologically unrelated compounds such as lipopeptides, microorganism-derived proteins, and self-proteins. The self-proteins include stress-associated proteins and non-classical MHC [3, 4] as well as classical pMHC complexes [5]. Thus, the antigen recognition mode and differentiation requirements of γδT cells are different from those of αβT cells.
In certain infections, γδT cells, which have the inherent ability to produce cytokines such as interferon-γ (IFNγ) and interleukin-17 (IL-17), contribute to rapid immune responses against a broad spectrum of pathogens and also the smooth transition from the innate to adaptive immune response [4, 6]. Recent studies have demonstrated that IL-17-producing γδT (γδT17) cells have an anti-bacterial ability, but also homeostatic capacity under certain physiological conditions. In the bone fracture repair process, γδT17 cells promote bone regeneration by accelerating osteoblast differentiation [7]. A recent study showed that γδT17 cells in adipose tissue control thermogenesis in response to cold temperature [8]. However, γδT17 cells are also notorious for their ability to induce inflammatory diseases, autoimmunity, and metastasis in mice and humans [9–12]. In particular, γδT17 cells have been reported to play a central role in the pathogenesis of psoriasis, in which IL-17 secreted by γδT17 cells in the skin promotes keratinocyte hyperproliferation and the recruitment of neutrophils [13]. A recent report by Prinz and co-workers demonstrated the non-redundant function of γδT17 cells for psoriasis-like dermatitis using a newly generated mouse strain that enables drug-inducible depletion of γδT cells [14].
Although considerable attention has been paid to the pathophysiological function of proinflammatory γδT cells, it has remained largely unclear how effector γδT cells are generated. Unlike αβT cells, in which effector differentiation occurs in the periphery, both the γδT17- and IFNγ-producing γδT (γδT1) cells are induced during development in the thymus [15]. In the mouse, γδT cells can be sub-classed based on the usage of the TCRγ variable region (Vγ), and the generation of those γδT cell subsets is developmentally regulated during ontogeny: Vγ5 cells develop during the fetal period, Vγ6 cells around birth, Vγ4 cells in the neonatal period, and Vγ1 and Vγ7 cells at adult stage. There is also a close linkage between the Vγ subset and effector function: Vγ4 or Vγ6 cells preferentially include γδT17, while the majority of Vγ1, Vγ5 and Vγ7 cells differentiate into γδT1 [4]. These distinct γδT cell subsets are distributed in lymphoid as well as mucosal tissues.
In this review, we will discuss the current knowledge of the molecular mechanism of γδTCR signal transduction and its role in the thymic development of proinflammatory γδT cells.

Overview of TCR signaling
The TCR is a complex receptor that consists of receptor subunits (TCRαβ or γδ) and CD3 subunits (CD3γ, δ, ε, and ζ) [16]. TCR signal transduction involves the conformational change, as well as the recruitment and phosphorylation of multiple proteins, including CD3 subunits, kinases, phosphatases, and adaptor proteins (Fig. 1). Among them, most of the kinases act as a driver of TCR signaling. Zap70, a member of the Syk family kinases, plays a key role in TCR signal transduction [17]. In αβT lineage cells, activation of Zap70 is regulated by Lck, a Src family kinase associated with CD4 or CD8 coreceptors. Upon the recognition of pMHC by αβTCR and one of the coreceptors, Lck phosphorylates immunoreceptor tyrosine-based activation motif (ITAM) in CD3 molecules, which induces a recruitment of Zap70 to the αβTCR-CD3 complexes and phosphorylation of Zap70 [2]. Lck also recruits the phosphorylated Zap70 to the transmembrane adaptor protein Lat, and promotes its phosphorylation by Zap70 [18]. The phosphorylation of Lat provides direct as well as indirect docking sites for adaptor proteins such as Grb2, Gads, Slp76, and Adap, signaling enzymes such as PLCγ1 and guanine nucleotide exchange factors such as Vav1 and Sos1. Proteomic analysis has identified the multimolecular complex called the “Lat signalosome”, which is composed of over 100 molecules, indicating that Lat forms a structural scaffold for TCR signaling [19]. PLCγ1 hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). The binding of IP3 to the IP3 receptor (IP3R1) expressed on the endoplasmic reticulum (ER) induces the release of calcium ions from the ER, which in turn stimulates the influx of extracellular calcium ions, resulting in calcineurin activation and nuclear translocation of the transcription factor NFAT. DAG is required for the recruitment of Ras guanyl-releasing protein 1 (Rasgrp1) and protein kinase C (PKC) to the plasma membrane for the activation of the Ras-ERK and NF-κB pathway, respectively [2].[image: A41232_2019_95_Fig1_HTML.png]
Fig. 1Schematic diagram of αβT cell receptor (TCR) signaling pathway. TCR engagement by pMHC expressed on antigen-presenting cells (APC) induces phosphorylation of CD3 ITAMs by Lck. Zap70 binds to phosphorylated ITAMs and is phosphorylated as well by Lck. The activated Zap70 then phosphorylates Lat, which induces recruitment of adaptor proteins (Gads, Adap, Slp76, and Grb2) and signaling molecules (PLCγ1, Sos1, Vav1). Phospho-PLCγ1 catalyzes hydrolysis of PIP2, resulting in generation of DAG and IP3. DAG leads to translocation of Rasgrp1 and PKCθ to the plasma membrane, resulting in activation of Ras/MAPK pathway and NF-κB pathway. IP3 stimulates endoplasmic reticulum (ER) for the releases of calcium ions, which activate NFAT pathway. Shp1 dephosphorylates a broad range of signaling molecules including Lck, CD3, Zap70, Lat, Slp76, and Vav1, to finely tune TCR signal




Recently, a genome-wide genetic screening investigation reconfirmed the importance of the known signaling factors such as kinases and adaptor proteins in driving TCR signals. This study in addition identified Fam49b, a cytoskeleton remodeling factor, as a negative regulator of TCR signaling [20]. A set of protein phosphatases have also been shown to negatively regulate the protein phosphorylation events in order to fine-tune TCR signal propagation. These protein phosphatases include Shp1 (also known as Ptpn6), which dephosphorylates crucial tyrosine residues of certain key factors such as Lck [21], CD3ζ [22], Zap70 [23], Vav1 [24, 25], Lat [26], and Slp76 [27], thus inhibiting their signaling activity. T cell-specific Shp1 deletion resulted in an activated CD4 T cell phenotype and an increase in IL-4 production [28].
Although most of the mechanisms of αβTCR signaling mentioned above are thought to be shared by the γδTCR, both the components of the TCR-CD3 complex and receptor-proximal signaling are reportedly different between αβT cells and γδT cells [29]. In fact, the CD3δ subunit is not even incorporated into the γδTCR complex and is not required for γδT cell development [30, 31]. In ex vivo intestinal γδT cells and in vitro activated γδT cells, FcRγ is incorporated into the γδTCR-CD3 complex in substitution for the CD3ζ subunit [30]. Vγ6Vδ1 γδT cells display a higher staining intensity with an anti-CD3ε antibody compared with the other γδT cell populations, suggesting a distinct expression and/or conformation pattern of the CD3 subunits in this γδT cell subset [32]. In addition, a subpopulation of γδT cells is detectable in Lck-deficient or Zap70-deficient mice, whereas αβT cells are completely absent in these mice [33–35]. Considering these observations, it is strongly suggested that αβT cells and γδT cells have distinct molecular mechanisms and requirements for TCR signaling during both their differentiation and activation.

αβTCR signaling in αβT cell development
αβT cells develop through multiple developmental steps in the thymus. The most immature T cell precursor of both the αβT and γδT cell lineages are CD4/CD8 double-negative (DN) thymocytes. During differentiation through the DN1 (CD44+CD25−), DN2 (CD44+CD25+), and DN3 (CD44−CD25+) stages, they undergo rearrangement of the TCRβ, TCRγ, and TCRδ genes. The successfully rearranged TCRβ chain is assembled with the invariant pTα and CD3 subunits so as to form the pre-TCR complex, which signals in a ligand-independent manner to induce commitment to the αβT cell lineage and differentiation of DN3 cells into DN4 (CD44−CD25−) cells. This process, termed β-selection, serves as a checkpoint to confirm the generation of a functional TCRβ chain [36].
The pre-TCR signal transduction depends on Syk, another Syk family tyrosine kinase [37], rather than Zap70. Mice deficient in Syk display a reduced transition from the DN3 to DN4 stage, while Zap70-deficient mice display normal differentiation at this stage [38]. Importantly, T cell development is completely arrested at the DN3 stage in Zap70/Syk doubly-deficient mice [38, 39]. Thus, Syk and Zap70 play redundant roles in β-selection, while Syk plays the dominant role. Recruitment of Syk and Zap70 to the CD3ζ chain in the pre-TCR complex is mediated by the adaptor protein RhoH [40–43]. The complete inhibition of β-selection was also observed in Lat-deficient mice, indicating that Lat is a critical target of both Zap70 and Syk in pre-TCR signal transduction [44]. The Lat signalosome triggers the activation of certain downstream pathways required for β-selection, including the Ras/MAPK and NF-κB pathways. Another important signaling pathway for β-selection is regulated by phosphoinositide 3-kinase (PI3K). PI3K, activated by pre-TCR and Notch signals, phosphorylates PIP2 so as to generate phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 in turn recruits the protein kinases Pdk1 and Pkb (also known collectively as Akt) to the plasma membrane and induces their activation. The PIP3 level is negatively regulated by a phosphatase, PTEN. The loss of PTEN results in the bypassing of the pre-TCR and Notch signals in DN3 cells in order to induce the differentiation of DP thymocytes. Therefore, the balance between PI3K and PTEN is critical for early T cell development [45].
The DN4 cells that pass through the β-selection checkpoint proliferate and further differentiate into the CD4/CD8 double-positive (DP) stage. DP cells rearrange the TCRα gene so as to express the complete αβTCR/CD3 complex that is capable of recognizing pMHC. Given that newly generated DP cells express a randomly rearranged αβTCR irrespective of their ligand binding ability, they include harmful cells as well as useless cells in addition to the useful population. DP cells expressing a αβTCR that strongly interacts with self-pMHC are self-reactive and potentially harmful T cells. These cells receive strong αβTCR signals upon the recognition of the self-pMHC complex in the thymus and are eliminated by apoptosis. This process is called “negative selection”. In addition, DP cells that fail to produce pMHC-reactive αβTCR are also destined to die, a process referred to “null selection” or “death by neglect.” DP cells with αβTCR that interact with self-pMHC with a relatively weak affinity are potentially immunocompetent T cells, and receive moderate αβTCR signals that induce differentiation into CD4 single-positive (SP) or CD8SP cells. This process is called “positive selection” [46]. This positive selection occurs in the thymic cortical microenvironment, where cortical thymic epithelial cells (cTECs) produce a set of self-peptides that confer a low-affinity binding on the TCR. The positively selected CD4SP and CD8SP cells then migrate from the cortex into the medulla of the thymus, where SP cells are screened for self-reactivity against the pMHC displayed by medullary thymic epithelial cells (mTECs). Strong αβTCR interaction with pMHC in the medulla leads to negative selection or differentiation into regulatory T cells, ensuring the self-tolerance of T cells [1, 47]. Thus, precise regulation of the αβTCR signal is critical for the generation of a diverse, useful, and yet self-tolerant T cell population.
Unlike the pre-TCR signal during the course of β-selection, the αβTCR signal for positive and negative selection depends on Zap70 [35]. Mice lacking Zap70 but not Syk exhibit a complete loss of αβTCR signaling and T cell differentiation arrest at the DP stage [48, 49]. Consistent with this, disruption of positive selection has also been observed in mice deficient for Lck [50], RhoH [40, 41], or Grb2 [51], indicating that the αβTCR-Lck-Zap70 axis plays a non-redundant role in αβT cell development.
Studies of animals with αβTCR signaling mutations have indicated that properly controlled αβTCR signal strength is required for positive selection of immunocompetent αβT cells. The Zap70 W163C mutation in SKG mice, which changes the threshold of the TCR signal needed for positive and negative selection, leads to positive selection of self-reactive T cells and autoimmunity in mice [52]. Themis is a putative adaptor protein that recruits Shp1 to the Lat signalosome during positive selection [2, 53–57]. It is still controversial whether Themis activates Shp1 to tune down the αβTCR signal strength and thus rescue immunocompetent αβT cells from deletion or inhibits SHP1 activity so as to tune up the αβTCR signal and thereby ensure positive selection of αβT cells expressing low-affinity αβTCR [58–60]. Regardless, many studies with Themis-deficient mice have shown that this protein is required for positive selection [53–57]. In addition, serine/threonine-protein kinase D2 (PKD2) and PKD3 are reported to phosphorylate Shp1 and control its function upon αβTCR signaling. Mice with a deficiency of PKD2/3 or with unphosphorylated mutation in Shp1 exhibit abrogated positive selection of CD4SP cells [61]. Thus, precise regulation of αβTCR signal strength by protein phosphorylation is essential for thymic αβT cell development.
Downstream regulators of αβTCR signaling have also been reported to critically control the positive selection of αβT cells. Tespa1, a protein localized to the endoplasmic reticulum membrane, interacts with IP3R1, which activity facilitates calcium ion influx and subsequent MAPK activation [62]. TRAF3-interacting protein 3 (TRAF3IP3) recruits mitogen/extracellular signal-regulated kinase (MEK) and Braf to the Golgi, a process which is required for ERK activation [63].

γδTCR signaling in γδT cell development
γδ-selection
γδT cells emerge from DN thymocytes, as the rearrangement of the TCRγ and δ chains occurs in the DN stages [64]. γδ precursor cells, which have TCRγ and δ rearranged prior to TCRβ recombination, express γδTCR/CD3 complex on the plasma membrane, where γδTCR self-oligomerizes, like the pre-TCR, and initiates intracellular signaling pathways [11]. This γδTCR signal induces the process referred to as “γδ-selection,” which confirms the generation of functional TCRγδ chains, making the cell recognize that “I am a γδT cell” [65].
The γδ-selection signal triggers the differentiation from CD5− CD24high γδ precursor cells to CD5+ CD24low γδT-committed cells [66]. The transition from CD5− to CD5+ γδT cells is markedly impaired in Syk-deficient mice, while Zap70-deficient mice display normal differentiation of CD5+ γδT cells. Zap70/Syk doubly-deficient mice exhibit a complete arrest of γδT cell differentiation at the CD5− precursor stage [67]. Thus, γδ-selection is mainly dependent on the Syk-mediated signal, and Zap70 plays only a minor and redundant role in this process. This mechanism is quite analogous to that of β-selection. One critical target of Syk in γδ-selection signal is the Lat signalosome, as Lat-deficient mice exhibit complete inhibition of γδ-selection and a total lack of mature γδT cells [66, 67].
γδ precursor cells from Syk/Zap70-deficient mice or Lat-deficient mice are indistinguishable from αβT lineage cells by the expression of their cell-surface proteins except for the γδTCR, and still maintain the potential to differentiate into αβT cells. What determines the differentiation fate into the αβT or γδT lineage from the precursor? This question has been addressed by studies using γδTCR transgenic mice. When the γδTCR signal is weakened by a deficiency of either signaling proteins or endogenous ligands for the transgenic γδTCR, the precursor cells gave rise to αβT lineage DP cells at the expense of γδT lineage cells [68, 69]. These results suggest that a stronger signal (likely upon γδTCRligand interaction) leads to the commitment to γδT cells, while a weaker signal (likely by ligand-independent pre-TCR) leads to αβT differentiation. However, experiments using another transgenic mouse strain expressing γδTCR with the same ligand-specificity demonstrated that γδT cells were able to mature in the absence of the ligands [70]. Chien and co-workers employed a tetrameric staining method to identify the ligand-specific γδT cell population in order to examine the significance of endogenous γδTCR ligands in non-transgenic mice. The results clearly showed that the number of the ligand-specific γδT cells was comparable between the ligand-sufficient and -deficient mice, suggesting that the majority of γδT cells have not encountered ligands during thymic differentiation [11]. The authors also provided evidence that some γδTCRs can signal ligand-independently [71]. These observations evidently contradict the previous model that the γδT lineage commitment requires γδTCR ligand interaction. Given that polyclonal γδT cells reactive to certain exogenous ligands differentiate and functionally mature in the thymus, it is likely that the observations in certain γδTCR transgenic mouse lines do not reflect the majority of γδT cells with polyclonal γδTCRs.
To examine the impact of γδ-selection signal on αβT/γδT differentiation, we utilized Lat-deficient mice, in that γδT cell differentiation is arrested at the CD5− precursor stage. γδTCR+ precursor cells were purified from adult Lat-deficient mice, infected with retroviruses expressing Lat, and cultured on stromal cell monolayers (Fig. 2a). This experiment allows direct evaluation of the cell phenotype before and after γδ-selection under a ligand-free condition. Compared to non-transduced control cells, Lat-expressing γδT cells displayed a marked induction of the surface expression of CD5 (Fig. 2b), as well as mRNA expression of γδT cell signature genes (Tcrd, Egr3, Runx3, and Bcl-2), and complete abrogation of transcription of genes associated with precursor DN cells and αβT cells (Rag1, Rag2, and Ptcra) (Fig. 2c). These results indicate that the γδTCR signal both drives differentiation toward the γδT lineage and represses differentiation into the αβT lineage in a ligand-independent manner.[image: A41232_2019_95_Fig2_HTML.png]
Fig. 2The impact of γδ-selection on αβT/γδT cell fate decision. a Scheme of experimental procedure. γδT cells from thymus of Lat-deficient mice were sorted by FACS, infected with retroviruses expressing Lat along with EGFP, and cultured on Tst4/Dll4 stromal cells [103] for 5 days. b Expression of TCRδ chain and CD5 in the cultured cells with or without Lat. c EGFP+ (Lat-transduced) cells and EGFP− (non-transduced) were subjected to qRT-PCR to measure the mRNA expression levels of indicated genes. The heat-map indicates the relative gene expression




Taken together, although the mechanisms are still elusive (and debated) by which the pre-TCR and γδTCR direct the differentiation processes into the αβT and γδT lineages, respectively, it is likely that γδ-selection, at least in the majority of naturally generated γδT cells, is not contingent on cognate γδTCR ligand in the thymus.

γδTCR signal strength determines γδT17/γδT1 differentiation
During the development of both the αβT and γδT lineages, the expression of Syk and Zap70 is inversely regulated: Syk is highly expressed in the early stages (DN1-3 and γδ precursor) and downregulated thereafter, while Zap70 is expressed in the later stages (after β-selection or γδ-selection) [72]. γδT cells that have passed through γδ-selection express high levels of Zap70 as well as γδTCR/CD3 complexes and can respond to endogenous ligands if they are provided in the thymus. It is currently recognized that unlike αβT cells, γδT cells do not undergo ligand-driven positive selection or clonal deletion in the thymus. Several studies have suggested that the γδTCR ligand interaction in the thymus instead controls the effector function of γδT cells.
Using tetrameric staining of a γδT cell population that is reactive to the non-classical MHC class I molecules T10 and T22, Chien’s group found that antigen-naïve γδT cells that developed in the absence of the ligands preferentially produced IL-17, whereas antigen-experienced γδT cells that developed in the presence of the ligands predominantly produced IFNγ [11]. This study first suggested the idea that a ligand-induced strong γδTCR signal and a weak γδTCR signal induce γδT1 and γδT17 cells, respectively. A recent study with newly generated T10/T22-deficient mice reported essentially the same results, supporting this “signal strength model” [73]. This model has been further supported by other studies. The thymic maturation and effector differentiation of Vγ5Vδ1 γδT cells require Skint1 (and likely other Skint family proteins), a putative costimulatory protein for the Vγ5Vδ1 TCR [74–76]. In the absence of Skint1, Vγ5Vδ1 γδT cells are misdirected to a γδΤ17 cell phenotype at the expense of the γδΤ1 cell phenotype [77]. Furthermore, γδT1 cell development also requires costimulation via CD27, a TNF receptor superfamily protein expressed in γδT1 cells, but not γδT17 cells [78]. More recently, Pennington’s group identified thymic bipotent γδT cells (CD24lo CD44lo CD45RBlo) which can give rise to both γδT17 cells and γδT1 cells. In fetal thymus organ culture, the development of γδT17 cells was inhibited by strong TCR signals induced by stimulation with anti-TCRδ or anti-CD3ε antibodies, but these effects were abrogated by pharmacological inhibition of the MEK/ERK pathway [79]. These data provide direct evidence in support of the idea that γδTCR signal strength is a critical determinant of γδT cell effector function.
At the transcriptional level, the strong γδTCR signal induces the expression of γδT1-associated transcriptional regulators, such as Egr2, Egr3, and Id3, resulting in a γδT1 cell fate [64]. Id3 inhibits adoption of γδT17 cell fate by inhibiting the transcriptional regulation mediated by HEB (encoded by Tcf12) [80]. HEB can directly bind upstream of the transcriptional start sites of Sox4 and Sox13 [81] to promote their expression. These γδT17-associated transcriptional factors are required for expression of the essential transcriptional factor RORγt (encoded by Rorc) and the signaling protein Blk [82]. Considering these facts, the TCR signal strength model clearly demonstrates the mechanisms by which the TCR signal controls the effector function of γδT cells.
However, a series of studies has demonstrated the impact of the genetic ablation of TCR signaling molecules on γδT cell effector function, challenging the idea that γδTCR signal strength alone determines the γδT17/γδT1 differentiation fate. Zap70 W163C mutant mice exhibit a complete loss of Vγ6+ γδT17 cell development but have normal development of γδT1 cells, while TCR signals are dampened in these mice [83]. Another study by Silva-Santos and co-workers showed that mice haploinsufficient for CD3δ and CD3γ (CD3DH), which had lower cell-surface expression of the γδTCR/CD3 complexes and impaired γδTCR signaling, displayed a marked reduction of the thymic development of Vγ6+ γδT17 cells as well as γδT1 cells but not of Vγ4+ γδT17 cells, indicating that the γδT17 subsets require distinct γδTCR signal strength for their development [84]. Although αβT cell development and αβTCR signal transduction were unaffected in CD3DH mice, this mouse strain is the only animal model thus far in which the specific inhibition of γδTCR signaling has been demonstrated. It remains unclear why γδT cells are specifically affected in CD3DH mice, but it is likely that the distinct composition of the TCR-CD3 complexes αβT and γδT cells accounts for the unique phenotype of CD3DH mice. In this context, it should be noted that mice with the CD3ε C80G mutation, which is unable to induce conformational changes in TCR, also exhibit impaired γδT17 cell development but normal γδT1 cell development [85].

Syk is required for γδT17 differentiation
Recently, we reported a new regulatory mechanism by which the γδTCR-proximal kinases Syk and Zap70 differentially control γδT17 induction [67]. Syk-deficient mice exhibit complete loss of γδT17 cells (both the Vγ4+ and Vγ6+ subsets) in the thymus. Notably, forced expression of Zap70 in Syk-deficient T-progenitor cells failed to restore the γδT17 cell generation, suggesting a non-redundant role of Syk in γδT17 differentiation. As Syk- but not Zap70-deficient γδT cells display a significant reduction of the Akt phosphorylation induced by γδTCR stimulation, it is indicated that that Syk mediates the γδTCR-induced activation of the PI3K-Akt pathway. PI3K-deficient mice (p110γ−/− p110δ−/−) exhibit complete inhibition of γδT17 cell development but are unaffected in terms of γδ-selection (CD5 upregulation) or γδT1 development. Inhibition of PI3K was shown to reduce the expression of γδT17-associated transcription factors (Rorc, Sox13, and Sox4), suggesting crucial role for the PI3K-Akt pathway in inducing the γδT17 differentiation program. In agreement with this, a previous report demonstrated that kinase-inactive PI3Kδ or PI3Kγ-deficient mice exhibit a marked reduction in the peripheral γδT17 cell number and amelioration of γδT17-dependent inflammation [86]. The PI3K–Akt pathway is also required for the differentiation of IL-17-producing αβT (Th17) cells [87], suggesting that this signaling pathway is a common regulatory mechanism shared by αβT and γδT lineages for inducing IL-17-producing proinflammatory subsets.
γδTCR-induced activation of the PI3K-Akt pathway depends on Syk but not Lat, indicating that Syk drives the PI3K-Akt pathway for inducing γδT17 differentiation in addition to the Lat-dependent mainstream signaling pathway that induces γδ-selection [67]. It is unclear whether Syk activates the PI3K/Akt pathway in γδT cells through direct interaction or in an indirect manner. A previous study reported that Rasgrp1-deficient mice display a γδT cell effector phenotype similar to that of PI3K-deficient mice (i.e., a loss of γδT17 cells and increase of γδT1 cells) [88]. Since Rasgrp1 can function as an upstream activator of the PI3K/Akt pathway in αβTCR signaling [89], it is likely that Rasgrp1 relays signals from γδTCR to PI3K to induce γδT17 differentiation.
Preferential loss of γδT17 cells was also reported in mice deficient for Blk, a Src family kinase expressed in γδT cells as well as B cells, although its function in γδTCR signal transduction is unknown [82].

Zap70 controls certain γδT cell subsets
We have also demonstrated the role of Zap70 in the thymic differentiation of γδT cells [67]. Zap70-deficient mice display a marked reduction of Vγ6+ cells, the majority of which are γδT17 but are unaffected in terms of the development of other γδT cells, including the Vγ1+ as well as Vγ4+ subsets. Indeed, the expression level of the Zap70 protein was highest in the Vγ6+ subset among the γδT cells. As the CD5 expression was lower in the Zap70-deficient Vγ6+ cells than control cells, Zap70 is likely required for thymic maturation of Vγ6+ cells. In our experiments, Zap70-deficient mice had normal thymic differentiation of Vγ4+ cells, including the γδT17 subset, which contradicts the previous report in which a hypomorphic Zap70 mutation caused a reduction of thymic Vγ4+ γδT17 cells [83]. This discrepancy may be due to the different mice used in the two studies (Hayday’s group used hypomorphic Zap70 mutant mice on a BALB/c background, whereas we used complete Zap70-deficient mice on a C57BL/6 background). In addition, Zap70-deficient mice displayed a significant reduction in peripheral Vγ4+ cells, which included both the γδT17 and γδT1 subsets, but had unimpaired Vγ1+ cells. Thus, in contrast to its essential role in αβT cell development, the requirement of Zap70 is limited to the thymic maturation of Vγ6+ cells and peripheral maintenance of Vγ4+ cells.
Our findings on the different roles of Zap70 and Syk might provide a new clue to understand the mechanisms of γδTCR signaling and γδT cell development. Zap70 is required for αβTCR signaling and γδTCR signaling in certain γδT cell subsets. In αβT cells, the activation of Zap70 is dependent on Lck, which is coupled with CD4 or CD8 coreceptors that bind to pMHC on the surface of antigen-presenting cells [90]. Thus, it is suggested that Lck-Zap70 is a signaling axis that is specialized in antigen recognition achieved by cell-cell contact; although in the case of γδT cells, it remains unclear how Zap70 is activated despite the lack of CD4 and CD8 expression. In contrast, Syk is associated with a wide range of immunoreceptors, including pre-TCR, γδTCR, BCR, and FcR [37]. Because Syk is capable of phosphorylating ITAMs and downstream targets independently of Src family kinases such as Lck [91], these receptors can be activated ligand-independently or upon binding to a variety of soluble as well as cell-surface antigens. Thus, the utilization of Syk or Zap70 in immunoreceptor signaling may dictate how the receptor recognizes antigen. Indeed, the expression of Syk in place of Zap70 rendered αβT cells capable of responding to soluble anti-CD3 antibody stimulation, while normal αβT cells only responded to multimerized anti-CD3 antibodies that mimic the interaction with cell-surface pMHC [92]. These findings prompted us to hypothesize that the mode of antigen recognition used by lymphocytes might be determined not only by their receptor per se, but also by distinct usage of Syk family kinases. Based on this concept, we predict that there are endogenous cell-surface γδTCR ligands required for thymic maturation of Vγ6+ cells, as well as the peripheral maintenance of Vγ4+ cells, and that Vγ1+ cells do not require cell-surface γδTCR ligands for their development and/or maintenance.

γδTCR-independent and -dependent processes for γδT17 induction
A recent report elegantly demonstrated that γδT17 cells arise from a progenitor that is distinct from the other γδT cell subsets [93]. It was reported that fetal-origin, intrathymic progenitors expressing high levels of Sox13 were identified in a population previously categorized as DN1d (CD44+CD25−c-kit−CD24hi) thymocytes. These Sox13+ progenitors preferentially gave rise to γδT17 cells in the reconstituted fetal thymus, whereas other progenitors within the DN2 population did not. Most importantly, the Sox13+ progenitors were detectable and their γδT17 lineage programs were intact in TCRδ-deficient or Rag-deficient mice, indicating that the γδT17 lineage fate is “prewired” by a cell-intrinsic, γδTCR-independent mechanism. A previous report, however, showed that γδT17 cells can develop from the DN2 stage (CD44+CD25+c-kithi) when co-cultured on a monolayer of Notch ligand-expressing stromal cells [15]. There may thus be a need to redefine the differentiation stages and progenitor-descendant relationships in γδT cell development.
Figure 3 summarizes the differentiation processes of γδT cells as well as αβT cells, highlighting the differences in the requirement of αβ/γδTCR signals and Syk family kinases. The early steps of differentiation, i.e., β-selection for the αβT cell lineage and γδ-selection for the γδT cell lineage, are driven by ligand-independent pre-TCR or γδTCR signaling, which serves as a checkpoint for the cells expressing a functional TCRβ chain or γδTCR chain, respectively. These ligand-independent receptor signals are initiated by Syk, which is expressed in DN thymocytes, including γδT precursors. In the γδT cell lineage, Syk-mediated γδTCR signal is also required for the priming of γδT17 cell differentiation via the activation of the PI3K pathway. During both β-selection and γδ-selection, the expression of Syk and Zap70 is inversely regulated: Syk is downregulated while Zap70 is upregulated upon pre-TCR or γδTCR signaling. Therefore, the later step in αβT lineage differentiation depends on Zap70-mediated αβTCR signaling, which allows DP thymocytes to recognize pMHC on the surface of TECs in order to be positively or negatively selected according to the strength of the αβTCR-pMHC interaction. In contrast, Zap70-mediated γδTCR signaling in response to endogenous ligands determines the effector function of γδT cells: a strong signal induces γδT1, while a weak/no signal induces γδT17.[image: A41232_2019_95_Fig3_HTML.png]
Fig. 3Distinct requirement of Syk family kinases for thymic development of αβT/γδT cells






Control of γδT17 cells by non-γδTCR signals
It has also been reported that the development of γδT17 cells is regulated by non-TCR factors, such as Notch ligands and cytokines. γδT17 cells highly express Notch1 and, upon the binding with its ligand Dll4 that is expressed by cTECs, induce the expression of the transcriptional repressor Hes1. Genetic ablation of Hes1 impairs the development of γδT17 cells but not γδT1 cells, indicating the critical role of the Notch-Hes1 pathway in γδT17 differentiation [94]. TGF-β1 is also required for the optimum generation of γδT17 in the thymus [95]. IL-7 induces the expansion of γδT17 cells in the thymus and at the periphery [96]. A recent study showed that the production of IL-7 in the thymus is negatively controlled by Aire, a transcription regulator expressed in mTECs. Mice lacking Aire exhibit an increased production of IL-7 and thereby selective overproduction of γδT17 cells, which at least partly accounts for the inflammatory disorders in these mice [97]. Other studies have also demonstrated that TECs critically control the differentiation of γδT17 cells. In the thymus of mutant mice lacking mature cTECs, the frequency of γδT17 cells is greatly increased. Among these γδT17 cells, the Vγ6 subset was increased, whereas the Vγ4 subset was decreased [98]. A similar increase of Vγ6 γδT17 cells in the thymus was observed in mice deficient for mTORC1/Raptor [99]. Deletion of NIK, a kinase required for NF-κB activation and mTEC development, caused a marked reduction of both Vγ5 γδT cells and γδT17 cells [100]. Thus, the normal development of TECs critically contributes to the repertoire formation of γδT17 cells, although its mechanism remains unclear.
Haas et al. reported that γδT17 cells do not develop in a mouse model that allows Rag1 expression only at the adult stage [101]. In a model drug-induced conditional γδT cell depletion, γδT17 cells recovered very inefficiently, while γδT1 cells readily recovered after depletion [14]. In addition, transplantation of bone marrow cells into lethally irradiated mice failed to reconstitute the thymic development of γδT17 cells, whereas mice reconstituted with fetal liver cells were capable of generating Vγ4 γδT17 cells in the thymus [67, 101]. Therefore, the thymic development of γδT17 cells requires fetal liver-derived progenitors and Vγ6 γδT17 cells additionally require a fetal thymic microenvironment for their differentiation and maturation. Under inflammatory conditions, however, it was shown that bone marrow-derived naïve Vγ4 γδT cells can be induced to produce IL-17 in peripheral lymphoid tissues, a result in which IL-23 and IL-1β are critically implicated [102].

Conclusion
Although γδT cells are one of the three types of antigen receptor-expressing lymphocytes conserved among all vertebrates, their functions and developmental mechanisms have long been enigmatic compared with those of αβT and B cells. As discussed in this review, a series of recent studies has unveiled the various roles of γδT cells under both physiological and pathological conditions, along with the regulatory mechanisms for the differentiation of proinflammatory γδT cells. In particular, it has been demonstrated that γδT cells have certain unique features in the TCR/CD3 complex and its downstream signaling pathways that dictate their maturation and effector function. The remaining issues to be resolved include the function of γδTCR-specific signaling proteins (such as Blk), full characterization of the γδT cell subsets and their precursor-product relationships, and identification of the endogenous γδTCR ligands that control thymic γδT cell differentiation. From a therapeutic perspective, it is critical to determine whether manipulation of γδTCR signaling can treat and/or protect against infection, autoimmunity, and cancer.

Acknowledgements
We thank Drs. Hiroshi Kawamoto (Kyoto University, Japan) and Tomokatsu Ikawa (Tokyo University of Science, Japan) for providing Tst4/Dll4 cells. We thank all our laboratory members for technical assistance and helpful discussion.
Funding
This study was supported by Grants-in-Aid for Research from the Japan Society for the Promotion of Science (JSPS) (KAKENHI 15H05703, 16H05202, 16 K19102, and 17H05788), the Kanehara-Ichiro Foundation (grant 29–23) and the Kanae foundation for the promotion of medical science (grant 47th).


Authors’ contributions
RM, HT, and TN drafted and completed the manuscript. All of the authors read and approved the final manuscript.

Ethics approval and consent to participate
All animal experiments were performed with the approval of the Animal Ethics Committee of The University of Tokyo (approval I-H17–010) and conducted in accordance with institutional guidelines.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


[image: Creative Commons]Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Miller JF. The golden anniversary of the thymus. Nat Rev Immunol. 2011;11(7):489–95.PubMed

2.
Gaud G, Lesourne R, Love PE. Regulatory mechanisms in T cell receptor signalling. Nat Rev Immunol. 2018;18(8):485–97.PubMed

3.
Vermijlen D, Gatti D, Kouzeli A, Rus T, Eberl M. γδ T cell responses: how many ligands will it take till we know? Semin Cell Dev Biol. 2018;84:75–86.PubMed

4.
Vantourout P, Hayday A. Six-of-the-best: unique contributions of γδ T cells to immunology. Nat Rev Immunol. 2013;13(2):88–100.PubMedPubMedCentral

5.
Benveniste PM, Roy S, Nakatsugawa M, Chen ELY, Nguyen L, Millar DG, Ohashi PS, Hirano N, Adams EJ, Zúñiga-Pflücker JC. Generation and molecular recognition of melanoma-associated antigen-specific human γδ T cells. Sci Immunol. 2018;3(30):eaav4036.

6.
Guo XJ, Dash P, Crawford JC, Allen EK, Zamora AE, Boyd DF, Duan S, Bajracharya R, Awad WA, Apiwattanakul N, Vogel P, Kanneganti TD, Thomas PG. Lung γδ T cells mediate protective responses during neonatal influenza infection that are associated with Type 2 immunity. Immunity. 2018;49(3):531–44 e6.PubMed

7.
Ono T, Okamoto K, Nakashima T, Nitta T, Hori S, Iwakura Y, Takayanagi H. IL-17-producing γδ T cells enhance bone regeneration. Nat Commun. 2016;7:10928.PubMedPubMedCentral

8.
Kohlgruber AC, Gal-Oz ST, LaMarche NM, Shimazaki M, Duquette D, Nguyen HN, Mina AI, Paras T, Tavakkoli A, von Andrian U, Banks AS, Shay T, Brenner MB, Lynch L. γδ T cells producing interleukin-17A regulate adipose regulatory T cell homeostasis and thermogenesis. Nat Immunol. 2018;19(5):464–74.PubMed

9.
Silva-Santos B, Serre K, Norell H. γδ T cells in cancer. Nat Rev Immunol. 2015;15(11):683–91.PubMed

10.
Akitsu A, Ishigame H, Kakuta S, Chung SH, Ikeda S, Shimizu K, Kubo S, Liu Y, Umemura M, Matsuzaki G, Yoshikai Y, Saijo S, Iwakura Y. IL-1 receptor antagonist-deficient mice develop autoimmune arthritis due to intrinsic activation of IL-17-producing CCR2(+)Vγ6(+)γδ T cells. Nat Commun. 2015;6:7464.PubMedPubMedCentral

11.
Jensen KD, Su X, Shin S, Li L, Youssef S, Yamasaki S, Steinman L, Saito T, Locksley RM, Davis MM, Baumgarth N, Chien YH. Thymic selection determines gammadelta T cell effector fate: antigen-naive cells make interleukin-17 and antigen-experienced cells make interferon gamma. Immunity. 2008;29(1):90–100.PubMedPubMedCentral

12.
Papotto PH, Ribot JC, Silva-Santos B. IL-17(+) gammadelta T cells as kick-starters of inflammation. Nat Immunol. 2017;18(6):604–11.PubMed

13.
Lowes MA, Suárez-Fariñas M, Krueger JG. Immunology of psoriasis. Annu Rev Immunol. 2014;32:227–55.PubMedPubMedCentral

14.
Sandrock I, Reinhardt A, Ravens S, Binz C, Wilharm A, Martins J, Oberdörfer L, Tan L, Lienenklaus S, Zhang B, Naumann R, Zhuang Y, Krueger A, Förster R, Prinz I. Genetic models reveal origin, persistence and non-redundant functions of IL-17-producing γδ T cells. J Exp Med. 2018;215(12):3006–18.PubMed

15.
Shibata K, Yamada H, Nakamura R, Sun X, Itsumi M, Yoshikai Y. Identification of CD25+ gamma delta T cells as fetal thymus-derived naturally occurring IL-17 producers. J Immunol. 2008;181(9):5940–7.PubMed

16.
Alcover A, Alarcón B, Di Bartolo V. Cell biology of T cell receptor expression and regulation. Annu Rev Immunol. 2018;36:103–25.PubMed

17.
Wang H, Kadlecek TA, Au-Yeung BB, Goodfellow HE, Hsu LY, Freedman TS, Weiss A. ZAP-70: an essential kinase in T-cell signaling. Cold Spring Harb Perspect Biol. 2010;2(5):a002279.PubMedPubMedCentral

18.
Lo WL, Shah NH, Ahsan N, Horkova V, Stepanek O, Salomon AR, Kuriyan J, Weiss A. Lck promotes Zap70-dependent LAT phosphorylation by bridging Zap70 to LAT. Nat Immunol. 2018;19(7):733–41.PubMedPubMedCentral

19.
Roncagalli R, Hauri S, Fiore F, Liang Y, Chen Z, Sansoni A, Kanduri K, Joly R, Malzac A, Lahdesmaki H, Lahesmaa R, Yamasaki S, Saito T, Malissen M, Aebersold R, Gstaiger M, Malissen B. Quantitative proteomics analysis of signalosome dynamics in primary T cells identifies the surface receptor CD6 as a Lat adaptor-independent TCR signaling hub. Nat Immunol. 2014;15(4):384–92.PubMedPubMedCentral

20.
Shang W, Jiang Y, Boettcher M, Ding K, Mollenauer M, Liu Z, Wen X, Liu C, Hao P, Zhao S, McManus MT, Wei L, Weiss A, Wang H. Genome-wide CRISPR screen identifies FAM49B as a key regulator of actin dynamics and T cell activation. Proc Natl Acad Sci U S A. 2018;115(17):E4051–E60.PubMedPubMedCentral

21.
Stefanová I, Hemmer B, Vergelli M, Martin R, Biddison WE, Germain RN. TCR ligand discrimination is enforced by competing ERK positive and SHP-1 negative feedback pathways. Nat Immunol. 2003;4(3):248–54.PubMed

22.
Sozio MS, Mathis MA, Young JA, Wälchli S, Pitcher LA, Wrage PC, Bartók B, Campbell A, Watts JD, Aebersold R, Hooft van Huijsduijnen R, van Oers NS. PTPH1 is a predominant protein-tyrosine phosphatase capable of interacting with and dephosphorylating the T cell receptor zeta subunit. J Biol Chem. 2004;279(9):7760–9.PubMed

23.
Plas DR, Johnson R, Pingel JT, Matthews RJ, Dalton M, Roy G, Chan AC, Thomas ML. Direct regulation of ZAP-70 by SHP-1 in T cell antigen receptor signaling. Science. 1996;272(5265):1173–6.PubMed

24.
Stebbins CC, Watzl C, Billadeau DD, Leibson PJ, Burshtyn DN, Long EO. Vav1 dephosphorylation by the tyrosine phosphatase SHP-1 as a mechanism for inhibition of cellular cytotoxicity. Mol Cell Biol. 2003;23(17):6291–9.PubMedPubMedCentral

25.
Peterson ME, Long EO. Inhibitory receptor signaling via tyrosine phosphorylation of the adaptor Crk. Immunity. 2008;29(4):578–88.PubMedPubMedCentral

26.
Kosugi A, Sakakura J, Yasuda K, Ogata M, Hamaoka T. Involvement of SHP-1 tyrosine phosphatase in TCR-mediated signaling pathways in lipid rafts. Immunity. 2001;14(6):669–80.PubMed

27.
Binstadt BA, Billadeau DD, Jevremović D, Williams BL, Fang N, Yi T, Koretzky GA, Abraham RT, Leibson PJ. SLP-76 is a direct substrate of SHP-1 recruited to killer cell inhibitory receptors. J Biol Chem. 1998;273(42):27518–23.PubMed

28.
Johnson DJ, Pao LI, Dhanji S, Murakami K, Ohashi PS, Neel BG. Shp1 regulates T cell homeostasis by limiting IL-4 signals. J Exp Med. 2013;210(7):1419–31.PubMedPubMedCentral

29.
Hayes SM, Love PE. Stoichiometry of the murine gammadelta T cell receptor. J Exp Med. 2006;203(1):47–52.PubMedPubMedCentral

30.
Hayes SM, Love PE. Distinct structure and signaling potential of the gamma delta TCR complex. Immunity. 2002;16(6):827–38.PubMed

31.
Dave VP, Cao Z, Browne C, Alarcon B, Fernandez-Miguel G, Lafaille J, de la Hera A, Tonegawa S, Kappes DJ. CD3 delta deficiency arrests development of the alpha beta but not the gamma delta T cell lineage. EMBO J. 1997;16(6):1360–70.PubMedPubMedCentral

32.
Paget C, Chow MT, Gherardin NA, Beavis PA, Uldrich AP, Duret H, Hassane M, Souza-Fonseca-Guimaraes F, Mogilenko DA, Staumont-Sallé D, Escalante NK, Hill GR, Neeson P, Ritchie DS, Dombrowicz D, Mallevaey T, Trottein F, Belz GT, Godfrey DI, Smyth MJ. CD3bright signals on γδ T cells identify IL-17A-producing Vγ6Vδ1+ T cells. Immunol Cell Biol. 2015;93(2):198–212.PubMed

33.
van Oers NS, Lowin-Kropf B, Finlay D, Connolly K, Weiss A. alpha beta T cell development is abolished in mice lacking both Lck and Fyn protein tyrosine kinases. Immunity. 1996;5(5):429–36.PubMed

34.
Endo Y, Ishikawa O, Negishi I. Zeta-chain-associated protein-70 molecule is essential for the proliferation and the final maturation of dendritic epidermal T cells. Exp Dermatol. 2005;14(3):188–93.PubMed

35.
Negishi I, Motoyama N, Nakayama K, Senju S, Hatakeyama S, Zhang Q, Chan AC, Loh DY. Essential role for ZAP-70 in both positive and negative selection of thymocytes. Nature. 1995;376(6539):435–8.PubMed

36.
Petrie HT, Zúñiga-Pflücker JC. Zoned out: functional mapping of stromal signaling microenvironments in the thymus. Annu Rev Immunol. 2007;25:649–79.PubMed

37.
Mócsai A, Ruland J, Tybulewicz VL. The SYK tyrosine kinase: a crucial player in diverse biological functions. Nat Rev Immunol. 2010;10(6):387–402.PubMedPubMedCentral

38.
Cheng AM, Negishi I, Anderson SJ, Chan AC, Bolen J, Loh DY, Pawson T. The Syk and ZAP-70 SH2-containing tyrosine kinases are implicated in pre-T cell receptor signaling. Proc Natl Acad Sci U S A. 1997;94(18):9797–801.PubMedPubMedCentral

39.
Au-Yeung BB, Melichar HJ, Ross JO, Cheng DA, Zikherman J, Shokat KM, Robey EA, Weiss A. Quantitative and temporal requirements revealed for Zap70 catalytic activity during T cell development. Nat Immunol. 2014;15(7):687–94.PubMedPubMedCentral

40.
Gu Y, Chae HD, Siefring JE, Jasti AC, Hildeman DA, Williams DA. RhoH GTPase recruits and activates Zap70 required for T cell receptor signaling and thymocyte development. Nat Immunol. 2006;7(11):1182–90.PubMed

41.
Dorn T, Kuhn U, Bungartz G, Stiller S, Bauer M, Ellwart J, Peters T, Scharffetter-Kochanek K, Semmrich M, Laschinger M, Holzmann B, Klinkert WE, Straten PT, Kollgaard T, Sixt M, Brakebusch C. RhoH is important for positive thymocyte selection and T-cell receptor signaling. Blood. 2007;109(6):2346–55.PubMed

42.
Tamehiro N, Oda H, Shirai M, Suzuki H. Overexpression of RhoH permits to bypass the pre-TCR checkpoint. PLoS One. 2015;10(6):e0131047.PubMedPubMedCentral

43.
Chae HD, Siefring JE, Hildeman DA, Gu Y, Williams DA. RhoH regulates subcellular localization of ZAP-70 and Lck in T cell receptor signaling. PLoS One. 2010;5(11):e13970.PubMedPubMedCentral

44.
Zhang W, Sommers CL, Burshtyn DN, Stebbins CC, DeJarnette JB, Trible RP, Grinberg A, Tsay HC, Jacobs HM, Kessler CM, Long EO, Love PE, Samelson LE. Essential role of LAT in T cell development. Immunity. 1999;10(3):323–32.PubMed

45.
Fayard E, Moncayo G, Hemmings BA, Holländer GA. Phosphatidylinositol 3-kinase signaling in thymocytes: the need for stringent control. Sci Signal. 2010;3(135):re5.PubMed

46.
Stritesky GL, Jameson SC, Hogquist KA. Selection of self-reactive T cells in the thymus. Annu Rev Immunol. 2012;30:95–114.PubMed

47.
Takahama Y, Ohigashi I, Baik S, Anderson G. Generation of diversity in thymic epithelial cells. Nat Rev Immunol. 2017;17(5):295–305.PubMed

48.
Turner M, Mee PJ, Costello PS, Williams O, Price AA, Duddy LP, Furlong MT, Geahlen RL, Tybulewicz VL. Perinatal lethality and blocked B-cell development in mice lacking the tyrosine kinase Syk. Nature. 1995;378(6554):298–302.PubMed

49.
Cheng AM, Rowley B, Pao W, Hayday A, Bolen JB, Pawson T. Syk tyrosine kinase required for mouse viability and B-cell development. Nature. 1995;378(6554):303–6.PubMed

50.
Molina TJ, Kishihara K, Siderovski DP, van Ewijk W, Narendran A, Timms E, Wakeham A, Paige CJ, Hartmann KU, Veillette A. Profound block in thymocyte development in mice lacking p56lck. Nature. 1992;357(6374):161–4.PubMed

51.
Jang IK, Zhang J, Chiang YJ, Kole HK, Cronshaw DG, Zou Y, Gu H. Grb2 functions at the top of the T-cell antigen receptor-induced tyrosine kinase cascade to control thymic selection. Proc Natl Acad Sci U S A. 2010;107(23):10620–5.PubMedPubMedCentral

52.
Sakaguchi N, Takahashi T, Hata H, Nomura T, Tagami T, Yamazaki S, Sakihama T, Matsutani T, Negishi I, Nakatsuru S, Sakaguchi S. Altered thymic T-cell selection due to a mutation of the ZAP-70 gene causes autoimmune arthritis in mice. Nature. 2003;426(6965):454–60.PubMed

53.
Fu G, Vallée S, Rybakin V, McGuire MV, Ampudia J, Brockmeyer C, Salek M, Fallen PR, Hoerter JA, Munshi A, Huang YH, Hu J, Fox HS, Sauer K, Acuto O, Gascoigne NR. Themis controls thymocyte selection through regulation of T cell antigen receptor-mediated signaling. Nat Immunol. 2009;10(8):848–56.PubMedPubMedCentral

54.
Johnson AL, Aravind L, Shulzhenko N, Morgun A, Choi SY, Crockford TL, Lambe T, Domaschenz H, Kucharska EM, Zheng L, Vinuesa CG, Lenardo MJ, Goodnow CC, Cornall RJ, Schwartz RH. Themis is a member of a new metazoan gene family and is required for the completion of thymocyte positive selection. Nat Immunol. 2009;10(8):831–9.PubMedPubMedCentral

55.
Kakugawa K, Yasuda T, Miura I, Kobayashi A, Fukiage H, Satoh R, Matsuda M, Koseki H, Wakana S, Kawamoto H, Yoshida H. A novel gene essential for the development of single positive thymocytes. Mol Cell Biol. 2009;29(18):5128–35.PubMedPubMedCentral

56.
Lesourne R, Uehara S, Lee J, Song KD, Li L, Pinkhasov J, Zhang Y, Weng NP, Wildt KF, Wang L, Bosselut R, Love PE. Themis, a T cell-specific protein important for late thymocyte development. Nat Immunol. 2009;10(8):840–7.PubMedPubMedCentral

57.
Patrick MS, Oda H, Hayakawa K, Sato Y, Eshima K, Kirikae T, Iemura S, Shirai M, Abe T, Natsume T, Sasazuki T, Suzuki H. Gasp, a Grb2-associating protein, is critical for positive selection of thymocytes. Proc Natl Acad Sci U S A. 2009;106(38):16345–50.PubMedPubMedCentral

58.
Fu G, Casas J, Rigaud S, Rybakin V, Lambolez F, Brzostek J, Hoerter JA, Paster W, Acuto O, Cheroutre H, Sauer K, Gascoigne NR. Themis sets the signal threshold for positive and negative selection in T-cell development. Nature. 2013;504(7480):441–5.PubMedPubMedCentral

59.
Mehta M, Brzostek J, Chen EW, Tung DWH, Chen S, Sankaran S, Yap J, Rybakin V, Gascoigne NRJ. Themis-associated phosphatase activity controls signaling in T cell development. Proc Natl Acad Sci U S A. 2018;115(48):E11331–E40.PubMedPubMedCentral

60.
Choi S, Warzecha C, Zvezdova E, Lee J, Argenty J, Lesourne R, Aravind L, Love PE. THEMIS enhances TCR signaling and enables positive selection by selective inhibition of the phosphatase SHP-1. Nat Immunol. 2017;18(4):433–41.PubMedPubMedCentral

61.
Ishikawa E, Kosako H, Yasuda T, Ohmuraya M, Araki K, Kurosaki T, Saito T, Yamasaki S. Protein kinase D regulates positive selection of CD4. Nat Commun. 2016;7:12756.PubMedPubMedCentral

62.
Wang D, Zheng M, Lei L, Ji J, Yao Y, Qiu Y, Ma L, Lou J, Ouyang C, Zhang X, He Y, Chi J, Wang L, Kuang Y, Wang J, Cao X, Lu L. Tespa1 is involved in late thymocyte development through the regulation of TCR-mediated signaling. Nat Immunol. 2012;13(6):560–8.PubMed

63.
Zou Q, Jin J, Xiao Y, Hu H, Zhou X, Jie Z, Xie X, Li JY, Cheng X, Sun SC. T cell development involves TRAF3IP3-mediated ERK signaling in the Golgi. J Exp Med. 2015;212(8):1323–36.PubMedPubMedCentral

64.
Muñoz-Ruiz M, Sumaria N, Pennington DJ, Silva-Santos B. Thymic determinants of γδ T cell differentiation. Trends Immunol. 2017;38(5):336–44.PubMed

65.
Taghon T, Yui MA, Pant R, Diamond RA, Rothenberg EV. Developmental and molecular characterization of emerging beta- and gammadelta-selected pre-T cells in the adult mouse thymus. Immunity. 2006;24(1):53–64.PubMed

66.
Prinz I, Sansoni A, Kissenpfennig A, Ardouin L, Malissen M, Malissen B. Visualization of the earliest steps of gammadelta T cell development in the adult thymus. Nat Immunol. 2006;7(9):995–1003.PubMed

67.
Muro R, Nitta T, Nakano K, Okamura T, Takayanagi H, Suzuki H. gammadeltaTCR recruits the Syk/PI3K axis to drive proinflammatory differentiation program. J Clin Invest. 2018;128(1):415–26.PubMed

68.
Hayes SM, Li L, Love PE. TCR signal strength influences alphabeta/gammadelta lineage fate. Immunity. 2005;22(5):583–93.PubMed

69.
Haks MC, Lefebvre JM, Lauritsen JP, Carleton M, Rhodes M, Miyazaki T, Kappes DJ, Wiest DL. Attenuation of gammadeltaTCR signaling efficiently diverts thymocytes to the alphabeta lineage. Immunity. 2005;22(5):595–606.PubMed

70.
Schweighoffer E, Fowlkes BJ. Positive selection is not required for thymic maturation of transgenic gamma delta T cells. J Exp Med. 1996;183(5):2033–41.PubMed

71.
Zeng X, Wei YL, Huang J, Newell EW, Yu H, Kidd BA, Kuhns MS, Waters RW, Davis MM, Weaver CT, Chien YH. γδ T cells recognize a microbial encoded B cell antigen to initiate a rapid antigen-specific interleukin-17 response. Immunity. 2012;37(3):524–34.PubMedPubMedCentral

72.
Palacios EH, Weiss A. Distinct roles for Syk and ZAP-70 during early thymocyte development. J Exp Med. 2007;204(7):1703–15.PubMedPubMedCentral

73.
Fahl SP, Coffey F, Kain L, Zarin P, Dunbrack RL, Teyton L, Zúñiga-Pflücker JC, Kappes DJ, Wiest DL. Role of a selecting ligand in shaping the murine γδ-TCR repertoire. Proc Natl Acad Sci U S A. 2018;115(8):1889–94.PubMedPubMedCentral

74.
Narita T, Nitta T, Nitta S, Okamura T, Takayanagi H. Mice lacking all of the Skint family genes. Int Immunol. 2018;30(7):301–9.PubMed

75.
Barbee SD, Woodward MJ, Turchinovich G, Mention JJ, Lewis JM, Boyden LM, Lifton RP, Tigelaar R, Hayday AC. Skint-1 is a highly specific, unique selecting component for epidermal T cells. Proc Natl Acad Sci U S A. 2011;108(8):3330–5.PubMedPubMedCentral

76.
Boyden LM, Lewis JM, Barbee SD, Bas A, Girardi M, Hayday AC, Tigelaar RE, Lifton RP. Skint1, the prototype of a newly identified immunoglobulin superfamily gene cluster, positively selects epidermal gammadelta T cells. Nat Genet. 2008;40(5):656–62.PubMedPubMedCentral

77.
Turchinovich G, Hayday AC. Skint-1 identifies a common molecular mechanism for the development of interferon-gamma-secreting versus interleukin-17-secreting gamma delta T cells. Immunity. 2011;35(1):59–68.PubMed

78.
Ribot JC, de Barros A, Pang DJ, Neves JF, Peperzak V, Roberts SJ, Girardi M, Borst J, Hayday AC, Pennington DJ, Silva-Santos B. CD27 is a thymic determinant of the balance between interferon-gamma- and interleukin 17-producing gammadelta T cell subsets. Nat Immunol. 2009;10(4):427–36.PubMedPubMedCentral

79.
Sumaria N, Grandjean CL, Silva-Santos B, Pennington DJ. Strong TCRγδ signaling prohibits thymic development of IL-17A-secreting γδ T cells. Cell Rep. 2017;19(12):2469–76.PubMedPubMedCentral

80.
In TSH, Trotman-Grant A, Fahl S, Chen ELY, Zarin P, Moore AJ, Wiest DL, Zúñiga-Pflücker JC, Anderson MK. HEB is required for the specification of fetal IL-17-producing γδ T cells. Nat Commun. 2017;8(1):2004.PubMedPubMedCentral

81.
Malhotra N, Narayan K, Cho OH, Sylvia KE, Yin C, Melichar H, Rashighi M, Lefebvre V, Harris JE, Berg LJ, Kang J, Consortium IGP. A network of high-mobility group box transcription factors programs innate interleukin-17 production. Immunity. 2013;38(4):681–93.PubMed

82.
Laird RM, Laky K, Hayes SM. Unexpected role for the B cell-specific Src family kinase B lymphoid kinase in the development of IL-17-producing γδ T cells. J Immunol. 2010;185(11):6518–27.PubMedPubMedCentral

83.
Wencker M, Turchinovich G, Di Marco BR, Deban L, Jandke A, Cope A, Hayday AC. Innate-like T cells straddle innate and adaptive immunity by altering antigen-receptor responsiveness. Nat Immunol. 2014;15(1):80–7.PubMed

84.
Munoz-Ruiz M, Ribot JC, Grosso AR, Goncalves-Sousa N, Pamplona A, Pennington DJ, Regueiro JR, Fernandez-Malave E, Silva-Santos B. TCR signal strength controls thymic differentiation of discrete proinflammatory gammadelta T cell subsets. Nat Immunol. 2016;17(6):721–7.PubMedPubMedCentral

85.
Blanco R, Borroto A, Schamel W, Pereira P, Alarcon B. Conformational changes in the T cell receptor differentially determine T cell subset development in mice. Sci Signal. 2014;7(354):ra115.PubMed

86.
Roller A, Perino A, Dapavo P, Soro E, Okkenhaug K, Hirsch E, Ji H. Blockade of phosphatidylinositol 3-kinase PI3Kδ or PI3Kγ reduces IL-17 and ameliorates imiquimod-induced psoriasis-like dermatitis. J Immunol. 2012;189(9):4612–20.PubMed

87.
Kurebayashi Y, Nagai S, Ikejiri A, Ohtani M, Ichiyama K, Baba Y, Yamada T, Egami S, Hoshii T, Hirao A, Matsuda S, Koyasu S. PI3K-Akt-mTORC1-S6K1/2 axis controls Th17 differentiation by regulating Gfi1 expression and nuclear translocation of RORγ. Cell Rep. 2012;1(4):360–73.PubMed

88.
Chen Y, Ci X, Gorentla B, Sullivan SA, Stone JC, Zhang W, Pereira P, Lu J, Zhong XP. Differential requirement of RasGRP1 for gammadelta T cell development and activation. J Immunol. 2012;189(1):61–71.PubMedPubMedCentral

89.
Gorentla BK, Wan CK, Zhong XP. Negative regulation of mTOR activation by diacylglycerol kinases. Blood. 2011;117(15):4022–31.PubMedPubMedCentral

90.
Van Laethem F, Tikhonova AN, Pobezinsky LA, Tai X, Kimura MY, Le Saout C, Guinter TI, Adams A, Sharrow SO, Bernhardt G, Feigenbaum L, Singer A. Lck availability during thymic selection determines the recognition specificity of the T cell repertoire. Cell. 2013;154(6):1326–41.PubMedPubMedCentral

91.
Chu DH, Spits H, Peyron JF, Rowley RB, Bolen JB, Weiss A. The Syk protein tyrosine kinase can function independently of CD45 or Lck in T cell antigen receptor signaling. EMBO J. 1996;15(22):6251–61.PubMedPubMedCentral

92.
Gong Q, White L, Johnson R, White M, Negishi I, Thomas M, Chan AC. Restoration of thymocyte development and function in zap-70−/− mice by the Syk protein tyrosine kinase. Immunity. 1997;7(3):369–77.PubMed

93.
Spidale NA, Sylvia K, Narayan K, Miu B, Frascoli M, Melichar HJ, Zhihao W, Kisielow J, Palin A, Serwold T, Love P, Kobayashi M, Yoshimoto M, Jain N, Kang J. Interleukin-17-producing γδ T cells originate from SOX13. Immunity. 2018;49(5):857–72 e5.PubMed

94.
Shibata K, Yamada H, Sato T, Dejima T, Nakamura M, Ikawa T, Hara H, Yamasaki S, Kageyama R, Iwakura Y, Kawamoto H, Toh H, Yoshikai Y. Notch-Hes1 pathway is required for the development of IL-17-producing gammadelta T cells. Blood. 2011;118(3):586–93.PubMed

95.
Do JS, Fink PJ, Li L, Spolski R, Robinson J, Leonard WJ, Letterio JJ, Min B. Cutting edge: spontaneous development of IL-17-producing gamma delta T cells in the thymus occurs via a TGF-beta 1-dependent mechanism. J Immunol. 2010;184(4):1675–9.PubMedPubMedCentral

96.
Michel ML, Pang DJ, Haque SF, Potocnik AJ, Pennington DJ, Hayday AC. Interleukin 7 (IL-7) selectively promotes mouse and human IL-17-producing gammadelta cells. Proc Natl Acad Sci U S A. 2012;109(43):17549–54.PubMedPubMedCentral

97.
Fujikado N, Mann AO, Bansal K, Romito KR, Ferre EMN, Rosenzweig SD, Lionakis MS, Benoist C, Mathis D. Aire inhibits the generation of a perinatal population of interleukin-17A-producing gammadelta T cells to promote immunologic tolerance. Immunity. 2016;45(5):999–1012.PubMedPubMedCentral

98.
Nitta T, Muro R, Shimizu Y, Nitta S, Oda H, Ohte Y, Goto M, Yanobu-Takanashi R, Narita T, Takayanagi H, Yasuda H, Okamura T, Murata S, Suzuki H. The thymic cortical epithelium determines the TCR repertoire of IL-17-producing gammadeltaT cells. EMBO Rep. 2015;16(5):638–53.PubMedPubMedCentral

99.
Wang HX, Shin J, Wang S, Gorentla B, Lin X, Gao J, Qiu YR, Zhong XP. mTORC1 in thymic epithelial cells is critical for Thymopoiesis, T-cell generation, and temporal control of gammadeltaT17 development and TCRgamma/delta recombination. PLoS Biol. 2016;14(2):e1002370.PubMedPubMedCentral

100.
Mair F, Joller S, Hoeppli R, Onder L, Hahn M, Ludewig B, Waisman A, Becher B. The NFκB-inducing kinase is essential for the developmental programming of skin-resident and IL-17-producing γδ T cells. Elife. 2015;4:e10087.PubMedPubMedCentral

101.
Haas JD, Ravens S, Duber S, Sandrock I, Oberdorfer L, Kashani E, Chennupati V, Fohse L, Naumann R, Weiss S, Krueger A, Forster R, Prinz I. Development of interleukin-17-producing gammadelta T cells is restricted to a functional embryonic wave. Immunity. 2012;37(1):48–59.PubMed

102.
Papotto PH, Gonçalves-Sousa N, Schmolka N, Iseppon A, Mensurado S, Stockinger B, Ribot JC, Silva-Santos B. IL-23 drives differentiation of peripheral γδ17 T cells from adult bone marrow-derived precursors. EMBO Rep. 2017;18(11):1957–67.PubMedPubMedCentral

103.
Ikawa T, Hirose S, Masuda K, Kakugawa K, Satoh R, Shibano-Satoh A, Kominami R, Katsura Y, Kawamoto H. An essential developmental checkpoint for production of the T cell lineage. Science. 2010;329(5987):93–6.PubMed




OEBPS/sidebar.gif





OEBPS/A41232_2019_95_Fig1_HTML.png
apc T OaE e

OO
MHC
Class lorll

-------------------

Nuclear





OEBPS/cc-by.png
() _®





OEBPS/A41232_2019_95_Fig3_HTML.png
TCR signal Negativeselection
strength

TCRB pTa TCRp TCRa 2 Treg development

B-selection
(Ligand-independent)

Positive selection

& O

CD4SP CD8SP

DN

(Ligand-dependent)

TCR signal

TCRS TCRy \ strength
yd-selection

(Ligand-independent)

y8T17 priming

{ o1
yd precursor .
(cD5" cp24h (cDs" cD240)

¥917
(Ligand-dependent)





OEBPS/contact.gif





OEBPS/A41232_2019_95_Fig2_HTML.png
SSC-A

Retroviral infection Cultured on Tst4/Dll4 c

Lat-deficient DN3 (Lat)
250K
< 200l Dﬁ
& e 57 || sorting _ % @ »-94
3 >Tos e
s ¥ST precursor
TCR&
H Cultured cells B N
(Day 5) EGFP EGFP TCRs' CD3'
51.147.5 3 Isotype
z = EGFP
* - EGFP
EGFP (Lat) CD3e > cD5

EGFP EGFP’
TCRs' cD3' TCR5 CD3"

Terd
Egr3
Runx3
Bcel2
Rag1
Rag2
Ptcra

Fold change

0.0 0.5 1.0





