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Abstract
The mechanism promoting exacerbated immune responses in allergy and autoimmunity as well as those blunting the immune control of cancer cells are of primary interest in medicine. Diacylglycerol kinases (DGK) are key modulators of signal transduction, which blunts diacylglycerol signals and produces phosphatidic acid. By modulating lipid second messengers, DGK modulate the activity of downstream signaling proteins, vesicle trafficking and membrane shape. The biological role of the DGK α and ζ isoforms in immune cells differentiation and effector function was subject to in deep investigations. DGK α and ζ resulted to negatively regulate in synergistic way basal and receptor induced diacylglycerol signals in T cells as well as leukocytes. In this way, they contribute to keep under control the immune response but also down modulate immune response against tumors. Alteration in DGKα activity are also implicated in the pathogenesis of genetic perturbations of the immune function such as the X-linked lymphoproliferative disease 1 and localized juvenile periodontitis. Those findings suggested a participation of DGK to the pathogenetic mechanisms underlying several immune-mediated diseases and prompted several researches aiming to target DGK with pharmacologic and molecular strategies. Those findings are discussed inhere together with experimental applications in tumors as well as in other immune mediated diseases such as asthma. 
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Introduction
Diacylglycerol kinases (DGK) are a multigenic family of lipid kinases balancing diacylglycerol (DAG) and phosphatidic acid (PA) intracellular signaling. To assure the appropriate cellular response the expression, activity and localization of each isoform is tightly controlled. With the use of investigational drugs and genetic models, we are starting to decipher their biological relevance at least in the immune system and in tumors. Indeed, deregulation of DGK expression or activity is implied in diverse pathologies, including tumor evasion of immune response, primary immunodeficiency, immune mediated tissue damage but also tumor growth and metastatization. As a result, there is also an increasing attention to their potential as drug targets for novel therapies in oncology and immunology. Herein, we focus on DGK role in the immune system homeostasis and the potential utility of modulating their activity in immune mediated disorders with a specific attention to the lungs. 

DGK role in phospholipid signaling 
Membrane phospholipids are key components of cellular signal transduction pathways [1]. In response to extracellular stimuli, lipid remodeling  generates lipid second messengers able to localize and activate effector proteins contributing to the spatial and temporal organization of cell signaling. The hydrolysis of phosphatidylinositol 4,5-bisphosphate by phospholipase C (PLC) is the best characterized source of signaling active DAG [2]. However, DAG important for signaling can also originate by PA dephosphorylation [3] or sphingomyelin synthase action [4]. Indeed, quantitative studies indicates that, depending on the cellular context, DGK family members can use phosphadylinositol, phosphatidylcholine or sphingomyelin synthase derived DAG as a substrate [5, 6]. Small and localized DAG pools activates different effector proteins containing the DAG responsive C1 domain, such as conventional and novel protein kinase C (PKC), protein kinase D, Munc-13, transient receptor potential (TRP) channel, and Ras guanyl nucleotide releasing protein (RasGRP) [7]. Levels of DAG are tightly controlled to maintain cellular responsiveness within a physiological range, because sustained activation of the DAG signaling may cause a failure in cellular homeostasis, promoting for example tumorigenesis or cell death [8]. 
The human DGK’s family comprise 10 different genes featuring a homologous catalytic domain metabolizing DAG by phosphorylation to PA but endowed with isoform specific regulatory domains. PA, produced by DGK but also by phospholipase D, is an important intermediate in the synthesis of all phospholipids but also an active signaling molecule in mammalian cells. As a lipid second messenger, it performs specific tasks in a wide range of biological processes. For, example, it regulates phosphatidylinositol-4-phosphate-5-kinase, Ras GTPase-activating protein, Raf-1 kinase and atypical PKC. Therefore, it is essential that the cellular concentrations of PA are strictly regulated balancing its generation with its consumption by metabolizing enzymes. Some studies indicate that the DGK-dependent production of PA is important for interleukin-2 (IL-2)-induced T-cell proliferation [9, 10], however, it remains unclear what PA molecular species are involved during IL-2-dependent T-cell proliferation. Using liquid chromatography/electrospray ionization mass spectrometry (LC/ESIMS) is possible to detect molecular species of phospholipids in cells [11] and an important study by Mizuno et al [12] was able to optimize LC/MS conditions to improve the quantitative detection of PA molecular species from a cellular lipid mixture. Using this newly developed LC/MS method, the authors showed that stimulation of CTLL-2 murine T-lymphocytes by IL-2 induced a significant increase of a broad range of mono and polyunsaturated-PA species, suggesting that DGK IL-2-dependently and selectively generated these specific PA species (Fig. 1).
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Fig. 1 Schematic presentation of the biological and metabolic functions of DAG and DGK in T cells

Isozymes of the DGK family show different properties in terms of enzymatic activity, tissue distribution, cellular expression, subcellular localization, and binding partners [13]. To date, 10 mammalian DGK isozymes (α, β, γ, δ, η, κ, ε, ζ, ι and θ) have been identified, and these isozymes are subdivided into five groups according to different N terminal regulatory domains dictating isoform specific activation and localization mechanisms  [14, 15]. Differences in the expression patterns and distinct subcellular localization point to divergent biological roles for the DGK family members. Indeed, recent studies have revealed that the DGK isozymes are crucial for a wide variety of signal transduction pathways involved in development, neural and immune responses, cytoskeleton reorganization, glucose incorporation and carcinogenesis [16]. For example, the α-isozyme of DGK regulates the proliferation of hepatocellular carcinoma [17] and melanoma [18], while DGKζ plays a role in skeletal muscle growth and differentiation [19] and cardiac hypertrophy [20, 21] and DGKδ has been associated with the development of insulin resistance and type 2 diabetes [22]. 
Most of DGK isozymes are abundantly expressed in the brain and the immune system, suggesting an interesting and unique role played in these tissues. While in the brain DGK activity has been implicated in memory and connectivity [23], their function is best characterized in the immune system. Several studies described high expression levels of DGKα [24] and DGKζ [25] in the thymus, where they are supposed to have a negative function in T cell receptor (TCR) response [26]. These findings were confirmed by studies using knockout mice, providing valuable information related to the functional roles of these isozymes in T lymphocytes [27, 28]. It is interesting to note that DGKα protein expression appears to be restricted to certain cell types such as T cells and oligodendrocytes, while DGKζ is expressed more ubiquitously in the brain, lungs, heart, hematopoietic system and skeletal muscles. Recent important studies showed that DGKα (at the mRNA level) can be expressed also in other hematopoietic cells including mast cells and macrophages. Therefore, to elucidate the functional implications of the entire DGK family in immune cells, Yamamoto et al. strove to clarify the mRNA expression patterns of the DGK isozymes in human immune cells and to investigate whether their mRNA expression levels are changed during an inflammatory reaction or not. They found that DGKα, DGKδ, DGKε and DGKζ are ubiquitously expressed, while DGKθ is expressed at low levels and DGKβ and DGKι are absent. Conversely the expression of DGKγ is restricted to monocytes, neutrophils and B cells and, complementarily, expression of DGKη is a feature of T cells [29]. Interestingly, DGKε mRNA was transiently increased in the early phase (20-40 min) of stimulation with either LPS or IL-2 in T cell and macrophage cells lines. Moreover, an intraperitoneal injection of LPS also induced upregulation of DGKε mRNA in the spleen in a similar but not identical manner, suggesting its role in inflammatory processes of the cellular immune system [29]. 

DGK in the immune system
T cell development and activation
Despite the expression of several DGK isoforms in T cells, previous studies have revealed a critical role only for α and ζ isoforms of DGK in T cell development and effector functions. Conversely, the functional significance of DGKδ and DGKη in those cells remain unclear. 
During T cell development in the thymus, several signaling pathways such as Ras/MAPK, NF-κB and NFAT play a critical role in thymocyte selection. The use of murine models demonstrated that PLCγ1 deficiency in thymocytes impairs both positive and negative selection process, suggesting a potential role for DAG-mediated signals in T cell development [30]. The importance of correct levels of DAG in the thymus is also evidenced by the observation that in mice DGK activity levels are critical. Indeed, signaling by the pre-TCR increased DGKα expression in thymocytes [31], but forced expression of active DGKα perturbs Ras/MAPK pathway and thymic selection by metabolizing DAG and causing a marked accumulation of immature CD8+ thymocytes, a reduction in positive selected populations and lymphopenia at the periphery [32]. The observation that isolated deficiency of either DGKα or DGKζ does not obviously alter T cell maturation, while simultaneous loss of both results in a significant decrease of CD4 or CD8 single-positive thymocytes and invariant natural killer T cell (iNKT) indicates that DGKα and DGKζ synergistically regulate T and iNKT cell development [33]. Indeed, the combined deficiency of the two isoforms led to a severe block in murine thymocyte development at the double-positive stage with a dramatic reduction in mature CD4 and CD8 single-positive number. Moreover, crossing in the HY-TCR transgenic mice revealed that combined deficiency of DGKα and ζ is associated with impaired positive selection but not negative selection [34]. Interestingly the developmental block due to DGKα and ζ deficiency is partially relived by exogenous PA suggesting that it is due not only to DAG accumulation but, conversely, DGK produced PA also plays a role in T cell development, probably by transducing cytokine signaling [34, 35]. Those data also indicate a considerable functional redundancy between DGKα and DGKζ in murine thymic function. However, the function of the two isoform is not fully redundant as single deletion of DGKζ is sufficient to push TCR signaling and the output of T regulatory cells, as those cells results from strong TCR signaling through Ras/MAPK and NF-kB pathways [36, 37].
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Fig. 2 DGKα/ζ as negative regulators of TCR signaling
A) In naïve T cells. High DGKα and DGKζ activity limits DAG accumulation and TCR signaling.
B) Productive CD8+ T cell activation downmodulates DGKα and DGKζ activity and expression also trough SAP. This leads to sufficient DAG accumulation at the IS for effector functions and proliferation as well as restimulation induced cell death (RICD).
C) In the immunosuppressive tumor microenvironment, inhibitory receptors in conjunction with DGKα/ζ activity down modulates TCR signaling.
D) In this anergy/exaustion context, DGK inhibition restores sufficient DAG signaling for effector functions.

In mature naïve T cells both DGKα and DGKζ isoforms are markedly expressed and their activity help in maintenance of self-tolerance by preventing T cell hyper-activation upon TCR stimulation and promoting T cell anergy (Fig. 2).  In vitro, both DGKα and DGKζ are recruited to the TCR signalosome and by metabolizing DAG act as negative regulators of the Ras/MAPK pathway that controls gene expression through AP-1, but also T cell metabolism through the mTOR complexes 1 and 2 [38]. In line with a threshold functions, DGKα and DGKζ are downregulated at the transcriptional and post-transcriptional level after strong TCR/CD28 co-stimulation leading to easier activation in antigen experienced T cells [28, 39]. This down-modulation of DGK activity is a key step during T cell activation as other studies have shown a critical role of DGKα in the induction and enforcement of T cell anergy. In primary T cells, both DGKα and ζ are expressed at higher levels in the anergic state than in the activate state [27]. TCR engagement in absence of costimulation maintains DGKα expression high, driving T lymphocytes into an hyporesponsive status known as anergy, as a result of unbalanced Ca2+- and DAG-regulated signals [40]. Excessive DGKα activity is a key event in anergy establishment as its deletion or inhibition is sufficient to restore normal T cell responses [27].  Those data suggest a model of T cell anergy in which DGKα and DGKζ selectively reduced DAG-mediated signals in the absence of co-stimulation to promote induction and enforcement of anergy but their downregulation make activated cells more responsive to further activation during the immune response. Accordingly, one study showed that mice deficient in DGKζ have slightly fewer T cells in the periphery, but those DGKζ deficient T cells express more activation markers and proliferate more rapidly, suggesting that DGKζ deficiency enhances T cell activation and proliferation [27, 28]. Indeed, in both human and murine T cells DGKζ has a predominant role as a negative regulator of basal and co-stimulatory signals including the DAG dependent RasGRP driven Ras/MAPK pathway as well as the PKCθ activity toward both the PDK-1/AKT pathway and the NF-κB-mediated transcription activation [41]. 
While is well characterized the importance of DGKα in the control of carcinoma cell adhesion and migration [42, 43] and DGKζ in fibroblast cytoskeleton [44], surprisingly few works have explored the role of DGK in T cell extravasation and migration. An interesting work evaluated the role of DGKζ in T lymphocyte arrest within microvasculature, which is known to be an essential process in immune surveillance and in the adaptive immune response. Integrins and chemokines determine when and where T cells stop under flow via chemokine-triggered inside-out activation of integrins. DAG can control molecules crucial to the activation of integrin lymphocyte function-associated antigen 1 (LFA-1). The authors found that deficiency of DGKζ in murine T cells significantly increased firm arrest to inter-cellular adhesion molecule 1, demonstrating that DGKζ is a negative regulator of CXCL12-triggered inside-out activation of LFA1 and firm adhesion of T cells under shear flow [45]. 
From a functional perspective, DGK activity in CD8+ T cells reduces primary responses against viral infections and tumor antigens while they promote expansion of viral-specific memory CD8+ T cells during secondary infection. DAG accumulation due to knockdown of either DGKα or DGKζ resulted in enhanced effector CD8+ T cell expansion and effector functions upon infection with lymphocytic choriomeningitis virus (LCMV) but slightly decreased memory CD8+ T cell responses [28, 46, 47]. Conversely, contemporary deletion of DGKα and DGKζ impairs naive CD8 T cell differentiation in CD8+ effector, their effector function and also differentiation in memory cells and memory cell survival and proliferation [48]. Whether the signaling defects observed in the double DGKα/ζ knockdown are due to excessive DAG accumulation or to a PA deficiency is unknown. Although both DGKα and ζ exert similar roles in CD8+ T cells during anti-LCMV responses, some differences between these two DGK isoforms have been noticed. DGKζ appears to play a stronger role than DGKα, because the enhanced anti-LCMV response seen in DGKα knocked-out mice appears to rely, at least partially, on T cell extrinsic factors. The different antiviral effectiveness between DGKα and DGKζ deficiency is not surprising because there are important differences in the structure and activation of these proteins. DGKα requires the binding of Ca2+ to achieve full enzymatic activity, whereas DGKζ is not sensitive to such regulation. Furthermore, DGKζ contains a nuclear localization sequence within its myristoylated alanine-rich C-kinase substrate domain, which may give DGKζ regulatory functions not associated with DGKα. Finally, these enzymes may serve important non-enzymatic functions by acting as protein docking substrates, where differences in primary and tertiary protein structure determine the components of multiprotein signaling complexes. This is as exemplified by the kinase independent role of DGKα in costimulatory signals leading to Lck activation [49] and DGKζ scaffolding function for RhoA activation [44]. These data indicate that naive and memory CD8+ T cells responses could be differentially regulated by signaling molecules modulated by DGK activity during antiviral immune responses. 
Recent in vitro works help to understand this point by establishing an important role for DGK activity at the immune synapse (IS) and identifying partners that modulate DGK function, providing also additional evidences on the important role of membrane trafficking in the regulation of T cell functions. Previous studies using Jurkat and other cell lines have demonstrated the accumulation of DAG at the IS prompted by TRC signaling [50]. Local delivery of DAG by photo-activation has revealed that the polarization of microtubule organizing center (MTOC) towards the immune synapse is driven by this localized DAG accumulation in the cell membrane [51] and it is blocked by PLCγ inhibition, suggesting a pivotal role of DAG  in this process. This DAG gradient mediates the recruitment of three distinct PKC isoforms (η, θ and ε) and of dynein, driving MTOC localization between the nucleus and the IS and also F-actin clearance from IS [52, 53]. The polarization of the MTOC is thought to play an important role in directional secretion of cytokines, cytolytic molecules and other soluble factor by T cells. This localized accumulation of DAG is created by the joint action of localized generation by PLCγ at the TCR signalosome and the action of DGKα which accumulates specifically at the IS periphery limiting the diffusion of DAG and creating a step effect [54]. Conversely, DGKζ do not contribute to the gradient but is the principal responsible for DAG metabolism in the entire cells and also at the IS where it is important for maintaining negative control of DAG accumulation at the inter-synaptic space [55]. Strong TCR agonist peptides results in prolonged DAG production and allows DGKζ to generates the PA required for activation of atypical PKC which also contributes to MTOC localization toward the IS and polarized trafficking [56, 57]. Other experiments following a proteomics-based approach revealed that sorting nexing 27 (SNX27), a PDZ-domain containing protein that participates in vesicular and protein trafficking, could interact with DGKζ in a PDZ-dependent manner [58]. Following these observations more recent studies have suggested that SNX27 localizes to the IS after TCR engagement, while results from co-localization experiments with tagged SNX27 and  DGKζ overexpression argue against a role for DGKζ in recruiting SNX27 to the IS [59]. In this study, the authors found that when overexpressed, DGKζ appear to recruit SNX27 to the plasma membrane, consequently reducing the specific pool of SNX27 at the IS. They concluded that treatment with agents such as DGK inhibitors that perturb MTOC polarization may impair the ability of cytotoxic T cells to kill target cells. Another more recent study [60] investigated SNX27 links with DGKζ to the control of transcriptional and metabolic programs in T lymphocytes demonstrating that SNX27 interaction with DGKζ enables adequate metabolism of the DAG that is generated during T cell activation. In addition, SNX27 facilitates the normal growth of naive quiescent T cells when they have high metabolic demands. Also DGKα contributes to vesicular trafficking at the IS, but with different mechanisms and partners. Indeed, T cells can induce apoptosis of target cells by secreting exosomes that bear membrane-bound Fas-ligand (FasL) [61]. Results from a recent study shown that DGKα is an important negative regulator of the formation of mature multivesicular bodies involved in the secretion of FasL-containing exosomes by decreasing activation of PKD, which is required for vesicle maturation. Those FasL lethal-exosomes in cytotoxic T lymphocytes have a pivotal role in target apoptosis [62] but also play a role in activation induced cell death (or restimulation induced cell death, RICD), an immunomodulatory mechanism that limit expansion of T cells upon continuous stimulation [63].  
A pivotal role of DGKα and ζ has been also shown in NKT cells development. NKT cells are a rare subset of lymphocytes that express both NK family receptors and a semi-invariant TCR. NKT cells are able to produce an array of cytokines within minutes to hours of stimulation and to modulate several important immune phenomena including responses to infection and cancer, allergy and autoimmunity. A majority of NKT cells in humans and mice express a semi-invariant T cell receptor characterized by its unique V α 14-Jα 18 usage (iV α 14TCR). Upon interaction with glycolipid/ CD1d complexes, the iV α 14TCRs transduce signals that are essential for selection and maturation of those NKT, which are called type I or invariant NKT (iNKT) cells. An interesting study reported that simultaneous absence of DGK α and ζ causes severe defects in iNKT development, coincident with enhanced NF-κB and Ras/MAPK activation. In line with this, also constitutive IKKβ and Ras activities also result in iNKT developmental defects. The authors concluded that DAG-mediated signaling is not only essential but also needs to be tightly regulated for proper iNKT cell development  and to prevent T cell hyper-activation [33]. In this context DGKs (especially DGKα and DGKζ that are predominant isoforms expressed in T cells) play a critical role in regulating DAG levels, by removing it through phosphorylation to PA (Fig. 3). 
This paradigm also holds at the level of organ immunity. Indeed, an appropriate amount of DAG is required for mucosal-associated invariant T cell (expressing TCRVα19-Jα33) maturation in both thymus and spleen of mice. Even in this case a thigh regulation on DAG levels is exerted mainly by DGKζ with a minor contribution by DGKα [64].  
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Fig. 3 Schematic presentation of the deficiency effects of different diacylglycerol kinases isoforms

B lymphocytes and NK cells   
Even if less characterized, the role of DGK in B and NK cells resembles what observed in T lymphocytes. 
Also in B cells, DAG metabolism is mainly due to DGKζ while DGKα plays a minor role. DGKζ activity limits the Ras/MAPK pathway, antigen induced proliferation and maturation of B cells as well as antibody production. This also suggest that the affinity of B cell receptor for antigen translates in a proportional DAG signal in the murine B lymphocyte, where DGKζ acts a negative regulator creating a sort of threshold for affinity discrimination [65]. 
Natural killer (NK) cells carryout immunesurveillance against tumor and viral infected cells tanks to a complex array of activatory and inhibitory receptors. PLC derived DAG is a critical activatory second messenger in NK cells promoting PKC activity and the RasGRP1-MAPK pathway [66]. NK cells from DGKζ deficient mice are hyper-responsive in terms of MAPK-mediated cytokine production and degranulation. Those cells are also more active against tumor cells in vitro and in vivo [67]. Closely resembling T cell anergy, prolonged NK activation or stimulation by MHC class I deficient cells promotes a hyporesponsive state suggesting a defective signaling [68, 69]. Indeed, NK cells from human renal carcinoma  have a disabled MAPK pathway due to elevated DGKα expression that can be restored by DGKα inhibitors [70].

Macrophage maturation and activity   
Interestingly, both DAG and PA are induced after macrophages stimulation trough Toll like receptors (TLR) [71] suggesting a possible involvement of DGK in macrophage activation. Indeed, DGK’s isoform expression is modulated during differentiation: DGKγ decreases during differentiation into macrophages, a process that this isoform negatively regulates at least in vitro [72]. Conversely, DGKζ is highly expressed in monocytes, negatively regulates the differentiation in osteoclast and is downregulated at the protein level during osteoclastogenesis [73]. Upon prolonged exposure to alloplastic materials, activated macrophages fuse forming foreign body giant cell formation, a defense system but also one of the main reasons of graft rejection. DGK inhibitors or specific DGKδ knockdown prevents macrophage fusion and foreign body giant cell formation in vitro [74]
Phagocytosis of cellular debris and invading pathogens is one of the key function of mature macrophages. During phagocytosis an extensive lipid remodeling and metabolism is necessary in order to both remodel plasma membrane and to recruit adaptor and signaling proteins. In particular, classical and novel PKC and RasGRP3 are recruited to the phagosomes in a DAG dependent manner, where they promote respectively the activatory phosphorylation of p47phox and Rap1 recruitment to the phagocytic cup [75, 76]. Indeed, phagosomal membranes should reach a threshold DAG concentration to trigger NADPH mediated oxidative burst, which is potentiated by DGK inhibition [77]. While DAG signaling lead to the oxidative burst, DGK mediated production of PA at the plasma membrane triggers the basal ruffling and macropinocytic activity of macrophages by activating Rac1 [78]. Also during the formation of the phagocytic cup the PA generation by DGKζ contributes to phagocytosis by activating Rac1 via IQGAP1 [79]. At the phagocytic cup, PA not only controls actin dynamics, but also contributes to membrane bending and fission by generating negative membrane curvature [80]. The PA production by the TLR/DGKζ signaling pathway reaches also the nucleus, as it is also required for proinflammatory cytokine production by LPS stimulated macrophages [81]. Indeed DGKζ is induced in macrophages exposed to proinflamatory stimuli and its knockdown decreases in vitro M1 polarization and proinflammatory cytokine production and in vivo ameliorates disease in murine models of arthritis and of cytokine storm [82]. 
Thus, in vitro experiments and animal models suggest that DGKζ specific inhibitors may be of potential utility to control macrophage activities.

Neutrophils 
Neutrophils are key components of innate immunity to face bacterial and fungal infections; however, their inappropriate or excessive activation may contribute to tissue damage during autoimmune and inflammatory pathologies. Activation of PLCβ and PLCγ downstream to neutrophils surface receptors leads to the DAG and Ca2+ required for the local recruitment of conventional PKC and RasGRP4, which mediates oxidative burst and directional cell migration but also extracellular trap release and NETosis [83, 84]. Conversely, PA produced PLD and DGK activity has been reported to play a central role in cell adhesion and migration of leukocytes, especially of neutrophils [85]. PA promotes cell adhesion by binding to actin-related protein 3 among the others [86]. Moreover, PA is also a candidate mediator of oxidative burst as it can bind to the PX domain of NADPH oxidase p47 subunit together with phosphatidylinositol 3,4-bisphosphate. In this way, PA regulates membrane translocation of the p47 subunit and, together with PKC-mediated phosphorylation, promote oxidase activity [87]. Indeed, at least in vitro, DAG activates neutrophil’s NADPH oxidase only after conversion to PA by a DGK activity sensitive to R59022 (presumably DGKα) [88]. 
The direct role of  specific DGK isoforms in neutrophil biology is only partially known [89].  Among several isoforms expressed by the acute myeloid leukaemia cell line HL-60, DGKα is expressed during differentiation toward neutrophils and its inhibition arrest the cell cycle and accelerate differentiation. Those data suggest an important regulatory role of DGKα during neutrophils differentiation [90]. In a similar manner, DGKγ negatively controlled differentiation of the HL-60 cell line toward the monocyte-macrophage lineage, indicating an isoform-specific biological role of DGKs during cell linage commitment [72]. However, those findings were not replicated in murine knockdown animal models until now. All DGK isoforms are detectable by RT-PCR in differentiated human neutrophils, apart from DGKβ and DGKι [29]. Between the expressed ones, DGKα, DGKδ, and DGKγ are the most abundant [91].
Research with human neutrophils has mainly used two inhibitors quite selective for the DGKα isoform (R59022 and R59949). By potentiating DAG signals, those DGKα inhibitors remarkably enhances superoxide generation upon stimulation with fMet-Leu-Phe (fMLP), IgG, opsonized zymosan, leukotriene B4, or IL-8 [92, 93]. The effect on the oxidative burst is quite specific, as other effects such as the release of lysozyme and production of N-acetyl-beta-glucosaminidase triggered by fMLP are unaffected. The large amount of DAG produced by PLCβ upon stimulation of neutrophils with fMLP is metabolized mainly by DGKα, as evidenced by its accumulation in cells treated with the diacylglycerol kinase inhibitor R59022 [94, 95]. Indeed, DGKα is selectively activated at the membrane upon fMLP stimulation of neutrophils while is inhibited in TCR stimulated lymphocytes [96]. The potentiation and prolongation of DAG signaling induced by DGKα inhibition increases the PKC activity driving superoxide production and arachidonic acid release [97, 98] and may also induce chemotaxis in resting neutrophils [99]. The specific role of DGKα is also evidenced by the defective neutrophil activities observed in localized juvenile periodontitis patients that express an inactive truncated DGKα isoform (see below). Conversely, also in this cell type specific information on the roles of the other DGK isoforms is lacking mainly due to the absence of suitable pharmacological tools. 
In the pathological setting of vasculitis, DGKα plays a specific role in traducing the signal of anti-neutrophil cytoplasmic antibodies (ANCA). ANCA are autoantibodies (mainly IgG) directed against the constituents of neutrophil's primary granules and of monocytes lysosomes. Several proteins of those vesicles are targets for ANCA antibodies, but the best-characterized and clinically relevant are two: proteinase 3 and myeloperoxidase. Those proteins are secreted by activated neutrophils but a small fraction of them is also presented on the surface of their membranes where, together with the FC receptor, serve as ANCA binding sites leading to inappropriate activation of primed neutrophils and monocytes [100]. Exacerbated neutrophil’s activation due to ANCA increases adhesion to endothelial cells, degranulation, oxidative burst and NETosis, leading to the small vessel obstructions and local tissue damage that characterize the pathology [101]. The multiple signaling pathways activated by ANCA IgG are distinct from physiological neutrophil activation but still converge on DGKα. Selective DGKα activation by ANCA generates a strong increase in PA, which enhances neutrophil adhesion through integrin activation [102] and putatively by promoting nucleation by actin-related protein 3 (Arp3) [86]. Interestingly, neutrophils incubated with DGK inhibitors before treatment with ANCAs exhibit a reduction in the release of proteases and myeloperoxidase contained into azurophilic granules. Similarly, to what observed in other cell types, PA treatment overcomes the inhibition of DGKα, indicating that DGKα produced PA also contributes to granule exocytosis. Those observations in vitro suggest that DGKα inhibition may represent a suitable approach to reduce tissue injury associated excessive neutrophil’s activity such, but not only, ANCA-associated vasculitis [103].

DGK in mast cell 
DAG is an important second messenger during mast cell degranulation after allergen cross-linking of immunoglobulin E-bound FcεRI receptors. Mast cells treatment with a type I DGK inhibitors significantly reduced PA production and antigen-induced degranulation. Among type I DGK isoforms, DGKγ knockdown, but not DGKα, decreased Ca2+ influxes from the extracellular environment and mast cell degranulation [104]. Other authors found that also deletion of DGKζ gene in animal models impairs PLCγ activation and PKCβII membrane translocation leading to reduced FcεRI-induced degranulation and impaired in vivo mast cell function as indicated by diminished local anaphylactic responses [105]. The mechanism behind this defective degranulation is still unknown and may be due the important role played by DAG, PA and their conversion by DGK activity in to vesicular traffic [4, 106]. Also because other signaling events, such as FcεRI-induced activation of the Ras/MAPK signaling pathway and IL-6 release, are increased as expected by deletion of DGKζ in mast cells [105]. 
DGK inhibitors also do not affect IgE dependent histamine release from human lung mast cells despite potentiating the release from stimulated basophils when IgE but not DAG analogues are used as a stimulus, suggesting an effect on DAG signaling [107]. A recent study focused on the role of DGKι in regulating sensory neuron and behavioral responses to histamine. DGKι is expressed at high levels in small-diameter mouse dorsal root ganglia neurons detecting pruritogenic and algogenic stimuli when activated or sensitized by chemical mediators. Given the importance of these neurons in sensing pruritogenic and algogenic chemicals, the authors found that loss of DGKI impaired responses to itch-or pain –producting stimuli. In particular, using DGKI-knockout mice they observed that in vivo sensitivity to histamine – but not other pruritogens – was enhanced concluding that DGKι regulates sensory neuron and behavioral responses to histamine, without affecting responses to other pruritogenic or algogenic agents [108].

DGK inhibition as a strategy to bypass immune checkpoints in tumors 
Tumor infiltrating lymphocytes present a hypo-responsive/dysfunctional profile with an impaired capacity to clear tumor cells due to the immunomodulatory tumor microenvironment presenting excessive regulatory T cells (Treg) activity and signals driving lymphocyte exhaustion and/or anergy. Exhaustion and anergy are two distinct hypo-responsive functional states of T cells [109] that normally contribute to the regulation of immune response but are co-opted by tumors to avoid immune response [110]. While anergy is a reversible functional state of resistance to activation, exhaustion is characterized by enhanced expression of inhibitory receptors such as cytotoxic T lymphocyte antigen-4 (CTLA-4), programmed death molecule 1 (PD-1), T‐cell immunoglobulin and mucin‐containing protein 3 (TIM3) and Lymphocyte‐activated gene‐3 (LAG‐3). Sometime replicative senescence markers such as costimulatory receptors CD27 and CD28 accompany anergy and exhaustion. Actual strategies to circumvent the tumor’s immunosuppressive effects use antibodies blocking co-inhibitory receptors such as cytotoxic T lymphocyte antigen-4 (CTLA-4) or programmed death molecule 1 (PD-1). Use of molecules as ipilimumab, a CTLA-4 antagonist, or nivolumab and pembrolizumab, anti-PD-1 agents, results in objective responses in a fraction of melanoma and nonsmall-cell lung cancer patients but also drive an increase of circulating lymphocytes and several immune adverse reactions [111, 112]. 
Conversely, the development of small molecules aimed to improve immune surveillance against tumors is lagging behind, in part due to a poor knowledge of the inhibitory signaling pathways in T lymphocytes. In this direction DGKα and DGKζ are very promising targets as, in addition to their role in responding to pathogens, CD8+ and NK cells play a critical role in defending against tumors [113]. Thus the observation that decreasing DGKα or DGKζ activity enhances CD8+ and NK effector function and prevent anergy establishment has attracted a lot of attention in the oncology field, as DGKα/ζ inhibitors may sustain cytotoxic activity against tumor cells [67]. At least in vitro, DGK inhibitors also target angiogenesis [114] and directly kill several cancer cell types that are somehow DGK-addicted for survival or metastatization [42, 115] suggesting such drugs may represent a multimodal approach in cancer therapy. 
In cultured T cells, DGKα inhibitors potentiates DAG mediated TCR signaling trough the Ras-MAPK-AP-1 and PKCθ/NF-kB pathways. This effect is sufficient to bypass the negative signal of PD-1 ligand (PD-L1) on CD8+ cells [49]. Parallel studies ex vivo showed that tumor infiltrating cells from renal carcinomas feature impaired signaling downstream the TCR due to high DGKα levels that is counteracted by DGK inhibitors, which restore their immune response against tumors both in vitro and in vivo [116]. Interestingly, PD-1 associates to the signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) [117]. As SAP is an adaptor protein, which regulates DGKα activity in lymphocytes (see below), this finding raise the interesting possibility of PD-L1 regulating DGKα trough PD-1 and SAP.
A recent research by Riese et al. found that DGKζ deficient mice developed smaller tumors than controls upon mice implantation with EL4 lymphoma cells expressing ovalbumin [47, 118]. This is due to DGKζ deficient CD8+ T cells featuring enhanced ERK phosphorylation after TCR stimulation, increased number of CD8+ T cells expressing higher levels of CD44 and producing cytokines and proliferating more despite similar cytotoxicity toward target cells when compared to wild type CD8+ cells. This study concludes that removing DGKζ activity alters the analog to digital TCR signal threshold within a tumor microenvironment and identifies DGKζ as a novel target for enhancing antitumor immunity. Similarly, DGKζ deficient T cells are more effective in leukaemia eradication than wild type counterpart as those cells are resistant to PD-1 mediated inhibition in the tumour microenvironment, with increased secretion of proinflamatory cytokines in vivo and generation of persistent immunity in surviving mice [119]. By potentiating TCR induced DAG signaling, DGKζ deficiency also makes T cell resistant to the immunosuppressive effects of TGFβ without interfering with the SMAD signaling promoting Treg formation in mice [120]. Furthermore DGKζ deficiency result in fewer CD8+ cells but enhances cytokine-dependent (IL-15) CD8+ T cell expansion and acquisition of a memory-like phenotype, which provide a bystander broad antitumor activity [121]. Supporting the role of DGKζ in the control of cell fate, one recent study by Tanaka et al [122] showed that DGKζ is involved in the regulatory mechanism of the tumor suppressor gene product p53. In a cellular model of doxorubicin-induced DNA damage, overexpression of wild-type DGKζ suppresses p53 protein induction (faciliting p53 degradation via ubiquitin-proteasome system in the cytoplasm) and reduces apoptosis. The result is a great induction of p53 protein in the spleen of DGKζ deficient mice upon exposure to ionizing radiation, thereby promoting apoptosis in this organ and demonstrating the role of DGKζ as a sentinel in p53 expression at the cellular and organismal levels after DNA damaging stress conditions. 
Chimeric Antigen Receptor T cell therapies (CAR-T) are the frontier of immuno-oncology. As the generation of CAR-T cells involve in vitro manipulation, several authors verified the effect of inhibiting DGK on CAR-T efficiency with positive results. Indeed, genetic knockdown or pharmacological inhibition of DGKα or DGKζ are very effective in enhancing cytokine production and cytotoxicity of murine CAR-T cells, limiting experimental tumor establishment or growth [123]. Similarly in human cells, knockdown of DGKα and DGKζ synergistically  improves antitumor activity of CAR-T cells by activating ERK signaling and making them less sensitive to immunosuppressive factors [124].

DGK role in allergy and lung reactivity 
On the other side, since DGKζ is expressed in many cell types, some authors aimed to investigate its role in CD4+ T cells that are highly relevant to allergic sensitization. Previous studies showed that DGKζ deficient mice have impaired responses to TLR agonists including TLR2, TLR3 and TLR4, leading to decreased IL-12 production by antigen presenting cells [81]. Additionally it was observed that DGKζ deficient cells are more easily activated by signaling through the TCR [28].  Consequently, it was hypothesized that DGKζ deficient mice would be more prone to developing a Th2-skewed immune response to peanut proteins, as indicated by IgE production which would lead to increased allergic reactions on peanut challenge. The study by Kulis et al [125] demonstrated that DGKζ deficient mice have increased hypersensitivity to peanut with severe anaphylactic reactions owing to an immune response which does not involve or depend upon CD4+ T cells. It is possible that TLR signal deficiency is critical to the phenotype suggesting additional studies on contribution of various cell types in food sensitization and immunotherapy.
Recently, using murine models, DGKζ has been found to play a central role in promoting allergic airway inflammation and airway hyperresponsiveness (AHR) in allergic asthma through distinct mechanisms [126]. Allergic asthma is a chronic inflammatory airway disease triggered by aberrant immune response to inhaled allergens leading to AHR and airway obstruction. Blocking TH2 differentiation represents a possible therapeutic strategy for allergic asthma and strong TCR-mediated ERK activation blocks TH2 differentiation. A study by Singh et al. demonstrated that targeted deletion of DGKζ in T cells decreased type 2 inflammation without reducing AHR and, in contrast, loss of DGKζ in airway smooth muscle cells decreased AHR but not airway inflammation. Moreover, pharmacological inhibition of DGKα reduced both airway inflammation and AHR in mice and also reduced bronchoconstriction of human airway samples in vitro. These data suggest that modulating DGK activity could represent a new therapeutic strategy for the treatment of asthma.
Indeed, there are several investigations on the role of DAG in conditions of lung reactivity following for example hypoxic stimuli. Hypoxic pulmonary vasoconstriction (HPV) is an important mechanism to optimize gas exchange matching blood perfusion to alveolar ventilation. It is important to remember that HPV has been shown to consist of two phases: an acute one occurring within several minutes and a sustained phase developing within more than 30 min of hypoxic ventilation [127, 128]. In this process an increase in intracellular calcium concentration leads to the contraction of precapillary  pulmonary arteries [129, 130] and non-selective TRP channels have been suggested as important regulators of vascular tone in hypoxia [131, 132]. It has been demonstrated that acute but not sustained HPV is critically dependent on the TRPC6 channel. Hypoxia induces an accumulation of DAG in isolated pulmonary artery smooth muscle cells. TRPC6 belongs to the TRPC3/6/7 subfamily of TRP channels activated by diacylglycerol [131], independently of protein-kinase C [133, 134].  An interesting  study by Fuchs et al. [135] investigated the effect of a DAG analog on normoxic vascular tone in isolated perfused and ventilated mouse lungs from TRPC6-deficient and wild-type mice finding that it increased normoxic vascular tone in lungs from wild-type mice but not in lungs from TRPC6-deficient mice. This finding suggest that a basic stimulation of DAG production by G-protein coupled receptors is a prerequisite for oxygen sensing and signal transduction of acute HPV and that DAG signaling pathway involves TRPC6 in intact lungs. Another interesting work by Weissmann et al. showed that activation of the same TRPC6 channels by DAG is essential for lung ischaemia-reperfusion induced edema (LIRE) in mice [136]. LIRE is a common and significant cause of morbidity and mortality after lung transplantation, thrombarterectomy and acute lung embolism [137], typically resulting in massive damage of the microvascular endothelium, lung edema and organ dysfunction. Although the molecular mechanism underlying its development remains unclear early there is a rise in reactive oxygen species (ROS) [138] and intracellular Ca2+ concentration in endothelial cells [139]. This probably is the initial step in the pathogenesis of injury, which then lead to a change in cell morphology and increased endothelial permeability [140] followed by extravasation of plasma, macromolecules and immune cells. TRP channels are regulators of Ca2+influx in many tissues, including vascular smooth muscle and endothelium, and may be crucial contributors to the rise in endothelial Ca2+influx during LIRE. There is evidence that TRPC6 is involved in thrombin-induced Ca2+ entry into endothelial cells and a subsequent change of cell shape [141]. The study by Weissmann et al. proposed a model in which ROS production by activated endothelial NOX2 leads to PLCγ activation and DGKη inhibition, resulting in DAG accumulation and subsequent TRPC6 activation as successive events resulting in LIRE. 
In conclusion, animal models identify DAG as an important mediator in the signaling pathway leading hypoxic pulmonary vasoconstriction. DAG via TRPC6 activation lead to an increase in lung endothelial permeability/edema providing new suggestions to better understand pathophysiology of the early stages of LIRE that may offer new strategies to suppress its progression in the clinical setting.

DGKα involvement in genetic disturbances of the immune system
Evidences of causal links between mutations or polymorphisms in the DGK family genes and immune response perturbations are sparse apart for DGKA. Hemolytic-uremic syndrome patients with DGKE deficiency are described, those patients feature excessive complement activation and nephropathy, but the involvement of the immune system in disease onset is unclear [142]. Similarly, a genetic relation between DGK and the hematopoietic function is also described in a study by Mishima et al., which found that differences in PKC activity due to genotype in the DGKB gene or reactivity to G-CSF might result in a different efficiency of hematopoietic stem cells mobilization from bone marrow to peripheral blood [143]. 
Conversely, given the relevance of DGKα in immune system functions is not surprising that alteration of its activity has been linked to genetic diseases. Absence of DGKα activity due to expression of aberrant transcript is reported in some familiar cases of juvenile periodontitis, conversely deregulated activity due to SH2D1A mutations contributes to the X-linked lymphoproliferative disease type 1 (XLP-1). 
Familial periodontitis are an heterogeneous group of diseases characterized by exaggerated inflammatory response in the oral mucosa and defective antimicrobial activity leading to damage of soft tissues and tooth‐supporting bone in susceptible individuals [144]. Several form of familiar periodontitis are the result of genetic defects in neutrophil biology impairing either their development, trafficking, transmigration into tissues or antimicrobial function. Defective neutrophils are present in patients of localized aggressive periodontitis, also known as localized juvenile periodontitis (LAP). In affected individual, neutrophils show impaired chemotaxis, increased adhesion, and excessive oxidative burst. As previously discussed, a reduced directional migration, an increased matrix adhesion, and an exacerbated respiratory burst are the effect of neutrophil treatment with DGK inhibitors, pointing to an impairment in DGKα activity in LAP cells [145]. From the biochemical point of view, unstimulated peripheral blood neutrophils from LAP patients feature elevated basal DAG as well as an enhanced and prolonged accumulation of DAG in response to stimulation with fMLP or zymosan. This defect is due to a decreased DAG metabolism by DGKα [146, 147]. Accordingly, in some LAP patients a decreased DGKα expression and activity in neutrophils was demonstrated, evidencing a specific role for this isoform in DAG metabolism during neutrophil activation and migration [148]. Molecular characterization of those patients suggested that the decreased DGKα activity is due to the upregulated expression of an alternative DGKα transcript that lacks exon 10 (DGKαΔ10). This DGKαΔ10 transcript features a premature stop codon resulting in a membrane-localized truncated protein, which acts as a dominant negative mutant in the regard of the full-length enzyme. Expression of the DGKαΔ10 splice variant in the HL-60 neutrophil cell line replicates the exacerbated fMLP-stimulated production of superoxide anion observed in neutrophils from LAP patients [149]. Those data indicate that DGKα plays a key role in neutrophils function and that the reduction of its activity is the molecular defect of a LAP subset. In view of a therapeutical approach, would be interesting to verify if impairing DGKαΔ10 stability with siRNA or enhancing DGK activity in those neutrophils restore proper functioning at least in vitro.
Conversely, a disease linked with overactivation of DGKα is XLP-1, a primary immunodeficiency of genetic origin characterized by dysgammaglobulinaemia and poor CD8+ cytotoxic T cell function, with some patients developing lymphomas of the bowel, peritoneum, and brain [150]. XLP-1 patients show significant morbidity and mortality in response to Epstein-Barr virus (EBV) infection, which causes marked lymphoproliferative disease, featuring fulminant infectious mononucleosis (FIM), cytopenia, liver failure, hepatosplenomegaly, and/or hemophagocytic lymphohistiocytosis. XLP-1 is due to germline mutations in the SH2D1A gene which encodes the SAP protein [151]. SAP is a small SH2 domain-containing adaptor primarily expressed in T cells, NK and iNKT cells, which binds to SLAM and related receptors. SLAM (CD 150) is a transmembrane receptor expressed in T and B lymphocytes, dendritic cells and monocytes [152] that upon engagement undergoes a conformational change leading to Fyn-mediated tyrosine phosphorylation and activation of several signaling pathways that modulate TCR-induced responses. Fyn recruitment to the activated SLAM is mediated by SAP that also displaces inhibitory phosphatases from SLAM binding. Loss of SAP in XLP-1 patients impairs both adaptive and innate immunity, resulting in several immunologic alterations: a block in NKT-cell development [153]; decreased NK and CD8+ cytotoxicity, especially toward EBV-infected B-cell targets [154]; impaired CD4+ T helper function and B cell conjugation, resulting in reduced germinal center formation and ineffective antibody production [155] and resistance to RICD [156]. 
Interestingly, it has been noticed that the signaling alterations reported in SAP deficient cells are consistent with a reduced DAG signaling due to increased DGKα activity. Indeed, inhibition of DGKα upon TCR and CD28 costimulation is dependent on the expression of SAP (the adaptor protein mutated in XLP-1 disease) and is essential for full T cell activation [39]. Moreover, in SAP-deficient cells, the defective TCR/CD28 signaling and T cell activation is partially rescued by inhibition of DGKα, including RAS and ERK-1/2 activation, PCKθ membrane recruitment, induction of NFAT transcriptional activity and IL-2 production. SAP controls DGKα activity by associating with still unidentified proteins as its over-expression is enough to inhibit DGKα, while SAP mutants unable to bind either phosphor-tyrosine residues or SH3 domain are ineffective. Moreover, PLC activity and Ca2+, but not Src-family tyrosine kinases are also required for negative regulation of DGKα. The authors concluded that SAP-mediated inhibition of DGKα sustains DAG signaling and pharmacological inhibition of DGKα could be a novel approach for XLP-1 treatment. 
A more recent study [157] studied the effect of DGKα inhibition in restoring RICD sensitivity in the XLP-1 context. RICD is a self-regulatory apoptosis program triggered by repeated TCR stimulation that maintains peripheral immune homeostasis by containing the accumulation of activated T cells [158]. It is assumed that defective RICD combined with impaired clearance of EBV-infected B cells sustains and amplifies the expansion of activated T cells that typifies FIM in EBV infected XLP-1 patients. Because TCR signal strength directly correlates with RICD sensitivity, the authors hypothesized that the reduced RICD of XLP-1 T cells might be linked to deregulation of DGKα in the absence of functional SAP. Consistent with this notion, they show that the loss of SAP in T cells results in reduced DAG polarization to the IS and impaired TCR-induced DAG-dependent TCR signaling. Both of these events are due to persistent DGKα activity and contribute to RICD resistance. Consequently, the inhibition of DGKα in XLP-1 T cells restored DAG signaling and RICD by rescuing IS formation and triggering a specific DAG-dependent apoptotic process mediated by the orphan receptors NR4A1 (NUR77) and NR4A3 (NOR1). Remarkably, in vivo inhibition of DGKα activity reduced the excessive CD8+ T cell accumulation and IFNγ production that occur in Sh2d1a−/− mice infected with LCMV, a murine model of XLP-1. These findings illuminate the SAP/DGKα signaling axis as a key regulator of TCR-induced apoptosis and highlight DGKα as a novel, druggable target for treating FIM by promoting RICD, reducing the accumulation of pathogenic, activated CD8+ T cells and thus mitigating the life-threatening immunopathology that often occurs in EBV-infected XLP-1 patients.

Conventional and innovative strategies to modulate DGK activity
Prompted by the key role of DGK activity in the immune system and its implications in the pathogenesis of several diseases, there is an important effort aiming to control DGK activity with small molecules or molecular biology tools. Unfortunately, mammalian DGK resisted till now effort of structural characterization by crystallography and this prevents rational drug design and docking studies. 

AMB639752
CU-3
RITANSERIN
R59022
R59949
ATP
886
CN
CN

Fig. 4 Structure of DGK inhibitors.
The structure of the best characterized DGK inhibitors is shown, together with the ATP substrate to evidence structural similarities.

Two DGK chemical inhibitors where characterized by the same group and have been largely used in vitro: R59022 [159] and R59949 [160]. Those compounds feature a relevant structural homology and are relatively selective for DGKα among the DGK family [161, 162], acting as allosteric negative modulators with an uncompetitive mechanism of action (Fig.4). Unfortunately, a recent work by Boroda et al. revealed a chemical similarity of those inhibitors with ritanserin, a serotonin receptor antagonist, and demonstrated that both those inhibitors target serotonin receptors with higher affinity than DGKα itself, casting some doubt on the results obtained with those molecules [163]. However, the discovery that ritanserin, an investigational drug used in several clinical trial with no reported toxicity, inhibit DGKα suggest that DGKα can be targeted in humans without hard side effects, particularly if serotonin antagonism is avoided. Structural studies demonstrated that ritanserin, R59022 and R59949 bind to both DGKα regulatory and catalytic domains, putatively stabilizing an inactive closed conformation [164]. Few examples of DGK inhibitors use in vivo are reported: R59022 was effective in animal models of glioblastoma and XLP-1 despite a poor pharmacokinetic profile [157, 165]. Similarly, despite high serum sequestration [160], R59949 was used in a murine model of retinopathy decreasing neovascularization but requiring daily administration at high doses [166].
An original research by Velnati et al [167] used a virtual screening approach based on chemical homology to identify novel drug-like DGKα inhibitors. The authors searched for new inhibitors using R59022 and R59949 (the two commercially available DGKα inhibitors) as templates to explore the chemical space via 2D/3D virtual screening approaches. They tested 127 compounds finding that two of them, namely AMB639752 and ritanserin, were more active that the lead compaunds R59022 and R59949. Moreover, they showed that both compounds could restore TCR pro-apoptotic signaling and RICD in SAP-deficient T cells, suggesting their use for treatment of EBV-induced FIM in XLP-1 patients. Interestingly, AMB639752 does not perturb serotonin signaling indicating an increased selectivity and a putative advantage in vivo. Further compound refinement allowed to increase activity in the low μM range and to generate a model for the identification of further compounds in view of higher activity and selectivity. In vitro those molecules are active in restoring RICD in XLP-1 models and also in reducing cancer cell migration [168] without disturbing serotonin signaling. 
Recently, Abdel-Magid at Bristol-Myers Squibb reported and patented a new class of promiscuous DGKα/DGKζ inhibitors active in the sub-micromolar range and able to reduce INFγ production in vitro. Compound 886, preferentially targeting DGKζ, is depicted in Fig.4; it is worth of notice some structural similarity with the previously described DGKα inhibitors. Although relevant data in vivo are still undisclosed, those molecules are claimed to have “desirable stability, bioavailability, therapeutic index, and toxicity values that are important to their drugability and may potentially provide useful treatment for proliferative disorders, such as cancer, as well as viral infections”  [169]. 
In a complementary approach, high-throughput screening allowed the identification of CU-3 [170], an ATP competitive inhibitor of DGKα with a very high activity in the sub-μM range but a chemical structure that suggest a poor pharmacokinetic in vivo [170]. In Jurkat lymphoma cells, CU-3 decreases DGKα activity and PA levels while enhancing TCR induced production of IL-2 [171]. The same authors recently reported (without disclosing the structure) a compound with wider selectivity on class I DGKα, DGKβ and DGKγ in the nanomolar range. This compound potentiates IL-2 secretion in vitro but also promotes apoptosis of cancer cell lines [172]. Summarizing, at this moment we only have investigational drugs that target mainly the DGKα isoform and only a few of them was characterized in vivo. The necessity of targeting other isoforms, an in particular DGKζ, and to translate the interesting findings reported inhere prompted some interesting alternative molecular biology approach. 
As Car-T cells are expanded and genetically modified in vitro, they represent a platform to further genetic engineering in view of increased efficacy. By Crisp/Cas9 knockdown of DGKα and DGKζ, Jung et al improved antitumor activity in animal models by activating MAPK signaling and making Car-T cells less sensitive to immunosuppressive factors. Interestingly the effect is synergistic, indicating a functional overlap among the two isoform but also informing that an inhibitor against the both DGKα and DGKζ may be more effective than the DGKα selective one available [124]. 
A complementary approach sees the delivery of DGKα gene in vivo by CD3 functionalized nanoparticles. In animal models this resulted in an inhibition of lymphocyte proliferation and of the IL-2 expression, indicating the establishment of T cell anergy [173]. This approach may have potential utility for the down-modulation of excessive immune responses by blunting TCR and BCR DAG signaling in allergy or autoimmunity settings. For example a study by Guo et al [174] developed a nanocarrier system, which is also MRI visible, to deliver DNA to CD3 expressing T cells by intravenous injection. Using a DGKα plasmid they observed by systematic histological and molecular biology studies a suppression of the immune response in heart transplanted rats upon gene therapy using the polyplex bearing the DGKα gene. It is interesting to note that research of DGK inhibitors resulted in several molecules activating its kinase activity by acting as positive allosteric modulators [167, 175], whether those molecules have a potential utility in inflammatory conditions vivo remain to be explored.
Finally another report showed that the DGK synthesized by commensal microbe Lactobacillus reuteri can act as a microbial antihistamine by reducing PKC-phosphorylation mediated mammalian cell signaling resulting in the suppression of intestinal histamine H1 receptors mediated pro-inflammatory responses and intestinal inflammation [176]. This is report is surprising as it is not clear how this enzyme access the various intracellular DAG pools but opens the possibility to alter mammalian cell signaling and immune response using human microbiome, at least in the gut. 

Future prospectives and conclusions
While the work on DGKα and DGKζ has considerably expanded our understanding on their function in the immune response, a knowledge gap exists regarding the other isoforms. Even if numerous animal models were generated, some of them were characterized only at the central nervous system level. In addition, the functional redundancy between the isoforms probably obscures their contribution, which is awaiting more double and triple KO animals to be fully uncovered. Indeed, recent lipidomic approaches indicates that the PA species generated by the different isoforms overlap and for a single isoform depend on the cell type [5]. However, the fact that those isoforms are expressed with a cell specific pattern and modulated during inflammation strongly argue for a still undisclosed role [29]. Moreover, the distinct regulatory domains present in each isoform not only enable differential regulation but also suggest the existence of multiple DAG and PA pools with specific localization and functional significance [177].
A future field of investigation is also represented by the contribution of DGK in tissue to immune modulation and education of the immune system. In instance, DGKα regulates major histocompatibility complex class I recycling in epithelial cells [178]. Other recent findings showed that DGKα is helping in modulating the early immune response of adipose tissue following an acute exposure of high-fat diet and its deficiency is associated with mild alterations in insulin sensitivity  and alteration of inflammation markers in response to a high-fat diet [179]. Those are probably just instances of a general role of DGK in the modulation of antigen presentation and cytokine release at the tissue level.
Others and we are aiming to translate in the clinic the experimental findings reported herein in the possibility of modulating the immune response in pathological settings. To this purpose, drugs targeting other isoforms beside DGKα, and especially DGKζ, are strongly required. Indeed the widely used commercial inhibitors suffers of poor specificity [163] and unfavorable pharmacokinetic profile [165]. Furthermore, those molecules as well as the more active and specific ones recently described are quite DGKα specific [168, 170] even if many authors use them as generic “DGK inhibitors”. The majority of the studies with KO animals or inhibitors have not reported harmful autoimmune reaction or cytokine storm syndrome, but those remain a possible drawback of inhibiting or downmodulating DGK activity. As an example of possible problems arising upon DGK targeting, miR34a mediated DGKζ silencing was reported as a causative mechanism of bone marrow failure in anaplastic anemia patients [180]. 
With the development of such tools, we will probably assist to the expansion of the interesting finding obtained in cancer immunotherapy to medical fields such as autoimmunity and allergy. In those fields pharmacological tools for the control of DAG signaling are just starting to be explored but deserves a relevant potential as evidenced by recent researches in asthma models [126]. 
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