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Editorial on the Research Topic 


Human Disorders of PI3K Biology


The aim of this Research Topic was to bring together experts in basic, translational, and clinical research relating to phosphoinositide 3-kinase (PI3K) biology. The monogenic human immune disease “Activated PI3Kδ Syndrome” (APDS) has shed new light on immune functions of this kinase as well as its therapeutic targeting. PI3Ks have pleotropic effects across all cell types by phosphorylating PtdIns(4,5)P2 to generate PtdIns(3,4,5)P3, a second messenger that recruits and activates signaling proteins to trigger cell growth, proliferation, and survival. PI3Kδ is comprised of the p110δ catalytic and the p85α regulatory subunits, encoded by PIK3CD and PIK3R1, respectively. This kinase complex can be targeted by multiple small molecule inhibitors, many of which are currently at various stages of clinical development. Heterozygous variants in PIK3CD or PIK3R1 have been found to cause APDS, primarily by affecting inhibitory contacts between the two proteins. Defining the genetic etiology of this disorder has enabled rational targeted therapy to tune down PI3Kδ signaling.

These and related discoveries have not only advanced our understanding of human disease but also pointed to gaps in basic science knowledge regarding regulation of PI3K complexes and their activity. In this Research Topic, 13 manuscripts cover a range of subjects, mostly centered around findings in APDS and cancer. Michalovich and Nejentsev discuss genetic discovery as a basis for treatment of APDS, which includes hematopoietic stem cell transplantation (HSCT), management of infections/lymphoproliferation, and targeted inhibition of PI3Kδ in clinical trials. Dornan and Burke review structural biology concepts for Class IA PI3K variants in cancer and immunodeficiency. Various biochemical and biophysical studies have shown the intricate molecular mechanisms by which class IA PI3Ks are regulated via intra- and inter-subunit interactions between the catalytic and regulatory subunits. The differential expression of PI3Ks, in addition to their varied response to upstream activating stimuli, contributes to their regulation. Thus, further elucidation of these mechanisms is crucial as PI3Ks are linked to various human diseases ranging from developmental disorders, to cancer and immunodeficiencies.

Condliffe and Chandra review respiratory manifestations of APDS. The vast majority of APDS patients present with early-onset recurrent respiratory infections of bacterial and viral origin due to compromised immune responses, leading to complications such as bronchiectasis and small airway disease. Malignant or benign lymphoproliferative disease, along with other non-infectious conditions such as growth impairment, are also common in APDS patients. Maccari et al. provide a perspective piece on the European Society for Immunodeficiencies (ESID) APDS registry and highlight disease evolution and response to rapamycin. The chronology of presentation for these conditions usually begins with recurrent respiratory infections very early in life, followed by lymphoproliferative disorders, and then with gastrointestinal conditions and autoimmune cytopenias. Inhibition of mechanistic target of rapamycin (mTOR), a regulator of cell proliferation and growth downstream of PI3Kδ, with rapamycin (sirolimus) is effective at mitigating lymphoproliferative disease in APDS but has had limited effect on managing other features of disease. Coulter and Cant discuss in more depth potential therapeutic approaches. APDS patients have various clinical manifestations with some patients being asymptomatic while others exhibiting recurrent infections and antibody defects. Historically, conventional therapies such as immunoglobulin replacement therapy, HSCT, and antimicrobial prophylaxis have been used as treatments. However, the heterogeneity of disease presentation requires a more tailored approach which can be achieved through the use of selective PI3Kδ inhibitors such as Leniolisib.

Wentink et al. provide new data on the phenotype of CD8+ T cells in APDS as it relates to exhaustion. As a contributing mechanism for increased susceptibility to infections and dysregulated immune responses, CD8+ T cell exhaustion due to chronic T cell stimulation and proliferation is relevant for APDS pathology. Cannons et al. provide a perspective piece on the survival, differentiation, and function of CD8+ T cells in APDS. Despite having a normal or even elevated frequency of Epstein-Barr Virus (EBV)–specific CD8+ T cells, APDS patients have defects in controlling EBV and cytomegalovirus viremia. While seemingly not affecting the development of antigen-specific T cells, hyperactive PI3Kδ impacts CD8+ T cell proliferation, differentiation, and survival, which have direct relevance for their function in vivo. Cohen covers consequences of herpesvirus infections in APDS in more depth. Herpesviruses can directly bind surface receptors that activate the PI3Kδ pathway and further modulate signaling through viral proteins. Together with compromised antibody production, cytokine secretion, and phagocytosis in APDS, these effects may contribute to the prevalence of uncontrolled herpesviruses in this disorder.

Mace addresses natural killer (NK) cells in the context of PI3K signaling and its role in the migration, activation, signaling and cytotoxicity of NK cells. Dysregulation of these pathways has important impacts on viral infections and malignancy. Fan and Turka discuss PI3K in regulatory T cells. In addition to the effects of APDS on the function of B cells, macrophages, and various other T cell compartments, recent studies have begun to elucidate the nuanced relationship between metabolic pathways and the function and lineage maintenance of Tregs as directed by IL-2 signaling through effects of PI3Kδ on FOXP3 expression. This highlights the possibility of targeting particular subsets of T cells based on their preferred metabolic pathways, potentially allowing for either strengthening or dampening Treg suppressive activities to combat autoimmune conditions or boost immune activation, respectively.

Asano et al. provide new data on APDS B cells and hyperactive PI3Kδ in this key cell type. The level of phosphorylated AKT (pAKT) is reported to be higher in unstimulated circulating B cells of patients with APDS compared to healthy controls, as assessed by phospho-flow cytometry. This may allow for the differentiation between the various forms of APDS resulting from different pathogenic variants. Since this assay does not require culturing patient cells, it opens the possibility for using the level of pAKT as a rapid diagnostic tool. Jhamnani et al. discuss class switch recombination (CSR) phenotypes in APDS. Since APDS patients exhibit defects in CSR with elevated IgM and low IgG, IgA, and IgE, it can be categorized within the spectrum of hyper-IgM syndromes.

Jung et al. review a set of immune diseases affecting function of mTOR. They discuss variants in genes encoding components of the PI3K/AKT/mTOR/S6 kinase (S6K) signaling pathway(s) that have been associated with primary immunodeficiencies. The overlapping immunodeficiency phenotypes observed in patients with impairment in these pathways led to the suggested disease category of “immune TOR-pathies.”

Together, these articles address findings related to genetics, structural biology, clinical manifestations and treatments, CD8 T cell responses, NK cell biology, T regulatory cells, B cell abnormalities, and multiple precision treatment perspectives.
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CD4+ Foxp3+ regulatory T cells (Tregs) are an essential component of immune homeostasis. Modulation of Treg function has been proposed as a means of treating autoimmune conditions and preventing rejection of organ transplants, although achieving this goal will require a detailed understanding of Treg signaling pathways. Signaling within Tregs is known to differ considerably from that observed in other T cell subsets. Of note, Tregs are the only cell type known to constitutively express CD25, the main ligand-binding subunit of the IL-2 receptor. The PI(3)K/Akt/mTOR cascade constitutes a major signaling pathway downstream of IL-2 and is closely tied to cellular metabolism. Due to increasing recognition of the links between cellular fuel usage and immune cell function, the interplay between IL-2 signaling and Treg metabolism represents an important space for exploration and a potential approach for immunomodulation. Here, we discuss how IL-2 may affect Treg metabolism via PI(3)K signaling, as well as the effects of altered metabolism on Treg lineage stability and suppressor function.
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INTRODUCTION

Regulatory T cells (Tregs) play a key role in maintaining immune homeostasis and in preventing the onset of autoimmune diseases (1). Modulation of Treg suppressor function is being actively explored as a promising new approach to treat autoimmunity (2–4), promote transplant tolerance (5, 6), and enhance anti-tumor responses (7, 8). Although several subsets of Tregs have been described, the best characterized is defined by the expression of CD4, CD25, and the transcription factor Foxp3 (9). The majority of circulating Tregs originate from the thymus and are termed “tTregs.” Naïve CD4+ T cells may also be induced to express Foxp3 in the periphery, thereby constituting a minority “pTreg” population (10) which is required for fetal tolerance (11). Although reports do not always specify which of the two populations is examined, any findings concerning “Tregs” most likely apply primarily to tTregs since they constitute the majority of Tregs in blood and secondary lymphoid organs. The importance of Tregs in maintaining peripheral tolerance is illustrated by the fact that mice (12) or humans (13) lacking Foxp3 suffer severe systemic autoimmunity. Similar, albeit less severe, autoimmune phenotypes are observed in mice (14) or humans (15) lacking CD25. Most Tregs constitutively express CD25 in addition to Foxp3, and it is generally believed that Tregs require continuous IL-2 signals through CD25 for their survival, lineage maintenance, and suppressor function (16, 17).

It is now appreciated that cell-intrinsic metabolic pathways directly impact cellular fate and function (18). Broadly speaking, aerobic glycolysis tends to support the function of pro-inflammatory cells, while fatty acid oxidation (FAO) tends to be used by anti-inflammatory cells such as Tregs (19). However, increasing evidence shows that Tregs also utilize aerobic glycolysis to achieve full suppressor function (20, 21). These metabolic programs are controlled in large part by the PI(3)K/Akt/mTOR signaling axis (22), offering multiple pharmacologic avenues to differentially target immune subsets depending on their metabolic preferences. Given the importance of CD25 for initiating PI(3)K signaling (23), in this review, we will focus on how IL-2 may interact with metabolism and the mechanisms through which metabolism influences Treg function. We touch on the difficulty of directly evaluating the interplay between IL-2 signaling, metabolism, and Treg function using existing germline knockout models and propose a means by which this issue can be addressed.



IL-2 AND Tregs


IL-2 Signaling

The IL-2 receptor is composed of three subunits: CD25, CD122, and CD132, which are, respectively, referred to as the α, β, and γc (also termed the common gamma chain) subunits (24). CD122 and CD132 are the sole mediators of downstream signaling and may form a heterodimer capable of low-affinity binding to IL-2 (16) (Figure 1). The alpha subunit CD25 does not signal, but is needed for high-affinity binding to IL-2. Most Tregs constitutively express all three subunits, while conventional CD4+ and CD8+ T cells constitutively express the CD122/CD132 dimer and only express CD25 upon activation. Conventional T cells begin producing IL-2 1 h after activation (25) and constitute the primary source of IL-2 in vivo. IL-2 activates three major signaling axes: the STAT5, PI(3)K, and MAPK/ERK pathways. STAT5 is particularly important for Treg development, as it is necessary to initiate Foxp3 expression (26).
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FIGURE 1 | Overview of IL-2, IL-15, and IL-7 receptor components, and effects of knockouts on regulatory T cell (Treg) generation. The IL-2 and IL-15 receptors are trimers with common β and γc subunits (CD122 and CD132, respectively) that mediate signaling. High ligand affinity is conferred by their α subunit (CD25 for IL-2, CD215 for IL-15) which does not signal. The IL-7 receptor is a dimer of CD127 (α) and CD132 (γc). Disruption of IL-2 signaling is detrimental to Treg development and subsequent Treg representation in the periphery, as measured by the percentage of Foxp3+ cells among CD4+ cells in the thymus and spleen, respectively. In the above figure, losses in Tregs are represented visually as black bars below knockout mouse genotypes, with relevant references for each knockout provided immediately to the right. Deletion of IL-2 or CD25 (IL-2Rα) leads to an approximate 50% reduction in Foxp3+ cells. In the absence of IL-2 signaling, IL-15 or IL-7 appears to compensate, albeit imperfectly. Concomitant knockout of IL-2 and IL-15, or knockout of CD122 (the shared β subunit of both IL-2 and IL-15 receptors), exacerbates defects in Treg production. Removal of signaling through all three cytokines, whether through deletion of the common gamma chain CD132 (γc) or through the more targeted CD122/CD127 double knockout, virtually eliminates Treg development. Mice deficient in IL-15, IL-7, or CD127 (IL-7Rα) alone experience lymphopenia, but have normal percentages of Foxp3+ cells among CD4+ T cells and do not develop autoimmunity. Thus, IL-15 and IL-7 may partially compensate for Treg development in the absence of IL-2 signaling, but neither are required for Treg development when IL-2 signaling is fully functional.


The receptors for two other cytokines, IL-15 and IL-7, share subunits with the IL-2 receptor and partially compensate for losses of IL-2 or CD25 (27). The IL-15 receptor is a trimer that is strikingly similar to the IL-2 receptor, sharing the CD122 and CD132 subunits used for downstream signaling. Its alpha subunit CD215, like CD25, does not signal but instead confers high ligand affinity (28). On the other hand, the IL-7 receptor is a dimer composed of CD132 and a unique alpha subunit, CD127, which is capable of activating STAT5 (29).



IL-2 Is (Partially) Needed for Treg Development

Germline knockouts of IL-2 or its receptor components yield similar autoimmune phenotypes due to Treg deficiency (14, 30). Mice develop hemolytic anemia and colitis accompanied by thymic involution, lymph node hyperplasia, and splenomegaly, with elevated numbers of activated effector CD4+ and CD8+ T cells. Analogous findings have been reported in three clinical cases of CD25 loss (15, 31, 32), indicating that human Tregs are similarly dependent on CD25 and IL-2 signaling. These phenotypes are less severe than the scurfy phenotype resulting from Foxp3 deletion (33), most likely because the loss of IL-2 signaling also impacts effector T cells.

The fact that IL-2 and CD25 knockout mice maintain appreciable numbers of Foxp3+ cells in both thymus and spleen (34) indicates that IL-2 is not absolutely required for Treg development or subsequent survival, though it may be needed to achieve full suppressor function. The primary compensatory factor appears to be IL-15, as mice lacking both IL-2 and IL-15 are severely deficient in Foxp3+ cells (as are mice lacking either of the shared CD122 or CD132 subunits) (35, 36). In the presence of IL-2, however, IL-15 and IL-7 are dispensable for Treg development and function: IL-15−/−(37), IL-7−/− (38), and CD127−/− (27, 35) mice have normal percentages of Foxp3+ cells and do not develop autoimmunity.



Post-Developmental Roles of IL-2 in Tregs

Although IL-2 signaling is an important component of Treg development (39), its roles following development are less thoroughly explored. It is generally believed that Tregs require constitutive IL-2 signals to survive and maintain Foxp3 expression, much in the same way these signals are needed during thymic development (40, 41). The role of IL-2 in Treg suppressor function has been difficult to address due to its roles in Treg survival during development. To date, the most prominent attempt to evaluate Treg function has been a Bim−/− IL-2−/− double knockout (42), in which targeting of the pro-apoptotic protein Bim was intended to decouple the roles of CD25 in Treg survival versus suppressor function. Although this study suggested that IL-2 is needed for full suppressor function, it should be noted that all germline knockout models of IL-2 signaling components are subject to a critical confounding factor: knockout mice develop lethal autoimmunity, which by its very nature is accompanied by immune activation and widespread inflammation. For this reason, it has been difficult to study how constitutive IL-2 signaling influences Treg lineage stability and function post development, much less study its effects on Treg metabolism.

Blocking antibody approaches can be dosed to avoid inducing autoimmunity. Although they are insufficient to address the issue of Treg function, due to off-target effects on effector T cells, these studies do not support IL-2 as a survival factor for Tregs. Anti-CD25 clone 7D4, widely used in commercial Treg magnetic isolation kits (43), induces loss of CD25 for up to 2 weeks following injection, yet Tregs persist and mice fail to develop autoimmunity (44, 45). It is critical to note that this antibody is distinct from anti-CD25 clone PC61, commonly as a tool to deplete Tregs in vivo, which is now recognized to act via opsonization for phagocytosis rather than through IL-2 deprivation (46–48).




PI(3)K SIGNALING IN Tregs

Because the role of IL-2-induced STAT5 signaling in Treg development has been reviewed extensively (16), here we focus on how lineage stability and suppressor function are influenced by metabolism in mature, post-developmental Tregs. PI(3)K catalyzes the conversion of PIP2 (PtdIns-4,5-P2) to PIP3 (PtdIns-3,4,5-P3) to permit activation of kinases with plextrin homology domains, most notably Akt. Targets of Akt include the protein translation regulator complex mTOR, which promotes cellular growth and survival (49). Thus, one major downstream effect of PI(3)K signaling is induction of aerobic glycolysis, which is increasingly emerging as a key control mechanism of Treg function (see below). The lipid phosphatase PTEN, which dephosphorylates PIP3 back into PIP2, and the protein phosphatase PHLPP, which dephosphorylates Akt, are the primary negative regulators of PI(3)K activity in T cells (50, 51). Excessive PI(3)K activity is detrimental to Tregs since loss of PTEN in mice (52, 53), loss of PHLPP in mice or in human cell culture (51), and induced Akt activation in human cell culture (54) all lead to Treg lineage instability and loss of suppressor function. Tregs may receive signals from three sources which would normally induce strong PI(3)K signaling: the TCR, CD28, and the IL-2 receptor (23). To prevent excessive PI(3)K signaling from these sources, Tregs express high levels of PTEN (55, 56) and PHLPP (51).



Treg METABOLISM


Glycolysis

Following immune cell activation by antigen or inflammatory signals, aerobic glycolysis and fatty acid synthesis are rapidly induced to support cell proliferation and cytokine secretion (57). This is reflected in the metabolic profiles of relevant immune subsets: effector T cells such as Th1, Th2, and Th17 cells show increased glycolytic rates following activation, as do effector CD8+ T cells. Tregs, like memory CD8+ T cells, rely on FAO for their basal metabolism but utilize some degree of aerobic glycolysis to properly execute their suppressor functions.

Beyond mere association with immune activation, several causal links have emerged between inflammatory stimuli, glycolysis, and Tregs (Figure 2). In T cells, signals through the TCR, CD28, or IL-2 activate the PI(3)K/Akt/mTOR cascade (58), which induces expression of the glucose transporter Glut1 to facilitate increased glycolysis (59). Akt also inhibits Foxo1 and Foxo3 transcription factors which are important for Foxp3 gene expression (60–62). mTOR engages Hif-1α, which may also be independently activated through toll-like receptor signaling, to promote the expression of key glycolytic genes (63). Hif-1α may also directly bind Foxp3 and target it for proteasomal degradation (64). Reciprocally, forced Foxp3 expression is sufficient to suppress glycolysis and promote FAO in vitro (20). Treg effector molecules such as CTLA4 and PD-1 suppress glycolysis in CD4+ T cells by activating PTEN to antagonize PI(3)K signaling and subsequent glycolysis, with PD-1 also actively promoting FAO by increasing expression of CPT1A (65). These data suggest that elevated glycolysis is detrimental to Treg lineage stability and suppressor function.
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FIGURE 2 | Pathways promoting glycolysis and fatty acid oxidation (FAO) in regulatory T cells (Tregs), and known mechanisms affecting Foxp3. Glycolysis is primarily activated in Tregs through mTOR and tends to suppress Foxp3 expression and Treg lineage stability. Activation of the PI(3)K/Akt/mTOR signaling axis inhibits Foxo transcription factors and promotes activation of Hif-1α, which can directly target Foxp3 for degradation. However, under certain conditions, glycolysis also promotes Foxp3 expression. By disengaging Enolase 1 from its nuclear role, glycolysis enables expression of the Foxp3-E2 splice isoform in humans. Glycolysis also represses microRNAs such as miR-101 and miR-26a to enable expression of EZH2, which is a cotranscription factor for Foxp3. Tregs generally rely upon FAO for their metabolic needs. In the gut, short-chain fatty acids (SCFA) inhibit histone deacetylases (HDACs) to promote Foxp3 expression and conversion of naïve CD4+ T cells into pTregs. Under certain conditions, FAO may also impinge upon Treg lineage stability. Sirt1 may repress Foxp3, either through direct deacetylation of Foxp3 or by targeting Foxo transcription factors. In CD8+ memory T cells, cytokines such as IL-7 and IL-15 promote uptake of fatty acid precursors and increased FAO, respectively. It remains to be seen whether similar processes occur in Tregs as well. Both glycolysis and FAO can also promote Foxp3 expression through an NFAT-dependent mechanism.


However, most studies showing detrimental effects of glycolysis on Tregs were performed in vitro, where T cell activation and glycolysis were driven to their maximum extent. Under certain conditions, glycolysis actually supports Foxp3 expression, promotes Treg proliferation, and potentiates suppressor function. Among in vitro induced human Tregs, the glycolytic enzyme Enolase-1 binds the Foxp3 promoter and its CNS2 regions. This represses transcription of a splice isoform containing Exon 2 (Foxp3-E2), which is needed for optimal Treg suppressor function. Engaging glycolysis forces Enolase-1 into the cytoplasm, thereby allowing transcription of Foxp3-E2 (66). Glycolysis also favors expression of the histone methyltransferase EZH2 by repressing inhibitory microRNAs such as miR-101 and miR-26a (67). EZH2 in turn binds Foxp3 to assist suppression of target genes (68), although no experiment has yet confirmed glycolysis-dependent EZH2 expression is essential for Treg lineage stability. The glycolytic metabolite phosphoenol pyruvate (PEP) can also increase Foxp3 expression through an NFAT-dependent mechanism. By inhibiting the calcium ATPase SERCA, PEP increases intracellular Ca2+ levels to promote nuclear translocation of NFAT, which facilitates interactions between the Foxp3 promoter and its CNS2 regions (69, 70).

A recent study suggests a possible resolution of these conflicting roles for glycolysis in Tregs. Using a Glut1 transgene to increase glucose uptake and glycolysis, the authors found that although elevated glycolysis boosts tTreg proliferation, it comes at the cost of their ability to execute suppressor functions (20). This suggests that for optimal Treg activity, a balance must be struck between the cell activating effects of glycolysis with its negative effects on the lineage.



Fatty Acid Oxidation

Fatty acid oxidation is generally associated with an anti-inflammatory phenotype and maintenance of Treg lineage stability. One mechanism is through simple antagonism of glycolysis: Tregs express high levels of AMPK, which simultaneously promotes FAO while inhibiting mTOR and subsequent glycolysis (71). In the gut, short-chain fatty acids are also known to inhibit mTOR (72). They have the added benefit of stabilizing pTregs by inhibiting histone deacetylases (HDACs) such as HDAC6 and HDAC9 which would otherwise inhibit Foxp3 expression (73, 74). Reactive oxygen species generated as a byproduct of oxidative phosphorylation have been shown to promote Foxp3 stability by increasing activity of the transcription factor NFAT, which binds the CNS2 enhancer of Foxp3 (70, 75). In addition, Foxp3 may experience post-transcriptional modifications such as acetylation, which prevents Foxp3 from being targeted for degradation thereby increasing its half-life (76). Foxp3 acetylation is dependent on nuclear availability of acetyl-CoA, whose supply is increased upon breakdown of fatty acids. As with glycolysis however, under certain conditions FAO may antagonize Treg lineage stability. FAO promotes an increased NAD+/NADH ratio, which elevates the activity of the deacetylase SIRT1 (77). By deacetylating Foxp3, SIRT1 promotes Foxp3 poly-ubiquitination and subsequent proteasomal degradation (78).

pTregs and tTregs diverge considerably in their execution of FAO: although pTregs generally rely upon exogenous fatty acids for their metabolic needs (79), it is uncertain whether tTregs can import exogenous fatty acids in vivo (18). While the coming years will likely clarify this issue, available literature suggests one peculiar metabolic feature among tTregs. One of the major roles for mTOR signaling in tTregs is to drive synthesis of endogenous fatty acid stores, primarily along cholesterol biosynthetic pathways (80). Whether these endogenously synthesized fatty acids are then used for energy is not known, although these specific pathways are needed for tTreg proliferation and optimal suppressor function. Memory CD8+ T cells constitute the only major T cell subset known to synthesize endogenous fatty acids for subsequent FAO in vivo (18, 81) and rely in part on IL-7 and IL-15 to regulate these processes. IL-7 induces expression of the channel protein aquaporin 9, which facilitates glycerol import for fatty acid synthesis (82). IL-15 increases FAO by stimulating mitochondrial biogenesis and elevating expression of CPT1a, a key regulator of FAO (83). Given that Tregs appear to rely on IL-7 and/or IL-15 in the absence of IL-2, we speculate that tTregs from IL-2 or CD25 knockout mice may experience a shift from glycolysis to FAO, possibly with an associated loss of suppressor function. Whether similar events might occur in pTregs is unknown, although prior literature (11) suggests a loss of suppressor function in pTregs would result in increased fetal resorption among any IL-2 or CD25 knockout mothers which reach breeding age.



Therapeutic Interventions

One of the most exciting prospects of immunometabolism is developing therapeutic interventions which can selectively target T cell subsets. Since activated effector T cells are more reliant on glycolysis than Tregs, studies have examined whether inhibiting glycolysis might improve outcomes in mouse models of autoimmunity and transplant rejection. Blocking glycolysis with 2-DG (a competitive inhibitor of hexokinase), or with dichloroacetate (an inhibitor of PDHK isoforms) reduced the severity of experimental autoimmune encephalomyelitis with associated decreases in the percentage of Th17, but not Treg, cells (63, 84). Similar outcomes were reported following inhibition of another glycolytic enzyme, acetyl-CoA carboxylase 1 (ACC1), with soraphen A or with T cell specific genetic deletion of ACC1 (79). Furthermore, treatment with metformin (an agonist of AMPK, which increases fatty acid uptake and oxidation) reduced airway inflammation and fibrosis in a murine asthma model (85). In the transplant setting, treatment with 2-DG, metformin, and a glutamine uptake inhibitor DON prolonged allograft survival in heart and skin transplants, in part by suppressing the proliferation of antigen-specific T cells and by increasing the relative frequency of Tregs (86).

Conversely, interventions that promote glycolysis enhance immune function, presumably by increasing the proliferation and function of effector T cells while inhibiting Treg function. Pharmacological blockade or genetic loss of PTEN leads to Akt-dependent inhibition of Foxo3a and subsequent loss of Foxp3 and tumor regression (87). Furthermore, increasing glycolysis through forced expression of the glucose transporter Glut1 in Tregs exacerbated pathology in an adoptive transfer model of colitis (20). Tregs recovered from this system were also found to have lower levels of Foxp3 protein.




CONCLUSION AND FUTURE DIRECTIONS

The metabolic state of Tregs defies simple categorical explanations with regard to glycolysis and FAO. Although elevated glycolysis is generally associated with immune activation and can be detrimental to Treg lineage stability and function, controlled levels of glycolysis are necessary to sustain the same processes. The list of known links between metabolism and Treg function is far from complete, and the coming years will likely reveal other metabolic enzymes with moonlighting roles in Treg biology. In particular, the “futile cycle” approach of tTregs to FAO, and its preference for cholesterol synthesis may be a promising area of discovery.

Metabolic interventions offer a promising new approach to modulating Treg function and may be used to fine-tune therapies targeting other signaling pathways or used as a primary therapy in their own right. Of note, while there is clear potential for interplay between IL-2 signaling and immunometabolism through the PI(3)K/Akt/mTOR signaling cascade, to date no studies have specifically evaluated the effects of IL-2 signaling on Treg metabolism. In part, this is due to the inadequacies of germline knockout models to address this question. As mentioned before, such knockouts experience an autoimmune environment in which immune cells are already highly active and presumably glycolytic. It would be more appropriate to use a model in which Tregs can be inducibly made to lose IL-2 signaling while maintaining immune homeostasis. A tamoxifen-inducible CD25 knockout, with tamoxifen dosage adjusted to leave enough CD25-competent cells to prevent autoimmunity, would be well suited for this approach. Such studies would lay the framework for combination treatments in which metabolic interventions would be used with existing therapies such as CD25 blockade.
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The phosphatidylinositol-3-kinase (PI3K)/Akt pathway is important for multiple stages of herpesvirus replication including virus entry, replication, latency, and reactivation. Recently, patients with gain-of-function mutations in the p110δ-catalytic subunit of PI3K or in the p85-regulatory subunit of PI3K have been reported. These patients have constitutively active PI3K with hyperactivation of Akt. They present with lymphoproliferation and often have infections, particularly recurrent respiratory infections and/or severe virus infections. The most frequent virus infections are due to Epstein–Barr virus (EBV) and cytomegalovirus (CMV); patients often present with persistent EBV and/or CMV viremia, EBV lymphoproliferative disease, or CMV lymphadenitis. No patients have been reported with CMV pneumonia, colitis, or retinitis. Other herpesvirus infections have included herpes simplex pneumonia, recurrent zoster, and varicella after vaccination with the varicella vaccine. Additional viral infections have included adenovirus viremia, severe warts, and extensive Molluscum contagiosum virus infection. The increased susceptibility to virus infections in these patients is likely due to a reduced number of long-lived memory CD8 T cells and an increased number of terminally differentiated effector CD8 T cells.
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INTRODUCTION

Viruses often exploit intracellular signaling pathways to facilitate entry, replication, latency, and reactivation. Among the many pathways that viruses manipulate is the phosphatidylinositol-3-kinase (PI3K)/Akt pathway. This pathway has several important activities including inhibiting apoptosis, regulating the cell cycle, and enhancing protein synthesis, resulting in increased cell survival and control of cell growth (1). Activation of the pathway by the binding of viruses, growth factors, or cytokines to receptors on the plasma membrane results in the movement of the PI3K complex from the cytoplasm to the plasma membrane. Class I PI3K complexes are important for virus infection and consist of a regulatory subunit (p50, p55, or p85) and a catalytic subunit (p110α, β, γ, or δ). The interaction of phosphorylated tyrosines on receptors with the p85 subunit of PI3K reduces its inhibitory effect on the p110 subunit, resulting in the phosphorylation of phosphatidylinositol 4, 5-triphosphate (PIP2) and the activation of downstream signaling molecules including PDK1, Akt, and mTOR. Mutations in the p85-regulatory subunit or the p110δ-catalytic subunit have been associated with immunodeficiencies often presenting with lymphoproliferative disease, recurrent respiratory infections, and severe herpesvirus infections (see below).



HERPESVIRUSES MODULATE THE PI3K PATHWAY

Eight herpesviruses infect humans: herpes simplex viruses (HSV) 1 and 2, varicella–zoster virus (VZV), cytomegalovirus (CMV), Epstein–Barr virus (EBV), human herpesviruses (HHV) 6 and 7, and Kaposi’s sarcoma-associated herpesvirus (KSHV). All herpesviruses infect and are shed from the epithelial cells, and all undergo latency and reactivation. HSV-1, HSV-2, and VZV establish latency in sensory neurons, CMV and HHV-6 in monocytes and CD34 cells, HHV-7 in CD4 cells, and EBV and KSHV in B cells. In healthy persons, HSV causes orolabial and genital herpes, VZV results in varicella and zoster, CMV, EBV, and HHV-6 cause mononucleosis, and HHV-6 and HHV-7 cause roseola. Each of the herpesviruses can result in a severe disease involving multiple organs in immunocompromised persons; CMV and EBV are frequently detected in the blood of immunocompromised persons. EBV is associated with lymphoproliferative disease in immunocompromised persons and B cell lymphoma, while KSHV is associated with Kaposi’s sarcoma and primary effusion lymphoma. While antibody contributes to protection from initial infection with herpesviruses, T cells are critical for reducing the severity of infection and disease associated with reactivation. Thus, mutations in genes important for the function of T cells can impair the control of herpesviruses by the host.

The PI3K pathway has a critical role for herpesvirus infection as well as for the control of herpesviruses by the immune system (2–4). Accordingly, herpesviruses manipulate this pathway to enhance virus entry, replication, latency, and reactivation. The binding of HSV (5), CMV (6), EBV (7), and KSHV (8) to the cell results in the activation of PI3K/Akt. Several viral glycoproteins including HSV gD and gB (9), CMV gB (10), EBV gp350 (7), and KSHV gB (11), each of which is required for initial infection of cells, activate the PI3K/Akt pathway. Viral proteins expressed during infection of cells by HSV (12), VZV (13), CMV (14), EBV (15), and KSHV (16) activate PI3K/Akt. These include the first proteins expressed in infected cells, the immediate-early proteins, including CMV IE1 and IE2 (14), EBV Rta (15) and KSHV Rta (17) which activate the PI3K/Akt pathway.

The PI3K/Akt pathway is also important for maintaining latency in HSV (18), EBV (19), and KSHV (20). Proteins and RNAs expressed during latency including HSV LAT (21) and EBV LMP1 (22), LMP2 (23), and EBNA2 (24) all activate the PI3K/Akt pathway. In addition, this pathway is critical for the reactivation of HSV (18), EBV (25), and KSHV (26) from latency.

Several herpesvirus proteins including HSV VP11 (27), VZV ORF12 (13), EBV LMP1 (22), and KSHV K1 (28) directly interact with the p85-regulatory subunit of PI3K to activate the PI3K/Akt pathway. Additional herpesvirus proteins interact with other proteins in the PI3K/Akt pathway.



IMMUNODEFICIENCIES ASSOCIATED WITH MUTATIONS IN PIK3CD OR PIK3R1

Two laboratories (29, 30) independently reported a new immunodeficiency due to heterozygous gain-of-function mutations in the p110δ-catalytic subunit of PI3K, which is encoded by PIK3CD. Angulo et al. (29) reported a series of 17 patients with activated PI3K-δ syndrome (APDS) due to an E1012K mutation in PIK3CD. Lymphocytes from the patients had increased levels of activated Akt and phosphatidylinositol 3, 4, 5-triphosphate (PIP3), and increased activation-induced cell death. The patients had lymphopenia, elevated levels of IgM and transitional B cells, and reduced levels of antibodies to Streptococcus pneumoniae and Haemophilus influenzae type B with a reduced number of circulating B cells and class-switched memory B cells. They also had repeated respiratory infections with damage to the lungs; some had severe virus infections. Lucas et al. (30) reported nine patients with p110δ-activating mutations causing senescent T cells, lymphadenopathy, and immunodeficiency (PASLI) with N334K, E525K, or E1012K mutations in PIK3CD. The patients’ lymphocytes had an increased phosphorylation of Akt and mTOR, an increased number of senescent effector T cells and transitional B cells, and a reduced number of naïve T cells, CD4 cells, and class-switched memory B cells. The patients had lymphoid hyperplasia often with obstructive lymphoid nodules and recurrent sinopulmonary infections; several patients had autoimmune cytopenias. Two had EBV lymphomas and all had EBV and/or CMV viremia.

Two laboratories (31, 32) reported a new immunodeficiency due to heterozygous gain-of-function mutations in the p85-regulatory subunit of PI3K, which is encoded by PIK3R1. These patients’ immune system and clinical phenotype were similar to those with PIK3CD mutations. Deau et al. (31) reported four patients with two different heterozygous splice mutations in PIK3R1, whose lymphocytes showed low numbers of memory B cells and naïve T cells, and increased levels of activated Akt, IgM, transitional B cells, senescent CD8 cells, and activation-induced cell death. One of the patients had CMV and EBV viremia and enterovirus enteritis. Lucas et al. (32) described four patients with heterozygous splice-site mutations in PIK3R1. Lymphocytes from the patients had an increased phosphorylation of Akt and an increased number of senescent effector T cells and CD8 cells; they had low numbers of CD4 cells and low levels of IgG. The patients had lymphoproliferative disease and frequent sinopulmonary infections.

With the recognition of similar phenotypes in patients with gain-of-function mutations in PIK3CD and PIK3R1, APDS and PASLI have now been divided into APDS1 and PASLI-CD when reporting patients with mutations in PIK3CD, and APDS2 and PASLI-R1 when reporting patients with mutations in PIK3R1. A different type of mutation was reported in PIK3R1. Conley et al. (33) reported a patient with a homozygous stop codon in the p85-regulatory subunit of PI3K. The patient had no B cells, normal numbers and activity of T cells, and no history of severe virus infection.



HERPESVIRUS INFECTIONS IN PATIENTS WITH GAIN-OF-FUNCTION PIK3CD MUTATIONS

The most frequent viral infectious complications associated with PIK3CD mutations have been EBV and CMV viremia and EBV lymphoproliferative disease or CMV lymphadenitis. In the first report of gain-of-function PIK3CD mutations (29), patients were screened for frequent respiratory infections and family histories of increased susceptibility to infection; accordingly, all 17 had recurrent upper or lower respiratory tract infections. Four of the 17 patients had infections caused by EBV, CMV, VZV, or HSV, including one patient with HSV pneumonia. In the next report of PIK3CD gain-of-function mutations (30), patients were screened based on the persistence of CMV and EBV in the peripheral blood; all nine patients had EBV viremia, with peak viral loads ranging from <250 to 63,350 copies/μl in the blood (30). Two patients had EBV-positive B cell lymphomas; one had an EBV-diffuse B cell lymphoma and one had EBV-nodular sclerosis Hodgkin disease. In one patient without lymphoma, two other family members had EBV lymphoma. Interestingly, while patients had high EBV DNA levels in the blood and some developed EBV lymphomas, in the patients who had EBV-specific CD8 T cells quantified by staining with HLA tetramers specific for EBV lytic and latency proteins, normal or elevated numbers of EBV-specific CD8 T cells were noted. Two patients had CMV viremia and three had CMV lymphadenitis. While it is possible that chronic infection with CMV or EBV could have resulted in the observed senescence of CD8 T cells, there was no correlation with the EBV and CMV load in the blood and the number of senescent CD8 T cells.

Since these two reports were published, additional papers have reported persistent herpesvirus viremia or severe herpesvirus infections in patients with PIK3CD gain-of-function mutations (Table 1). Mutations at seven sites in PIK3CD—E81K, G124D, N334K, C416R, E525K, E1021K, and E1025G—have been reported in persons with herpesvirus viremia or severe virus infections. In the largest review to date, a total of 53 patients with PIK3CD gain-of-function mutations were reported, and 49% had persistent or recurrent herpesvirus infections (40). EBV viremia was detected in 26% (14/53) of the patients, and 6% were reported to have a disseminated infection. EBV was detected in multiple biopsies including lymph nodes, tonsils, and the gastrointestinal tract as well as in the cerebrospinal fluid. Seven patients had diffuse lymphadenopathy; EBV and/or CMV was detected by PCR in the blood of six of these patients. One case of EBV encephalitis was reported. Two patients had EBV lymphomas, one had Hodgkin lymphoma and one had diffuse large B cell lymphoma; both patients died. CMV viremia was reported in 15% (8/53) of patients, 4 of whom responded to ganciclovir. EBV and CMV coinfection was reported in four patients, one of whom had a lymph node biopsy that was positive for EBV, CMV, and HHV-6 by PCR. Severe or persistent HSV or VZV infections were detected in 21% (11/53) of patients. One patient had HSV pneumonitis and one had recurrent HSV keratitis. Varicella infections resulted in hospitalization of two patients, and two had recurrent zoster.


TABLE 1 | Viral infections in patients with germline gain-of-function mutations in PIK3CD.
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Two other patients have been reported with PIK3CD gain-of-function mutations and EBV lymphomas (30). One patient had fatal EBV lymphoproliferative disease (42), two had EBV lymphadenitis (42), and one had EBV encephalitis (40). Two developed varicella after receiving the varicella vaccine (39, 42) and one had varicella pneumonia (35). Interestingly, despite frequent reports of CMV viremia and lymphadenitis, severe complications of CMV including pneumonia, colitis, or retinitis have not been reported. The treatment of patients with CMV lymphadenitis is often unsatisfactory; while the disease responds to antiviral therapy, it often recurs when treatment is stopped.



HERPESVIRUS INFECTIONS IN PATIENTS WITH GAIN-OF-FUNCTION PIK3R1 MUTATIONS

In the first report of patients with gain-of-function PIK3R1 mutations, Deau et al. (31) described four patients with recurrent respiratory bacterial infections, two of whom had EBV viremia and one of whom had both CMV and EBV viremia (9,300 and 1,500 copies/ml, respectively). In the next report of PIK3R1 gain-of-function mutations, Lucas et al. (32) reported four patients, one of whom had CMV lymphadenitis. Since these two papers were published, additional papers have reported persistent EBV or CMV viremia or severe herpesvirus infections in patients with gain-of-function mutations in PIK3R1 (Table 2). All patients with severe virus infections have had splice donor-site mutations resulting in loss of exon 11. In the largest series to date, Elkaim et al. (45) reported 36 patients with mutations in PIK3R1. EBV viremia was detected in 22% (8/36) of patients, 4 of whom were asymptomatic and 4 of whom had EBV lymphoproliferative disease. One of these patients had two episodes of EBV Hodgkin lymphoma. Asymptomatic CMV viremia was present in 17% (6/36) of patients, and two had CMV lymphadenitis. Two patients were hospitalized for severe VZV infections. In another report (47), a 15-year-old boy had CMV viremia and CMV lymphadenitis that was refractory to therapy. A lymph node biopsy showed 240,000 copies of CMV/mg of tissue and follicular hyperplasia. While he initially responded to ganciclovir and valganciclovir, his lymphadenopathy recurred associated with the obstruction of the upper airway. A repeat lymph node biopsy was CMV-positive, and he received additional valganciclovir and corticosteroids and had a good response, though he had intermittent low-grade CMV viremia. He later presented with recurrent massive lymphadenopathy, and a repeat lymph node biopsy was CMV-positive, and he was treated again with ganciclovir and valganciclovir. He relapsed once valganciclovir was stopped and when he became refractory to antivirals, hematopoietic stem cell transplantation was performed, and he responded well. Like patients with mutations in PIK3CD, no cases of severe CMV involving the lungs, colon, liver, or retina have been reported in patients with mutations in PIK3R1.


TABLE 2 | Viral infections in patients with germline gain-of-function mutations in PIK3R1.
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While most case reports of patients with EBV or CMV viremia did not indicate the level of viral DNA, in 13 patients with EBV viremia and 5 with CMV viremia and mutations in either PIK3CD or PI3KR1, the levels were quantified and expressed as copies of viral DNA/ml. In these cases, the mean and median EBV loads were 9,146 and 2,250 copies/ml, respectively, and the mean and median CMV loads were 2,749 and 1,211 copies/ml, respectively. Thus, the levels of EBV and CMV in the blood generally were not markedly elevated. EBV and CMV viremia were not reported as initiating with symptomatic primary infection; instead, they were associated with virus reactivation.



OTHER VIRUS INFECTIONS IN PATIENTS WITH GAIN-OF-FUNCTION PIK3CD MUTATIONS

In the first report of gain-of-function PIK3CD mutations, two patients were described with severe warts (29); subsequently, two additional patients with severe warts have been reported (40). Four patients have been reported with severe Molluscum contagiosum infections (40), one with adenovirus viremia (38), and 11 others reported with adenovirus infections with virus isolated from the blood, bronchoalveolar lavage fluid, and/or stool (39, 40). One patient was reported with norovirus infection that lasted for several weeks and was associated with persistent diarrhea (38). CD4 T cell numbers were reduced in 72% of patients, and CD8 T cell and NK cell numbers were reduced in 27% of patients with severe virus infections and PIK3CD mutations (Table 1).



OTHER VIRUS INFECTIONS IN PATIENTS WITH GAIN-OF-FUNCTION PIK3R1 MUTATIONS

In the first report of gain-of-function PIK3R1 mutations, one patient was reported with enterovirus gastroenteritis (31). In the largest report of PIK3R1 mutations to date, Elkaim et al. (45) reported one patient with measles encephalitis and hydrocephalus and other patients with chronic hepatitis B and hepatitis C virus infections. In another report, one patient was hospitalized in the intensive care unit for bronchiolitis due to respiratory syncytial virus infection (46). CD4 T cell numbers were reduced in 32% of patients and NK cell numbers were reduced in 11% of patients with severe virus infections and PIK3R1 mutations (Table 2).



MECHANISM FOR IMPAIRED CONTROL OF HERPESVIRUS INFECTIONS IN PATIENTS WITH PI3K MUTATIONS

Lucas et al. (30) found that patients with PIK3CD gain-of-function mutations had normal or high levels of EBV-specific CD8 T cells in the blood by tetramer staining, but that EBV-specific CD8 T cells were predominantly CCR7−CD45RA− indicative of terminal effector memory cells and had more CD38 than control cells indicative of an increased activity. They postulated that the persistent hyperactivation of Akt results in an increase in the proliferation of CD8 T cells and an increase in the number of terminal differentiated effector CD8 T cells with a corresponding increase in senescent CD8 T cells and a decrease in long-lived memory CD8 T cells. Together, this may result in impaired control of EBV- and CMV-infected cells. The increased proliferation of EBV-infected B cells could also increase the risk for additional chromosomal mutations and result in an increased risk of EBV lymphomas. Interestingly, while older persons have a similar number of T cells than younger persons, they have a higher frequency of senescent T cells (50, 51). Older persons also have higher levels of EBV and CMV in the blood than younger persons (52, 53), and older persons may develop EBV lymphoproliferative disorders in the absence of an immune deficiency disease (54). Thus, an increased number of senescent T cells has been associated with impaired control of EBV and CMV infections. Coulter et al. (40) also noted that a reduced number of CD4, CD8, or NK cells was not associated with herpesvirus infections in patients with PIK3CD mutations, indicating that a functional rather than a quantitative abnormality in lymphocytes was responsible for the infections.

Cytomegalovirus and EBV persist predominantly in the blood, lymph nodes, and spleen, and the disease is often associated with lymphadenopathy, lymphadenitis, or lymphomas involving the lymphoid tissues. By contrast, HSV and VZV are latent in the nervous system and most often result in disease involving the skin. CD8-naïve and central or effector memory T cells are the predominant T cell types in the blood, spleen, and lymph nodes, while tissue-resident memory T cells and terminally differentiated effector CD8 T cells are the predominant CD8 T cell subsets in the peripheral tissues including the skin (55, 56). In addition, the persistence of EBV and CMV in the blood allows for clonal expansions of T cells, with the persistence of memory T cells after initial infection. Thus, the increase in terminal differentiated effector CD8 T cells and the reduction in memory CD8 T cells in patients with mutations in PIK3CD or PIK3R1 may allow EBV and CMV to proliferate in the blood and lymphoid organs while having less of an effect on HSV and VZV in the skin. Furthermore, the reduction in memory CD8 T cells in the blood and lymphoid tissues may allow EBV and CMV to proliferate to higher levels resulting in viremia, lymphadenitis, and EBV lymphoma. In addition, the increased numbers of terminal differentiated effector CD8 T cells in patients with PIK3CD or PIK3R1, which are generally more often present in the peripheral tissues than in the blood, may have a protective effect from CMV involvement of the lungs, colon, and liver in these patients.



SCREENING AND TREATMENT

Since EBV viremia was detected in 46 and 22% of patients with mutations in PIK3CD and PIK3R1, respectively, and CMV viremia was detected in 20 and 21% of patients with mutations in PIK3CD and PIK3R1, respectively, testing for mutations in these two genes should be considered in patients with unexplained EBV or CMV viremia. The frequency of other virus infections in these patients is much lower, and therefore screening for mutations in PIK3CD or PIK3R1 would be less likely to be useful.

The treatment of patients with PIK3CD mutations with a PI3K inhibitor, leniolisib (57), or with an mTOR inhibitor, rapamycin (30, 40) reduced lymphoproliferation and the number of senescent T cells and increased the number of naïve T cells. Despite its immunosuppressive effects, patients with PIK3CD mutations treated with leniolisib did not have an increase in EBV or CMV viremia while on therapy (57). Similarly, complications associated with EBV or CMV have not been reported in patients treated with rapamycin (30, 40). Rapamycin has been shown to inhibit the development of EBV-positive B cell lymphomas in a mouse model (58) and has been associated with the resolution of EBV-positive lymphoproliferative disease in patients (59). Similarly, rapamycin modestly reduces CMV replication in vitro (60), and the use of rapamycin instead of other immunosuppressant drugs has resulted in the reduction in CMV infection and disease (61). Thus, despite its immunosuppressive activities, rapamycin or PI3K inhibitors do not appear to increase the risk of EBV or CMV disease in patients with PIK3CD mutations.
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Activated PI3 kinase delta syndrome (APDS) is a primary immunodeficiency caused by dominant mutations that increase activity of phosphoinositide-3-kinase δ (PI3Kδ). APDS can be caused by mutations in the PIK3CD gene that encodes PI3Kδ catalytic subunit p110δ (APDS1) or mutations in the PIK3R1 gene that encodes regulatory subunit p85α (APDS2). APDS research advanced rapidly after the initial discovery in 2013. More than 200 APDS patients have been identified around the world. Multiple novel APDS mutations were reported and molecular mechanisms leading to PI3Kδ activation have been elucidated. The finding of APDS significantly increased our understanding of the role of PI3Kδ in the human immune system. Perhaps most importantly, discovery of the molecular basis of this primary immunodeficiency suggested that APDS patients, who previously received only non-specific therapy, could be treated by a novel class of drugs that inhibits PI3Kδ activity. This led to the ongoing clinical trials of selective PI3Kδ inhibitors in APDS patients. Overall, the APDS story provides an excellent example of translational research, beginning with patients who had an unknown disease cause and leading to a novel specific knowledge-based treatment.
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INTRODUCTION

Primary immunodeficiencies (PIDs) are a group of disorders that cause immune dysfunction and manifest with increased susceptibility to infections. Many PIDs are monogenic diseases. To date, mutations in more than 300 genes have been shown to cause various PIDs (1). Activated PI3 kinase delta syndrome (APDS) is a PID that results from gain-of-function mutations in genes encoding the phosphoinositide-3-kinase δ (PI3Kδ). This review will focus on the APDS mutations, phenotypes of the disease, and current therapeutic approaches.

Phosphoinositide-3-kinase δ is a class IA lipid kinase that phosphorylates phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2 or PIP2] to produce phosphatidylinositol-3,4,5-trisphosphate [PtdIns(3,4,5)P3 or PIP3]. There are three class IA PI3Ks in mammalian cells: α, β, and δ. Each class IA PI3K is composed of a catalytic subunit: p110α, p110β, or p110δ (encoded by genes PIK3CA, PIK3CB, and PIK3CD, respectively), and one of the five regulatory subunits: p85α, p55α, p50α (all encoded by different transcripts of the PIK3R1 gene), p85β (encoded by the PIK3R2 gene), or p55γ (encoded by the PIK3R3 gene). The regulatory subunit stabilizes the catalytic subunit to prevent its proteasomal degradation, inhibits activity of the catalytic subunit, and recruits it to the plasma membrane (2). Catalytic subunits p110α and p110β are broadly expressed, while p110δ is mainly expressed in cells of the hematopoietic system, primarily lymphocytes and myeloid cells (3). In immune cells, PI3Kδ is activated downstream of cytokine receptors, toll-like receptors, B-cell and T-cell receptors, and Ras superfamily of small GTPases (4). PIP3 produced by PI3Ks activates kinases PDK1 and AKT, leading to the activation of mTOR complex 1 and inhibition of FOXO family of transcription factors. In lymphocytes, PIP3 activates kinases BTK and ITK that mediate activation of phospholipase Cγ and other proteins (3). PIP3 is dephosphorylated to PIP2 by a phosphatase PTEN.



APDS MUTATIONS

In 2013, two groups, one in Cambridge (UK) and the other in Bethesda (USA), used whole-exome-sequencing analysis of PID patients with unknown etiology and reported a novel PID caused by rare heterozygous germline gain-of-function mutations in the PIK3CD gene (5, 6). The mutations led to the increased PI3Kδ activity and the disease was called APDS (5) or p110δ-activating mutation causing senescent T cell, lymphadenopathy, and immunodeficiency (PASLI) (6) (OMIM #615513). Subsequently, rare heterozygous germline mutations in the PIK3R1 gene were described that also resulted in an increased PI3Kδ activity and immune deficiency, phenocopying patients with the PIK3CD mutations. This disorder has been termed APDS2 or PASLI-R1 (7, 8) (OMIM #616005). Now, a PID caused by activating mutations in the PIK3CD gene is referred to as APDS1 and both diseases together are known as APDS.

Since the initial publications, 10 activating missense mutations have been reported in the PIK3CD gene resulting in APDS1 (5, 6, 9–15) (Figure 1). The E1021K variant in the C-lobe of the p110δ kinase domain is by far the most frequently reported APDS mutation. In the p110δ protein, E1021K is positioned similar to the somatic mutation H1047R of another PI3K isoform, p110α. Both E1021K and H1047R increase PI3K activity by enhancing association of the catalytic subunits with membranes and facilitating more effective phosphorylation of PIP2 (5, 16–18). The R929C mutation in the C-lobe of the p110δ kinase domain may also act in a similar manner (14). Other p110δ mutations located in the C2 domain (N334K, C416R) and the helical domain (E525K) likely interfere with inhibitory contacts between p110δ and p85α (18). Interestingly, activating somatic mutations of the homologous amino-acid residues of p110α (N345, C420, and E545) have been also found in tumors. The recently identified E81K and G124D mutations in the adapter-binding domain and the linker between the adapter-binding and the Ras-binding domains may affect the orientation of the adapter-binding domain and hence interaction between p110δ and p85α (11).


[image: image1]
FIGURE 1 | (A) Domain structure of the p110δ and p85α proteins and positions of mutations. ABD, adaptor-binding domain; RBD, Ras-binding domain; BH, breakpoint cluster region homology domain; P, proline-rich regions. (B) Activated PI3 kinase delta syndrome mutations in the PIK3CD (5, 6, 9–15, 19) and PIK3R1 (7, 8, 14, 20) genes. 1—NM_005026; 2—NM_181523 (RefSeq); 3—O00329; 4—P27986 (UniProt).


Several mutations causing APDS2 were identified in the PIK3R1 gene (Figure 1). These include one missense mutation and seven mutations affecting the splice sites of exon 11 (coding exon 10), one affecting the splice acceptor site, and six affecting the splice donor site. All splice site mutations lead to the skipping of exon 11 and an in-frame deletion of 42 amino-acid residues in positions 434–475 within the inter-SH2 coiled-coil domain of p85α. The additional N564K variant in p85α is also found in the inter-SH2 domain (14). The inter-SH2 domain of p85α is known to inhibit the catalytic p110 subunit by interacting with its C2 domain (2). Interestingly, the APDS2 mutations in p85α lead to the disease that phenocopy APDS1, despite that p85α is ubiquitously expressed and interacts not only with p110δ but also with p110α and p110β. However, it has been demonstrated that the 42 amino-acid deletion in p85α effectively disrupts inhibitory interactions between p85α and p110δ, leading to a strong basal activation of PI3Kδ, while it only weakly increases PI3Kα activity (18). This differential effect explains why the impact of this mutation is largely restricted to the immune system.

Mutations that cause APDS have been found in patients from different countries around the world. So far, more than 200 APDS patients carrying activating mutations in the PIK3CD and PIK3R1 genes have been identified. None of these variants were found in large cohorts of healthy subjects, e.g., they are absent from the largest human exome and whole-genome database gnomAD that includes more than 138,000 subjects (21). In several families, APDS mutations were shown to appear de novo among children, while being absent in their parents (5, 6, 10, 20), and long-range haplotype analysis in families with the E1021K mutation showed no founder effect (5). These findings indicate that APDS mutations appear recurrently in human populations. It is possible that activation of PI3Kδ provides selective advantages to cells during gametogenesis. Current data show that APDS mutations have high penetrance, e.g., out of the 53 subjects from 30 APDS1 families only one adult carrier of the E1021K mutation had no reported health issues (22). The true prevalence of APDS is not known. In the original study, heterogeneous cohorts comprising 184 PID patients were screened for the E1021K mutation and 17 APDS patients from seven unrelated families were identified (5). However, these cohorts included multiple patients with hyper-IgM syndrome and, therefore, were enriched for APDS mutations. Another study screened 669 patients with undefined PIDs for the N334K, C416R, E525K, and E1021K mutations in PIK3CD and the PIK3R1 splice site mutations and found only PIK3CD mutations in three siblings diagnosed with common variable immune deficiency (CVID) and two sporadic cases with combined immunodeficiency (23). Thus, prevalence of APDS may vary considerably between different PID cohorts.



APDS PHENOTYPES

Two comprehensive studies of APDS cohorts have been carried out recently and characterized its clinical and immunological manifestations (Table 1). One study examined the phenotypes of 53 patients with APDS1 (50 subjects with E1021K and 3 subjects E525K mutations) (22). The other studied 36 patients with APDS2 (20). Almost all APDS1 and APDS2 patients suffered from recurrent respiratory infections caused by bacterial pathogens, mainly Streptococcus pneumoniae and Haemophilus influenzae. Bronchiectasis was a common complication of lung infections affecting up to 60% of APDS1 patients. Interestingly, the majority of bronchiectasis patients had normal IgG levels and diagnosing PID in such subjects may not have been straightforward. Therefore, screening bronchiectasis patients without a clear PID for APDS mutations can reveal unrecognized APDS cases. Severe, persistent, or recurrent herpes virus infections, including EBV, CMV, HSV, and VZV infections, were found in 49% APDS1 and 31% APDS2 patients and were associated with lymphadenopathy. Immunologically, increased frequency of transitional B cells was often observed in APDS patients (Table 1). Many patients also had increased serum IgM levels and, therefore, some of the patients previous were diagnosed with hyper-IgM syndrome (5). Approximately one third of APDS1 patients and 17% of APDS2 patients had autoimmune or autoinflammatory manifestations. High incidence of lymphomas was also recorded in APDS patients (20, 22, 24). Unexpectedly, neurodevelopmental delay was found to be a relatively frequent manifestation in both APDS cohorts (Table 1), which may suggest an important role of PI3Kδ in the development of central nervous system that was not recognized previously.


TABLE 1 | Characteristic clinical and immunological features of activated PI3 kinase delta syndrome (APDS).
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Thus, APDS manifests as a PID with a high rate of recurrent respiratory tract infections, often leading to bronchiectasis, herpes virus infections, lymphadenopathy, splenomegaly, increased risk of lymphomas, frequent autoimmune manifestations, and, occasionally, developmental delay. In addition, APDS2 patients had a high frequency of growth retardation (45%), a feature that was not found in APDS1 patients. This difference may reflect impaired interactions of p85α with p110α and p110β catalytic subunits. Of note, a number of other dominant germline mutations, which reside within the nSH2 and iSH2 domains of p85α and reduce PI3K signaling, are known to cause the SHORT syndrome that includes short stature, hyperextensibility of joints, hernia, ocular depression, Rieger anomaly, and teething delay (25–28) (OMIM #269880). A single patient with a homozygous loss-of-function mutation in the PIK3R1 gene was described that resulted in the absent p85α and reduced expression of p110δ. The patient had B lymphopenia and hypogammaglobulinemia and suffered from recurrent Campylobacter bacteremia and inflammatory bowel disease (29) (OMIM #615214). Also, a patient with biallelic loss-of-function mutations in the PIK3CD gene and reduced p110δ expression was reported to have B lymphopenia and hypogammaglobulinemia, sinopulmonary infections, septic arthritis, inflammatory bowel disease, and autoimmune hepatitis (30). Therefore, although p110δ deficiency also leads to a PID, its phenotype is different from APDS.



THERAPIES FOR APDS PATIENTS—PRECISION MEDICINE FOR A RARE DISEASE

Treatment regimes for APDS patients include antibiotic prophylaxis and immunoglobulin replacement therapy. Hematopoietic stem cell transplantation (HSCT) has been successful in several APDS patients and can be a treatment option, especially in young patients (20, 22). Immunosuppressive therapies aimed at reducing lymphoproliferation have included treatment with rituximab (anti-CD20 monoclonal antibody) and rapamycin to target the activation of the mTOR pathway. Treatment with rapamycin led to the improvement of immunological markers and a reduction in splenomegaly and lymphadenopathy (6). Nevertheless, the discovery of the APDS etiology and the causative role of mutations that activate PI3Kδ opened an opportunity for a novel specific treatment using selective PI3Kδ inhibitors. This class of drugs has been developed for cancer treatment (31), as well as inflammatory disorders, such as rheumatoid arthritis, asthma, and chronic obstructive pulmonary disease (COPD) (32–34). One of the PI3Kδ inhibitors, idelalisib, has been approved for treatment of chronic lymphocytic leukemia and non-Hodgkin lymphoma (35, 36). Idelalisib (previously known as GS-1101) reduced the catalytic activity of mutant PI3Kδ as efficiently as the activity of the wild type PI3Kδ (5, 18). PI3Kδ inhibitors also normalized PI3Kδ hyperactivation in cells of APDS patients in vitro (5–8, 37). These results opened way for clinical trials of PI3Kδ inhibitors in APDS patients.

Two phase-II clinical trials are currently ongoing to study the safety, pharmacokinetics, pharmacodynamics, and efficacy of PI3Kδ inhibitors in APDS patients. Clinical trial NCT02435173 sponsored by Novartis uses an oral PI3Kδ inhibitor leniolisib (CDZ173) (38), while clinical trial NCT02593539 sponsored by GSK uses an inhaled PI3Kδ inhibitor nemiralisib (GSK2269557) (39) that had been originally developed for treatment of COPD (34). Recently, the clinical trial NCT02435173 has reported efficacy data from six APDS patients (37). The patients were part of a 12-week within subject dose-escalation study of oral leniolisib, administered twice daily. Leniolisib was well tolerated and the study reported normalization of circulating transitional and naïve B cells, reduction in senescent T cells, decrease in the elevated serum IgM levels, and inflammatory markers. After 12 weeks of treatment, lymph node and spleen sizes reduced by 39% and 40%, respectively (37). Normalization of immunophenotypes was most notable in the final 4-week dosing period. The study has now proceeded to a long-term treatment arm with patients receiving treatment for over 9 months (70-mg leniolisib, twice daily) and no significant adverse events have been detected (37). These exciting initial findings validate the focused approach to target the activated PI3Kδ in APDS patients. It will be of interest to see if the oral or inhaled inhibitors under development provide specific advantages for the APDS patients. Inhaled PI3Kδ inhibitors will have a different safety profile and may be appropriate for patients who are primarily affected by airway infections, potentially limiting progression of bronchiectasis.



FUTURE DIRECTIONS

Whole-exome and whole-genome sequencing of PID patients will likely identify novel variants in the PIK3CD and PIK3R1 genes and it remains essential to distinguish pathogenic mutations from neutral variants. Given that APDS is a rare monogenic disorder with high penetrance, variants that cause it are unlikely to be found in healthy subjects outside of patients’ families. Therefore, excluding variants detected in healthy cohorts, e.g., reported in the gnomAD database (21), will help initial screening of potential APDS-causing mutations. However, rare variants can still be neutral, so it will remain important to demonstrate that a novel candidate mutation leads to increased PI3K activity, e.g., by showing increased levels of PIP3 or phosphorylated AKT. The growing list of known APDS mutations will facilitate genetic diagnosis in future patients. Early diagnosis of APDS will be essential, as it will allow early therapy, e.g., HSCT or treatment with PI3Kδ inhibitors, which should prevent many APDS complications.

As our understanding of APDS improves, new questions emerge. With more APDS patients carrying various mutations being identified, it will be interesting to understand if specific mutations are associated with disease severity and clinical or immunological subphenotypes. The varying degree of disease severity in APDS patients raises the question as to whether rare activating mutations in genes encoding PI3Kδ or other proteins that regulate PI3K activity may be responsible for causing similar disorders, perhaps resembling only some of the APDS manifestations. In support of this hypothesis, loss-of-function mutations have been described in PTEN resulting in an APDS-like phenotype (10). Larger exome- or genome-sequencing studies in patients with diseases that resemble aspects of the APDS phenotype will be interesting to explore in this regard. These studies may reveal monogenic etiology in some of the patients with disorders, such as bronchiectasis. Furthermore, it is plausible that combinations of common polymorphisms in genes regulating PI3Kδ signaling may lead to its increased activity. Such subjects may be predisposed to APDS-like manifestations, e.g., bacterial respiratory infections, herpes virus infections, or bronchiectasis. Future genetic, biochemical, and immunological studies should address these questions.

In conclusion, the story of APDS illustrates how modern biomedical approaches led to the discovery of disease etiology in a group of uncharacterized patients and then provided a novel knowledge-based therapeutic strategy. Promising data emerging from the ongoing clinical trials of PI3Kδ inhibitors (37) rises the hope that the success of this approach may translate into therapies for APDS and, possibly, for APDS-like diseases in future.
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The activated phosphoinositide 3-kinase δ syndrome (APDS), also known as p110δ-activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency (PASLI), is a combined immunodeficiency syndrome caused by gain-of-function mutations in the phosphoinositide 3-kinase (PI3K) genes PIK3CD (encoding p110δ: APDS1 or PASLI-CD) and PIK3R1 (encoding p85α: APDS2 or PASLI-R1). While the disease is clinically heterogeneous, respiratory symptoms and complications are near universal and often severe. Infections of the ears, sinuses, and upper and lower respiratory tracts are the earliest and most frequent manifestation of APDS, secondary to both respiratory viruses and to bacterial pathogens typical of defective B cell function. End organ damage in the form of small airways disease and bronchiectasis frequently complicates APDS, but despite documented T cell defects, opportunistic infections have rarely been observed. Antimicrobial (principally antibiotic) prophylaxis and/or immunoglobulin replacement have been widely used to reduce the frequency and severity of respiratory infection in APDS, but outcome data to confirm the efficacy of these interventions are limited. Despite these measures, APDS patients are often afflicted by benign lymphoproliferative disease, which may present in the respiratory system as tonsillar/adenoidal enlargement, mediastinal lymphadenopathy, or mucosal nodular lymphoid hyperplasia, potentially causing airways obstruction and compounding the infection phenotype. Treatment with rapamycin and PI3Kδ inhibitors has been reported to be of benefit in benign lymphoproliferation, but hematopoietic stem cell transplantation (ideally undertaken before permanent airway damage is established) remains the only curative treatment for APDS.
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INTRODUCTION

Following the initial description in 2013 of gain-of-function (GOF) mutations resulting in enhanced phosphoinositide 3-kinase (PI3K) δ signaling as the cause of a combined immune deficiency syndrome [the activated phosphoinositide 3-kinase δ syndrome (APDS), also known as p110δ-activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency (PASLI)], multiple case reports and several case series have highlighted the protean clinical feature of this newly recognized disease. The first reports (1–3) identified mutations in the gene (PIK3CD) encoding the p110δ catalytic subunit of PI3Kδ, and several additional GOF mutations have since been described [e.g., Ref. (4–9)]. Subsequently, patients with a highly reminiscent clinical phenotype who did not harbor APDS-associated PIK3CD mutations were found instead to have exon-skipping mutations in the Class 1A regulatory PI3K subunit p85α encoded by PIK3R1 [e.g., Ref. (10–16)]; these mutations disrupt the inhibitory interactions with the catalytic subunit of PI3Kδ (17), increasing both basal and stimulated activation. The resulting clinical syndrome, termed APDS2 (or PASLI-R1), phenocopies many of the APDS1 disease manifestations but with a higher incidence of growth retardation and in some cases, overlap with SHORT syndrome [short stature, hyperextensibility, hernia, ocular depression, Rieger anomaly, and teething delay (14, 18)]. More recently, four patients with mutations leading to haploinsufficiency of PTEN (a lipid phosphatase that opposes PI3K activation) have been found to have immunodeficiency with an APDS-like syndrome (9, 19). Despite the different genetic underpinnings, the clinical features have marked similarities; a recurring theme is that respiratory manifestation (predominantly infections but also non-infectious complications) affect the majority of patients, occur early in the course of the disease, and are challenging to manage clinically.



RESPIRATORY INFECTIONS IN APDS


Incidence and Age of Onset

While a few isolated cases have been identified who are completely asymptomatic (20) or who have severe extrapulmonary manifestations but minimal or no respiratory symptomatology (21), recurrent respiratory tract infections are reported near universally in APDS; indeed, they may be the sole manifestation of the disease (16), and they may be both very frequent and severe (5). Unfortunately, however, differences in definitions and nomenclature make direct comparisons between published studies challenging at times. For example, Coulter et al. (20) reported that 51 (98%) of a cohort of 53 patients with APDS1 suffered recurrent respiratory infections, subdividing these episodes further into radiologically confirmed pneumonia (85%), recurrent otitis media (49%, severe enough to cause permanent hearing loss in 8% of the total), chronic rhinosinusitis (45%), and tonsillitis (28%). By contrast, in their description of 36 patients with APDS2, Elkaim et al. (22) noted recurrent upper respiratory tract infections (including both otitis media and sinusitis in this definition) in 100% of cases, and lower respiratory infections (defined as either bronchitis or pneumonitis) in 70% of their cohort, without further breakdown. A recently published Dutch cohort (8) reporting 13 newly identified patients (11 with APDS1 and 2 with APDS2) stated that all had both upper and lower respiratory tract infections but did not supply further clinical details as the focus of the manuscript was B cell differentiation and maturation. A Chinese case series of 15 APDS1 patients (23) reported pneumonia had been diagnosed in 12 of the cases (80%).

In addition to the high frequency of such infections, their onset is early in life [10 months–10 years (22) and <1–7 years (20)] and is the commonest reason for presentation to medical/immunological services. Even in patients whose presentation is precipitated by other acute manifestations [e.g., intussusception (24) or gut-associated T cell lymphoproliferation (25)], a retrospective history of recurrent respiratory infections is usually present. Thus, although precise definitions vary between studies, it is possible to conclude that APDS patients suffer early, frequent, and severe respiratory infections. This concurs with the accompanying article presenting initial data collected by the ESID APDS registry (Maccari et al., personal communication1).

Despite these broad similarities, the severity and pattern of infections (as well as other manifestations) varies considerably between individual patients, even when grouped according to genotype and even within affected family members. In one E1021K APDS1 kindred (26) in which three individual affected family members exhibited a mild, intermediate, and severe spectrum respiratory infections, there seemed to be a broad association of severer phenotype with more suppressed IgG and lower class-switched memory B cells. However, this correlation was not observed in other affected families (2, 27) and does not seem to be recapitulated in larger cohort studies. To date, no circulating biomarker has been reliably linked to respiratory phenotypes, but larger longitudinal studies may enable such correlation to be identified in future.



Microbiology of Infections

While some microbiological data have been published, milder infections are generally self-reported and not supported by identification of a causal pathogen. It is therefore likely that most of the reported isolates are derived from infections at the severer end of the spectrum, in particular those requiring consultation with health-care professionals; this could skew the available data.


Bacterial Infections

There is concordance that the commonest respiratory bacterial isolates are Haemophilus influenzae and Streptococcus pneumoniae (20, 22), Staphylococcus aureus, Moraxella catarrhalis, Pseudomonas aeruginosa, and Klebsiella species have also been reported (20, 28). This spectrum of pathogens is highly reminiscent of other primary antibody deficiency syndromes such as common variable immune deficiency. Defective antibody production (Figure 1) results in failure of antibody-mediated killing mechanisms such as opsonophagocytosis. However, abnormalities in immunoglobulin levels are heterogeneous in all of the published case series of APDS; Coulter et al. (20) reported that total IgG was reduced in just 43% of their APDS1 patient group, although defective class switch recombination and (when measured) specific antibody formation were more frequent; similarly, 50% of the Dutch APDS cohort had low IgG and high IgM levels (8). Hypogammaglobulinemia was more frequent (87%) in the APDS2 patients reported by Elkaim et al. (22). Interestingly, low IgG/IgA levels do not seem to reliably predict a more severe respiratory phenotype or correlate with the presence of bronchiectasis [for example, Coulter et al. (20) noted that 63% of patients with CT proven bronchiectasis had normal total IgG levels]. It is uncertain whether this lack of correlation of end organ damage with IgG reflects the widespread prevalence of more subtle antibody defects, additional aberrant B cell functions (e.g., abnormal cytokine production), the additive impact of the well-established abnormalities in T cell function (3) or other, as yet undetermined mechanisms. Of note, PI3Kδ inhibition reduced airway epithelial oxidative and endoplasmic reticulum stress in response to Aspergillus fumigatus exposure, both in cultured cells and in mouse lungs (29), suggesting that excessive PI3Kδ activity may be detrimental to local respiratory defenses as well as impairing adaptive immunity (Figure 1).
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FIGURE 1 | Aberrant cellular functions contributing to respiratory infection in activated phosphoinositide 3-kinase δ syndrome. (A) Healthy lung defenses. (1) Epithelial defenses counteract viral pathogens, aided by (2) effective T cells cytokine production. (3) Antibody production by B cells promotes (4) bacterial killing and (5) opsonophagocytosis. (6) Respiratory epithelial surfaces are preserved intact and continue to function to repulse invading pathogens. (B) Lung defenses compromised by activating mutations leading to enhanced phosphoinositide 3-kinase (PI3K) δ signaling. (1a) Viral entry and replication in airway epithelial cells are promoted, reducing barrier integrity. (2a) Aberrant cytokine production by T cells and (3a) failure of antibody production promote (4a) bacterial invasion with (5a) inadequate handling of pathogens by phagocytes. (6a) Repeated cycles of infection lead to long-term airway damage.




Viral Infections

The susceptibility of APDS patients to systemic infection with herpes viruses is well documented; however, they also seem to experience an excessive burden of respiratory viral infections. Coulter et al. (20) noted that significant adenovirus infections occurred in 17% of their APDS1 cohort, with adenovirus isolated from various sites including bronchoalveolar lavage fluid; other common viruses identified during respiratory exacerbations included respiratory syncytial virus (RSV), parainfluenza virus, and echovirus and coxsackie viruses (20). Significant RSV infections have also been noted by others [e.g., Ref. (14, 15)], and additionally a patient with pericarditis caused by echovirus infection has also been reported (30). While T cell-mediated antiviral mechanisms are undoubtedly compromised in APDS patients, it is worth reflecting that many viral pathogens subvert local host cell PI3K signaling (Figure 1). Herpesviruses in particular express multiple proteins that target PI3K/Akt to facilitate viral infection, replication, latency, and reactivation (31). Increased PI3Kα, rather than PI3Kδ expression and activity in primary bronchial epithelial cells isolated from patients with COPD, was found to underpin increased susceptibility to H3N2 and H1N1 influenza viral infection (32); inhibition of PI3K signaling restored protective antiviral responses and suppressed infection in this setting. It is plausible to extrapolate from these findings that excessive airway cell PI3K activity (whatever the isoform responsible) might predispose to airway viral invasion (Figure 1). With regard to APDS-relevant respiratory viral pathogens, the adenovirus E4-ORF1 (early region 4 open reading frame 1) protein enhances viral replication by activating PI3K (33). Likewise, infection with coxsackie virus activates PI3K/AKT signaling and suppression of these pathways diminished viral capsid protein expression and viral release (34), and PI3Kδ mediates dsRNA-induced upregulation of airway epithelial PD-L1, a co-inhibitory molecule associated with the escape of viruses from the mucosal immunity (35).



Mycobacterial and Fungal Infections

Although pulmonary mycobacterial infections have not been reported in APDS, local infection with Bacillus Calmette–Guérin (BCG) have been documented following vaccination (20), and in a separate study, a failure of patient-derived monocyte-derived macrophages to kill internalized BCG, restored by a PI3Kδ inbitor, was demonstrated (36). It would therefore seem prudent to ensure patients with APDS have sputum samples screened for mycobacteria as well as standard pathogens. To date, despite the marked T cell senescence that characterizes APDS, no patients with pulmonary pneumocystis pneumonia (PCP) or invasive aspergillosis have been reported, but interestingly one of two patients reported with a PTEN mutations causing an “APDS-like” syndrome contracted PCP at the age of 4 months and the other was reported to have suffered from “pulmonary aspergillosis,” although further details were not supplied (9). PI3Kδ activity supports neutrophil-mediated killing of A. fumigatus hyphae (37), and normal neutrophil PIP3 levels and oxidative burst were seen in response to soluble stimuli (2), hence increased susceptibility to this organism would not be predicted.




Complications of Respiratory Infections in APDS


Bronchiectasis

Bronchiectasis (abnormal widening of the bronchi or their branches; Figure 2) is one of the commonest and most debilitating consequences of recurrent respiratory infection, and compounds the problem, increasing the host susceptibility to further lower respiratory tract infections and facilitating airway colonization with pathogenic bacteria (38, 39). A number of mechanisms may lead to the development of bronchiectasis in APDS. First, the frequent respiratory infections noted above may lead directly to airway damage, weakening the airway wall. Second, focal nodular lymphoid hyperplasia may be of sufficient magnitude to obstruct segmental or even lobar airways, potentially leading to post-obstructive bronchiectasis. Third, compromise of the adaptive immune response may predispose to bronchiectasis. Aberrant neutrophil function has been linked to bronchiectasis and correlates with disease severity and exacerbations (40, 41). Excessive (and perhaps dysregulated) neutrophil PI3K activation has been linked to airway damage in COPD (42), and inhibition of PI3K (using pan-PI3K inhibitors or inhibitors selective for PI3Kδ or PI3Kγ) was able to restore neutrophil migratory accuracy in both COPD and in the elderly (42, 43). Neutrophil function has been little studied in APDS: Angulo et al. (2) presented data from just n = 1–2 patients but did show an apparent reduction in neutrophil chemotaxis to IL-8 in cells derived from a patient with APDS; however, directionality and accuracy or migration were not assessed in this limited study. Further assessment of neutrophil function in APDS patients or in animal models of APDS would be of interest.
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FIGURE 2 | Processes leading to airway damage in activated phosphoinositide 3-kinase δ syndrome. Repeated episodes of viral bronchiolitis may lead to small airway damage and mosaic attenuation, compounded by local obstruction secondary to focal lymphoid hyperplasia. Recurrent bacterial infection leads to chronic inflammatory damage of the larger airways and the development of bronchiectasis; post-obstructive bronchiectasis may also occur secondary airway obstruction, which may be extra-luminal (intrathoracic lymphadenopathy) or intra-luminal (focal lymphoid hyperplasia).


Recurrent respiratory infections precede a diagnosis of bronchi-ectasis by several years in most reported cases of APDS (see text footnote 1), but this apparent temporal progression may be confounded by delays in undertaking CT scans, and uptake of this investigation may vary between institutions and on a wider scale between countries. Earlier identification of patients and establishing treatment regimens including immunoglobulin replacement and antibiotic prophylaxis, or HSCT, might delay or prevent this complication, but to confirm this will require longitudinal observation. An early review (15) of 49 APDS1 and 15 APDS2 patients (all that had been published at the time of their review) suggested a higher incidence of bronchiectasis in APDS1 versus APDS2. In the most detailed study of bronchiectasis in APDS to date (20), CT chest scans from 31 patients with APDS1 were independently reviewed by 2 specialist thoracic radiologists; bronchiectasis was felt by both radiologists to be present in 21 of the 31 available scans (60%), with an average of three lobes affected. In one case, lobar consolidation was observed to progress to focal bronchiectasis, supporting a causal link between airway infection and airway wall damage. In contrast in a study of APDS2 (22), an incidence of just 18% bronchiectasis was found, but this study relied on the attending physician’s response to a questionnaire, and central review of scans was not undertaken. Could this reflect a true difference between APDS1 and APDS2? A lower incidence of bronchiectasis (only 2 of 10 APDS1 patients in whom CT scans were available were diagnosed with this condition) was noted in a smaller study (8) although bronchial wall thickening was highlighted in an additional four patients; neither of the APDS2 patients in this cohort had bronchiectasis. In a further case series (23), the reported incidence of bronchiectasis in APDS1 was just 5/15 (33%). Given the variability in chest CT uptake and reporting, it seems reasonable to conclude that bronchiectasis is a frequent complication of APDS, whatever the causal mutation; indeed initial data from the ESID APDS both APDS1 and APDS2 patients suggest an overall incidence of bronchiectasis of approximately 60%. Apparent differences between studies may reflect small sample sizes, geographical differences in CT uptake, and interindividual variation in CT reporting; however, larger cohort studies and longitudinal observation may be required to clarify this and exclude a genuine difference between APDS1 and APDS2.



Small Airways Disease

Bronchiectasis is an expected complication of recurrent bacterial respiratory infection and is well known to be associated with primary antibody deficiency. Unexpectedly, the commonest radiological abnormality (in 88%) flagged by specialist radiologists in the APDS1 cohort described by Coulter et al. (20) was not bronchiectasis or inflammatory change but mosaic attenuation, indicative of reduced perfusion of poorly ventilated lung regions. Air trapping (a related finding, secondary to airway obstruction) was also noted in 2/9 APDS1 patients in a separate study (8), and mosaic attenuation was flagged as a radiological feature of APDS1 but not enumerated by Angulo et al. (2). These more subtle CT abnormalities are likely to reflect the impact of recurrent episodes of viral bronchiolitis but could also be secondary to focal lymphoid hyperplasia (Figure 2 and see below). Further assessment of APDS patients for small airways disease using specialist pulmonary function methodologies (e.g., multi-breathe washout and forced oscillometry) or imaging modalities such as MRI with hyperpolarized helium or xenon might more accurately delineate this unexpectedly common radiological abnormality (44).





NON-INFECTIOUS RESPIRATORY MANIFESTATIONS OF APDS


Benign Lymphoproliferation

Tonsillar and adenoidal hypertrophy is a frequent manifestation of APDS. A detailed analysis of this complication in APDS2 (22) revealed ear, nose, and throat chronic lymphoid hyperplasia without the need for surgical interventions in three (11%) patients, adenoidectomies, tonsillectomy, or both in seven (26%) patients and multiple surgical resections in three patients; one afflicted patient developed postoperative pharyngeal stenosis ultimately requiring tracheotomy. Coulter et al. (20) noted recurrent tonsillitis in 15/53 APDS1 patients (28%) with a need for tonsillectomy in 5/53 (13%) but listed this as an infectious rather than a lymphoproliferative complication. While occasional case reports have highlighted significant tonsillar hypertrophy in APDS1 (6, 24), it seems to be noted more frequently, and to be more severe in APDS2 [e.g., Ref. (12, 14, 27, 45)]. Tonsillar biopsies from two APDS2 patients demonstrated small B cell follicles rather than the atypical follicular hyperplasia reported in biopsies of lymph nodes/mucosal follicular hyperplasia from APDS1 (7, 20) and APDS2 (14), but other features such as reduced mantle layers and infiltration with PD1 +ve T cells were concordant, suggesting a related immunopathogenesis.

Benign lymphoproliferation has been widely reported in both APDS1 and 2, but in most cases mediastinal lymphadenopathy (which requires CT for ascertainment) is not separately reported. However, 16/31 APDS patients (20) were noted to have mediastinal lymphadenopathy, which was in a regional draining station to concurrent lobar consolidation in four instances, compatible with an infection-driven etiology. In the same study, 8 of 10 patients with persistent intrathoracic lymphadenopathy had bronchiectasis and recurrent consolidation, again suggesting a possible role for infection driving lymphoproliferation in this setting. In this study, 5/53 patients had mucosal nodular lymphoid hyperplasia identified bronchoscopically; the same phenomenon was observed in 6/9 of the APDS1 patients reported by Lucas et al. (3), all of whom underwent bronchoscopy, suggesting that milder cases will go undetected unless this invasive test is undertaken. As noted above, it is possible that this process contributes to the mosaic attenuation/air trapping noted on CT (Figure 2), and larger nodules might also lead to partial or total airway occlusion, segmental collapse, and post-obstructive bronchiectasis (Figure 2).

Of interest, although APDS can present with a CVID-like picture, it has not been associated with interstitial lymphoid or granulomatous infiltrates (granulomatous lymphocytic interstitial lung disease).



Malignant Lymphoproliferation

Lymphoma has been reported to be a frequent complication of both APDS1 and APDS2 (20, 22, 30). The metabolic reprogramming that occurs during malignant transformation through the upregulation of aerobic glycolysis has been used to distinguish benign lymphoproliferation from malignant disease; this can be probed on positron emission tomography by the increased uptake of the glucose analog, 18F-fluorodeoxyglucose; biopsy is required where clinical or radiological suspicion is high. Lymphoma may involve mediastinal lymph nodes, or bronchus-associated lymphoid tissue, but this would normally be as part of a systemic process, and mediastinal nodes are more challenging to sample for histology than more peripheral nodes. While many lymph node stations in the chest are accessible via endobronchial ultrasound, and this technique has been used to diagnose lymphoma in immunocompetent patients (46), whole nodes cannot be removed in their entirety by this route; given the challenges in distinguishing between benign or malignant disease in immunodeficiency in general and APDS in particular, a larger pathological sample may be required. In this setting, if other nodes are not readily biopsied, a mediastinoscopy or video-assisted thoracoscopy might be required.



Other Non-Infectious Complications

Although congenital abnormalities have been reported, most are extra-thoracic. One patient with APDS1 was diagnosed with a pulmonary sequestration requiring lobectomy (47). A patient with SHORT syndrome associated APDS2 was found to have pulmonary hypertension, but this was likely secondary to the presence of mitral stenosis, although significant respiratory infections were also present (18). A single patient with a PIK3R1 mutation was found to have tracheomegaly as well as megancephaly and a double aortic arch in the context of megalencephaly capillary malformation syndrome (8). Common airway diseases such as asthma have seemingly been observed only at low frequency [e.g., Ref. (26)], and it is difficult to draw conclusions from these occasional reports.




MANAGEMENT OF THE RESPIRATORY MANIFESTATIONS OF APDS

The majority of patients with APDS1 [87% (20) and 73% (8)] and APDS2 [89% (22)] are reported as receiving immunoglobulin replacement, often from an early age; this high proportion exceeds the numbers reported to have low IgG levels, suggesting that the drivers for commencing therapy include recurrent infections in the setting of specific antibody deficiency or subclass deficiencies. More patients in the APDS1 cohorts (62 or 63%) than the APDS2 cohort (17%) noted above received additional prophylactic antibiotics (most commonly co-trimoxazole or azithromycin); the reason for this difference is unclear. There are little available data on the efficacy of these interventions; Coulter et al. (20) stated that there was “reported benefit in most cases,” with none of the other case series specifically addressing this issue. Case reports have suggested that some patients exhibit marked (14, 23, 30, 36) or partial improvements (27), but others have flagged patients who had significant ongoing respiratory sepsis in the face of these treatments (15, 18). Of note, 42/68 patients currently listed on the APDS registry are currently receiving immunoglobulin replacement (see text footnote 1), with an overall reported decrease in respiratory infection and no withdrawals from therapy.

Rapamycin has been used to treat benign lymphoproliferative disease in APDS with some reported success (3), but respiratory-specific outcomes have not been published to date. A 12-week experimental medicine study (48) of the selective PI3Kδ inhibitor Leniolisib in six patients with APDS1 (three of whom had bronchiectasis) again did not report respiratory outcomes, but the observed improvements in B cell abnormalities characteristic of this disease (e.g., a reduction in circulating transitional B cells) suggest the potential for restoration of B cell function and hence a pulmonary protective role. Longer treatment regimens will be required to fully evaluate the benefits (and potential risks) of such interventions. Concerns have been raised that long-term PI3Kδ blockade increases genomic instability in B cells (49); however, these experiments were undertaken in mouse cells, and it is not clear that the same issues would complicate a therapeutic strategy aimed at normalizing, rather than abolishing PI3Kδ activity (48). Improvements in sinopulmonary infection have been reported following hematopoietic stem cell transplantation, with the majority of surviving patients no longer requiring immunoglobulin therapy (50); however, this procedure carries a significant mortality and will not alleviate established structural lung damage such as bronchiectasis. Early identification of patients with APDS (16) may allow transplantation before the development of such complications; however, the clinical heterogeneity makes prediction of future disease severity challenging.



CONCLUSION AND OUTLOOK

Despite the varied clinical manifestations of APDS, respiratory infections are a near-universal feature and often predominate in the early phase of the disease. A number of mechanisms may lead to this enhanced respiratory susceptibility (Figure 1). Viral pathogens subvert host PI3K signaling, and this may contribute to recurrent upper respiratory infections and impaired airway epithelial defensive function. Compromised antibody production, perhaps combined with aberrant cytokine production and the viral-induced airway damage, contributes to increased susceptibility to bacterial pathogens and recurrent lower respiratory infections. Cycles of infection lead to permanent damage to the lower airways, with the development of bronchiectasis, and may further drive the benign lymphoproliferation that is a prominent feature of APDS. In addition to supportive treatment (with immunoglobulin replacement and prophylactic antibiotics), the use of PI3Kδ inhibitors has the potential for a highly personalized treatment strategy. The identification of biomarkers to predict specific complications and disease severity would be of value in selecting patients for potentially curative bone marrow transplantation.
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Pathogenic gain-of-function mutations in the gene encoding phosphoinositide 3-kinase delta (PI3Kδ) cause activated PI3Kδ syndrome (APDS), a disease characterized by humoral immunodeficiency, lymphadenopathy, and an inability to control persistent viral infections including Epstein–Barr virus (EBV) and cytomegalovirus (CMV) infections. Understanding the mechanisms leading to impaired immune response is important to optimally treat APDS patients. Immunosenescence of CD8+ T cells was suggested to contribute to APDS pathogenesis. However, the constitutive activation of T cells in APDS may also result in T cell exhaustion. Therefore, we studied exhaustion of the CD8+ T cell compartment in APDS patients and compared them with healthy controls and HIV patients, as a control for exhaustion. The subset distribution of the T cell compartment of APDS patients was comparable with HIV patients with decreased naive CD4+ and CD8+ T cells and increased effector CD8+ T cells. Like in HIV+ patients, expression of activation markers and inhibitory receptors CD160, CD244, and programmed death receptor (PD)-1 on CD8+ T cells was increased in APDS patients, indicating exhaustion. EBV-specific CD8+ T cells from APDS patients exhibited an exhausted phenotype that resembled HIV-specific CD8+ T cells in terms of inhibitory receptor expression. Inhibition of PD-1 on EBV-specific CD8+ T cells from APDS patients enhanced in vitro proliferation and effector cytokine production. Based on these results, we conclude that total and EBV-specific CD8+ T cells from APDS patients are characterized by T cell exhaustion. Furthermore, PD-1 checkpoint inhibition may provide a possible therapeutic approach to support the immune system of APDS patients to control EBV and CMV.

Keywords: activated phosphoinositide 3-kinase delta syndrome, p110δ, PI3K, CD8+ T cells, exhaustion, programmed death receptor-1, checkpoint inhibition


INTRODUCTION

The phosphoinositide 3-kinase–AKT (PI3K–AKT) signaling pathway is involved in many crucial cellular processes including regulation of metabolism, proliferation, apoptosis, cell cycle regulation, and protein synthesis (1–3). In human lymphocytes, the phosphoinositide 3-kinase delta (PI3Kδ) isoform, a heterodimer consisting of the catalytic subunit p110δ (encoded by PIK3CD) and regulatory subunit p85α (encoded by PIK3R1), is essential for both B cell and T cell development and maturation (4–7). For CD8+ T cells, PI3Kδ has been shown to be essential for optimal immune responses to pathogens (8, 9).

Over the past years, patients with gain-of-function (GOF) mutations in PI3Kδ have been described (10–12). These patients suffer from a specific form of primary immune deficiency called activated PI3Kδ syndrome (APDS) (13, 14). This disease is characterized by disturbed humoral immunity resulting in hypogammaglobulinemia, recurrent respiratory tract infections an absent response to polysaccharide vaccination, pulmonary damage, lymphadenopathy, hepatosplenomegaly, an increased risk for hematological malignancies, and an inability to control persistent viral infections such as Epstein–Barr virus (EBV) and cytomegalovirus (CMV) infections (13, 14). Immunophenotypically, these patients have decreased numbers of total CD4+ and especially naive CD4+ T cells together with increased CD8+ effector T cells. Furthermore, they have a relative increase in their transitional B cells accompanied by reduced memory B cells (15). Several studies indicated that the effector function of their T cells is defective, causing an inability to control chronic viral infections including CMV and EBV infections (13, 14).

Impaired T cell effector function can be caused by different mechanisms, one of which is senescence (16, 17). Hallmarks of senescence are permanent cell cycle arrest (18, 19) and resistance to apoptosis (20, 21). Importantly, senescent T cells are metabolically and functionally active and retain their cytotoxic functions and ability to produce and secrete cytokines (22, 23). Reduced telomere length and surface-expression of CD57 were used to define senescent T cells. However, to reliably distinguish senescence from other causes of T cell impairment additional markers like senescence-associated β-galactosidase and cyclin-dependent kinase inhibitor 2A (p16Ink4A) can be used (24, 25). Although senescence is age dependent, other factors such as CMV infection can contribute to senescence (26).

Exhaustion of T cells due to chronic antigenic stimulation is another mechanism leading to impaired T cell effector functions. T cell exhaustion was first described in chronic viral infections such as lymphocytic choriomeningitis virus infection in mice (27–29) but is also recognized as an underlying mechanism in immunological failure in human viral infections including HIV infection (30–33) and tumors (34–36). Exhaustion is a hierarchical process (37, 38) by which CD8+ T cells first lose their proliferative capacity and IL-2 secretion, followed by diminished secretion of effector cytokines such as tumor necrosis factor (TNF) α and interferon (IFN) γ and eventually they become sensitive to apoptosis, which leads to the loss of these cells (29, 38, 39). Simultaneously, these cells upregulate several inhibitory receptors including programmed death receptor (PD)-1, CD160, and CD244 which, when co-expressed, indicate later stages of exhaustion (40–43). These inhibitory receptors are considered to play a central role in exhaustion. Blocking these inhibitory receptors on exhausted CD8+ T cells can restore or improve their function in chronic viral infections as shown in vitro (41, 42, 44–46) and in vivo (40, 47–51). In addition, inhibitory receptor blockade was introduced into the clinic to re-activate exhausted T cells in cancer (52, 53).

Previously, total and virus-specific CD8+ T cells in APDS patients were shown to have upregulated CD57 expression and reduced proliferative capacity. These findings were interpreted as T cell senescence (12, 54–56). However, patients’ lymphocytes also exhibited an increased rate of apoptosis compared with healthy controls (11, 15, 54), which is not in line with the resistance to apoptosis that has been ascribed to T cell senescence (21). Increased apoptosis sensitivity is associated with exhaustion rather than senescence (39, 57). In addition, APDS patient T cells have been reported to express more PD-1, a receptor associated with T cell activation and exhaustion (12, 54, 55). The PI3Kδ pathway is critical for TCR signaling in CD8+ T cells (58) and chronic antigen stimulation alone is sufficient to lead to CD8+ T cell exhaustion (59). This raises the question whether GOF mutations in PI3Kδ lead to changes in the activation of T cells which might predispose for T cell exhaustion rather than or in addition to immune senescence. Understanding the mechanisms leading to impaired immune response in APDS patients is a requirement to define the best treatment options for these patients that can support the control of viral infections, which could in turn reduce virus-related morbidities in these patients.

To elucidate the role of exhaustion in APDS patients, total CD8+ T cells and CD4+ T cells from APDS patients were phenotypically characterized and compared with T cells from healthy individuals and HIV-infected patients (HIV+ patients). We have included peripheral blood mononuclear cells (PBMC) from HIV-infected patients since it is well established that HIV infection leads to exhaustion of HIV-specific CD8+ T cells but not CMV-specific CD8+ T cells in HIV-infected patients (39, 41) and can therefore serve as a positive control for exhaustion. Furthermore, virus-specific CD8+ T cells in all three groups were characterized, and the effect of PD-1 blockade on proliferation and effector functions was investigated. Our findings indicate that indeed CD8+ T cells from APDS patients are more similar to the ones from HIV+ patients and exhibit characteristics of exhaustion. Importantly, we show that blocking PD-1 signaling can increase virus-specific CD8+ T cell proliferation and cytokine production. Our findings suggest that CD8+ T cells in APDS patients undergo exhaustion, and that this may contribute to the impaired control of persistent viral infections such as EBV and CMV. These findings raise the possibility of checkpoint inhibition as a treatment strategy to support APDS patients to control recurrent or chronic viral infections.



MATERIALS AND METHODS


Cell Samples and Ethical Approval

This study was carried out in accordance with the recommendations of Erasmus MC Medical Ethics Committee with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Erasmus MC Medical Ethics Committee.

Ten APDS patients were included with a median age of 27 years (range 6–44 years), and a gender ratio of six males to four females. Nine of the patients have a mutation in the PIK3CD gene (seven patients: E1021K mutation, one patient: S312R mutation, and one patient: R929C mutation) (15), and one patient has a mutation in the PIK3R1 gene (N564K). From the patients including in this study, 9/10 received immunoglobulin substitution therapy, and 4/10 received prophylactic antibiotics. None of the patients received steroids or immune modulating drugs at the time of sampling. None of the APDS patients had active EBV or CMV infection at the time of sampling. Three of the APDS patients are EBV-antibody positive, and two are EBV-antibody negative, for the other patients the EBV status is not known. CMV status is not known from these APDS patients. From the healthy controls, nine are EBV positive. The five HIV-infected patients included have a median age of 42 years (range 35–46), gender ratio is one female to four males, three patients have undetectable viral loads (below 20 HIV copies/ml), and two have detectable viral loads (295 and 4,900 copies/ml, respectively). The median CD4 count is 300 cells/μl (range 50–630 cells/μl), and four out of the five patients are on antiretroviral therapy. The 10 healthy control individuals included have a median age of 27 years (range 18–51) and a gender ratio of five males to five females.

Peripheral blood mononuclear cells were isolated from heparinized venous blood by Ficoll-Hypaque (GE Healthcare Life Sciences) density centrifugation, frozen in freezing media [90% fetal bovine serum (FBS)/10% DMSO], and stored in liquid nitrogen until used. Clinical data were provided by treating physicians. Due to availability of material, not all tests could be performed on all samples.



Flow Cytometric Immunophenotyping

Peripheral blood mononuclear cells were thawed, rested for 30–60 min at 37°C, and stained with previously determined optimal amounts of tetramers and antibodies. For phenotyping of surface antigens, 0.8–1 × 106 cells were washed with Facs wash [FW, Hanks’ buffered saline solution (Corning), 3% fetal bovine serum (Gibco), and 0.02% NaN3], stained with tetramer/antibody mix for 30 min at 4°C, washed two times with FW, and fixed with 1% paraformaldehyde. Anti-HLA-A2-PE antibodies (clone BB7.2) were used to identify HLA-A2+ donors. Virus-specific CD8+ T cells were identified by using APC- or PE-conjugated HLA class I A*0201-β2-microglobulin tetramers loaded with HIV Gag p17 77–85 (SLYNTVATL) peptide, HIV Pol 476–484 (ILKEPVHGV) peptide, EBV peptide (GLCTLVAML), and CMV peptide (NLVPMVATV) (all tetramers were prepared in the lab). The following directly conjugated monoclonal antihuman antibodies were used: CD3-BV421 (clone UCHT1), CD4-BV650 (SK3), CD8-BV786 (RPA-T8), CD45RA-APC-H7 (HI100), CCR7-PE-CF594 and Alexa Fluor 700 (CD197, 150503), PD-1-BV711 (CD279, EH12.1), CD160-Alexa Fluor 488 (BY55), CD244-PE (eBioC1.7, eBioscience), HLA-DR-BV605 (G46-6), CD38-PE-Cy7 (HIT2), CD57-BV605 (NK-1), TNFα-FITC (MAb11, eBioscience), and IFNγ-PECy7 (4S.B3, eBioscience). All antibodies were purchased from BD Biosciences unless otherwise indicated. When AnnexinV-PerCP–Cy5.5 was used to exclude dead cells, 2.5 mM CaCl2 was added to all solutions.

Between 1 and 4 × 105 events were collected per sample within 24 h after staining on an LSRFortessa (BD Biosciences, 4 lasers, 18 parameters) and analyzed using FlowJo software (version 9.9.4, Tree Star). Data are represented as frequency within a defined population.



In Vitro Proliferation

To determine proliferative capacity of proliferation-dye-labeled virus-specific CD8+ T cells, thawed PBMC were incubated with 0.1 μM of CellTrace Far Red Cell stain (Invitrogen) in PBS for 20 min at 37°C, and free dye was removed by adding RPMI-10% FBS and incubating for 5 min at 37°C. Cells were spun down and resuspended in RPMI 1640 supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin sulfate and added to 24-well plates in a concentration of 1 × 106 PBMC/ml. To inhibit PD-1/PDL-1 interaction, 10 μg/ml of anti-PD-L1 antibody (CD274, MIH1, eBioscience) or isotype control (Mouse IgG1, eBioscience) was added, and cells were incubated for 30 min at 37°C. Virus-specific peptide in a concentration of 1 μg/ml was added then in appropriate wells: Gag peptide (SL9, SLYNTVATL, ANASPEC), Pol peptide (IV9, ILKEPVHGV, ANASPEC), CMV peptide (pp65, NLVPMVATV, ANASPEC), EBV peptide (BMLF1, GLCTLVAML, ANASPEC), EBV peptide pool (PepMix EBV BMLF1, JPT), or media alone (no peptide stimulation). Purified anti-CD28 (1 μg/ml, clone CD28.2, BD Biosciences) and anti-CD49d (1 μg/ml, clone 9F10, BD Biosciences) were added to all wells. Cells were incubated for 5 days at 37°C in a 5% CO2 incubator. Cells were harvested on day 5, counted and resuspended in RPMI-10% FBS/1 μg/ml Brefeldin A (GolgiPlug, BD Biosciences)/anti-CD28 (1 μg/ml)/anti-CD49d (1 μg/ml), and incubated for 6 h to determine cytokine production of these cells. For intracellular staining for cytokines, PBMC were first stained for surface antigens, fixed and permeabilized (Cytofix/Cytoperm, BD Bioscience), incubated with the antibodies (see above) for 60 min, washed two times with Perm/Wash Buffer (BD Biosciences), and fixed with 1% paraformaldehyde.



Statistical Analysis

All data sets were tested for normal distribution using the D’Agostino–Pearson omnibus test. Relative distributions of T cell subsets and comparisons of population frequencies data were analyzed using either the non-parametric Mann–Whitney U test or a T-test, dependent on whether or not the data were normally distributed (p < 0.05 was considered statistically significant). When more than two data sets were analyzed in the same test, the Kruskal–Wallis test was performed, combined with a Dunn’s multiple comparisons test. Correlations were calculated using a Spearman model for correlation, since in the majority of groups at least one population was not normally distributed. Statistics were performed using the GraphPad Prism program (GraphPad Software, San Diego, CA, USA). Populations’ frequencies per group are represented as mean with SEM.




RESULTS


Patient Characteristics

We included 10 patients with APDS. From one patient (Pt1), two samples were included, one taken at age 7 years, and one collected at age 25 years. For analysis of total CD4+ and CD8+ T cells, we only included the adult sample. For analysis of virus-specific CD8+ T cells, we included samples from both time-points. Most of the patients have been described before (15). The majority of patients (n = 7) carried the previously described E1021K mutation in PIK3CD (11, 12), one carried an R929C mutation in PIK3CD, and one carried an N564K (15) GOF mutation in PIK3R1. One patient carried a missense variant c.935C>G (NM_005026.3) resulting in an amino acid change p.S312C (NP_005017.3) in PIK3CD. This latter variant is also found in the general population with a minor allele frequency of around 2% (SNP reference: rs61755420) (60) and can therefore not be classified as disease causing. However, this patient does suffer from antibody deficiency and autoimmunity and increased phosphorylation of AKT in lymphocyte subsets was found (Wentink, unpublished data). Therefore, we decided to study the effect of this variant together with patients with known disease causing mutations. Two of the patients were HLA-A2-positive (including the patient with samples available as a child and an adult) and EBV-specific CD8+ T cells were analyzed.

We compared the PBMC from APDS patients to PBMC from 10 healthy controls and 5 HIV+ patients.



The Phenotype of T Cells in APDS Patients Is Distinct from Healthy Controls and Resembles HIV-Infected Patients

Previous studies on the T cell compartment of APDS patients showed a reduction of the naive CD4+ and CD8+ T cells and an increase in the CD8+ T cell effector memory (EM) population (11–13). In our patient cohort, we observed a comparable skewing of the T cell populations. The frequencies of CD45RA+CCR7+ naive CD4+ T cells were significantly decreased in APDS patients compared with healthy controls and comparable with the frequencies in HIV+ patients (Figures 1A,B). CD45RA+CCR7+ naive CD8+ T cells were significantly reduced in our APDS patient cohort compared with the healthy controls although not as profound as observed in HIV+ patients (Figure 1C). Within memory CD4+ T cells, an increase in CD45RA−CCR7+ central memory (CM) cells was found for the APDS and the HIV+ patients compared with healthy controls (Figure 1D). The CD45RA−CCR7− EM CD4+ T cell frequencies were not significantly different when healthy controls, APDS and HIV+ patients were compared (Figure 1D). Frequencies of CM CD8+ T cells were comparable between healthy controls and APDS patients as were the CD45RA+CCR7− EM re-expressing CD45RA (EMRA) CD8+ T cell populations (Figure 1E). A significant increase was found for the CD45RA−CCR7− EM CD8+ T cell population for APDS patients and HIV+ patients when compared with healthy controls. These findings indicate that both patient populations show comparable reduction of naive T cells and increased EM CD8+ T cells (Figure 1E).
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FIGURE 1 | Immunophenotyping of the T-cell compartment of controls (black dots), activated PI3Kδ syndrome (APDS) patients (black squares), and HIV+ patients (black triangles). Red lines and brackets indicate the mean and SEM of each group (*p < 0.05 and **p < 0,005). (A) Representative dot plots of controls and patients indicating naive (CD45RA+CCR7+), central memory (CM) (CD45RA−CCR7+), effector memory (EM) (CD45RA−CCR7−), and EMRA (CD45RA+CCR7−) CD8+ and CD4+ T cell subsets. Numbers depict frequency of cell populations. (B,C) The frequency of naive CD4+ T cells (B) and CD8+ T cells (C) is reduced in APDS patients and HIV+ patients compared with controls. (D) The frequency of CM CD4+ T cells is increased in APDS patients and HIV+ patients. The frequency of the different memory CD4+ T cells in controls, APDS patients, and HIV+ patients is shown. (E) The frequency of EM CD8+ T cells is increased in APDS patients and HIV+ patients. The different memory CD8+ T cell subpopulations are shown for controls, APDS patients and HIV+ patients.


To examine the effect of the GOF mutations on chronic activation we determined the expression of several chronic activation markers on T cells from healthy controls, APDS patients and HIV+ patients. The frequency of CD38brightCD8+ T cells was increased in APDS patients compared with healthy controls; however, HIV+ patients had an even higher percentage of CD38brightCD8+ T cells (Figure 2A). Although the frequency of CD38brightCD4+ T cells was also higher in APDS patients compared with healthy controls this was not significant (Figure 2D). HLA-DR was examined as a second marker of chronic activation, and indeed a significant increase was found for HIV+ patients within the CD8+ T cell population. HLA-DR expression was significantly increased on CD8+ T cells (Figure 2B) and CD4+ T cells (Figure 2E) from the APDS patients compared with healthy controls.
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FIGURE 2 | Expression of CD38, HLA-DR, and CD57 on CD8+ and CD4+ T cells from controls (black dots), activated PI3Kδ syndrome (APDS) patients (black squares), and HIV+ patients (black triangles). Red lines and brackets indicate the mean and SEM of each group (*p < 0.05 and **p < 0,005). (A) The frequency of CD38bright cells is increased in APDS patients and HIV+ patients compared with controls. The frequencies of CD38bright cells within CD8+ cells are shown for healthy controls, APDS and HIV+ patients. (B) The frequency of HLA-DR+ cells is increased in APDS patients and HIV+ patients compared with controls. Frequencies of HLA-DR+ cells within CD8+ T cells are shown. (C) Frequency of CD57+CD8+ T cells is not increase in APDS patients. Frequencies of CD57+ cells within CD8+ cells shown for healthy controls, APDS patients, and HIV+ patients. (D) Frequency of CD38+CD4+ T cells is comparable in healthy controls, APDS patients, and HIV+ patients. (E), Frequency of HLA-DR+CD4+ T cells is increased in APDS patients. Frequency of HLA-DR+ cells within CD4+ T cells shown for healthy controls, APDS patients, and HIV+ patients. (F) Frequency of CD57+CD4+ T cells is not increased in APDS patients compared with healthy controls. Frequency of CD57-expressing cells within CD4+ T cells shown.


We studied the expression of CD57 on CD8+ and CD4+ T cells, since this was reported to be increased in a subset of APDS patients. We found that in APDS patients 34.9 ± 5.0% (mean ± SEM) of CD8+ T cells express CD57, compared with 25.2 ± 4.0% in healthy controls and 56.4 ± 5.2% in HIV+ patients (Figure 2C). This indicates that although CD57+CD8+ T cells are increased in APDS patients, this is not significantly different from the frequency in healthy controls and lower than the frequency in HIV+ patients. A small but non-significant increase of CD57+ cells was also found within the CD4+ T cell population of APDS patients compared with healthy controls (Figure 2F). Overall, the expression of activation markers and CD57 indicate that T cells from APDS patients tend to be more activated than healthy controls and are therefore more alike T cells from HIV+ patients.



APDS Patients Have Increased Inhibitory Receptor Expression on CD8+ T Cells

Since exhaustion is a gradual process in which cells over time co-express multiple inhibitory receptors, we studied both the single expression of PD-1, CD160, and CD244 and co-expression of these three receptors on CD8+ T cells (Figures 3A–E). As we observed with the activation markers, the expression profile of inhibitory receptors within the APDS patients is very heterogeneous, with some patients in the range of controls and others in the range of HIV+ patients. We observed a significantly higher percentage of CD8+ T cells from APDS patients expressing CD160 compared with controls (mean 38 ± 6.0 and 21 ± 4.5%, respectively). This frequency in APDS patients was closer to HIV+ patients (mean 50 ± 6.8%) (Figure 3B). The frequency of CD244-expressing CD8+ T cells within APDS patients and HIV+ patients was significantly increased compared with healthy controls (Figure 3C). PD-1 was also found increased on CD8+ T cells in APDS patients compared with controls (mean 38.8 ± 6.5 and 23.6 ± 6.9%, respectively) (Figure 3D). Most importantly, we observed a significant increase in the frequency of CD8+ T cells expressing all three inhibitory receptors, PD-1, CD244, and CD160 (PD-1+CD160+CD244+), in the APDS patients which was 20 ± 5.6% compared with 6 ± 2.3% PD-1+ CD160+CD244+CD8+ T cells in healthy controls. This frequency of PD-1+CD160+CD244+CD8+ T cells in APDS patients is comparable with the one observed in HIV+ patients (21 ± 7.6%).
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FIGURE 3 | Expression of inhibitory receptors on CD8+ cells from controls (black dots), activated PI3Kδ syndrome (APDS) patients (black squares), and HIV+ patients (black triangles). Red lines and brackets indicate the mean and SEM of each group (*p < 0.05 and **p < 0,005). (A) Representative dot plots of controls and patients indicating populations that were considered positive for inhibitory receptors. (B) CD160 expression is increased on CD8+ T cells from APDS patients and HIV+ patients compared with controls. (C) CD244 expression is increased on CD8+ T cells from APDS patients and HIV+ patients compared with controls. (D) Programmed death receptor (PD)-1 expression is increased on CD8+ T cells from APDS patients but not HIV+ patients compared with controls. (E) The frequency of PD-1+CD160+CD244+CD8+ T cells is increased in APDS patients and HIV+ patients compared with controls. (F) The frequency of PD-1+CD160+CD244+CD8+ T cells is negatively correlated with the frequency of naive CD8+ T cells in controls and APDS patients.


We examined whether a history of EBV infection influences the expression of inhibitory receptors on CD8+ T cells. From the APDS patients, EBV status information was available from five individuals, with three being EBV-antibody positive and two being EBV-antibody negative. We compared the expression of inhibitory receptors on CD8+ T cells from these two groups to the expression of the inhibitory receptors on the CD8+ T cells in the nine EBV-positive healthy controls. We found that the frequency of CD160+, CD244+, PD-1+, and CD160+CD244+PD-1+CD8+ T cells is highest in the EBV+ APDS patients (CD160+CD8+: 57 ± 4.9%; CD244+CD8+: 87 ± 3.4%; PD-1+CD8+: 61 ± 8.2%; CD160+CD244+PD-1+CD8+: 36 ± 5.6%), but lower in the EBV− APDS patients and the EBV+ healthy controls (CD160+CD8+: 26 ± 3.8 and 22 ± 4.7%; CD244+CD8+: 43 ± 5.3 and 48 ± 5.9%; PD-1+CD8+: 18 ± 3.0 and 25 ± 7.6%; CD160+CD244+PD-1+CD8+: 5.6 ± 1.5 and 7.0 ± 2.5% for EBV− APDS patients and EBV+ healthy control, respectively). Thus, EBV-antibody positivity is accompanied by increased inhibitory receptor expression on CD8+ T cells.

We next analyzed whether reduced naive CD8+ T cell frequency and PD-1+CD160+CD244+CD8+ T cells correlate in healthy controls and APDS patients. Although a negative correlation was already observed for healthy controls (Figure 3F), the correlation between the frequencies of PD-1+CD160+CD244+CD8+ T cells and naive CD8+ T cells was highly significant in APDS patients (Figure 3F). For the HIV+ patients, this relationship was not significantly correlated. These results indicate that total CD8+ T cells from APDS patients have increased co-expression of inhibitory receptors similar to what is observed in HIV+ patients. Furthermore, the negative correlation of PD-1+CD160+CD244+CD8+ T cells and naive CD8+ T cells indicates that exhaustion in this compartment is associated with the skewed subset distribution.



Virus-Specific CD8+ T Cells from APDS Patients Exhibit an Exhaustion Phenotype

To further compare exhaustion in APDS patients to exhaustion due to HIV infection, we analyzed virus-specific CD8+ T cells in both patient groups and healthy controls. HIV-specific CD8+ T cells from HIV+ patients are highly sensitive to apoptosis, present with a skewed memory phenotype, have proliferative defects, and show increased expression of inhibitory receptors (29, 38, 39). However, in the same HIV+ patients, CMV-specific CD8+ T cells are not impaired. Using peptide-loaded HLA-A2 tetramers, virus-specific CD8+ T cells were analyzed from three APDS patients (EBV-specific CD8+ T cells), five HIV+ patients (HIV Gag- or Pol-specific CD8+ T cells, CMV-specific CD8+ T cells), and four healthy controls (EBV-specific CD8+ T cells). Within the three APDS samples are two different donors with one donor being represented as a child (7 years, red square in Figure 4) and as an adult (25 years, open square).
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FIGURE 4 | Phenotyping and activation marker expression on Epstein–Barr virus (EBV)-specific CD8+ T cells from controls (black dots), EBV-specific CD8+ T cells from activated PI3Kδ syndrome (APDS) patient 1 at the age of 7 years (red square), at the age of 25 years (open square), APDS patient 2 (black square), HIV-specific CD8+ T cells from HIV+ patients (black triangles), and cytomegalovirus (CMV)-specific CD8+ T cells from HIV+ patients (open triangles). Red lines and brackets indicate the mean and SEM of each group (*p < 0.05 and **p < 0,005). (A) Frequency of memory subpopulations [central memory (CM), effector memory (EM), and EMRA, CCR7+ memory (CD45RA+CCR7+)] within virus-specific CD8+ T cells shown for healthy controls (EBV-specific CD8+ T cells), APDS patients (EBV-specific CD8+ T cells), and HIV+ patients (HIV- and CMV-specific CD8+ T cells). (B) Frequency of CD38+ (left), HLA-DR+ (center), and CD57+ (right) cells shown within virus-specific CD8+ T cells.


The virus-specific CD8+ T cells in all four groups have a predominantly CD45RA−CCR7− EM phenotype (Figure 4A) which is lowest in CMV-specific CD8+ T cells from HIV+ patients since these cells have the highest frequency of more differentiated EMRA (Figure 4A). No clear difference was observed for the frequencies of the chronic activation markers CD38 and HLA-DR when the four virus-specific CD8+ T cell groups were compared (Figure 4B). All virus-specific cells have higher frequencies of CD38+ and HLA-DR+ cells than total CD8+ T cells (Figures 2A,B) from the same groups. CD57-expressing cells seem to be more abundant within EBV-specific CD8+ T cells from APDS patients and CMV-specific CD8+ T cells from HIV patients than in EBV-specific CD8+ T cells from healthy controls and HIV-specific CD8+ T cells from HIV patients.

To assess exhaustion in the virus-specific CD8+ T cell population, the expression of PD-1, CD160, and CD244 was analyzed (Figure 5). The mean percentage of CD244+ CD8+ T cells was above 90% in all virus-specific CD8+ T cell groups. Frequency of CD160 expression slightly increased on HIV-specific CD8+ T cells compared with the other groups. The frequency of PD-1 expressing CD8+ T cells was lowest in CMV-specific CD8+ T cells from HIV+ patients and EBV-specific CD8+ T cells from healthy controls but higher within EBV-specific CD8+ T cells from APDS patients and HIV-specific CD8+ T cells from HIV+ patients. We found that within the HIV-specific CD8+ T cells 71 ± 4.0% express all three inhibitory receptors, and within the EBV-specific CD8+ T cells from APDS patients 47 ± 10.6% express all three inhibitory receptors. EBV-specific cells from controls and CMV-specific cells from HIV+ patients have a lower frequency of PD-1+CD160+CD244+ populations (32 ± 3.2 and 23 ± 5.2%, respectively). Compared with overall CD8+ T cells, all virus-specific CD8+ T cells show increased expression of inhibitory receptors.
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FIGURE 5 | Inhibitory receptor expression on virus-specific CD8+ T cells from controls and patients. (A) Representative dot plots of healthy controls and patients indicating identification of virus-specific cells and inhibitory receptors positive cells within virus-specific populations. (B) Inhibitory receptor expression on Epstein–Barr virus (EBV)-specific cells from controls (black dots), EBV-specific cells from activated PI3Kδ syndrome (APDS) patient 1 at the age of 7 years (red square), at the age of 25 years (open square), APDS patient 2 (black square), HIV-specific cells from HIV+ patients (black triangles), and cytomegalovirus (CMV)-specific cells from HIV+ patients (open triangles). Red lines and brackets indicate the mean and SEM of each group.




PD-1 Blockade Can Enhance In Vitro Proliferation of Virus-Specific Cells in APDS and HIV+ Patients

Although both senescent and exhausted cells do not proliferate, the mechanism leading to the replicative impairment is different. In senescence, a cell cycle arrest causes the inability of cells to replicate whereas in exhaustion receptor-ligand interaction (such as between the inhibitory receptor PD-1 and its ligand PD-L1) leads to inhibition of TCR-signaling and therefore inhibition of proliferation. Thus, blocking the interaction between receptor and ligand through checkpoint inhibitors could lead to an increase in proliferation of exhausted cells, as shown for HIV-specific CD8+ T cells from HIV+ patients (44–46) but not in senescent cells. We stimulated PBMC from HIV+ patients and APDS patients with virus-specific peptide in the presence of blocking anti-PD-L1 or isotype control antibodies for 5 days before analysis of proliferation and effector function. As reported previously (44–46), inhibition of PD-1/PD-L1 interaction increased proliferation of HIV-specific CD8+ T cells in two out of the four tested PBMC samples from HIV+ patients by ~2-fold (Figure 6). When PBMC from APDS patients were stimulated with EBV-peptides in the presence of anti-PD-L1 antibodies, proliferation was increased in all three samples compared with samples stimulated with peptide in the presence of an isotype control. Not only did we observe improved proliferation of these cells but also increased effector function as demonstrated by the frequency of cytokine-producing cells (Figure 6). The patient with the highest proliferative and effector cytokine response was also the patient with the highest frequency of PD-1+ and PD-1+CD160+CD244+ EBV-specific CD8+ T cells. These findings indicate that PD-1 signal inhibition not only increased proliferation but also enabled these cells to release effector cytokines including IFNγ and TNFα. These results suggest that exhausted EBV-specific CD8+ T cells from APDS patients can be functionally restored through checkpoint inhibitors, resulting in increased proliferation and effector functions.
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FIGURE 6 | Proliferation and effector cytokine production in vitro of Epstein–Barr virus-specific CD8+ T cells from activated PI3Kδ syndrome (APDS) patients and HIV-specific CD8+ T cells from HIV+ patients after peptide stimulation in the presence of anti-programmed death receptor (PD)-L1 antibodies or isotype controls. (A) Representative dot plots showing cytokine-producing and proliferated CD8+ T cells after 5-day peptide stimulation of peripheral blood mononuclear cells from an APDS patient in the presence of isotype control (upper panel) or anti-PD-L1 monoclonal antibodies (lower panel). Gates indicate cells positive for interferon (IFN) γ, tumor necrosis factor (TNF) α, or cells with diluted cell-trace proliferation dye. (B) Anti-PD-L1 antibody treatment resulted in increased proliferation and production of TNFα and IFNγ upon peptide stimulation in both APDS and HIV+ patients. Pooled data showing fold change of the frequency of either cells undergoing proliferation or cytokine-producing cells in the presence of anti-PD-L1 antibody over isotype control. Cells were stimulated with viral peptide for 5 days in the presence of monoclonal antibodies. Red lines and brackets indicate the mean and SEM of each group.





DISCUSSION

How T cell defects due to GOF mutations of PI3Kδ contribute to morbidity in APDS patients is not fully understood. The goal of this study was to determine whether the GOF mutations in PI3Kδ (causing APDS) lead to exhaustion of CD8+ T cells. Furthermore, we determined whether virus-specific CD8+ T cells against recurrent or persistent infections such as EBV are exhausted in APDS patients and if immune-checkpoint blockade can rejuvenate exhausted CD8+ T cells in APDS patients. We compared CD8+ T cells from APDS patients to healthy controls and HIV+ patients, which served as a control for antigen induced exhaustion of CD8+ T cells. Understanding the effect these mutations have on the immune system is central to further treatment strategies to support these patients in controlling chronic infections like EBV and CMV to reduce morbidity and mortality.

In line with previous reports (13, 14), we found significantly reduced frequencies of naive CD4+ and CD8+ T cells in APDS patients. Loss of naive T cells is thought to be caused by hyperactivation of the mTOR pathway induced by PI3Kδ mutations. This leads to increased glycolysis, proliferation, and differentiation into short-lived effector cells (11, 12). The APDS patients showed a skewed CD8+ T cell subset distribution, with increased EM CD8+ T cells, which we also found in HIV+ patients. Impaired control of viral infection could be an underlying mechanism causing the increased EM pool in HIV+ patients. In APDS patients, chronic and/or recurrent viral infections such as EBV and CMV on top of the GOF mutation are likely to contribute to this phenotype. Interestingly, although the EM population is also slightly increased in CD4+ T cells, it is the CM population which is significantly higher in both patient groups.

To further examine the effect of PI3Kδ GOF mutations on the total CD4+ and CD8+ T cell compartments, we analyzed the expression of the chronic activation markers CD38 and HLA-DR. Especially HLA-DR was shown before to correlate with immune activation and disease progression in HIV infection (61). This is the first time that these chronic activation markers are analyzed on T cells from APDS patients. HLA-DR expression was significantly increased on CD8+ and CD4+ T cells in APDS patients compared with healthy controls, and it is comparable with what is observed in HIV+ patients. Our findings indicate that a subpopulation of CD4+ and CD8+ T cells in APDS patients are chronically activated. However, APDS patients show great heterogeneity, with only a small part of T cells expressing the chronic activation markers, our findings thus suggest that the mutation alone does not lead to a chronic activation of T cells. One exhaustion-inducing factor could perhaps be infection with a persistent virus; we therefore analyzed the expression of CD38 and HLA-DR on CD8+ T cells specific for persistent viruses. We did not find significant differences in the expression of activation markers on virus-specific cells between controls, APDS patients, and HIV+ patients. Thus, we cannot at this moment conclude that infections with persistent viruses contribute to the higher frequency of HLA-DR+ T cells in APDS patients.

Some APDS patients have increased CD57 expression on CD8+ T cells, and previously this was interpreted as increased senescence (12, 54, 55). The surface marker CD57 is commonly used as a senescence marker, but T cells in HIV+ patients also express increased CD57, indicating that exhaustion and senescence can co-exist in patients (62–64). In our study cohort, the mean CD57+ T cell frequency in APDS patients is only slightly increased compared with healthy controls and much lower than that of HIV+ patients. However, the CD57 expression in the APDS cohort is very heterogeneous, with some patients comparable with controls and others in the range of HIV+ patients. CD57 expression levels were not correlated with age, gender, or mutation in our patient cohort. Neither was this correlated with clinical characteristics such as lymphadenopathy, autoimmunity, malignancies, the expression of other markers we studied here or with B-cell phenotypes. Our results suggest that senescence and exhaustion might not be totally separate processes, but rather two intertwined cellular states that can occur together in specific types of diseases such as APDS.

To further assess exhaustion in APDS patients, we analyzed the expression of the inhibitory receptors CD160, CD244, and PD-1. We have included PBMC from HIV-infected patients since it is well established that HIV infection leads to exhaustion of HIV-specific CD8+ T cells but not CMV-specific CD8+ T cells in HIV-infected patients (39, 41) and can therefore serve as a positive control for exhaustion. We found that CD244+, CD160+, and PD-1+ CD8+ T cells are significantly increased in APDS patients. CD8+ T cells expressing all three inhibitory receptors (PD-1+CD160+CD244+), which would indicate the most exhausted state, were also significantly increased in APDS patients and to a similar degree as in HIV-infected individuals. We did not find any correlates for the PD-1+CD160+CD244+CD8+ T cell population in APDS patients when age, gender, type of mutations, B cell phenotype, or any other marker we have described were analyzed. When we separated the APDS patients in EBV-antibody positive and EBV-antibody negative, we found that the highest expression of the inhibitory receptors including the concurrent expression of all three inhibitory receptors was observed in EBV+ APDS patients. However, EBV− APDS patients had a frequency of inhibitory receptor expressing CD8+ T cells which was similar to the one from EBV+ healthy controls. These findings suggest that chronic EBV infection or antigen stimulation in APDS patients contributes to the exhaustion of CD8+ T cells.

Within virus-specific CD8+ T cells, we found increased expression of inhibitory receptors in all subpopulations. Overall, the expression of inhibitory receptors on CD8+ T cells from APDS patients has more similarities with HIV+ patients, supporting the idea that the PI3Kδ GOF mutations may contribute to exhaustion. This was supported by the highly significant negative correlation between the frequency of naive and PD-1+CD160+CD244+CD8+ T cells, indicating that the hyperactivation leading to reduced naive T cells, may also be responsible for the increased expression of inhibitory receptors on T cells. Our findings do not imply that signaling mechanisms leading to exhaustion is identical in APDS and HIV infection although chronic antigen exposure may play an important role in both APDS and HIV patients as has been suggested in mouse studies (59).

Commonly, exhaustion is studied in the context of chronic antigen stimulation due to chronic viral infections and cancer. In APDS, we see a similar increase of exhausted CD8+ T cells especially in patients that are EBV-antibody positive implying that chronic antigen stimulation contributes to T cell exhaustion. Chronic TCR stimulation is sufficient to lead to CD8+ T cell exhaustion (59). Since PI3Kδ participates in TCR signaling in T cells (58), a cell-intrinsic chronic activation due to the hyperactivity of the PI3K–AKT signaling pathway could be a factor promoting the exhausted phenotype in the absence of specific chronic antigen in APDS. Since not all APDS patients’ T cells show a significant increase in inhibitory receptor expression, the PI3Kδ mutations may be necessary but not sufficient for exhaustion. One mechanism to lower the threshold for exhaustion in APDS could be PI3K-induced epigenetic modifications. Several studies have shown epigenetic alterations in exhausted T cells (65, 66). The altered gene expression patterns induced by epigenetic modifications are rather stable resulting in permanent exhaustion independent of the level of remaining antigen (67, 68). Demethylation of the PD-1 promotor region in exhausted CD8+ T cells allows sustained expression of PD-1. That PI3K can indeed alter epigenetic modifications was indicated in a study in mouse embryonic stem cells, suggesting that de novo DNA methyltransferases are downregulated due to PI3K-induced AKT, leading to reduced DNA methylation of imprinted loci (69). Therefore PI3Kδ GOF mutations could promote the demethylation of inhibitory receptors or reduce the threshold for such demethylation, thus facilitating the exhaustion in CD8+ T cells.

Over the past years, PD-1 blockade has been a subject of research in both HIV and cancer treatment. By blocking inhibitory receptors, exhausted CD8+ T cells can regain effectors functions and provide antiviral or anti-tumor immunity. However, upregulation of inhibitory receptors on activated T cells has also a physiological function: they function as negative regulators, downregulating the immune response after successful control of infections (70, 71). They are important to prevent autoimmunity and pathological responses leading to tissue damage. In the absence of inhibitory receptors an increased risk for autoimmunity and immunopathology was reported (72–74). Upregulation of inhibitory receptors in APDS could be a protective mechanism to prevent damage through an overly activated immune system. This hypothesis is supported by a study, which showed how PD-1 signaling can prevent activation of PI3K and AKT phosphorylation, thereby preventing proliferation (75). This benefit of preventing autoimmunity or inflammation in APDS comes at a cost of impairing immunity to viruses. Indeed, we have seen an increase in proliferation and effector cytokine secretion in virus-specific CD8+ T cells from APDS patients in vitro in the presence of PD-L1 blocking antibodies. The increase of proliferation and cytokine production we have observed in the presence of a PD-L1 blocking antibody is moderate, and this raises the question of biological significance. Since we have observed that the patient with the highest expression of PD-1 showed the highest increase in proliferation and cytokine-producing EBV-specific CD8+ T cells this suggests that the more responsive patients to PD-1 blockade will be the highest expressers. To more significantly improve the effector functions in all patients a combination of blocking several checkpoint inhibitors may be required, as indicated by PD-1/CTLA-4 blocking in cancer studies (76, 77) Furthermore, the increase of effector function is similar when EBV-specific CD8+ T cells from APDS patients are compared with HIV-specific T cells from HIV-infected patients and within the range reported previously for HIV-specific CD8+ T cells (41, 44, 45). Thus, short-term treatment of patients with checkpoint inhibitors during a recurrent EBV and/or CMV infection could be a means to augment efficacy of exhausted virus-specific CD8+ T cells and thus reduce EBV and CMV related morbidity. Because inhibitory receptor upregulation may possibly be beneficial in APDS by preventing excessive inflammation or autoimmunity, manipulating this pathway has to be done with caution, and ideally it should be combined with long-term treatment that can reduce the hyperactivation of the pathway, for example selective PI3K inhibition (78).

In summary, we have shown that CD8+ T cells from APDS patients have an exhausted phenotype and upregulated expression of inhibitory receptors. This exhaustion of the CD8+ T cells contributes to the deficient antiviral capacities of the CD8+ T cell compartment. Blocking the PD-1–PD1L interaction could be a target for treatment in these patients during recurrent or persistent viral infections.



ETHICS STATEMENT

This study was carried out in accordance with the recommendations of Erasmus MC Medical Ethics Committee with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Erasmus MC Medical Ethics Committee.



AUTHOR CONTRIBUTIONS

YM and MW performed experiments and analyzed data. VD, GD, PH, and JM contributed to study design and data analysis. Study was conceived and designed by PK, MB, YM, and MW. Manuscript was written by PK, YM, and MW. All the authors have read and approved the manuscript.



ACKNOWLEDGMENTS

The authors would like to thank Elisabeth Schölvinck (Department of Pediatrics, University Medical Center Groningen) for providing patient material.



FUNDING

This work was supported by the department of Immunology (PK and YM) and ZonMw (Vidi grant 91712323 to MB). The research for this manuscript was (in part) performed within the framework of the Erasmus Postgraduate School Molecular Medicine.



REFERENCES

1. Okkenhaug K, Vanhaesebroeck B. PI3K in lymphocyte development, differentiation and activation. Nat Rev Immunol (2003) 3(4):317–30. doi:10.1038/nri1056

2. Okkenhaug K, Vanhaesebroeck B. PI3K-signalling in B- and T-cells: insights from gene-targeted mice. Biochem Soc Trans (2003) 31(Pt 1):270–4. doi:10.1042/bst0310270

3. Wymann MP, Pirola L. Structure and function of phosphoinositide 3-kinases. Biochim Biophys Acta (1998) 1436(1–2):127–50. doi:10.1016/S0005-2760(98)00139-8

4. Ramadani F, Bolland DJ, Garcon F, Emery JL, Vanhaesebroeck B, Corcoran AE, et al. The PI3K isoforms p110alpha and p110delta are essential for pre-B cell receptor signaling and B cell development. Sci Signal (2010) 3(134):ra60. doi:10.1126/scisignal.2001104

5. Srinivasan L, Sasaki Y, Calado DP, Zhang B, Paik JH, DePinho RA, et al. PI3 kinase signals BCR-dependent mature B cell survival. Cell (2009) 139(3):573–86. doi:10.1016/j.cell.2009.08.041

6. Vanhaesebroeck B, Guillermet-Guibert J, Graupera M, Bilanges B. The emerging mechanisms of isoform-specific PI3K signalling. Nat Rev Mol Cell Biol (2010) 11(5):329–41. doi:10.1038/nrm2882

7. Vanhaesebroeck B, Welham MJ, Kotani K, Stein R, Warne PH, Zvelebil MJ, et al. P110delta, a novel phosphoinositide 3-kinase in leukocytes. Proc Natl Acad Sci U S A (1997) 94(9):4330–5. doi:10.1073/pnas.94.9.4330

8. Pearce VQ, Bouabe H, MacQueen AR, Carbonaro V, Okkenhaug K. PI3Kdelta regulates the magnitude of CD8+ T cell responses after challenge with Listeria monocytogenes. J Immunol (2015) 195(7):3206–17. doi:10.4049/jimmunol.1501227

9. Gracias DT, Boesteanu AC, Fraietta JA, Hope JL, Carey AJ, Mueller YM, et al. Phosphatidylinositol 3-kinase p110delta isoform regulates CD8+ T cell responses during acute viral and intracellular bacterial infections. J Immunol (2016) 196(3):1186–98. doi:10.4049/jimmunol.1501890

10. Jou ST, Chien YH, Yang YH, Wang TC, Shyur SD, Chou CC, et al. Identification of variations in the human phosphoinositide 3-kinase p110delta gene in children with primary B-cell immunodeficiency of unknown aetiology. Int J Immunogenet (2006) 33(5):361–9. doi:10.1111/j.1744-313X.2006.00627.x

11. Angulo I, Vadas O, Garcon F, Banham-Hall E, Plagnol V, Leahy TR, et al. Phosphoinositide 3-kinase delta gene mutation predisposes to respiratory infection and airway damage. Science (2013) 342(6160):866–71. doi:10.1126/science.1243292

12. Lucas CL, Kuehn HS, Zhao F, Niemela JE, Deenick EK, Palendira U, et al. Dominant-activating germline mutations in the gene encoding the PI(3)K catalytic subunit p110delta result in T cell senescence and human immunodeficiency. Nat Immunol (2014) 15(1):88–97. doi:10.1038/ni.2771

13. Coulter TI, Chandra A, Bacon CM, Babar J, Curtis J, Screaton N, et al. Clinical spectrum and features of activated phosphoinositide 3-kinase delta syndrome: a large patient cohort study. J Allergy Clin Immunol (2017) 139(2):597–606.e4. doi:10.1016/j.jaci.2016.06.021

14. Elkaim E, Neven B, Bruneau J, Mitsui-Sekinaka K, Stanislas A, Heurtier L, et al. Clinical and immunologic phenotype associated with activated phosphoinositide 3-kinase delta syndrome 2: a cohort study. J Allergy Clin Immunol (2016) 138(1):210–8e9. doi:10.1016/j.jaci.2016.03.022

15. Wentink MWJ. Genetic defects in PI3Kδ affect B-cell differentiation and maturation leading to hypogammaglobulineamia and recurrent infection. Clin Immunol (2017) 176:77–86. doi:10.1016/j.clim.2017.01.004

16. Miller RA. The aging immune system: primer and prospectus. Science (1996) 273(5271):70–4. doi:10.1126/science.273.5271.70

17. Cambier J. Immunosenescence: a problem of lymphopoiesis, homeostasis, microenvironment, and signaling. Immunol Rev (2005) 205:5–6. doi:10.1111/j.0105-2896.2005.00276.x

18. Rodier F, Campisi J. Four faces of cellular senescence. J Cell Biol (2011) 192(4):547–56. doi:10.1083/jcb.201009094

19. Campisi J, d’Adda di Fagagna F. Cellular senescence: when bad things happen to good cells. Nat Rev Mol Cell Biol (2007) 8(9):729–40. doi:10.1038/nrm2233

20. Spaulding C, Guo W, Effros RB. Resistance to apoptosis in human CD8+ T cells that reach replicative senescence after multiple rounds of antigen-specific proliferation. Exp Gerontol (1999) 34(5):633–44. doi:10.1016/S0531-5565(99)00033-9

21. Salminen A, Ojala J, Kaarniranta K. Apoptosis and aging: increased resistance to apoptosis enhances the aging process. Cell Mol Life Sci (2011) 68(6):1021–31. doi:10.1007/s00018-010-0597-y

22. Akbar AN, Henson SM. Are senescence and exhaustion intertwined or unrelated processes that compromise immunity? Nat Rev Immunol (2011) 11(4):289–95. doi:10.1038/nri2959

23. Kaech SM, Wherry EJ. Heterogeneity and cell-fate decisions in effector and memory CD8+ T cell differentiation during viral infection. Immunity (2007) 27(3):393–405. doi:10.1016/j.immuni.2007.08.007

24. Hall BM, Balan V, Gleiberman AS, Strom E, Krasnov P, Virtuoso LP, et al. Aging of mice is associated with p16(Ink4a)- and beta-galactosidase-positive macrophage accumulation that can be induced in young mice by senescent cells. Aging (Albany NY) (2016) 8(7):1294–315. doi:10.18632/aging.100991

25. Campisi J. Aging, cellular senescence, and cancer. Annu Rev Physiol (2013) 75:685–705. doi:10.1146/annurev-physiol-030212-183653

26. Koch S, Larbi A, Ozcelik D, Solana R, Gouttefangeas C, Attig S, et al. Cytomegalovirus infection: a driving force in human T cell immunosenescence. Ann N Y Acad Sci (2007) 1114:23–35. doi:10.1196/annals.1396.043

27. Gallimore A, Glithero A, Godkin A, Tissot AC, Pluckthun A, Elliott T, et al. Induction and exhaustion of lymphocytic choriomeningitis virus-specific cytotoxic T lymphocytes visualized using soluble tetrameric major histocompatibility complex class I-peptide complexes. J Exp Med (1998) 187(9):1383–93. doi:10.1084/jem.187.9.1383

28. Moskophidis D, Lechner F, Pircher H, Zinkernagel RM. Virus persistence in acutely infected immunocompetent mice by exhaustion of antiviral cytotoxic effector T cells. Nature (1993) 362(6422):758–61. doi:10.1038/362758a0

29. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD, et al. Viral immune evasion due to persistence of activated T cells without effector function. J Exp Med (1998) 188(12):2205–13. doi:10.1084/jem.188.12.2205

30. Goepfert PA, Bansal A, Edwards BH, Ritter GD Jr, Tellez I, McPherson SA, et al. A significant number of human immunodeficiency virus epitope-specific cytotoxic T lymphocytes detected by tetramer binding do not produce gamma interferon. J Virol (2000) 74(21):10249–55. doi:10.1128/JVI.74.21.10249-10255.2000

31. Shankar P, Russo M, Harnisch B, Patterson M, Skolnik P, Lieberman J. Impaired function of circulating HIV-specific CD8(+) T cells in chronic human immunodeficiency virus infection. Blood (2000) 96(9):3094–101.

32. Boni C, Fisicaro P, Valdatta C, Amadei B, Di Vincenzo P, Giuberti T, et al. Characterization of hepatitis B virus (HBV)-specific T-cell dysfunction in chronic HBV infection. J Virol (2007) 81(8):4215–25. doi:10.1128/JVI.02844-06

33. Radziewicz H, Ibegbu CC, Fernandez ML, Workowski KA, Obideen K, Wehbi M, et al. Liver-infiltrating lymphocytes in chronic human hepatitis C virus infection display an exhausted phenotype with high levels of PD-1 and low levels of CD127 expression. J Virol (2007) 81(6):2545–53. doi:10.1128/JVI.02021-06

34. Lee PP, Yee C, Savage PA, Fong L, Brockstedt D, Weber JS, et al. Characterization of circulating T cells specific for tumor-associated antigens in melanoma patients. Nat Med (1999) 5(6):677–85. doi:10.1038/9525

35. Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus J, Sharfman WH, et al. Phase I study of single-agent anti-programmed death-1 (MDX-1106) in refractory solid tumors: safety, clinical activity, pharmacodynamics, and immunologic correlates. J Clin Oncol (2010) 28(19):3167–75. doi:10.1200/JCO.2009.26.7609

36. Kim PS, Ahmed R. Features of responding T cells in cancer and chronic infection. Curr Opin Immunol (2010) 22(2):223–30. doi:10.1016/j.coi.2010.02.005

37. Fuller MJ, Zajac AJ. Ablation of CD8 and CD4 T cell responses by high viral loads. J Immunol (2003) 170(1):477–86. doi:10.4049/jimmunol.170.1.477

38. Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral persistence alters CD8 T-cell immunodominance and tissue distribution and results in distinct stages of functional impairment. J Virol (2003) 77(8):4911–27. doi:10.1128/JVI.77.8.4911-4927.2003

39. Mueller YM, De Rosa SC, Hutton JA, Witek J, Roederer M, Altman JD, et al. Increased CD95/Fas-induced apoptosis of HIV-specific CD8(+) T cells. Immunity (2001) 15(6):871–82. doi:10.1016/S1074-7613(01)00246-1

40. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al. Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during chronic viral infection. Nat Immunol (2009) 10(1):29–37. doi:10.1038/ni.1679

41. Yamamoto T, Price DA, Casazza JP, Ferrari G, Nason M, Chattopadhyay PK, et al. Surface expression patterns of negative regulatory molecules identify determinants of virus-specific CD8+ T-cell exhaustion in HIV infection. Blood (2011) 117(18):4805–15. doi:10.1182/blood-2010-11-317297

42. Peretz Y, He Z, Shi Y, Yassine-Diab B, Goulet JP, Bordi R, et al. CD160 and PD-1 co-expression on HIV-specific CD8 T cells defines a subset with advanced dysfunction. PLoS Pathog (2012) 8(8):e1002840. doi:10.1371/journal.ppat.1002840

43. Raziorrouh B, Schraut W, Gerlach T, Nowack D, Gruner NH, Ulsenheimer A, et al. The immunoregulatory role of CD244 in chronic hepatitis B infection and its inhibitory potential on virus-specific CD8+ T-cell function. Hepatology (2010) 52(6):1934–47. doi:10.1002/hep.23936

44. Petrovas C, Casazza JP, Brenchley JM, Price DA, Gostick E, Adams WC, et al. PD-1 is a regulator of virus-specific CD8+ T cell survival in HIV infection. J Exp Med (2006) 203(10):2281–92. doi:10.1084/jem.20061496

45. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion and disease progression. Nature (2006) 443(7109):350–4. doi:10.1038/nature05115

46. Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, Bessette B, et al. Upregulation of PD-1 expression on HIV-specific CD8+ T cells leads to reversible immune dysfunction. Nat Med (2006) 12(10):1198–202. doi:10.1038/nm1106-1329b

47. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al. Restoring function in exhausted CD8 T cells during chronic viral infection. Nature (2006) 439(7077):682–7. doi:10.1038/nature04444

48. Gardiner D, Lalezari J, Lawitz E, DiMicco M, Ghalib R, Reddy KR, et al. A randomized, double-blind, placebo-controlled assessment of BMS-936558, a fully human monoclonal antibody to programmed death-1 (PD-1), in patients with chronic hepatitis C virus infection. PLoS One (2013) 8(5):e63818. doi:10.1371/journal.pone.0063818

49. Fuller MJ, Callendret B, Zhu B, Freeman GJ, Hasselschwert DL, Satterfield W, et al. Immunotherapy of chronic hepatitis C virus infection with antibodies against programmed cell death-1 (PD-1). Proc Natl Acad Sci U S A (2013) 110(37):15001–6. doi:10.1073/pnas.1312772110

50. Velu V, Titanji K, Zhu B, Husain S, Pladevega A, Lai L, et al. Enhancing SIV-specific immunity in vivo by PD-1 blockade. Nature (2009) 458(7235):206–10. doi:10.1038/nature07662

51. Gay CL, Bosch RJ, Ritz J, Hataye JM, Aga E, Tressler RL, et al. Clinical trial of the anti-PD-L1 antibody BMS-936559 in HIV-1 infected participants on suppressive antiretroviral therapy. J Infect Dis (2017) 215(11):1725–33. doi:10.1093/infdis/jix191

52. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer (2012) 12(4):252–64. doi:10.1038/nrc3239

53. Sharma P, Allison JP. The future of immune checkpoint therapy. Science (2015) 348(6230):56–61. doi:10.1126/science.aaa8172

54. Lucas CL, Chandra A, Nejentsev S, Condliffe AM, Okkenhaug K. PI3Kdelta and primary immunodeficiencies. Nat Rev Immunol (2016) 16(11):702–14. doi:10.1038/nri.2016.93

55. Lucas CL, Zhang Y, Venida A, Wang Y, Hughes J, McElwee J, et al. Heterozygous splice mutation in PIK3R1 causes human immunodeficiency with lymphoproliferation due to dominant activation of PI3K. J Exp Med (2014) 211(13):2537–47. doi:10.1084/jem.20141759

56. Heurtier L, Lamrini H, Chentout L, Deau MC, Bouafia A, Rosain J, et al. Mutations in the adaptor-binding domain and associated linker region of p110delta cause activated PI3K-delta syndrome 1 (APDS1). Haematologica (2017) 102(7):e278–81. doi:10.3324/haematol.2017.167601

57. Petrovas C, Chaon B, Ambrozak DR, Price DA, Melenhorst JJ, Hill BJ, et al. Differential association of programmed death-1 and CD57 with ex vivo survival of CD8+ T cells in HIV infection. J Immunol (2009) 183(2):1120–32. doi:10.4049/jimmunol.0900182

58. Okkenhaug K, Bilancio A, Farjot G, Priddle H, Sancho S, Peskett E, et al. Impaired B and T cell antigen receptor signaling in p110delta PI 3-kinase mutant mice. Science (2002) 297(5583):1031–4. doi:10.1126/science.1073560

59. Bucks CM, Norton JA, Boesteanu AC, Mueller YM, Katsikis PD. Chronic antigen stimulation alone is sufficient to drive CD8+ T cell exhaustion. J Immunol (2009) 182(11):6697–708. doi:10.4049/jimmunol.0800997

60. Aken BL, Achuthan P, Akanni W, Amode MR, Bernsdorff F, Bhai J, et al. Ensembl 2017. Nucleic Acids Res (2017) 45(D1):D635–42. doi:10.1093/nar/gkw1104

61. Giorgi JV, Detels R. T-cell subset alterations in HIV-infected homosexual men: NIAID multicenter AIDS cohort study. Clin Immunol Immunopathol (1989) 52(1):10–8. doi:10.1016/0090-1229(89)90188-8

62. Pereira BI, Akbar AN. Convergence of innate and adaptive immunity during human aging. Front Immunol (2016) 7:445. doi:10.3389/fimmu.2016.00445

63. Wherry EJ. T cell exhaustion. Nat Immunol (2011) 12(6):492–9. doi:10.1038/ni.2035

64. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol (2015) 15(8):486–99. doi:10.1038/nri3862

65. Youngblood B, Oestreich KJ, Ha SJ, Duraiswamy J, Akondy RS, West EE, et al. Chronic virus infection enforces demethylation of the locus that encodes PD-1 in antigen-specific CD8(+) T cells. Immunity (2011) 35(3):400–12. doi:10.1016/j.immuni.2011.06.015

66. Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J, Khan O, et al. Epigenetic stability of exhausted T cells limits durability of reinvigoration by PD-1 blockade. Science (2016) 354(6316):1160–5. doi:10.1126/science.aaf2807

67. Angelosanto JM, Blackburn SD, Crawford A, Wherry EJ. Progressive loss of memory T cell potential and commitment to exhaustion during chronic viral infection. J Virol (2012) 86(15):8161–70. doi:10.1128/JVI.00889-12

68. Utzschneider DT, Legat A, Fuertes Marraco SA, Carrie L, Luescher I, Speiser DE, et al. T cells maintain an exhausted phenotype after antigen withdrawal and population reexpansion. Nat Immunol (2013) 14(6):603–10. doi:10.1038/ni.2606

69. Popkie AP, Zeidner LC, Albrecht AM, D’Ippolito A, Eckardt S, Newsom DE, et al. Phosphatidylinositol 3-kinase (PI3K) signaling via glycogen synthase kinase-3 (Gsk-3) regulates DNA methylation of imprinted loci. J Biol Chem (2010) 285(53):41337–47. doi:10.1074/jbc.M110.170704

70. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat Rev Immunol (2013) 13(4):227–42. doi:10.1038/nri3405

71. Odorizzi PM, Wherry EJ. Inhibitory receptors on lymphocytes: insights from infections. J Immunol (2012) 188(7):2957–65. doi:10.4049/jimmunol.1100038

72. Keir ME, Liang SC, Guleria I, Latchman YE, Qipo A, Albacker LA, et al. Tissue expression of PD-L1 mediates peripheral T cell tolerance. J Exp Med (2006) 203(4):883–95. doi:10.1084/jem.20051776

73. Okazaki T, Honjo T. The PD-1-PD-L pathway in immunological tolerance. Trends Immunol (2006) 27(4):195–201. doi:10.1016/j.it.2006.02.001

74. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and autoimmunity. Immunol Rev (2010) 236:219–42. doi:10.1111/j.1600-065X.2010.00923.x

75. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I, Kobayashi SV, et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol Cell Biol (2005) 25(21):9543–53. doi:10.1128/MCB.25.21.9543-9553.2005

76. Hodi FS, Chesney J, Pavlick AC, Robert C, Grossmann KF, McDermott DF, et al. Combined nivolumab and ipilimumab versus ipilimumab alone in patients with advanced melanoma: 2-year overall survival outcomes in a multicentre, randomised, controlled, phase 2 trial. Lancet Oncol (2016) 17(11):1558–68. doi:10.1016/S1470-2045(16)30366-7

77. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al. Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N Engl J Med (2015) 373(1):23–34. doi:10.1056/NEJMoa1504030

78. Rao VK, Webster S, Dalm V, Sediva A, van Hagen PM, Holland S, et al. Effective ‘activated PI3Kdelta syndrome’-targeted therapy with the PI3Kdelta inhibitor leniolisib. Blood (2017) 130(21):2307–16. doi:10.1182/blood-2017-08-801191

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Wentink, Mueller, Dalm, Driessen, van Hagen, van Montfrans, van der Burg and Katsikis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	REVIEW
published: 07 March 2018
doi: 10.3389/fimmu.2018.00445






[image: image1]

Phosphoinositide-3-Kinase Signaling in Human Natural Killer Cells: New Insights from Primary Immunodeficiency

Emily M. Mace*

Department of Pediatrics, Baylor College of Medicine, Center for Human Immunobiology, Texas Children’s Hospital, Houston, TX, United States

OPEN ACCESS

Edited by:

Stuart G. Tangye, Garvan Institute of Medical Research, Australia

Reviewed by:

Jane Oliaro, Peter MacCallum Cancer Centre, Australia
Tri Giang Phan, Garvan Institute of Medical Research, Australia

*Correspondence:

Emily M. Mace
mace@bcm.edu

Specialty section:

This article was submitted to Primary Immunodeficiencies, a section of the journal Frontiers in Immunology

Received: 15 January 2018
Accepted: 19 February 2018
Published: 07 March 2018

Citation:

Mace EM (2018) Phosphoinositide-3-Kinase Signaling in Human Natural Killer Cells: New Insights from Primary Immunodeficiency. Front. Immunol. 9:445. doi: 10.3389/fimmu.2018.00445

Human natural killer (NK) cells play a critical role in the control of viral infections and malignancy. Their importance in human health and disease is illustrated by severe viral infections in patients with primary immunodeficiencies that affect NK cell function and/or development. The recent identification of patients with phosphoinositide-3-kinase (PI3K)-signaling pathway mutations that can cause primary immunodeficiency provides valuable insight into the role that PI3K signaling plays in human NK cell maturation and lytic function. There is a rich literature that demonstrates a requirement for PI3K in multiple key aspects of NK cell biology, including development/maturation, homing, priming, and function. Here, I briefly review these previous studies and place them in context with recent findings from the study of primary immunodeficiency patients, particularly those with hyperactivating mutations in PI3Kδ signaling.
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INTRODUCTION


Human Natural killer (NK) Cell Development, Lytic Function, and Migration

Human NK cells are derived from bone marrow precursors and mature in the peripheral tissues, particularly the secondary lymphoid tissue (1–3). Their development can be defined by select cell surface receptor and transcription factor expression in combination with increasingly restricted lineage potential of developmental intermediates (4). Despite an increasing understanding of the relationship between NK cells and other innate lymphoid cell subsets, however, the exact nature of the steps of NK cell development is incompletely understood. This likely reflects the importance of the local microenvironment in tuning NK cell development and plasticity of NK cell developmental intermediates, as discrete tissue sites have unique resident NK cell populations (1).

Within peripheral blood, human NK cells comprise approximately 10% of lymphocytes and are broadly classified as CD56bright or CD56dim, two subsets with distinct phenotypic and functional properties (5). CD56bright are considered less mature than the CD56dim subset, and their lesser frequency within peripheral blood is converse to their predominance in the secondary lymphoid tissue, where they are thought to develop (6). CD56dim NK cells are cited as having the greatest capa-city for lytic function; however, similar capacity for lytic function can be elicited from CD56bright NK cells with cytokine priming or activation (5, 7–10). CD56bright cells are strong producers of cytokines, particularly IFNγ and TNFα and are frequently considered more immunoregulatory than CD56dim NK cells. In addition, CD56dim NK cell subsets can be further dissected to terminally mature subsets that can include adaptive NK cells with memory-like function for rapid response to previously encountered antigen (11–17).

Natural killer cell lytic function is mediated through the formation of an immunological synapse, a specialized signaling platform that directs the secretion of specialized secretory lysosomes containing perforin and granzymes (18, 19). Many of the steps leading to the formation of an NK cell lytic immunological synapse are common to other immunological synapses, including T cell synapses (20). There are also distinct features of the NK cell immunological synapse that are likely a function of unique mechanisms of NK cell activation and sensing, as NK cells use germline-encoded activating and inhibitory receptors to integrate signals that can lead to lysis of non-self, stressed, transformed, or virally infected cells (21). While an in-depth description of this process is beyond the scope of this review, key events in this process include firm adhesion to a target cell, actin polymerization and reorganization at the immunological synapse, lytic granule convergence, microtubule-organizing center (MTOC) (and lytic granule), polarization toward the synapse, granule exocytosis, and termination of the immunological synapse following target cell death (22). Relative to lytic synapses formed by cytolytic effector CD8+ T cells, NK cell lytic synapses are less rapidly formed and seemingly have a greater number of regulated steps to cytotoxicity, likely due to their non-antigen-restricted mechanism of sensing target cells and “missing-self” recognition (21). Their capacity for autologous killing is restrained by a process termed licensing, in which NK cells are licensed for lytic potential through the engagement of inhibitory receptors with self-MHC class I (23–25). While the molecular mechanisms of licensing are not fully understood, this process is reversible, and even unlicensed cells ultimately have the potential to be fully lytic (26–29). Through an understanding of licensing, priming, and cytokine-induced memory, it seems that NK cell function can be tuned for responsiveness through multiple mechanisms.

While less understood at a molecular level than immunological synapse formation, NK cell migration and homing are intrinsic components of both development and function. The accepted paradigm of NK cell development suggests that NK cells enter circulation to traffic to tissue at both an early develop-mental stage and ultimately as terminally mature cells. Intravital imaging of mouse lymph nodes demonstrates that NK cells patrol the T cell zone and make transient, yet direct, contacts with dendritic cells and T cells (30–32). This significant migratory behavior has obviously not been directly visualized in human tissue; however, human NK cells undergo spontaneous migration on developmentally supportive stromal cells (33). This intrinsic migratory capacity can be recapitulated by the differentiation of NK cells in vitro, and developmental intermediates have intermediate migratory phenotypes (33, 34). In the context of lytic function, NK cell migration plays a key role in the serial killing capacity of activated cells, which often kill up to 10 sequential targets (35–40). Activated NK cells have a more dynamic migration, with modes of migration that are distinct from resting cells (40). This includes a more motile scanning of targets, a specifically greater directional persistence, less time spent in arrest, and a greater migration speed. These changes in migration mode have been described between resting and cytokine-activated (40), or unlicensed and licensed human NK cells (39), suggesting a link between multiple forms of activation and changes in migratory phenotype; however, the mechanism by which these changes are induced is unknown.

Human primary immunodeficiency is a powerful model to determine the requirements for human NK cell function and development. In particular, studies of patients with Wiskott–Aldrich syndrome (41, 42), MyH9-related disorders (43, 44), DOCK8 deficiency (45), and Coronin 1A deficiency (46) have led to the definition of these as critical mediators of NK cell immune synapse formation and function and defined the molecular basis of their function in a uniquely human setting. A similar approach can be taken to determine the requirements for human NK cell development through the study of patients with NK cell deficiency as a result of loss of NK cells or NK cell subsets in peripheral blood [reviewed in Ref. (47, 48)]. In particular, a decreased frequency of the CD56dim subset has been used as a readout for the impaired terminal maturation of NK cells. Using this approach, unexpected requirements for the eukaryotic DNA helicase complex components MCM4 and GINS1 specifically in NK cell development have been identified (49–51). Similarly, biallelic mutations in IRF8 lead to specific loss of the CD56dim subset, with accompanying severe viral susceptibility in affected patients (52), and RTEL1 mutations can lead to the absence of NK cells in peripheral blood (53, 54). More puzzling are mutations in GATA2, which lead to specific loss of the CD56bright subset with variable effects on absolute NK cell frequencies, although this effect may be due to depletion of all but adaptive NK cells in affected patients (55–58).

Cases of isolated NK cell deficiency, in which NK cells are the primary or only affected immunological subset, are relatively rare. However, the extreme susceptibility of these patients to viral infections, particularly of the herpesvirus family, underscores the importance of NK cells in human health and disease (47, 48). Much more common are primary immmunodeficiencies that may include deregulated NK cell function or phenotype as partof their spectrum of disease. These can be illustrative of requirements for NK cell development or function, despite involvement of other immune compartments. These primary immunodeficiencies that affect NK cells range from severe combined immune deficiency as a result of IL2RG (59) or JAK3 (60) mutation, which defines the requirement for common gamma chain cytokine signaling in human NK cell development, to diseases including STAT1 gain-of-function (GOF) mutations (61) and STAT3 deficiency (62). In each of these cases, it is important to consider that other affected immune compartments can also impact NK cell phenotype and function. It can also be difficult to delineate between primary immmunodeficiencies that seemingly lead to a “hard stop” in NK cell maturation, such as MCM4 and GINS1 deficiencies and those that deregulate specific receptor expression or aspects of homeostasis, such as STAT1 GOF mutations. Regardless, in each case, the phenotype of deregulated NK cell development is accompanied by an effect on NK cell function that translates to susceptibility to infection and, in some cases, malignancy. Moving forward, however, it will be important to recognize these distinctions through the careful definition of what truly phenotypically and functionally defines NK cells and their subsets. In addition, determining the NK cell-intrinsic component to these mutations, such as by cell line modeling, is important for the proof of concept to define a particular gene as being required for human NK cell function.

The phosphoinositide-3-kinase (PI3K)-signaling axis plays a key role in a multitude of cellular functions. It is increasingly being recognized for its importance in the control of inflammation and cancer and is a particularly exciting target for new small molecule inhibitors designed to modulate its key players. Given its ubiquitous expression, perturbations in this pathway are predicted to impact a number of cellular functions. However, there are specific requirements for PI3K signaling in NK cell function, the importance of which are underscored by model organisms and recently described human mutations in PIK3CD that lead to significant defects in NK cell maturation and function (Table 1).


TABLE 1 | Effect of phosphoinositide-3-kinase (PI3K) mutations relevant to activated PI3K delta syndrome on natural killer (NK) cell development and function.
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PI3K Signaling in Human NK Cells

Class IA PI3K are heterodimeric enzymes that consist of a regulatory p85 subunit and a catalytic p110α, -β, or -δ subunit; class 1B PI3K is composed of the p110γ subunit and p101 or p84 regula-tory subunit. While all PI3K isoenzymes play a key role in catalyzing the production of PtdIns(3,4,5)P3 from PtdIns(4,5)P2, evidence suggests that they have unique functions (81). In addition, while p110α and p110β are widely expressed, p110γ and p110δ expression is primarily restricted to lymphocytes. Activating signaling leads to PI3K-mediated generation of PtdIns(3,4,5)P3, the accumulation of which in the cell membrane provides a platform for pleckstrin homology (PH)-domain-containing proteins, including AKT, phosphoinositide-dependent kinase-1 (PDK1), and Tec family kinases such as BTK. This pathway is additionally regulated by phosphatases including phosphatase and tensin homolog (PTEN) and SH2-containing inositol phosphatase 1 (SHIP-1).

In human NK cells, the PI3K-signaling pathway plays a direct role in signaling downstream from activating receptors, including 2B4 and KIR receptors (82–84). The recruitment of p85, in combination with Grb2, is also necessary and sufficient for the propagation of signaling, leading to cytotoxicity downstream of NKG2D ligation association with the non-ITAM containing DAP10 adaptor (85–88). PI3K activity following recruitment to membrane proximal receptors leads to the production of PtdIns(3,4,5)P3 and the subsequent recruitment of PH domain-containing proteins such as PLCγ1, PLCγ2, Vav1, and Tec kinases. Antibody-dependent cellular cytotoxicity (ADCC) is mediated by PI3K- and ITAM-dependent signaling by CD16 through FcγR and/or TCRζ (89); PI3K signaling plays an additional role following FcγR ligation by activating ADP-ribosylation factor, which leads to PtdIns(4,5)P2 production by PI5K and phospholipase D activation (90).

Phosphoinositide-3-kinase activation and subsequent recruitment of PLCγ1 and PLCγ2 leads to mobilization of intracellular Ca++ stores. In addition, PI3K activates a Rac1–MEK–ERK pathway that is a key signaling pathway for actin reorganization and cellular polarization (91). The central role of PI3K in mediating cell polarization can be defined by its control of Cdc42 activation at the NK cell immune synapse; in particular, p85α acts as a scaffold to target and position PI3K and subsequently recruit guanine nucleotide exchange factors to the membrane (92). As such, the role of PI3K signaling in cytotoxicity and NK cell migration can be through the control of actin remodeling, polarization, and even granule exocytosis, which requires intracellular calcium store mobilization.

In addition to activating for cytotoxicity, PI3K plays a pivotal role in both priming and signaling downstream of cytokine activation. It is particularly important for the attenuation of signaling through IL-15, the critical NK cell development and survival cytokine (93). The activation of PI3K following IL-15 receptor ligation leads to the production of PtdIns(3,4,5)P3 and the recruitment of AKT to the cell membrane. AKT activation leads to survival and proliferation through the inhibition of pro-apoptotic Bcl2- and PDK1-dependent activation of mTOR, which promotes translation directly through the phosphory-lation of S6 kinase and the initiation factor eIF4E-binding protein (94). In mice, PI3K-dependent PDK1 activation via IL-15 signaling may also directly help to direct NK cell lineage commitment through the induction of E4BP4 and Eomes, and PDK1-deficient mice have loss of NK cell cellularity and function (95).

The critical role of PI3K in JAK–STAT signaling makes it key in potentiating the effects of cytokine priming, in which the threshold for NK cell activation is lowered by stimulation with common gamma chain cytokines (IL-2, -15, -21) or IL-12 and IL-18 (96–98). The therapeutic potential of cytokine priming is highlighted by recent studies of human memory-like NK cells with enhanced lytic function that can be generated by cytokine priming and can be reactivated after even extended periods of rest (99–101). These cells are of extreme interest for immune therapy and also highlight the importance of cytokine priming in generating NK cells that can rise to further challenge (102). Physiologically, priming leads to an increased antitumor effect of NK cells, including an increased production of cytotoxic effec-tor molecules, an increased conjugate formation with target cells, and an increased baseline activation of integrins (10). Interestingly, this effect in humans is primarily mediated by the CD56bright NK cell subset, as opposed to CD56dim NK cells, which are traditionally considered the more cytolytic subset. Small molecule inhibition of the PI3K-signaling pathway blocks this priming effect and attenuates the antitumor response, underscoring its importance in modulating NK cell function (10, 103). The importance of the PI3K-signaling pathway in NK cell priming and its implication in NK cell licensing (104) underscore its importance as a master regulator of NK cell-functional capacity.

Finally, PI3K signaling is required for NK cell chemotaxis to chemokines including CC chemokine ligand (CC)L2, CCL5, CXCL10, and SDF1α (105). While lymphocyte migration is thought to be mainly controlled by p110γ, p110δ is required specifically for chemotaxis mediated by the G-protein-coupled receptor sphingosine 1-phosphate receptor 5, which plays a key role in NK cell tissue localization (106, 107). Both p110δ and p110γ are activated for chemotaxis to CXCL12 and CCL3 and mediate NK cell migration to tissue and to the uterus during pregnancy (106). Conversely, NK cells from PTEN-deficient mice have hyperresponsive signaling in response to sphingosine 1-phosphate, leading to an increase in NK cells in peripheral blood as a result of aberrant trafficking to the tissue (79).

Taken together, these studies underscore the importance of PI3K signaling in NK cell development, function, and homeostasis. This importance can be further tested by studying patients with rare mutations in this pathway, particularly when these patients are considered in the context of informative mouse models.



The Requirement for PI3K in NK Cell Lytic Function

The role of PI3K signaling in immunological synapse formation and function was first tested broadly by using relatively promiscuous inhibitors such as Ly294002 and wortmannin. These studies showed that the broad inhibition of PI3K signaling prevented NK cell cytotoxicity in NK cell lines killing via natural cytotoxicity and in primary cells mediating ADCC (86, 89,108, 109). While initial studies suggested that PI3K signaling wasn’t required for primary NK cell-mediated lysis of K562 targets (109), the pretreatment of IL-2-activated primary NK cells with wortmannin significantly decreases cytotoxicity against 721.221 targets, at least in part by modulating LFA-1 function (110, 111). Further studies identified PI3K–Rac1–PAK1–MEK–ERK signaling that is required for polarization and cytotoxicity of human NK cell lines and freshly isolated peripheral blood NK cells (91). Knockdown (KD) of p85α or AKT prevents lytic granule polarization to the immune synapse and inhibits the activity of Cdc42 (92). In addition, p110δ interacts directly with the SH3 domain of CrkL during NKG2D-mediated NK cell cytotoxicity and controls LFA-1-mediated conjugate formation downstream of NKG2D ligation on human NK cells (86).

Mice deficient for PI3Kδ have impaired NK cell function against tumor targets, including defects in exocytosis (75, 76). Similarly, p85α-deficient mice have impaired NK cell cytotoxicity and cytokine production (78). Specific inhibitors of PI3K class I isoforms show that while pan-PI3K inhibition impairs mature human NK cell function, the selective inhibition of PI3Kα, -β, -γ, or -δ does not have a significant effect (112). These results suggest that the genetic loss of PI3Kδ may lead to NK cell developmental defects that are not present when PI3Kδ function is inhibited in mature cells. This is supported further by studies of a mouse expressing catalytically inactive PI3Kδ, in which signaling is impaired downstream of activating receptors and NK cells fail to mature and are unable to mediate lytic function (77). Overall, however, this is a field that has been complicated by differential findings regarding the requirement for PI3K isoforms in NK cell development, in part due to differences between mouse strains (113).

While human loss-of-function mutations in PI3K110δ (68) and p85α (70) have been reported, they are overwhelmingly rare. Both defects lead to primary immunodeficiency, and NK cell number in the patient reported with p85α deficiency was significantly decreased when compared to healthy ranges (70).What have emerged as a much more common variation are GOF muta-tions in PIK3CD or PIK3R1. PIK3CD GOF mutations were independently reported in 2014 by Lucas et al. (65) and Angulo et al. (114) and lead to hyperactivation of PI3K110δ signaling by interrupting the interaction between PI3K110δ and the p85α-regulatory subunit, or by constitutive membrane association and activation (65, 114, 115). This hyperactivation can be detected on a cellular basis as hyperphosphorylation of S6, mTOR, and AKT. Clinically, these mutations can lead to varied phenotypes, and original PIK3CD cohorts were identified by screening patients with recurrent chest infections (114) and herpesviral infections (65), respectively. Patients with activating mutations in PIK3R1 leading to an increased PI3Kδ activity also have primary immunodeficiency (67, 69, 116–123), and many studies, including large cohort studies, have defined new mutations in PIK3CD leading to activated PI3K delta syndrome (APDS) and expanded the phenotype of disease (64, 66, 67, 124–131). While the clinical features of patients with mutations in PIK3CD and PIK3R1 can be similar, there is evidence that PIK3R1 mutations can also have extra-immune phenotypes (118). To delineate the two where necessary, PIK3CD mutations are referred to as leading to APDS1, whereas mutations in PIK3R1 cause APDS2. Finally, patients have also been identified with PTEN loss-of-function (LOF) mutations that can also lead to features of APDS (71–73).

Immunologically, APDS patients have combined immune deficiency due to impairment in multiple compartments, including B cells, T cells, and more recently described NK cells (63, 65, 114, 132). B cell function is generally impaired, and an increase in transitional B cell number is a highly conserved phenotype of APDS patients. There are also significant T cell defects in APDS patients, including increased T cell senescence likely driven by hyperproliferation, at least in some part as a result of an increased mTOR metabolism (65).

A decreased NK cell frequency has been reported in these APDS cohorts (64–67, 69); however, a detailed analysis was recently performed that identified multiple facets of deregulated NK cell phenotype and function in patients with PI3K GOF mutations (63). This includes a decreased expression of CD16 and an increased expression of CD62L in peripheral blood NK cells, suggesting incomplete terminal maturation. NK cell function is impaired, and the source of this impairment is due to multiple defects in immune synapse formation and function. These include a decreased conjugation with target cells and a decreased phosphorylation of ERK in response to activating signaling. When forming conjugates with susceptible target cells, NK cells from APDS patients have impaired MTOC polarization and actin accumulation at the immunological synapse (63). Collectively, these effects lead to impaired NK cell lytic function mediated against susceptible class I negative, as well as antibody-coated targets. These effects were demonstrated in patients with previously described E525K, E1021K, and N334K mutations, with patients with E525K mutations interestingly having a more severe impairment of NK cell function.

The treatment of patients with the mTOR inhibitor rapamycin led to improved NK cell function and partial restoration of immune synapse formation, suggesting that tonic hyperactivation of the mTOR–AKT pathway is contributing to the functional impairment of NK cells (63). The mechanism of this is currently unclear, however, and the similarity between the effect of PI3K GOF mutations and the previously reported loss-of-function models, namely impaired NK cell cytotoxicity, can be confusing. However, of note, ERK1/2 phosphorylation in response to activation was decreased in NK cells from APDS patients, counter to the expected hyperphosphorylation predicted by an increased AKT phosphorylation (and its responsiveness to rapamycin). The decreased effector function of APDS patient NK cells, combined with a decreased ERK phosphorylation, suggests that long-term hyperactivation of these pathways leads to NK cellular hyporesponsiveness. The partial reversibility of the patients’ NK cell function after the initiation of rapamycin treatment suggests that there is tunable signaling in these patient cells that can be responsive to modulation; however, this is also in addition to seemingly hardwired NK cell-developmental defects that were not affected by rapamycin treatment. There also may be differential effects of hyperactive PI3K signaling on the MAPK and AKT pathways. It would be of interest to probe downstream signalosomes with greater detail in APDS patients to determine the localization and activity of key activating and inhibitory mediators such as Vav1, SAP, and SHIP-1. In addition, while not tested in the current study, it would be of interest to test the short-term incubation of patient cells with rapamycin to determine whether NK cell function can similarly be restored by the temporary reversal of mTOR and AKT hyperphosphorylation.

Enhanced signaling through mTOR also leads to enhanced cellular metabolism, and a better understanding of how glycolysis and oxidative phosphorylation shape NK cell function is emerging (133). Consistent with the responsiveness of CD56bright NK cells in response to priming, CD56bright NK cells become highly metabolically active following cytokine stimulation, which enables their robust production of IFNγ. The treatment of healthy donor NK cells with rapamycin leads to a decreased production of IFNγ and a reduced expression of nutrient receptors such as the transferrin receptor (103, 134). mTor-deficient mice have impaired development due to impaired IL-15 responses, and it is likely that metabolic regulation is an important component of PI3K–mTOR-mediated IL-15 signaling and an unexplored component of the NK cell phenotype in APDS patients.

While the standard of care for many APDS patients has been rapamycin, the recent development of selective PI3Kδ inhibitors for the purpose of treating APDS patients has led to the availability of these and preliminary data about their efficacy and modes of action. The treatment of six patients with E525K or E1021K mutations with the selective PI3Kδ inhibitor leniolisib led to reduced phospho-AKT and -S6 in T cells (135, 136). While NK cells were not explicitly examined in this study, it will be of interest to determine whether, like rapamycin, specific PI3Kδ inhibition leads to restored function and whether, unlike rapamycin, this treatment also has an effect on NK cell phenotype and maturation.



PTEN, SHIP-1, and SAP Mutations and NK Cell Function

As APDS occurs as a result of hyperactivation of the PI3K-signaling pathway, it can be informative to also consider the consequence of LOF mutations in negative regulators of PI3K signaling. Autosomal-dominant mutations in PTEN are a previously described cause of hamartoma tumor syndromes, with a range of clinical effects that include susceptibility to malignancy, mucocutaneous lesions, and macrocephaly (137). Whole-exome sequencing identification of patients with LOF heterozygous mutations in PTEN has identified patients with APDS-like characteristics (71–73). These may include many of the clinical and immunological hallmarks of APDS, including recurrent infections, lymphadenopathy, hepatosplenomegaly, and cytopenias. In addition, APDS PTEN patients had previously described features of PTEN hamartoma tumor syndrome, including macrocephaly and mental retardation. A decreased PTEN protein expression in these patients was accompanied by an increased phospho-S6 and phospho-AKT as predicted (71, 72); however, basal PtdIns(3,4,5)P3 levels were surprisingly unaffected in one patient tested (72). NK cell function in these patients has not been specifically interrogated; however, decreased NK cell numbers were reported in some PTEN patients with immune deficiency (71–73). The variable penetrance of PTEN mutations is not completely understood; however, the capacity for these mutations to phenocopy activating mutations in PIK3CD or PIK3R1 speaks of the importance of modulation of this signaling pathway.

In addition, the expression and functional role of PTEN in healthy donor human NK cells has been specifically interrogated. Overexpression (OE) of PTEN in an NK cell line or primary human or transgenic mouse NK cells leads to loss of NK cell function (74). Mechanistically, this is accompanied by a decreased accumulation of F-actin at the immunological synapse and impaired granule convergence and polarization. PTEN KD in primary mouse or human cells leads to a modest increase in NK cell lytic function, underscoring the role of PTEN as a negative regulator of NK cell cytotoxicity and contrasting the effect of PI3K GOF mutations. Interestingly, unlike mouse models of SHIP-1 and human patients with APDS, in which deregulation of this pathway impairs NK cell maturation, there was no reported effect of PTEN OE on NK cell development in the transgenic super-PTEN mouse model. By contrast, SHIP-1-deficient mice have reduced NK cell numbers in the periphery, specifically due to impaired terminal maturation from immature precursors (80). In human NK cells, both SHIP-1 and PTEN have differential expression in mature subsets, with PTEN being highly expressed in CD56bright NK cells (74) and SHIP-1 more highly expressed in the CD56dim subset (138). SHIP-1 additionally plays a role in modulating signaling downstream of CD16 as it is recruited to the TCRζ chain during ADCC and can negatively regulate cytotoxicity (139).

Finally, the activating receptor 2B4 associates with SAP/SH2D1A, an SH2-domain-containing adaptor molecule. In addition to other immune defects, patients with X-linked lymphoproliferative disease (XLP) as a result of mutations in SAP have impaired NK cell function (140). The inhibition of PI3K function disrupts the 2B4–SAP interaction, and conversely PI3K function is impaired in patients with SAP mutations (82). As a result, the treatment of NK cells from patients with XLP with PI3K inhibitors does not further affect NK cell-cytotoxic function, whereas in healthy donors, PI3K inhibition impairs NK cell lytic function.



NK Cell Maturation and Homing

The role of PI3K in cytokine signaling, as well as its role in Rac signaling and actin remodeling, points strongly to a critical role in governing NK cell migration and maturation. In addition, PI3Kγ mediates migration through its association with G-protein-coupled receptors, and p110α and p110δ play a role in lymphocyte chemotaxis and migration. Pan-PI3K inhibition reduces NK cell migration in response to chemokines, and the selective inhibition of p110γ or p110δ shows that both play a role in CXCL12-mediated NK cell migration (106). The deletion of the p110δ isoform in mice leads to a significant decrease in NK cell number in peripheral organs, with distinct phenotypic abnormalities including a decreased expression of Ly49G2, Ly49C/I, and CD11b/CD43 (75). In remaining cells, cytokine secretion, but not production, is impaired, demonstrating a role for p110δ in both maturation and function. Transgenic mice expressing catalytically inactive p110δ also have reduced numbers of mature NK cells in the periphery, although NK cell progenitors in bone marrow are present at normal frequency (77). As with p110δ-deficient mice, catalytically inactive p110δ mice have a decreased frequency of inhibitory Ly49C/I-positive NK cells, indicating impaired terminal maturation or receptor regulation. Discrepancies between isoform-specific knockout mice and catalytically inactive mutants may be due to altered expression of other PI3K subunits following single isoform deletion, including altered p85α, p110β, and p110γ expression in p110δ-knockout mice (141, 142). PTEN also plays a critical role in NK cell homing, and NK cell-specific PTEN deletion in mice leads to increased NK cell numbers in peripheral blood due to premature egress from the bone marrow and altered response to S1P signals (79).

Whether NK cells from patients with activating PI3K mutations have alterations in NK cell maturation, tissue distribution, homeostasis, or migration is not fully understood. A direct correlation to the effect seen with PTEN deletion in mice is not seen, as abnormal NK cell numbers in peripheral blood of APDS patients have been reported as decreased, not increased (63–67, 69). Despite a decreased NK cell number, the ratio of CD56bright to CD56dim NK cells is not significantly affected in these patients, suggesting that terminal maturation occurs (63). However, there are receptors that are associated with NK cell development that have significantly altered expression in APDS patient NK cells. These include a decreased expression of CD16 on CD56dim NK cells and a decreased expression of CD62L on CD56bright NK cells. Altered expression of CD62L could lead to impaired localization in secondary lymphoid tissue, and PTEN knockout mice also have a significantly decreased CD62L expression (79). Notably, NK cells from APDS patients had a significantly decreased expression of CD122, the common gamma chain, and CD127, the IL-7 receptor. Finally, an increased expression of NKG2A on CD56dim NK cells from APDS patients is also suggestive of dysregulated maturation. Taken together, however, it is difficult to interpret these selective receptor anomalies with a cohesive defect in a specific aspect of NK cell maturation. Additional studies, including gene expression and, if possible, the study of tissues beyond peripheral blood, are required to definitively isolate defects in NK cell maturation and homing in patients with activating PIK3CD mutations.



What Can Patients with PI3K Mutations Teach Us about NK Cell Function?

What can we learn about the requirement for, and role of, PI3K signaling in human NK cells from patients with primary immunodeficiency? The discovery of APDS provides us with a robust number of patients to study and underscore the biological complexity of this signaling pathway. While these mutations are termed GOF, and rightly so based upon the hyperphosphorylation of key signaling molecules, they are not represented by an increased NK cell function. This can be partially explained by signs of impaired activation of signaling intermediates such as phospho-ERK and phospho-JNK (63), suggesting that NK cell hyporesponsiveness may result from constitutive overactivation of the pathway. This apparent hyporesponsiveness is also in contrast to studies of human cells in which PTEN levels have been transiently manipulated, with KD of PTEN leading to an increased NK cell function in this system, as would be predicted by the loss of inhibition of the PI3K-signaling pathway (Figure 1) (74). The mechanism of hyporesponsiveness in APDS patient NK cells is unclear, but the restoration of function following rapamycin treatment suggests that this may be a reversible condition. Currently, however, we do not know whether the effect of rapamycin is on long-term NK cell development or on survival, or whether short-term rapamycin treatment would lead to similar regained function. Treatment of patients with rapamycin may lead to the replenishment over time of NK cell subsets that have developed with modulated IL-15–mTOR signaling, leading to the restoration of functional capacity. Given the particular susceptibility of these patients to herpesviral infection (including Epstein–Barr virus, cytomegalovirus, and varicella zoster), it is likely that their NK cell dysfunction contributes to this clinical phenotype.


[image: image1]
FIGURE 1 | The effect of activated PI3K delta syndrome (APDS)-causing mutations on human natural killer (NK) cell function. Common mutations in p110δ that lead to disease are shown, including those that lead to loss of negative regulation by the p85α-regulatory subunit (E525K, N334K), and the E1021K mutation that leads to constitutive membrane association. Phosphoinositide-3-kinase (PI3K) p110δ catalyzes the conversion of PtdIns(3,4)P2 to PtdIns(3,4,5)P3 at the cell membrane, a reaction that is negatively regulated by phosphatase and tensin homolog (PTEN). Gain-of-function mutations in PI3Kδ lead to a decreased NK cell number and aberrant phenotype. While less well described, patients with loss-of-function mutations in PTEN may have an APDS phenotype that is accompanied by a decreased NK cell number. Studies of short-term KD or OE of PTEN in human NK cells lead to increased and decreased NK cell functions, respectively. P, phosphate; KD, knockdown; OE, overexpression.


It is also important to consider the overall immune environment in these patients. Deregulation of the B and T cell subsets may additionally affect the generation or homeostasis of NK cell subsets, through direct or indirect mechanisms. It will be of value to study the NK cells of these patients more closely to better determine the molecular basis of dysfunction. In addition, a mouse model of APDS would enable the further dissection of the effect of activated PI3K on NK cell development, migration, and cytotoxicity. Better understanding of the effect of these mutations specifically on NK cells will be important for better understanding and implementing the next generation of therapies, including targeted small molecule inhibitors. As always in the case of primary immunodeficiency, these patients also provide us the rare opportunity to better understand the requirements for human immunity through the study of a uniquely human model.
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Activated phosphoinositide 3-kinase (PI3K) δ Syndrome (APDS), caused by autosomal dominant mutations in PIK3CD (APDS1) or PIK3R1 (APDS2), is a heterogeneous primary immunodeficiency. While initial cohort-descriptions summarized the spectrum of clinical and immunological manifestations, questions about long-term disease evolution and response to therapy remain. The prospective European Society for Immunodeficiencies (ESID)-APDS registry aims to characterize the disease course, identify outcome predictors, and evaluate treatment responses. So far, 77 patients have been recruited (51 APDS1, 26 APDS2). Analysis of disease evolution in the first 68 patients pinpoints the early occurrence of recurrent respiratory infections followed by chronic lymphoproliferation, gastrointestinal manifestations, and cytopenias. Although most manifestations occur by age 15, adult-onset and asymptomatic courses were documented. Bronchiectasis was observed in 24/40 APDS1 patients who received a CT-scan compared with 4/15 APDS2 patients. By age 20, half of the patients had received at least one immunosuppressant, but 2–3 lines of immunosuppressive therapy were not unusual before age 10. Response to rapamycin was rated by physician visual analog scale as good in 10, moderate in 9, and poor in 7. Lymphoproliferation showed the best response (8 complete, 11 partial, 6 no remission), while bowel inflammation (3 complete, 3 partial, 9 no remission) and cytopenia (3 complete, 2 partial, 9 no remission) responded less well. Hence, non-lymphoproliferative manifestations should be a key target for novel therapies. This report from the ESID-APDS registry provides comprehensive baseline documentation for a growing cohort that will be followed prospectively to establish prognostic factors and identify patients for treatment studies.

Keywords: activated phosphoinositide 3-kinase δ syndrome, PIK3CD, PIK3R1, registry, natural history, rapamycin


INTRODUCTION

Heterozygous gain-of-phosphoinositide 3-kinase (PI3K) δ-function mutations in PIK3CD or PIK3R1 cause an autosomal-dominant primary immunodeficiency (PID) called activated phosphoinositide 3-kinase δ syndrome (APDS) or PASLI (p110-delta-activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency) 1 and 2, respectively (1–4). The main clinical and immunological characteristics of APDS 1 and 2 have been recently described in two major retrospective cohort studies (5, 6). Recurrent respiratory infections and benign lymphoproliferation emerged as key clinical aspects of the disease in both cohorts. Bronchiectasis was noted as a frequent complication with 60% in the APDS1 cohort and less frequently (18%) in the APDS2 cohort study. Additional immune dysregulation including cytopenias, glomerulonephritis, arthritis, and colitis was reported in these studies. An increased risk for lymphoma was also highlighted with 13% among the APDS1 patients and 28% in the APDS2 cohort. Non-immunological characteristics included neurodevelopmental delay (19% of APDS1 and 31% of APDS2) and growth impairment, especially among APDS2 patients (45%). Immunologically, hypogammaglobulinemia with increased IgM levels was frequent. B-cell lymphopenia, worsening with age, and expansion of transitional B cells were the main B-cell alterations. A reduction in the frequency of naïve CD4+ and CD8+ T cells with an increased frequency of effector/effector memory CD8+ T cells was reported. These first two important retrospective analyses of the disease illustrated clinical and immunological characteristics but did not address the dynamics of the disease evolution over time. Furthermore, although both reports showed that the majority of APDS patients receive supportive therapies in terms of immunoglobulin-replacement treatment (IGRT) or antimicrobial prophylaxes, data regarding immunosuppressive treatments were only reported for a limited number of patients. Here, we use an initial report from the European Society for Immunodeficiencies (ESID)-APDS prospective registry to address some of these questions.



METHODS


The ESID-APDS Registry: Goals and Design

The ESID is a not-for-profit association whose aim is to improve knowledge in the field of PIDs (www.esid.org). The ESID Registry is an international Internet-based database for basic epidemiological (level 1), and more extensive disease-specific (level 3) data on patients with PID. The APDS Registry is the first prospective level 3 project that was initiated to better define the natural history of patients with APDS. The study is carried out in accordance with the recommendations of Section 15 of the Code of Conduct of the General Medical Council of Baden-Württemberg, Germany. The protocol was approved by the Ethics committee of the University of Freiburg (IRB approval No. ESID registry: 493/14; IRB approval No. APDS registry: 458/15). All subjects gave written informed consent in accordance with the Declaration of Helsinki. The goals of the project are to characterize disease evolution over time, to establish prognostic factors and biomarkers, to assess the impact of various treatment strategies, and to identify patients who could be eligible for novel treatments and interventions. Entry into the database requires an initial retrospective documentation, followed by yearly prospective follow-ups. Because of required patient consent, deceased patients cannot be registered. Each patient is evaluated at entry for eligibility by one of the three chief investigators to ensure that only patients with functionally validated APDS-associated mutations are registered. The APDS registry is supported by the pharmaceutical companies Novartis, GlaxoSmithKline, and UCB UK, who financed development and maintenance of the online level 3-documentation-section for APDS as well as project management including ethics submission in all participating countries, data management, and quality controls.




RESULTS


Disease Manifestations and Their Evolution Over Time

By December 2017, 77 patients had been enrolled in the APDS Registry, 51 with APDS1, and 26 with APDS2. Detailed clinical and immunological information of 68 patients [39 of them not published in the cohort papers (5, 6)] from 59 unrelated families was available for this initial analysis. Forty-five of these 68 patients were diagnosed with APDS1 (43 with the E1021K and 2 with the C416R mutation) and 23 with APDS2 (all with mutations leading to skipping of exon 11). At the time of evaluation, living patients (65) had a mean age of 17.9 years (range 3–47 years). The main clinical features reported in APDS1 and APDS2 are summarized in Figures 1A,B. As in the previously reported cohorts, recurrent respiratory infections were by far the most frequent manifestation, occurring in 96% of the patients. Upper respiratory tract infections, otitis media, and sinusitis were the leading diagnoses, and, importantly, 59% of the patients had experienced at least one episode of pneumonia. Cumulative retrospective data highlight that the respiratory infections begin very early in life, with almost all patients being affected by the age of 15 (Figure 1C). The registry data confirmed the previously described (5, 6) high incidence of bronchiectasis (28 patients out of the 55 who underwent a CT-scan), which was documented early in life (age range: 2–39 years; mean: 11.2 years). As already suggested by a previous retrospective review of the literature (7), the majority of patients with bronchiectasis had APDS1 (24 patients out of the 40 who had a CT-scan). Abnormal lung function was noted in 17 out of 35 patients who performed these tests. Acute viral infections (with varicella and herpes simplex) as well as chronic viral infections/reactivations were frequently documented in APDS1 and APDS2 patients (Figure 1A). The most frequently reported chronic infection in both cohorts was Epstein–Barr virus infection (16/68). Among the non-respiratory bacterial infections, the most frequent was infectious lymphadenitis (14/68). Five patients suffered from chronic mucocutaneous candidiasis and three developed local infection following vaccination with bacillus Calmette–Guérin. Consistent with the two published cohorts, chronic non-neoplastic lymphoproliferation was reported in the majority of patients (87%). Persistent peripheral lymphoproliferation, splenomegaly, and lymphoid hyperplasia were frequent and they were often concomitantly reported in the same patients (Figure 1D). Across the cohort, lymphoproliferation occurred with later onset than respiratory infections (Figure 1C) but preceded gastrointestinal manifestations and the development of autoimmunity.
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FIGURE 1 | (A) Incidence of infections in APDS1 and APDS2 patients. (B) Incidence of manifestations of immune dysregulation in APDS1 and APDS2 patients. (C) Evolution of disease manifestations over time. Information regarding age at onset available for: respiratory infections n = 62/65, lymphoproliferation n = 59/59, gastrointestinal manifestations n = 33/35, cytopenia n = 20/21 patients. (D) Diagram showing the different types of benign lymphoproliferative manifestations. (E) Diagram showing the different blood lineages affected in patients with cytopenias.


Benign lymphoproliferation may be difficult to distinguish from malignant disease, the risk of which is increased in APDS patients. Eight of the registry-documented patients (5 APDS1, 3 APDS2) developed lymphoma between the age of 11 and 25 years, including two patients with Hodgkin lymphoma, one of whom subsequently developed an intestinal diffuse large B-cell lymphoma. Six patients were diagnosed with non-Hodgkin lymphomas (two diffuse large B-cell lymphomas, one anaplastic lymphoma, one marginal zone lymphoma, two without detailed histologic information). Five patients achieved a complete remission on treatment, one patient achieved only a partial remission, one patient was still under treatment at the time of registration, while in the remaining case, the lymphoma was sadly fatal. One of these eight patients also had a benign ovarian serous cystadenoma. One patient developed a B-cell chronic lymphocytic leukemia at the age of 40 years. In addition to the established high incidence of hematological malignancy, 2 cases of solid organ malignancy or pre-malignancy were noted: one case of ductal breast carcinoma-in situ (diagnosed in an APDS2 patient at the age of 33) and one case of rhabdomyosarcoma (diagnosed in an APDS1 patient at the age of 13).

Gastrointestinal manifestations were the third most frequent disease manifestation (51%) and across the cohort occurred before the other features of immune dysregulation, such as cytopenias or arthritis, but typically much later than the respiratory infections and the benign lymphoproliferation (Figures 1B,C). Small or large bowel inflammation was histologically confirmed in 17 patients, in 11 of them by the age of 10 years. Granulomas were reported in only one patient. Protracted diarrhea with no identified underlying cause was the second commonest reported gastrointestinal problem and was often severe enough to require hospitalization. Two patients were diagnosed with autoimmune hepatitis but no cases of sclerosing cholangitis were reported, in contrast with the two patients reported by Coulter et al. (5) and the two reported by Hartman et al. (8). Of note, 14/68 patients of the APDS-Registry cohort had eczema. Elkaim et al. (6) noted only three APDS2 patients with chronic eczema and no inflammatory skin disease was mentioned in the published APDS1 cohort (5). Cytopenias were the fourth major disease manifestation affecting around 30% of patients, usually later in life (Figures 1B,C) than the other main features and frequently affecting multiple blood lines (Figure 1E). The autoimmune origin of the cytopenias could be documented in the majority of the patients. Other autoimmune diseases were also reported, all occurring after the age of 10 years: two patients had autoimmune thyroiditis, three had arthritis, and three glomerulonephritis.

Concerning non-immunological manifestations, short stature (>2 SD) was reported in 11 patients, with a predominance of APDS2 individuals (8/13), consistent with previous reports (6, 7). Neurodevelopmental delay was diagnosed in three patients. Specific neuropsychiatric disorders were also reported: one patient had Asperger Syndrome, one had autism, one suffered from a mixed anxiety and depression disorder, and two other patients had mild disorders of speech and language development. It is unclear if these findings reflect the impact of a severe physical illness or the impact of enhanced PI3Kδ signaling in the central nervous system.



Immunological Abnormalities

One of the objectives of the ESID-APDS registry is to collect immunological data prospectively. An initial analysis of the immunological profile in the registry cohort confirmed the already published T- and B-cell alterations. No clear difference between APDS1 and 2 was detected in the current cross-sectional data set. In the future, the longitudinal collection and analysis of these data will offer the possibility to explore associations between specific disease manifestations and immunological alterations, to evaluate the response of immunological alterations to the different types of treatment, and to establish the predictive value of immunological parameters for disease prognosis.



Current Therapies

Supportive therapy is a key component of the management of APDS patients. In the APDS-registry, 54 patients received antibiotic prophylaxis, whereas only eight received antifungal prophylaxis, which appears justified given the absence of reported invasive fungal infections. IGRT was administered in 44 patients (28/45 APDS1, 16/23 APDS2), was in general very well tolerated, and was started early in life (Figure 2A), mirroring the early presentation with respiratory infections. The majority of patients also received immunosuppressive treatments. Thirty-one patients received corticosteroids and 27 of them showed at least a partial clinical benefit. More than half had received steroid treatment by the age of 20 (Figure 2A). Thirty-six patients received other immunosuppressive drugs, including azathioprine (n = 1), mycophenolate (n = 3), cyclosporine (n = 5), or rapamycin (n = 27); clinical benefit was reported in 28 of these patients. Rituximab was given to eight patients, with clinical benefit in all. Figure 2B illustrates the multiple lines of immunosuppressive treatments (steroids, immunosuppressive drugs, or rituximab), which had already been received by patients by the time of enrollment into the registry. Five patients underwent splenectomy (4 APDS1 and 1 APDS2) because of cytopenias or splenomegaly and 25 patients (12 APDS1 and 13 APDS2) underwent tonsillectomy (age range: 1–12 years), with clear benefit in only seven of them. The only available curative option is hematopoietic stem cell transplantation (HSCT) and the first experiences in this field have been published (9). Among the patients in the registry, 8/68 patients had undergone HSCT (7 APDS1 and 1 APDS2) by the time of registration (Figure 2A), with fatal outcome in one.
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FIGURE 2 | (A) Use of treatment modalities over time. IGRT, immunoglobulin-replacement-treatment; IS, immunosuppressive drug; HSCT, hematopoietic stem cell transplantation. Information regarding age at first therapy available for: IGRT n = 28/44, steroid therapy n = 31/31, IS therapy n = 35/36, HSCT = 8/8. (B) Number of lines of immunosuppressive treatments (steroids, immunosuppressive drugs, rituximab) by the time of registration; red: patients who had undergone HSCT by the time of registration. (C) Response to rapamycin treatment. White: complete response; gray: partial response; black: no response; red: worsened or new manifestation; boxes with a diagonal: manifestation not present in this patient. CR, complete remission; PR, partial remission. Rapamycin stopped because of: *non-compliance, °inefficiency, ^side effects, §clinical trial. (D) Overall clinical benefit (Visual Analog Scale) according to physician’s evaluation.




Rapamycin Therapy in APDS

Consistent with activation of mTOR signaling downstream of the activated PI3Kδ, patients with APDS may benefit from rapamycin (2). In the APDS2 cohort-paper (6), six patients had been treated with rapamycin, but the time of follow-up was too short to evaluate the response to treatment in four of them. Six of the patients in the reported APDS1 cohort (5) were treated with rapamycin for benign lymphoproliferation; five of them had a treatment response, but in one case, the therapy was stopped due to side effects. Additional case reports of rapamycin therapy have also been published (7, 10). In the ESID-APDS-registry cohort, rapamycin was the most frequently used immunosuppressive drug. We, therefore, decided to evaluate the experience with rapamycin (Sirolimus) in 26 patients (1 patient was not included because treatment was started and terminated before the diagnosis of APDS and the response to therapy was not well documented), 17 with APDS1, and 9 with APDS2. The main indications for treatment were lymphoproliferation, colitis, and/or cytopenia. Physicians were asked to judge the degree of severity of each manifestation as mild, moderate, or severe at the start of therapy, following 3–6 months of treatment and at the latest follow-up (average time of therapy monitoring: 1.6 years). Overall response judged by the physician visual analog scale was good in 10, moderate in 9, and poor in 7 (Figure 2D). Lymphoproliferation showed the best response (8 complete, 11 partial, 6 no remission), while bowel inflammation (3 complete, 3 partial, and 9 no remission) and cytopenia (3 complete, 2 partial, 9 no remission) responded less well, as shown in Figure 2C. Notably, of the eight patients who were on steroids at initiation of treatment with rapamycin (No. 1, 7, 9, 13, 19, 22, 23, 25), seven were able to stop steroids and one (No. 25) was able to reduce the dose. Two patients (No. 4, 5) stopped therapy because of poor compliance, in three cases (No. 6, 14, 15), the reason for cessation was lack of efficacy. Two patients (No. 7, 13) suffered from side effects (severe headaches, anorexia, renal toxicity) that led to the complete interruption of the treatment, whereas in three cases, the therapy was paused because of side effects (aphthous ulcers, liver toxicity, renal toxicity) but could be started again. Two patients (No. 3, 8) stopped despite efficacy because of enrollment in a clinical trial with PI3Kδ inhibitors. In two other individuals (No. 11, 12), treatment was interrupted after prolonged usage; in one patient (No. 20), this was due to the patient planning for pregnancy and, in another (No. 19), it followed the development of a lymphoma. Of note, three patients (No. 14, 18, 25) received also Rituximab during and one (No. 10) shortly before the treatment with rapamycin. One patient (No. 20) concomitantly received Adalimumab because of arthritis. Interestingly, some patients did not show any relevant alterations in the disease manifestations after 3–6 months of therapy but did show either improvement (No. 1, 8, 10, 18, 22, 23) or worsening (No. 6, 14, 19) after a longer period of observation on treatment (about 2 years).




DISCUSSION

We present an initial analysis of the prospective ESID-APDS registry, a longitudinal cohort study of patients with APDS1 and APDS2. This overview expands the known information regarding the clinical manifestations of the disease by adding the aspect of the evolution of the features over time. The emerging picture is the one of a PID characterized by the early occurrence of respiratory infections (mostly upper respiratory infections), followed by the development of chronic benign lymphoproliferation and subsequently other features of immune dysregulation, in particular, gastrointestinal manifestations and autoimmune cytopenias. We again noted the higher incidence of bronchiectasis in APDS1 compared with APDS2 patients; however, the numbers remain small and differences in CT uptake cannot be excluded as a confounder. However, this observation may stimulate future studies of the roles of the PIK3CD and PIK3R1 genes and their proteins in the respiratory system. In the future, further analysis of the clinical evolution in this prospective cohort will allow better definition of long-term prognosis for this disease. In addition, the correlation of clinical features with the immunological abnormalities and their relationship with outcome parameters will help defining clinical and biological biomarkers of outcome.

The choice of treatment is a key issue in these patients who often present with severe concomitant manifestations not only of immunodeficiency but also of immune dysregulation. According to the registry, the combination of supportive therapy to prevent recurrent infections and the immunosuppressive treatment of immune dysregulation is often initiated early in life, with many patients undergoing multiple treatments. Rapamycin inhibits the biologically relevant downstream PI3K effector mTOR pathway, and it has been widely used with good efficacy in other PIDs, in particular, autoimmune lymphoproliferative syndrome (11, 12). Our interrogation of the ESID-APDS registry aligns with previous reports (7, 10) in suggesting that rapamycin reduces the severity of benign lymphoproliferative disease also in APDS. However, a less satisfactory response was documented regarding the non-lymphoproliferative manifestations, in particular, intestinal disease and cytopenias, which can be highly detrimental for the patients’ quality of life. It is important to relate these registry results to the first results of targeted therapy with the PI3Kδ inhibitor leniolisib that have recently been published (13). In the first six patients, the drug showed an excellent control of the lymphoproliferation (6/6 patients) and in part also improved the cytopenias at the end of treatment (day 84). Three of the six patients normalized their thrombocytopenia, one patient resolved his anemia, and three of four patients improved their lymphopenia, while there was no correction of the neutropenia observed in two patients; however, respiratory and gastrointestinal symptoms and outcomes were not reported in this study. Furthermore, our registry analysis highlighted that also colitis and skin disease can cause significant symptoms in these patients and should, therefore, be carefully evaluated in future clinical studies on novel therapies, particularly given previous reports of colitis associated with PI3K inhibitors (14). Longitudinal data capture on APDS patients in the ESID-APDS registry will be critical to observe the long-term benefits and/or side effects of these therapies, in particular, their effect on the incidence of lymphomas. It is noteworthy that one patient developed lymphoma while taking rapamycin. Another key question, where the registry will be helpful, is the question if and when to perform HSCT. The analysis of this question will profit from the principles established in the P-CID study, a prospective natural history study on profound combined immunodeficiency in which matched pairs of transplanted and non-transplanted patients with similar disease burden and immunological alterations are followed (15).

Finally, an attractive goal for the registry is to involve patients and their families directly in data acquisition. This could in the future allow collecting information about the quality-of-life of APDS patients, thus ameliorating the evaluation of the disease burden in all its complexity. In summary, thanks to the collaborative work of the participating centers, the ESID-APDS registry will comprise a valuable resource for physicians dealing with this disease and for shaping future research questions.
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The signaling lipid phosphatidylinositol 3,4,5, trisphosphate (PIP3) is an essential mediator of many vital cellular processes, including growth, survival, and metabolism. PIP3 is generated through the action of the class I phosphoinositide 3-kinases (PI3K), and their activity is tightly controlled through interactions with regulatory proteins and activating stimuli. The class IA PI3Ks are composed of three distinct p110 catalytic subunits (p110α, p110β, and p110δ), and they play different roles in specific tissues due to disparities in both expression and engagement downstream of cell-surface receptors. Disruption of PI3K regulation is a frequent driver of numerous human diseases. Activating mutations in the PIK3CA gene encoding the p110α catalytic subunit of class IA PI3K are frequently mutated in several cancer types, and mutations in the PIK3CD gene encoding the p110δ catalytic subunit have been identified in primary immunodeficiency patients. All class IA p110 subunits interact with p85 regulatory subunits, and mutations/deletions in different p85 regulatory subunits have been identified in both cancer and primary immunodeficiencies. In this review, we will summarize our current understanding for the molecular basis of how class IA PI3K catalytic activity is regulated by p85 regulatory subunits, and how activating mutations in the PI3K catalytic subunits PIK3CA and PIK3CD (p110α, p110δ) and regulatory subunits PIK3R1 (p85α) mediate PI3K activation and human disease.
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INTRODUCTION

Phosphoinositide 3-kinases (PI3Ks) are essential mediators of signaling downstream of cell-surface receptors and play essential roles in numerous cellular processes, including growth, metabolism, and differentiation (1). PI3Ks generate the lipid phosphatidylinositol 3,4,5, trisphosphate (PIP3), which recruits signaling proteins containing PIP3 binding domains. Many signaling proteins are activated by PIP3, including AGC family Ser/Thr kinases, TEK family tyrosine kinases, and modulators of Ras superfamily GTPases, specifically Guanine nucleotide exchange factors (GEFs), and GTPase activating proteins (2). One of the most well studied PIP3 effectors is the AGC protein kinase Akt, which plays key roles in regulating growth and metabolism (3).

The class IA PI3Ks are composed of three p110 catalytic subunits (p110α, p110β, and p110δ), which form an obligate constitutive heterodimer (4) with one of five p85-like regulatory subunits (p85α, p85β p55α, p50α, and p55γ). Class IA PI3Ks are activated downstream of receptor tyrosine kinases (RTKs) and other tyrosine phosphorylated receptors/adaptors, G-protein-coupled receptors (GPCRs), and Ras superfamily GTPases. The p110α and p110β catalytic subunits are ubiquitously expressed, while the p110δ and p110γ subunits share a more restricted immune cell-specific expression profile (5). Knockin genetic models and isoform-selective inhibitors have revealed the essential roles of specific PI3K isoforms, including p110α in insulin and growth factor signaling (6, 7), and p110δ and p110γ in mediating immune cell development and function (8–11).

Due to this fundamental role in a plethora of vital functions, the misregulation of PI3K signaling occurs in various human diseases (2). Underlying the importance of maintaining regulated levels of PI3K activity, disease can be caused by overactive and inactive PI3K signaling. The first clinically approved therapeutic Idelalisib specifically targeting p110δ was FDA approved in 2014 and has shown efficacy in the treatment of B cell-related malignancies (12–16). Even though p110δ inhibitors have shown promise as therapeutics, careful consideration of unexpected complications is critical, as long-term inhibition of p110δ signaling can lead to B cell genomic instability through an Activation-induced cytidine deaminase (AID)-dependent mechanism (17).

Mutations in both catalytic and regulatory subunits frequently activate lipid kinase activity through modification/disruption of inhibitory interfaces between the two subunits. Fundamental to understanding how mutations in different catalytic and regulatory subunits modify PI3K signaling in different cells/tissues is understanding how class IA PI3Ks are regulated by their p85 regulatory subunits, and how they are activated downstream of different activating stimuli. This review will specifically focus on the molecular mechanisms of how class IA PI3Ks are regulated, and how both oncogenic and primary immunodeficiency mutations/deletions in catalytic and regulatory subunits lead to disease.



CLASS IA PI3K REGULATION

The class IA regulatory subunits have three key roles: they stabilize the p110 catalytic subunit, they inhibit p110 catalytic activity, and they allow for the activation of activity downstream of proteins containing phosphorylated YXXM motifs through engagement of p85 SH2 domains (18, 19). While class IA catalytic subunits require a regulatory subunit for stability, the p85 subunits have been postulated to exist alone and can mediate cellular functions free of p110 (20, 21).

Both the class IA PI3K p110 catalytic subunit and p85 regulatory subunit are large, dynamic multi-domain proteins (Figures 1A–C). p110 is composed of an adaptor-binding domain (ABD), which interacts with p85, a Ras-binding domain (RBD), which mediates interaction with Ras superfamily GTPases, a C2 domain, a helical domain, and a bi-lobed kinase domain, composed of an N-lobe and a C-lobe. All class IA regulatory subunits contain two Src homology 2 domains [referred to as nSH2 and cSH2 to denote N-terminal and C-terminal] connected by a coiled-coil domain known as the inter SH2 (iSH2). The main interface holding the PI3K heterodimer together is the very tight interaction of the ABD of p110 with the iSH2 domain of p85 (22). Both p85α and p85β subunits also contain a Src homology 3 domain (SH3) and a bar cluster region homology domain (BH). A comparison of class IA PI3K domain organization compared with other SH2 containing protein kinases including Src family and Syk family kinases reveals the large size and complexity of the p110/p85 complex relative to other signaling kinases (Figures 1C,D).
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FIGURE 1 | Model of class IA phosphoinositide 3-kinase (PI3K) complex of p110δ/p85α and comparison with other SH2-regulated kinases. (A) Cartoon model of the complex of p110δ/p85α, with key features annotated. (B) Domain schematic of p110δ and p85α with binding interfaces indicated by the double-sided arrow and inhibitory interfaces indicated by the numbered lines. Activators of PI3K [Ras and phosphorylated receptors (pY)], and their sites of interaction are indicated. The cSH2 domain of p85 only inhibits the p110β and p110δ isoforms and does not inhibit p110α. (C) Structural model of p110δ/p85α generated from multiple structures (23–25). The domains are colored according to the scheme shown in panel (B). The p110 catalytic subunit is shown as a surface, and the p85 regulatory subunit shown in cartoon representation. Inhibitory intra- and inter-domain interfaces are annotated, and an inhibitor bound in the active site is shown in sticks. (D) Structures of the inhibited forms of SH2-regulated protein kinases involved in immune signaling, Hck (26), BTK (27), and ZAP70 (28) are shown along with cartoon representations indicating how SH2 domains inhibit kinase activity. This shows the various mechanisms of how SH2 domains can inhibit kinase activity, and the key differences in how p85 SH2 domains inhibit PI3K lipid kinase activity.


Biochemical/biophysical studies have informed the molecular mechanism of how regulatory subunits bind and inhibit the different p110 catalytic subunits (18, 19, 22, 24, 25, 29–35). A number of inter- and intra-subunit interactions mediate inhibition of each of the class IA catalytic subunits (annotated on the domain schematic in Figure 1B). In all class IA PI3Ks, the ABD domain forms an intra-subunit inhibitory contact with the N-lobe of the kinase domain (32). How the ABD interacts with kinase domain is mediated by the ABD–RBD linker, which packs against the ABD. The C2 domain of p110 forms an inhibitory contact with the iSH2 domain of p85 regulatory subunits. Intriguingly, different p110 subunits have diverse capabilities to be inhibited by this interaction, with p110β being less inhibited by the C2–iSH2 interaction (36), compared with p110α and p110δ.

The nSH2 forms inhibitory interactions with the C2, helical, and C-lobe of all class IA p110 catalytic subunits (22, 24, 29, 30). The C-terminal SH2 domain, which interacts with the C-lobe of the kinase domain, only inhibits p110β (25) and p110δ (30). This interaction cannot occur in p110α due to a loop extension that sterically prevents this inhibitory interaction. Intriguingly, the nSH2 and cSH2 domains have different inhibitory interfaces with p110, with the nSH2 interacting with p110 through its pY binding site, and the cSH2-p110 interface not directly involving the pY binding site. Upon interaction with pYXXM motifs in phosphorylated receptors and their adaptors, the nSH2 and cSH2 interfaces with p110 are disrupted. Different regulation of class IA PI3Ks by their regulatory subunits has important functional implications for how they can be activated by different activating stimuli.



SIGNALING INPUTS

The ability of PI3K isoforms to mediate signaling in different tissues is a balance between differential PI3K expression and their unique ability to be activated by GPCRs, Ras superfamily GTPases, and phosphorylated receptors/adaptors. All class IA isoforms can be activated by proteins containing phosphorylated YXXM motifs, as this leads to SH2-mediated recruitment of regulatory subunits, and disruption of SH2 inhibitory contacts (22, 29, 30, 35) with the p110 catalytic subunits. p110α is more sensitive to activation downstream of a phosphopeptide derived from platelet-derived growth factor receptor than either p110β or p110δ in vitro (29), and this is likely due to the absence of the cSH2 inhibitory interface, which makes the cSH2 more accessible to interact with pYXXM motifs. In vivo evidence in support of free SH2 domains being more available to pYXXM motifs is that the E545K mutant of p110α, which disrupts the nSH2–helical interface (described in the following section), is more readily recruited to phosphorylated insulin receptor substrate proteins (37).

Class IA PI3Ks are activated downstream of the Ras superfamily of GTPases through interactions with the RBD domain present in p110 catalytic subunits (38, 39). The Ras superfamily is large and diverse, composed of five main families (Ras, Rho, Rab, Ran, and Arf) (40). The PI3K isoforms are differentially activated downstream of Ras superfamily members (39, 41), with p110α and p110δ being activated downstream of Ras family GTPases, and p110β being activated downstream of Rho family GTPases. Ras activates PI3K through enhanced membrane interaction, with Ras activation being strongly synergistic with activation downstream of phosphorylated receptors (42, 43). Mutant p110α deficient in its ability to be activated by Ras leads to decreased oncogenic transformation, tumor maintenance, and angiogenesis downstream of mutant Ras (44–46).

Class IA PI3Ks can synergize direct and indirect inputs downstream of specific upstream stimuli. p110β is unique in being activated downstream of phosphorylated receptors/adaptors, GPCRs, and Rho family GTPases (47). The ability of p110β to integrate signals from RTKs and GPCRs is critical in its signaling role in myeloid cells (48). p110α is sensitive to activation downstream of insulin receptors due to it being both directly and indirectly activated through RTK-mediated activation of Ras. The ability of different isoforms to be activated downstream of different upstream stimuli plays a key role in determining the capability for activating somatic point mutations to mediate human disease.



MUTATIONS OF PIK3CA, PIK3CD, AND PIK3R1 IN CANCER, DEVELOPMENTAL DISORDERS, AND PRIMARY IMMUNODEFICIENCIES


Class IA PI3Ks in Cancer and Developmental Disorders

The importance of PI3K activity being properly regulated in human health is underscored by a vast array of human diseases caused by mutations in class IA PI3Ks (mutations in class I PI3Ks in immune disorders and developmental disorders are summarized in Table S1 in Supplementary Material). Mutations can arise in the germline de novo or be inherited in an autosomal dominant or recessive manner, and can also arise somatically in specific tissues. Somatic point mutation frequency in cancer in both PIK3CA (49) and PIK3R1 (20, 50) is indicated in Figures 2C,D. Intriguingly, de novo germline and postzygotic, somatic mosaic mutations in similar locations in PIK3CA and PIK3R2 (p85β) also lead to overgrowth and developmental disorder syndromes (51–56), revealing that the same mutant can lead to cancer and/or developmental disorders. There are two hotspot regions in PIK3CA located at the nSH2–helical interface (E542K and E545K) and the C-terminus of the kinase domain (H1047R) involved in membrane binding (Figures 2B,C). However, in addition, there are numerous rare mutations distributed throughout the primary sequence, primarily localized at the ABD–kinase interface, ABD–RBD linker, C2–iSH2 interface, and the regulatory arch of the kinase domain which is situated over the active site (Figures 2A,B). Rare mutations activate lipid kinase activity, induce oncogenic transformation (31, 57, 58), and are found in endometrial cancers (59).


[image: image1]
FIGURE 2 | Oncogenic and primary immunodeficiency mutations in PIK3CA, PIK3CD, and PIK3R1. (A) Cartoon schematic of the complex between p110α and p85α with key regulatory features annotated. (B) The locations of oncogenic mutations in PIK3CA are shown on a structural model of p110α and p85α (24), with the frequency of mutations annotated according to the legend [frequency derived from the Catalogue of Somatic Mutations in Cancer (COSMIC), http://cancer.sanger.ac.uk/cosmic]. The proteins are colored according to the cartoon in panel (A). Regulatory interfaces [N-terminal SH2 domain (nSH2)–helical, C2–inter SH2 (iSH2), regulatory arch, and adaptor binding domain (ABD)–kinase] are boxed and numbered. Boxed regions 1–4 represent mutation hotspots in key regulatory regions. These are enlarged in panel (H) in the context of patient mutations in p110δ and p85α. (C,D) Frequency of somatic mutations in PIK3CA and PIK3R1 shown on the primary sequence, with the domain schematic indicated below. The locations boxed on the structure in panel (B) are also indicated on primary sequence. (E) Cartoon schematic of the complex between p110δ and p85α with key regulatory features annotated. (F) The locations of primary immunodeficiency mutations in PIK3R1 are shown on a structural model of p110δ and p85α (23). Boxed regions 1–4 represent mutation hotspots in key regulatory regions. These are enlarged in panel (H) in the context of patient mutations in p110δ and p85α. (G) Domain schematic of p110δ and p85α with locations of immune-linked mutations in PIK3CD and PIK3R1 indicated. (H) Zoom in on molecular details of activating phosphoinositide 3-kinase (PI3K) delta syndrome mutations in p110δ and p85α, focused on the regulatory interfaces boxed in panel (F), with all mutated residues and their interacting residues shown as sticks.


Mutants located at the ABD–kinase, C2–iSH2, and nSH2–helical interfaces activate lipid kinase activity through disruption of these inhibitory contacts. Intriguingly, there appears to be allosteric long range coupling between these sites, as disruption of the C2–iSH2 interface also leads to disruption of the ABD–kinase interface (31). Mutations within the regulatory arch (a region composed of the two most C-terminal helices, kα10 and kα11, residues 1017–1049) appear to work through a separate mechanism, where conformational changes induced by these mutations drive increased membrane recruitment (31, 60). The regulatory arch lies directly over the active site of the enzyme (Figure 2A). Different mutations induce oncogenic transformation through different mechanisms, with the H1047R mutant requiring p85-mediated recruitment to RTKs, and no longer requiring Ras for transformation, while the E545K mutation still requires input from Ras, and no longer requires p85-mediated RTK activation (58). This is consistent with the putative mechanism of Ras activation, where Ras drives membrane recruitment, and H1047R evades this requirement due to enhanced membrane binding (42, 43).

Somatic cancer-associated point mutations in PIK3R1 are similarly localized at regulatory interfaces (Figures 2B–D), with the most frequent mutation occurring at the C2–iSH2 interface (N564K/D). These mutants primarily activate PI3K signaling through p110α activation (50, 61, 62). Loss of p85α is also a driver of cancer as it acts as a tumor suppressor, and oncogenic transformation due to loss of p85α is also driven by p110α (63). Several deletions/truncations identified in PIK3R1 also can mediate oncogenic transformation through different mechanisms. Truncations at the C-terminus of the iSH2 domain can still interact with p110 subunits and disrupt inhibitory contacts (62), leading to increased PI3K activity. Intriguingly, oncogenic truncations also occur N-terminal to the iSH2 domain, and they are unable to bind p110 subunits. These truncations are proposed to function through modification of free p85 interactions with binding partners (20, 21, 64), including the antagonist of PI3K signaling, the phosphatase PTEN.

Mutations in PIK3R1 leading to decreased PI3K signaling are also found in patients with developmental disorders, with autosomal-dominant or de novo mutations in the cSH2 (R649W, K653*, and Y657*) leading to insulin resistance, and dramatically decreased PI3K signaling (65–71). This condition is defined as SHORT syndrome (Short stature, hyperextensibility of joints and/or inguinal hernia, ocular depression, Rieger anomaly, and teething delay) and is caused by the inability of the cSH2 domain to interact with phosphorylated RTKs, as mutation of R649 disrupts the FLVR motif critical for SH2 binding to phosphorylated pYXXM motifs.



Class IA PI3Ks in Primary Immunodeficiencies

Activating, autosomal-dominant and de novo mutations in PIK3CD and PIK3R1 have been discovered in patients with primary immunodeficiencies, and this condition is called activating PI3K delta syndrome (APDS), which is also referred to as PASLI (p110 delta activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency). Mutations in PIK3CD, referred to as APDS1, are found in similar locations to oncogenic mutations in p110α, with mutations discovered at the ABD (E81K), ABD–RBD linker (G124D), C2–iSH2 interface (N334K, R405C, and C416R), nSH2–helical interface (E525K and E525A), and at the C-terminus of the kinase domain (R929C, E1021K, and E1025G) (Figures 2E–H) (72–86). Biochemical experiments have revealed, similar to p110α mutations, that activation occurs due to disruption of p85-mediated regulatory inputs and conformational changes that promote membrane binding (83, 87). The most prevalent mutation in APDS1 is E1021K (similar location to H1047R in p110α); however, APDS mutations in p110δ are more frequently found distributed throughout the primary sequence compared with p110α (Figures 2C,D,G). In line with this observation, E1021K leads to a smaller increase in p110δ lipid kinase activity compared with H1047R p110α. It is likely that additional mutations in PIK3CD will be discovered that mimic previously discovered oncogenic mutations in PIK3CA, highlighting the need to sequence the entire PIK3CD gene in patients presenting with complex immunodeficiencies.

Mutations in PIK3R1, referred to as APDS2, have also been identified in a number of immunodeficiency patients, with the most frequent mutation resulting in a splice variant that removes exon 11 (resulting in a p85α with region 434–475 deleted, located at the N-terminus of the iSH2 domain) (88–92). In vitro, this deletion leads to increased activation of p110δ compared with p110α, and this is mediated through disruption of all p85 regulatory inputs for p110δ, and only partial disruption of p85 regulatory inputs for p110α (87). This mutant may decrease protein stability of p110 subunits, and there have been reports of these patients having symptoms consistent with both SHORT syndrome and APDS (92, 93). This may be due to increased p110δ signaling, and decreased p110α signaling caused by decreased stability of p110α. Activating point mutations in the iSH2 domain of PIK3R1 at the C2–iSH2 interface (N564K) also cause APDS2 symptoms (86). This mutant is also found in solid tumors, and it appears in certain situations it can drive p110α-mediated oncogenesis or drive p110δ-mediated immunodeficiency. Loss of function mutations in PIK3R1 also occur in immune disorders, with patients identified with autosomal recessive nonsense mutations in PIK3R1 (W298*, R301*) leading to agammaglobulinemia, and severe defects in B-cell development (94, 95).




CONCLUSION

Tremendous advances in our understanding of PI3K structure, function, and regulation have occurred in the last decade. Detailed cellular and mice studies have revealed unexpected mechanisms of how PI3Ks are activated. The discovery of patients containing PI3K mutations in cancer, developmental disorders, and immunodeficiencies has revealed the key role of these enzymes in disease. PI3K-specific inhibitors have been developed, and the first PI3K inhibitor, selective for p110δ, has entered the clinic for treatment of blood cancers (14, 96), and other PIK3CD-specific inhibitors have showed efficacy in the treatment of APDS (97, 98). PI3K inhibitors may also be useful in targeting the tumor microenvironment (99), and in promoting tumor-specific immune responses (100). However, many PI3K inhibitors have failed in clinical trials for cancer, and there is still extensive work that needs to be done to understand PI3K signaling in human disease. For example, why do the same mutations occur in both cancer and immunodeficiencies, what are the other factors that predispose the same mutation toward a particular disease? Continued examination of PI3K signaling will be essential to fully understand its role in human disease and may reveal unexpected paths to novel therapeutic development.
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Activated PI3Kδ syndrome (APDS) is a primary immunodeficiency characterized by recurrent respiratory tract infections, lymphoproliferation, and defective IgG production. Heterozygous mutations in PIK3CD, PIK3R1, or PTEN, which are related to the hyperactive phosphoinositide 3-kinase (PI3K) signaling, were recently presented to cause APDS1 or APDS2 (APDSs), or APDS-like (APDS-L) disorder. In this study, we examined the AKT phosphorylation of peripheral blood lymphocytes and monocytes in patients with APDSs and APDS-L by using flow cytometry. CD19+ B cells of peripheral blood in APDS2 patients showed the enhanced phosphorylation of AKT at Ser473 (pAKT) without any specific stimulation. The enhanced pAKT in CD19+ B cells was normalized by the addition of a p110δ inhibitor. In contrast, CD3+ T cells and CD14+ monocytes did not show the enhanced pAKT in the absence of stimulation. These findings were similarly observed in patients with APDS1 and APDS-L. Among CD19+ B cells, enhanced pAKT was prominently detected in CD10+ immature B cells compared with CD10− mature B cells. Enhanced pAKT was not observed in B cells of healthy controls, patients with common variable immunodeficiency, and hyper IgM syndrome due to CD40L deficiency. These results suggest that the enhanced pAKT in circulating B cells may be useful for the discrimination of APDS1, APDS2, and APDS-L from other antibody deficiencies.

Keywords: activated PI3 kinase delta syndrome, AKT phosphorylation, catalytic subunit p110δ of phosphatidylinositol 3-kinase, flow cytometry, immunodeficiency, regulatory subunit p85α of phosphatidylinositol 3-kinase


INTRODUCTION

Activated PI3Kδ syndrome (APDS) is a primary immunodeficiency (PID) characterized by recurrent respiratory tract infections, chronic Epstein Barr virus and cytomegalovirus infections, lymphoproliferation, increased lymphoma susceptibility, and poor antibody production (1–4). Heterozygous gain-of-function mutations in PIK3CD, which encodes the catalytic subunit p110δ of phosphoinositide 3-kinase (PI3K), have been identified in patients with APDS1 (1, 3). Subsequent studies have demonstrated that a heterozygous mutation in PIK3R1 encoding p85α, a regulatory subunit of PI3K, is responsible for APDS2: a PID with similar clinical manifestations to APDS1 (2, 4). Moreover, a patient with a heterozygous loss-of-function mutation in PTEN, which encodes phosphatase and tensin homolog and is associated with PTEN hamartoma tumor syndrome (PHTS), was recently reported to develop APDS-like immunodeficiency (APDS-L) with incomplete penetrance (5, 6).

Phosphoinositide 3-kinases convert phosphatidylinositol 3,4-triphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3) and are involved in cellular functions including proliferation, differentiation, survival, and trafficking (7, 8). Both p110δ and p85α belong to class IA PI3Ks and have an essential role in the differentiation, development, and functions of several distinct stages of B- and T-lymphocytes (7, 8). They also have an important role in the antibody maturation process by regulating immunoglobulin class-switch recombination and plasma cell differentiation (9). When stimulated, PIP3 recruits AKT to the plasma membrane where AKT is activated via phosphorylation by PDK1 and mTORC2 (7, 8). In contrast, PTEN antagonizes PI3Ks by catalytic dephosphorylation of PIP3 to PIP2 (10). The recent identification of APDS1 and APDS2 (APDSs) and APDS-L revealed that the hyperactive PI3K/AKT signaling affects the immune system in humans, leading to the development of PID.

Here, we investigated four unrelated Japanese patients with APDS2 caused by a heterozygous mutation in PIK3R1. Activated T cells from the patients showed enhanced phosphorylation of Ser473 of AKT (pAKT) consistent with findings in previous reports (2, 4). We next investigated the status of pAKT using peripheral blood mononuclear cells (PBMCs) isolated from patients and analyzed by flow cytometry. We observed that circulating CD19+ B cells from APDS2 patients, but not other cell populations, showed enhanced pAKT. This finding was similarly detected in circulating CD19+ B cells from patients with APDSs or APDS-L, but not from healthy controls, common variable immunodeficiency (CVID) patients, or hyper IgM syndrome (HIGM) patients due to CD40L deficiency. Therefore, enhanced pAKT signaling in circulating CD19+ B cells was considered a specific finding in patients with APDSs or APDS-L. Furthermore, by focusing on CD10+CD19+ immature B cells, this method allowed us to distinguish APDSs and APDS-L patients from healthy controls and patients with CVID or HIGM (CVID/HIGM). This flow-cytometry-based assay of PI3K activity enabled the discrimination analysis of identified mutations in PIK3CD, PIK3R1, or PTEN. It may also serve as a rapid diagnostic method to discriminate APDSs and APDS-L patients from other PID.



MATERIALS AND METHODS


Cases

We investigated four unrelated Japanese patients with APDS2 who were involved in a previous international survey (P13, P14, P19, and P26 in the previous report) (11). The detailed clinical manifestations of those patients are available in Materials and Methods in Supplementary Material. All of the patients carried heterozygous germline mutations in PIK3R1 (Figure S1 in Supplementary Material). The identification of PIK3R1 mutation was performed by a candidate gene approach in P4. For the other three patients, the mutations were identified by whole exome sequencing and were confirmed by Sanger sequencing. The identified mutations were 1425 + 2 T > A (P1), 1300−1 G > C (P2), 1425 + 1 G > C (P3), and 1425 + 1 G > T (P4). The PIK3R1 mutations identified in P3 and P4 were previously shown to be pathogenic mutations (2, 4).

We included four CVID patients, aged 33 (P5), 36 (P6), 17 (P7), and 30 (P8) years, whose genetic causes have not been identified (detailed in Materials and Methods in Supplementary Material). The absence of pathogenic mutations in PIK3CD, PIK3R1, and PTEN was confirmed in those patients. We also included one HIGM patient due to CD40L deficiency (P9) who was 41 years old (detailed in Materials and Methods in Supplementary Material).



Immunoblot Analysis

CD3+ T cells and CD19+ B cells were separated from PBMCs using the IMag™ Cell Separation System (BD Biosciences, San Jose, CA, USA). The separated cells were then subjected to immunoblot analysis using the following antibodies: anti-AKT antibody (Cell Signaling Technology, Danvers, MA, USA), anti-phospho-AKT (Ser473) antibody (Cell Signaling Technology), and ß-actin (SIGMA-ALDRICH, Saint Louis, MO, USA).



Preparation of Activated T Cells

Activated T cells were derived from PBMCs according to a previous report (2). Briefly, PBMCs were cultured with 1 × 106 cells per mL in RPMI 1640 GlutaMax supplemented with 10% human AB serum, penicillin and streptomycin, PMA (1 μmol/L), and ionomycin (20 ng/mL) for 2 days. The cells were then separated by Lymphoprep density-gradient centrifugation and washed twice with RPMI 1640 GlutaMax. Then, they were cultured in RPMI 1640 GlutaMax supplemented with 10% human AB serum and IL-2 (100 IU/mL) for 16–24 h.



B-Cell Stimulation

For B-cell stimulation, PBMCs were purified by Lymphoprep density-gradient centrifugation and incubated at 1 × 106 cells per mL in RPMI 1640 GlutaMax supplemented with 10% human AB serum, penicillin, and streptomycin. The cells were stimulated with CD40L (1 μg/mL) and IL-4 (20 ng/mL) for 30 min. They were then harvested and subjected to flow-cytometry analysis of AKT phosphorylation.



Flow-Cytometry Analysis of AKT Phosphorylation

Peripheral blood mononuclear cells from APDS1 (four patients), APDS2 (four patients), APDS-L (four patients), CVID (four patients), HIGM (one patient), and 24 adult healthy controls were subjected to flow-cytometry analysis. We assessed pAKT at Ser473 by flow cytometry as follows. PBMCs were suspended at a density of 1 × 106 cells/μL in serum-free RPMI with or without 10 μM of 110δ inhibitor (IC87114) in the presence of FITC-conjugated anti-CD19 (HIB19) (BD Biosciences). The cells were incubated for 20 min at 37°C and washed twice. They were fixed and permeabilized according to the BD Phosflow protocol (protocol III). They were then stained and subjected to flow cytometry. The following antibodies were used for staining: Alexa Fluor 647-conjugated anti-phospho AKT (Ser473) (D9E) (Cell Signaling Technology), FITC-conjugated anti-CD19 (BD Biosciences), PE-conjugated anti-CD3 (UCHT1) (BD Biosciences), PE-conjugated anti-CD14 (Mφ97) (BD Biosciences), or FITC-conjugated anti-CD56 (C5.9) (SIGMA-ALDRICH), PE-conjugated CD16 (3G8) (BD Biosciences), and PerCP-Cy 5.5-conjugated anti-CD10 (HI10a) (BD Biosciences). Negative selection of B cells from PBMCs was performed using Pan B-Cell Isolation Kit, human (Miltenyi Biotec Inc., Auburn, CA, USA).



Statistical Analysis

Receiver operating characteristic (ROC) curves were created with Easy R (EZR) software available online (http://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmedEN.html). EZR is statistical software and is based on R and R commander. EZR enables the application of statistical functions (12). Statistical hypotheses were tested using a two-tailed t-test. A p value < 0.05 was considered significant.




RESULTS


Mutation Analysis of Patients With APDS2

We found a splice site mutation at the + 2 position following exon 10 (Figure 1A). Amplification of cDNA showed an aberrant, faster migrating band suggesting a deletion (Figure 1B). Sanger sequencing demonstrated a deletion of exon 10 in the patient (Figure 1C) but not in his mother (Figure 1D). Thus, we confirmed that the identified PIK3R1 mutations in P1, as well as the other two mutations, are pathogenic mutations, leading to the skipping of exon 10 with a deletion of amino acid residues 434–475 of p85α (Figure 1B). The former diagnosis of four patients with APDS2 was CVID (P1), HIGM (P2 and P4), and IgG subclass deficiency (P3). The identified mutations in PIK3R1 were de novo in Family B, C, and D, since we found no asymptomatic carrier in a familial study. In order to determine the mechanism of disease in patients with APDS2, we focused on pAKT function associated with PI3K signaling.
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FIGURE 1 | The effect of splice site mutation identified in P1. (A) A germline heterozygous mutation, (B) 1425 + 2 T > A, in PIK3R1 was identified by whole exome sequencing and confirmed by Sanger sequencing. (C) mRNA was extracted from peripheral blood mononuclear cells from P1 and his mother. Complementary DNA was then synthesized to assess the significance of the nucleotide substitution, 1425 + 2 T > A, on splicing. (C,D) The RT-PCR fragment was cloned into a pGEM-T easy vector. Loss of exon 10 in patient (C) but not mother (D) was revealed by Sanger sequencing.




Circulating CD19+ B Cells From Patients With APDSs or APDS-L Showing Enhanced pAKT Signaling

Enhanced pAKT signaling associated with hyperactive PI3K signaling is a common finding in patients with APDSs (1–4). We first assessed the status of pAKT in fresh (non-cultured) PBMCs from APDS2 patients by flow cytometry. There was no obvious difference in the level of pAKT in CD3+ T cells, CD16+CD56+ natural killer (NK) cells, and CD14+ monocytes between APDS2 patients and healthy controls (Figure 2A). In P1’s CD14+ monocytes, pAKT was slightly enhanced in the absence of p110δ inhibitor treatment compared with untreated, but this difference was non-significant. In contrast, CD19+ B cells from the APDS2 patient (P1) had significantly higher levels of pAKT compared with those from healthy controls. By treating them with a p110δ inhibitor, the enhancement of pAKT observed in CD19+ B cells was normalized. In order to exclude the possibility of stimulation of B cells by staining them with anti-CD19 antibody, we confirmed this finding by analyzing circulating B cells separated by negative selection (Figure 2B).
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FIGURE 2 | Flow-cytometry-based AKT phosphorylation (pAKT) assay of PMBCs. (A) The level of pAKT in the presence or absence of p110δ inhibitor treatment was assessed by flow cytometry in total peripheral blood mononuclear cells (PBMCs), CD3+ T cells, CD14+ monocytes, and CD16+CD56+ natural killer cells from activated PI3Kδ syndrome 2 (APDS2) (P1), common variable immunodeficiency (CVID) (P8), or hyper IgM syndrome (HIGM) (P9). The number of events analyzed was >5,000. Red bold line: no treatment and black dotted line: p110δ inhibitor treatment. (B) The level of pAKT in negatively selected B cells from PBMCs from P1 and one healthy control was compared with pAKT in CD19+ B cells. Red solid line: no treatment and black dotted line: p110δ inhibitor treatment. (C) A summary of difference in mean fluorescence intensity of whole lymphocytes derived from 24 adult healthy controls or all of the patients with APDS2 or CVID/HIGM. There is no statistical significant among this three groups (control vs. CVID; p = 0.24, APDS2 vs. CVID; p = 0.13, and control vs. APDS2; p = 0.52).


We measured the mean fluorescence intensity (MFI) of pAKT in the presence or absence of p110δ inhibitor treatment by flow cytometry. We then evaluated enhanced pAKT signaling by calculating the difference in MFI (ΔMFI) of pAKT in CD19+ B cells as the difference between MFI (the absence of p110δ inhibitor) and MFI (the presence of p110δ inhibitor). CD19+ B cells from APDS2 patients had significantly higher ΔMFI of pAKT than those from healthy controls or CVID/HIGM patients, although ΔMFI of pAKT in whole lymphocytes was almost at the same levels among all individuals (Figures 2C and 3D). The protein expression of total AKT in CD19+ B cells from an APDS2 patient (P1) was equivalent to that in healthy controls (Figure 3A). The result was consistent with the previous studies showing the normal AKT protein expression in APDSs and APDS-L patients (1–4, 6). The enhancement of pAKT in CD19+ B cells was confirmed by immunoblotting (Figure 3B; Figure S2 in Supplementary Material). In contrast, there was no difference in the level of pAKT in CD3+ T cells (Figure 3B; Figure S2 in Supplementary Material).
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FIGURE 3 | Enhanced AKT phosphorylation (pAKT) in CD19+ B cells from patients with activated PI3Kδ syndromes (APDSs) or APDS-like (APDS-L). (A) Total AKT expression in CD19+ B cells from APDS2 patients (P1) was measured by flow-cytometry. Red bold line: activated PI3Kδ syndrome 2 (APDS2) patient and black dotted line: healthy control. (B) The phosphorylation and protein expression of AKT was investigated by immunoblotting. (C) pAKT (pS473) in the presence of p110δ inhibitor was analyzed by flow cytometry in CD19+ B cells from healthy controls and patients with APDS1, APDS2, or APDS-L, CVID/HIGM. The number of events analyzed was >5,000. (D) A summary of difference in mean fluorescence intensity of CD19+ B cells derived from healthy controls or patients with APDS1 (four patients), APDS2 (P1, P2, P3, and P4), APDS-L (four patients), or CVID/HIGM (P5, P6, P7, P8, and P9). *p < 0.05 and **p < 0.01.


We next tested the hypothesis that enhanced pAKT signaling in CD19+ B cells is a common finding of patients with hyperactive PI3K signaling. We analyzed PBMCs from patients with APDS1 or APDS-L carrying a heterozygous mutation in PIK3CD or PTEN, respectively. As expected, CD19+ B cells from APDS1 and APDS-L showed significantly higher levels of pAKT compared with healthy controls and CVID/HIGM patients (Figure 3C). As above, the enhancement of pAKT observed in these patients was normalized by treatment with a p110δ inhibitor. Similar to the results obtained from patients with APDS2, the level of pAKT was normal in CD3+ T cells, CD16+CD56+ NK cells, and CD14+ monocytes from patients with APDS1 or APDS-L (data not shown). However, CD19+ B cells and other cell populations from patients with CVID and HIGM had normal levels of pAKT expression (Figure 2A). Curiously, CD19+ B cells from APDS2 patients had the highest ΔMFI of pAKT among all APDSs patients (Figure 3D), followed by elevated ΔMFI of pAKT in APDS-L patients observed as significantly higher than healthy controls and CVID/HIGM patients (Figure 3D). In addition, higher levels of pAKT were also observed in CD19+ B cells from cryopreserved PBMCs (Figures S3A,B in Supplementary Material). Therefore, the enhancement of pAKT in CD19+ B cells was considered to be a specific finding among patients with APDSs and APDS-L.



Enhanced pAKT Signaling in Activated T Cells From APDS2 Patients

The previous study showed the enhancement of pAKT signaling in activated T cells from APDSs (1–4). We next investigated pAKT levels in activated T cells derived from PBMCs by flow cytometry. CD3+CD4+ and CD3+CD8+-activated T cells from P1 showed enhanced pAKT compared with those from healthy controls (Figure 4A). The enhancement of pAKT observed in P1 was normalized by treating cells with a p110δ inhibitor. The result was consistent with previous studies that investigated activated T cells from patients with APDSs (1–4). Thus, we confirmed the enhancement of pAKT in activated T cells from APDS2 patients by flow cytometry. Next, we stimulated B cells with CD40L and IL-4 and investigated the level of pAKT. Following stimulation with CD40L and IL-4, we observed the enhancement of pAKT in CD19+ B cells from APDS2 patient and healthy control (Figure 4B). However, this difference became less striking after CD40L and IL-4 stimulation.
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FIGURE 4 | (A) AKT phosphorylation (pAKT) expression in activated T cells, (B) pAKT expression CD19+ B cells stimulated with CD40L and IL-4. (A) The level of pAKT in T cells was assessed by flow cytometry in activated PI3Kδ syndrome 2 patient (P1) and healthy controls (representative result from two controls is shown). The total number of events analyzed was 2,000. Red bold line: no treatment and black dotted line: p110δ inhibitor treatment. (B) pAKT expression in CD19+ B cells from (P1) and healthy control following stimulation with CD40L and IL-4. Blue line: isotype control, black and red solid line: no treatment, and black and red dot line: CD40L and IL-4 treatment.




The Enhancement of pAKT in Patients With APDSs Pronounced in CD10+CD19+ Immature B Cells

Phosphoinositide 3-kinase signaling has important roles in differentiation, development, and functions in several distinct stages of B and T cells (7, 8). Patients with APDS1, APDS2, or APDS-L had increased numbers of transitional B cells in the peripheral blood, possibly reflecting the pivotal role of PI3K signaling in the differentiation of B cells (1–5). In our study, APDS2 patients had increased numbers of transitional B cells in peripheral blood consistent with previous studies (Figure S4 in Supplementary Material). We investigated pAKT levels in CD19+ B cells by dividing them into three developmental stages: (i) total CD19+ B cells, (ii) CD10−CD19+ mature B cells, and (iii) CD10+CD19+ immature B cells (corresponding to transitional B cells) by flow cytometry (Figure S5 in Supplementary Material). CD19+ B cells at all three developmental stages from patients with APDS1, APDS2, or APDS-L had higher levels of pAKT compared with healthy controls. Surprisingly, the enhancement of pAKT was most pronounced in CD10+CD19+ immature B-cell populations from APDS1, APDS2, or APDS-L patients (Figure 5). This finding was confirmed by CD10+ negatively selected B cells, controlling for the potential B-cell activation by anti-CD19 antibody staining (Figure S6 in Supplementary Material).
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FIGURE 5 | Enhanced AKT phosphorylation (pAKT) in activated PI3Kδ syndrome 2 (APDS2) patients was pronounced in a flow-cytometry assay of CD10+CD19+ B cells. (A,B) The enhancement of pAKT observed in CD19+ B cells was further investigated by separating them into CD10+CD19+ immature B cells and CD10−CD19+ mature B cells from P2 (representative histogram of three experiments) (A) and healthy controls (B). The number of events analyzed was >5,000. As an exception, CD10+CD19+ immature B cells analyzed in healthy control were 800 events. Red solid line: no treatment and black dotted line: p110δ inhibitor treatment. (C,D,E) A summary of difference in mean fluorescence intensity of CD19+ B cells (C), CD10−CD19+ mature B cells (D), and CD10+CD19+ immature B cells (E) from healthy controls or patients with APDS1 (three patients), APDS2 (P1, P2, and P4), or APDS-like (APDS-L) (three patients). *p < 0.05 and **p < 0.01.




Establishment of a Flow-Cytometry-Based Rapid Discrimination Assay Based on the Enhancement of PI3K Signaling

We found that CD19+ B cells from APDSs or APDS-L patients had significantly higher levels of pAKT than healthy controls and patients with CVID or HIGM. The higher level of pAKT observed in these patients was normalized by treating the cells with a p110δ inhibitor. This discovery led us to the idea that the detection of enhanced pAKT signaling in CD19+ B cells is a useful diagnostic tool for the rapid discrimination study of suspected APDS patients. CD19+ B cells from patients with APDS2 had the highest ΔMFI of pAKT among all APDSs or APDS-L patients. In contrast, elevated ΔMFI of pAKT in CD19+ B cells was modest in APDS-L patients (Figure 3D). We next analyzed the ΔMFI of pAKT in CD10−CD19+ and CD10+CD19+ B cells. As expected, the ΔMFI of pAKT was high in both B-cell populations from APDSs or APDS-L patients when compared with those from healthy controls (Figures 5C–E). The high ΔMFI of pAKT was emphasized in the analysis of CD10+CD19+ immature B cells (Figure 5E). Moreover, if we focused on CD10+CD19+ immature B cells, there was no overlap in the value of ΔMFI between APDSs and APDS-L patients and the other populations including healthy controls and CVID/HIGM patients. This finding strongly suggests that the flow-cytometry-based assay to measure the ΔMFI of pAKT can be used as a discrimination assay to detect the enhancement of PI3K activity in patients with APDSs and APDS-L (flow chart is shown in Figure S7 in Supplementary Material).



Cutoff Value of ΔMFI of pAKT Segregating APDSs and APDS-L Patients

We created an ROC curve based on the results of the ΔMFI of pAKT obtained from the analysis of CD19+ B cells. We used EZR for statistical analysis and set up the cutoff value of ΔMFI of pAKT as 117. This cutoff value allows the segregation of APDSs and APDS-L patients from healthy controls or CVID patients with 100% sensitivity and 96.0% specificity (Figure S8 in Supplementary Material). The area under the curve was 0.996 (95% confidence interval 0.986−1.000) (12).




DISCUSSION

Here, we investigated four Japanese cases with APDS2 carrying a heterozygous mutation in PIK3R1. Elkaim et al. recently summarized the clinical and immunological aspects of 36 genetically diagnosed APDS2 patients and revealed that recurrent upper respiratory tract infections (100%), pneumonitis (71%), and chronic lymphoproliferation (89%) were the most common clinical features (11). Malignant diseases were identified in 28% of patients, most of them were B-cell lymphomas. Laboratory findings showed that patients with APDS2 had decreased serum IgA and IgG levels (87%), increased IgM levels (58%), B-cell lymphopenia (88%), and an increased frequency of transitional B cells (93%) (11). All four patients developed recurrent upper or lower respiratory tract infections and showed decreased serum IgG, which required intravenous immunoglobulin replacement therapy. Elevated serum IgM was observed in two patients, and one patient developed malignant lymphoma. Therefore, the four Japanese patients in the current study were considered to be typical cases of APDS2.

The former diagnoses of the four patients in the current study were HIGM (P2 and P4), CVID (P1), and IgG subclass deficiency (P3). Based on the phenotypic diversity and similarity in clinical and laboratory findings, considerable numbers of patients with APDS2, as well as patients with APDS1 (13), have been historically diagnosed as HIGM or CVID. From the first identification of APDS1 associated with hyperactive PI3K signaling, a definitive diagnosis of APDSs is performed by the identification of mutations in PIK3CD or PIK3R1. In addition to these genetic tests, the detection of enhanced pAKT signaling in T-cell blasts by functional assays has been used to confirm hyperactive PI3K signaling. However, this assay method is not suitable for rapid diagnosis, because it requires the cultivation of T cells. In the current study, we observed significantly higher levels of pAKT in CD19+ B cells, but not CD3+ T cells, CD16+CD56+ NK cells, or CD14+ monocytes isolated from fresh PBMCs from APDSs and APDS-L patients. The enhancement of pAKT in CD19+ B cells was pronounced in CD10+CD19+ immature B cells. Moreover, when we focused on this CD10+CD19+ B-cell population, there was no overlap in the value of ΔMFI of pAKT between APDSs or APDS-L patients and the other populations, including healthy controls and patients with CVID or HIGM. We also made a similar observation using cryopreserved PBMCs from patients with APDSs or APDS-L. This finding allowed us to perform the rapid detection of hyperactive PI3K signaling without culturing patient cells. Although further studies are required to optimize and evaluate this flow-cytometry-based assay system, this assay system has a potential to enable a rapid diagnosis of APDSs and APDS-L

In this study, the enhanced ΔMFI of pAKT in CD19+ B cells was a common finding among patients with APDSs or APDS-L. This observation was further enhanced if we focused on CD10+CD19+ immature B cells. These observations may reflect the importance of PI3K signaling in class-switch recombination in B cells (9, 14), and be related to abnormalities in the developmental stages of B cells, such as abnormalities of the germinal center structure (11, 15–17), increased circulating transitional B cells, and decreased class switching B cells in patients with APDSs (1–4). Curiously, the ΔMFI of pAKT was the highest in CD19+ B cells from APDS2 patients and was the lowest in CD19+ B cells from APDS-L patients. It is interesting to speculate possible molecular mechanism underlie this observation. The p85α is known to enhance enzymatic activity of PTEN (18). Although PTEN protein expression is normal in APDS2 patients (2), its enzymatic activity might be affected by functional impairment of p85α. Therefore, impairment of p85α may enhance pAKT by losing its inhibitory role of p110δ and its enhancing effect against PTEN enzymatic activity.

Relatively mild enhancement of pAKT in APDS-L patients might explain the clinical observation that only a part of patients with PHTS, caused by heterozygous mutations in PTEN, present with antibody deficiency (5). Indeed, the clinical penetrance of APDS-L is not high in patients with PHTS (19). There are considerable overlaps in the clinical manifestations between APDS1 and APDS2 (Table 1) (1–4, 11, 20); however, there are also some differences in these two disorders. Indeed, patients with APDS2 have a higher susceptibility to lymphoma than patients with APDS1 (11, 20, 21) (Okano et al., under revision). The clinical penetrance of APDS1 is quite high, but not complete, possibly explaining the existence of asymptomatic carriers or cases with mild symptoms that only show recurrent respiratory infections and diagnosed as APDS1 by familial studies that identified a proband case (20). However, to date no asymptomatic carriers have been reported in patients with APDS2. Although we require large cohort studies to make strong conclusions, these clinical observations might be partially explained by the difference in elevated ΔMFI of pAKT. Further studies are necessary to understand the role of elevated ΔMFI of pAKT in CD19+ B cells on the immunological manifestations among patients with APDSs and APDS-L. The selective effect of pAKT in B cells (transitional B cells in particular), which may provide a detailed pathological mechanism of APDSs and APDS-L, remains to be explained.


TABLE 1 | Clinical features of patients with APDSs, APDS-L, or CVID.
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Recently, molecular targeting therapy using an mTOR inhibitor was also effective for the treatment of lymphoproliferation in patients with APDSs (1, 3, 11). Therefore, the prompt and appropriate diagnosis of APDSs definitely benefits patients by providing a therapeutic choice of target therapy. The flow-cytometry-based rapid assay of PI3K activity described here has the potential to provide a rapid diagnosis of APDSs and APDS-L.



CONCLUDING REMARKS

The flow-cytometry-based rapid assay of PI3K activity described here provides a rapid discrimination assay of identified mutations in PIK3CD, PIK3R1, and PTEN, and might also be a potential diagnostic tool for patients with APDSs or APDS-L.



ETHICS STATEMENT

We obtained written informed consent for genomic analysis and blood-sample-based functional studies of the patients, parents, and siblings in accordance with the Declaration of Helsinki. The genetic analysis and blood-sample-based functional studies were approved by the Institutional Review Board of Hiroshima University.



AUTHOR CONTRIBUTIONS

Patient workup: TA, SO, KM-S, YT, YI, AS, KH, TW, KI, TM, SN, and MK. Flow-cytometry analysis: TA and MT. Drafting the manuscript: TA, SO, and KM. Final approval of the version to be published: TA, SO, MT, T-WY, KM-S, YT, YI, AS, KH, TW, KI, OO, TM, SN, and MK. Agreement to be accountable for all aspects of the work: TA, SO, MT, T-WY, KM-S, YT, YI, AS, KH, TW, KI, OO, TM, SN, and MK.



ACKNOWLEDGMENTS

We thank Michael Ciancanelli for proofreading.



FUNDING

This study was supported in part by Grants-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (16H05355 and 16K15528 to SO, 17H04233 to SN), the Ministry of Health, Labour and Welfare, Japan (17933299 to SN), and Practical Research Project for Rare/Intractable Diseases from Japan Agency for Medical Research and Development, AMED.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fimmu.2018.00568/full#supplementary-material.



Abbreviations

APDS, activated PI3Kδ syndrome; APDS1, activated PI3Kδ syndrome 1; APDS2, activated PI3Kδ syndrome 2; APDS-L, activated PI3Kδ syndrome like immunodeficiency; APDSs, activated PI3Kδ syndrome 1 and activated PI3Kδ syndrome 2; AUC, area under the curve; cDNA, complementary DNA; CI, confidence interval; CMV, cytomegalovirus; CVID, common variable immunodeficiency; ΔMFI, difference in mean fluorescence intensity; EZR, Easy R; EBV, Epstein Barr virus; GOF, gain of function; HIGM, hyper IgM syndrome; IVIG, intravenous immunoglobulin; LOF, loss of function; MFI, mean fluorescence intensity; mTOR, mechanistic target of rapamycin; NK, natural killer; PBMCs, peripheral blood mononuclear cells; PCR, polymerase chain reaction; PI3K, phosphoinositide 3-kinase; PID, primary immunodeficiency syndrome; PIP2, phosphatidylinositol 3, 4- triphosphate; PIP3, phosphatidylinositol 3, 4, 5- triphosphate; PHTS, PTEN Hamartoma Tumor Syndromes; PTEN, phosphatase and tensin homolog; ROC, receiver operating characteristic; Ser473, Serine473; pAKT, AKT phosphorylation.



REFERENCES

1. Angulo I, Vadas O, Garcon F, Banham-Hall E, Plagnol V, Leahy TR, et al. Phosphoinositide 3-kinase delta gene mutation predisposes to respiratory infection and airway damage. Science (2013) 342(6160):866–71. doi:10.1126/science.1243292

2. Deau MC, Heurtier L, Frange P, Suarez F, Bole-Feysot C, Nitschke P, et al. A human immunodeficiency caused by mutations in the PIK3R1 gene. J Clin Invest (2014) 124(9):3923–8. doi:10.1172/JCI75746

3. Lucas CL, Kuehn HS, Zhao F, Niemela JE, Deenick EK, Palendira U, et al. Dominant-activating germline mutations in the gene encoding the PI(3)K catalytic subunit p110delta result in T cell senescence and human immunodeficiency. Nat Immunol (2014) 15(1):88–97. doi:10.1038/ni.2771

4. Lucas CL, Zhang Y, Venida A, Wang Y, Hughes J, McElwee J, et al. Heterozygous splice mutation in PIK3R1 causes human immunodeficiency with lymphoproliferation due to dominant activation of PI3K. J Exp Med (2014) 211(13):2537–47. doi:10.1084/jem.20141759

5. Driessen GJ, IJspeert H, Wentink M, Yntema HG, van Hagen PM, van Strien A, et al. Increased PI3K/Akt activity and deregulated humoral immune response in human PTEN deficiency. J Allergy Clin Immunol (2016) 138(6):1744–7.e5. doi:10.1016/j.jaci.2016.07.010

6. Tsujita Y, Mitsui-Sekinaka K, Imai K, Yeh TW, Mitsuiki N, Asano T, et al. Phosphatase and tensin homolog (PTEN) mutation can cause activated phosphatidylinositol 3-kinase delta syndrome-like immunodeficiency. J Allergy Clin Immunol (2016) 138(6):1672–80.e10. doi:10.1016/j.jaci.2016.03.055

7. Koyasu S. The role of PI3K in immune cells. Nat Immunol (2003) 4(4):313–9. doi:10.1038/ni0403-313

8. Okkenhaug K, Vanhaesebroeck B. PI3K in lymphocyte development, differentiation and activation. Nat Rev Immunol (2003) 3(4):317–30. doi:10.1038/nri1056

9. Omori SA, Cato MH, Anzelon-Mills A, Puri KD, Shapiro-Shelef M, Calame K, et al. Regulation of class-switch recombination and plasma cell differentiation by phosphatidylinositol 3-kinase signaling. Immunity (2006) 25(4):545–57. doi:10.1016/j.immuni.2006.08.015

10. Maehama T, Dixon JE. The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate. J Biol Chem (1998) 273(22):13375–8. doi:10.1074/jbc.273.22.13375

11. Elkaim E, Neven B, Bruneau J, Mitsui-Sekinaka K, Stanislas A, Heurtier L, et al. Clinical and immunologic phenotype associated with activated phosphoinositide 3-kinase delta syndrome 2: a cohort study. J Allergy Clin Immunol (2016) 138(1):210–8.e9. doi:10.1016/j.jaci.2016.03.022

12. Kanda Y. Investigation of the freely available easy-to-use software ’EZR’ for medical statistics. Bone Marrow Transplant (2013) 48(3):452–8. doi:10.1038/bmt.2012.244

13. Elgizouli M, Lowe DM, Speckmann C, Schubert D, Hulsdunker J, Eskandarian Z, et al. Activating PI3Kdelta mutations in a cohort of 669 patients with primary immunodeficiency. Clin Exp Immunol (2016) 183(2):221–9. doi:10.1111/cei.12706

14. Dengler HS, Baracho GV, Omori SA, Bruckner S, Arden KC, Castrillon DH, et al. Distinct functions for the transcription factor Foxo1 at various stages of B cell differentiation. Nat Immunol (2008) 9(12):1388–98. doi:10.1038/ni.1667

15. Lougaris V, Faletra F, Lanzi G, Vozzi D, Marcuzzi A, Valencic E, et al. Altered germinal center reaction and abnormal B cell peripheral maturation in PI3KR1-mutated patients presenting with HIGM-like phenotype. Clin Immunol (2015) 159(1):33–6. doi:10.1016/j.clim.2015.04.014

16. Sander S, Chu VT, Yasuda T, Franklin A, Graf R, Calado DP, et al. PI3 kinase and FOXO1 transcription factor activity differentially control B cells in the germinal center light and dark zones. Immunity (2015) 43(6):1075–86. doi:10.1016/j.immuni.2015.10.021

17. Di Fonte R, Baronio M, Plebani A, Lougaris V, Fousteri G. Reduced germinal center follicular helper T cells but normal follicular regulatory T cells in the tonsils of a patient with a mutation in the PI3KR1 gene. Clin Immunol (2016) 164:43–4. doi:10.1016/j.clim.2016.01.016

18. Chagpar RB, Links PH, Pastor MC, Furber LA, Hawrysh AD, Chamberlain MD, et al. Direct positive regulation of PTEN by the p85 subunit of phosphatidylinositol 3-kinase. Proc Natl Acad Sci U S A (2010) 107(12):5471–6. doi:10.1073/pnas.0908899107

19. Chen HH, Handel N, Ngeow J, Muller J, Huhn M, Yang HT, et al. Immune dysregulation in patients with PTEN hamartoma tumor syndrome: analysis of FOXP3 regulatory T cells. J Allergy Clin Immunol (2016) 139(2):607–20.e15. doi:10.1016/j.jaci.2016.03.059

20. Coulter TI, Chandra A, Bacon CM, Babar J, Curtis J, Screaton N, et al. Clinical spectrum and features of activated phosphoinositide 3-kinase delta syndrome: a large patient cohort study. J Allergy Clin Immunol (2016) 139(2):597–606.e4. doi:10.1016/j.jaci.2016.06.021

21. Kracker S, Curtis J, Ibrahim MA, Sediva A, Salisbury J, Campr V, et al. Occurrence of B-cell lymphomas in patients with activated phosphoinositide 3-kinase delta syndrome. J Allergy Clin Immunol (2014) 134(1):233–6. doi:10.1016/j.jaci.2014.02.020

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Asano, Okada, Tsumura, Yeh, Mitsui-Sekinaka, Tsujita, Ichinose, Shimada, Hashimoto, Wada, Imai, Ohara, Morio, Nonoyama and Kobayashi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	REVIEW
published: 09 May 2018
doi: 10.3389/fimmu.2018.00966






[image: image1]

“Immune TOR-opathies,” a Novel Disease Entity in Clinical Immunology

Sophie Jung1,2,3, Laura Gámez-Díaz3†, Michele Proietti3† and Bodo Grimbacher3*

1 CNRS, UPR 3572 (I2CT), Institut de Biologie Moléculaire et Cellulaire (IBMC), Strasbourg, France

2 Hôpitaux Universitaires de Strasbourg, Pôle de Médecine et de Chirurgie Bucco-Dentaires, Strasbourg - Université de Strasbourg, Faculté de Chirurgie Dentaire, Strasbourg, France

3 Center for Chronic Immunodeficiency (CCI), Medical Center – Faculty of Medicine, University of Freiburg, Freiburg, Germany

OPEN ACCESS

Edited by:

Carrie L. Lucas, Yale University, United States

Reviewed by:

David A. Fruman, University of California, Irvine, United States
David Andrew Fulcher, Australian National University, Australia

*Correspondence:

Bodo Grimbacher
bodo.grimbacher@uniklinik-freiburg.de

†These authors have contributed equally to this work.

Specialty section:

This article was submitted to Primary Immunodeficiencies, a section of the journal Frontiers in Immunology

Received: 19 January 2018
Accepted: 18 April 2018
Published: 09 May 2018

Citation:

Jung S, Gámez-Díaz L, Proietti M and Grimbacher B (2018) “Immune TOR-opathies,” a Novel Disease Entity in Clinical Immunology. Front. Immunol. 9:966. doi: 10.3389/fimmu.2018.00966

Primary immunodeficiencies (PIDs) represent a group of mostly monogenic disorders caused by loss- or gain-of-function mutations in over 340 known genes that lead to abnormalities in the development and/or the function of the immune system. However, mutations in different genes can affect the same cell-signaling pathway and result in overlapping clinical phenotypes. In particular, mutations in the genes encoding for members of the phosphoinositide3-kinase (PI3K)/AKT/mTOR/S6 kinase (S6K) signaling cascade or for molecules interacting with this pathway have been associated with different PIDs that are often characterized by the coexistence of both immune deficiency and autoimmunity. The serine/threonine kinase mechanistic/mammalian target of rapamycin (mTOR), which acts downstream of PI3K and AKT, is emerging as a key regulator of immune responses. It integrates a variety of signals from the microenvironment to control cell growth, proliferation, and metabolism. mTOR plays therefore a central role in the regulation of immune cells’ differentiation and functions. Here, we review the different PIDs that share an impairment of the PI3K/AKT/mTOR/S6K pathway and we propose to name them “immune TOR-opathies” by analogy with a group of neurological disorders that has been originally defined by PB Crino and that are due to aberrant mTOR signaling (1). A better understanding of the role played by this complex intracellular cascade in the pathophysiology of “immune TOR-opathies” is crucial to develop targeted therapies.
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INTRODUCTION

Primary immunodeficiencies (PIDs) comprise more than 350 inherited disorders that affect the development and/or the functions of the components of the immune system (2, 3). They are individually rare but collectively, they are “more common than thought” (4), particularly due to the rapid increase in the number of newly described disorders and of causative genes that have been identified. In fact, the study of PIDs has frequently contributed to the discovery of new genes that are pivotal in immune cell development, effector functions, or in the maintenance of immune homeostasis (5). Susceptibility to severe and recurrent infections is a constant clinical manifestation in PID patients. However, an overlap between immune deficiency (infections and/or malignancies) and immune dysregulation (autoimmunity, autoinflammation, and/or allergy) is often observed in certain types of PIDs (2, 3, 6). Although PIDs are mostly inherited as monogenic disorders, disease penetrance, as well as disease expressivity, may result from interactions between genetic, epigenetic, and/or environmental factors. This contributes to the wide phenotypic diversity, even between individuals with an identical mutation in the same gene (2, 3, 7). The International Union of Immunological Societies (IUIS) PID expert committee regularly publishes a classification based on shared pathogenesis and/or clinical phenotypes with the latest update in 2017 (2, 3).

The serine/threonine kinase mechanistic/mammalian target of rapamycin (mTOR) plays a central role within the phosphoinositide3-kinase (PI3K)/AKT/mTOR/S6 kinase (S6K) signaling pathway. It acts as a downstream effector of AKT in two structural and functional distinct protein complexes named mTOR complex 1 and 2 (mTORC1 and mTORC2, respectively) (8). mTOR integrates the different cues from the microenvironment to control cell growth, proliferation, and metabolism, thereby exerting crucial functions in the regulation of immune homeostasis (8, 9).

Defects in the genes encoding for the different members of the PI3K/AKT/mTOR/S6K cascade or for molecules interacting with this pathway are frequently associated with immune dysfunction. We therefore propose here to cluster the different PIDs that share an impairment of the PI3K/AKT/mTOR/S6K pathway. Considering the central role of mTOR in the signaling cascade, this subgroup of PIDs will be referred hereafter as “immune TOR-opathies.” The term “mTOR-opathies” was initially coined in 2007 by PB Crino to define a wide spectrum of neurological disorders due to abnormal mTOR signaling that are characterized by focal malformations of cortical development, epilepsy, and neurobehavioral disabilities (1, 10).

In this review, we describe the PI3K/AKT/mTOR/S6K signaling cascade, focusing on the genetic and molecular defects of the different “immune TOR-opathies,” and on the impact of this pivotal pathway in the development of immune deficiency and immune dysregulation, a hallmark of “immune TOR-opathies.”



PI3K/AKT/mTOR/S6K SIGNALING PATHWAY PLAYS A CRUCIAL ROLE IN IMMUNE HOMEOSTASIS

S6 kinase activation involves a complex signaling cascade that connects a number of critical kinases, including PI3Ks, AKT (also called PKB for protein kinase B), and mTOR (11) (Figure 1). The PI3K/AKT/mTOR/S6K pathway plays a major role in the control of cell proliferation (increase in number), cell growth (increase in size), survival, and metabolism (12). It is therefore crucial in the regulation of immune responses, as well as in the promotion of B cells, T cells, and myeloid cells differentiation, activation, and function (9).


[image: image1]
FIGURE 1 | The PI3K/AKT/mTOR/S6K pathway plays a major role in the control of immune cell homeostasis. Class IA PI3Ks are heterodimeric molecules composed of a p110 catalytic subunit (p110α, p110β, or p110δ) and a p85 regulatory subunit. In immune cells, class IA PI3Ks can be activated via multiple surface tyrosine kinase-associated receptors [e.g., BCR, TCR, TLR, CD19, ICOS, PD-1, and CTLA-4] that bear YXXM motifs in their cytoplasmic domain. In the absence of ligand binding, the TSC1/TSC2 complex negatively regulates mTORC1, and therefore protein synthesis, by converting RHEB into its inactive GDP-bound state. After receptor activation, phosphorylated YXXM motifs provide binding sites for the p85 regulatory subunit that brings the p110 catalytic subunit to the membrane, where it converts PIP2 to PIP3. PIP3 serves as plasma membrane docking sites for PH-domain containing proteins, such as AKT, and its upstream activator PDK1. The activity of AKT is also positively regulated by mTORC2. Once phosphorylated, AKT inhibits the TSC1/TSC2 complex, and allows the release of GTP-bound RHEB, thereby enabling mTORC1 activation. Activated mTORC1 triggers biosynthetic pathways (protein synthesis) essential for cell proliferation, survival, and metabolism through S6Ks and 4E-BP1 phosphorylation, while inhibiting ULK1, and therefore autophagy. S6K phosphorylate numerous substrate, including ribosomal protein S6, eukaryotic translation initiation factor eIF4B, and eukaryotic elongation factor 2 (eEF2) kinase. The phosphorylation of 4E-BP1 prevents its binding to the cap-binding protein eIF4E, allowing it to participate in the formation of the eIF4F complex, which is composed of the DEAD-box RNA helicase eIF4A, the cap-binding protein eIF4E, and the large “scaffold” protein eIF4G, and which is required for the initiation of cap-dependent translation. PTEN is a negative regulator of PI3K/AKT/mTOR/S6K signaling pathway that dephosphorylates PIP3 back to PIP2. Red circles: phosphorylation; normal arrows: activation; blunt arrows: inhibition.


Among the different classes of PI3Ks, class IA molecules have the most important function in immune cells (13). Those heterodimeric proteins are formed by the association of a catalytic subunit of approximately 110 kDa (p110α, p110β, or p110δ encoded by PIK3CA, PIK3CB, and PIK3CD respectively), and a Src-homology 2 (SH2) domain-containing regulatory subunit (p85, p50, and p55α encoded by PIK3R1; p85β encoded by PIK3R2; and p55γ encoded by PIK3R3). The catalytic subunits p110α and p110β are widely expressed, whereas the expression of p110δ is restricted to leukocytes (13, 14). The regulatory subunit controls the cellular location and the activity of the enzyme by recruiting the catalytic subunit to membrane-associated proteins that have been phosphorylated on YXXM motifs by tyrosine kinases (12, 13). In immune cells, class IA PI3Ks can be activated via multiple surface tyrosine-kinase-associated receptors, including the T- and B-cell receptors (TCR and BCR, respectively), toll-like receptors (TLRs), as well as various co-receptors [CD19, inducible T-cell costimulator (ICOS), CD28, PD-1, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)], and cytokine receptors (IL-1, IL-2, IL-4, IL-12, and IFN-γ) that contain YXXM motifs in their cytoplasmic domain (12). After activation, class I PI3Ks catalyze the conversion of phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2 or PIP2] to phosphatidylinositol-(3,4,5)-trisphosphate [PI(3,4,5)P3 or PIP3] (12). PIP3 acts as binding sites for various intracellular enzymes harboring pleckstrin-homology (PH) domains, in particular for the serine/threonine kinase AKT, which is then recruited at the inner leaflet of the cell membrane to be phosphorylated. The activity of AKT is positively regulated by the binding of PIP3 to its PH domain, but also by the phosphorylation at position Thr308 by phosphoinositide-dependent kinase-1 (PDK1) and at position Ser473 by mTORC2 (15) (Figure 1). Once AKT is activated, it inhibits the tuberous sclerosis heterodimeric complex (TSC1/TSC2 complex), inducing the release of the GTP-binding protein Ras homolog enriched in brain (RHEB) from the inhibition by TSC2, therefore enabling the activation of mTORC1 (16) (Figure 1).

The serine/threonine kinase mTOR was identified while investigating the mechanism of action of rapamycin (also known as sirolimus), an immunosuppressive drug inhibiting mTOR enzymatic activity that is currently used to prevent organ transplant rejection and to treat lymphoproliferative diseases (17, 18). mTOR associates with distinct sets of proteins to form the intracellular signaling complexes mTORC1 and mTORC2 (8). Both complexes contain mammalian lethal with SEC13 protein 8/G protein β subunit-like (mLST8/GβL) and DEP domain-containing mTOR interacting protein (DEPTOR). In contrast, the partners regulatory-associated protein of mTOR (RAPTOR) and proline-rich AKT substrate 40 kDa (PRAS40) define the mTORC1 network, whereas rapamycin-insensitive companion of mTOR (RICTOR), stress-activated map kinase-interacting protein 1 (mSIN1), and protein observed with Rictor (PROTOR) are specific to the mTORC2 complex (8, 19, 20) (Figure 1). The major function of mTORC1 is to sense nutrients and mitogenic signals (8, 19, 20). Thus, when conditions are favorable, mTORC1 triggers biosynthetic pathways essential for cell growth and proliferation, mainly through direct phosphorylation of ribosomal S6K and eukaryotic translation initiation factor 4E (eIF4E) binding protein 1 (4E-BP1) (8, 19, 20). mTORC1 also inhibits the serine/threonine kinase ULK1, thereby suppressing autophagy, a conserved catabolic process by which double-membrane vesicles (autophagosomes) engulf cytoplasmic contents for lysosomal degradation. Autophagy allows the recycling of cellular components and the generation of nutrients under metabolic stress, promoting cell survival (8, 21, 22). It is also implicated in more complex functions and participates in the regulation of immunity (23). Overall, the phosphorylation of S6Ks and 4E-BP1, along with the suppression of autophagy by active mTORC1, are essential for cell growth (24). Conversely, in case of starvation, AMP-activated protein kinase (AMPK) inactivates mTORC1 and phosphorylates the active sites of ULK1, therefore, enabling autophagy initiation (8, 21, 22). mTORC2 plays various roles in cell survival, metabolism, proliferation, and cytoskeleton organization via the phosphorylation of AKT on Ser473 (mTORC2-dependent), leading to the phosphorylation, sequestration, and further inhibition of Forkhead box protein O (FOXO) (9). Negative regulators controlling PI3K/AKT/mTOR/S6K pathway include the phosphatase and tensin homolog (PTEN) that dephosphorylates PIP3 back to PIP2, thereby downregulating AKT signaling (25) (Figure 1).

Together with 4E-BP1, ribosomal S6Ks represent the best characterized substrates of mTORC1 (11, 26, 27). Like AKT, S6K1 (isoforms p70- and p85-S6K1), and S6K2 (isoforms p54- and p60-S6K2) belong to the AGC serine/threonine kinases family (26). The S6K activation begins with the phosphorylation of serine residues in the C-terminal domain that expose the internal region of the protein, allowing mTOR to phosphorylate Thr389 in S6K1 and Thr388 in S6K2. Indeed, S6K activation absolutely requires mTORC1-mediated phosphorylation (28). The subsequent phosphorylation by PDK1 at Thr229 in S6K1 and at Thr228 in S6K2 leads to their full activation (26) (Figure 1). S6K proteins originally gained their name due to their ability to phosphorylate ribosomal protein S6, a component of the 40S ribosome subunit, and their preferred phosphorylation motif has been characterized as RXRXXS/T (26). S6K1 and S6K2 have many functional similarities. They regulate several cellular and molecular processes, including transcription, protein synthesis, metabolism, cell proliferation, and survival (11, 26, 28). Although S6K1 has been more extensively studied, some distinct functions of S6K2 have been described (29). For instance, it has been shown that S6K2 plays a role in Th17 differentiation through the regulation of the transcription factor RORγ (30) despite a more recent study suggesting that this function may be context-specific (31). Ribosomal protein S6 was the first discovered substrate of S6Ks. It promotes biosynthetic pathways that are important for cell growth (27, 28), but the functional significance of its phosphorylation still remains not fully understood (28). However, the analysis of the phosphorylation status of p70-S6K1 (at Thr 389) and its substrate ribosomal protein S6 (at Ser240/244; S6K dependent) is widely and routinely used as a readout of mTORC1 activity (32, 33), in particular in lymphocytes populations, where other mTOR signaling markers are more difficult to monitor. A number of other S6K1 substrates have been involved in the regulation of protein synthesis at levels of initiation (eIF4B: eukaryotic translation initiation factor 4B), and elongation (eEF2: eukaryotic elongation factor 2), but also in RNA splicing (CBC: cap binding complex; SKAR: S6K1 Aly/REF-like target) (Figure 1). In addition, S6K1 plays a role in cell survival by blocking apoptosis through phosphorylation of the pro-apoptotic protein Bcl-2-associated death promoter (BAD), thereby preventing its interaction with BCL-X or BCL-2 (11, 26, 28). Some evidences also indicate that S6K1 may participate in cytoskeleton dynamics, in particular in F-actin reorganization (34).

Studies in animal models have suggested that reduced PI3K/AKT/mTOR/S6K signaling (hypoactivation) can lead to immune deficiency, whereas uncontrolled PI3K/AKT/mTOR/S6K signaling (hyperactivation) is associated with autoimmunity and hematological malignancies (12). Nevertheless, this simplistic dichotomous model does not reflect the highly complex regulation of this pathway. Indeed, several human PIDs that are associated with a hyperactivation of the PI3K/AKT/mTOR/S6K pathway have features of both immunodeficiency and immune dysregulation, suggesting a tight and dynamic modulation of the signaling cascade for optimal immune cell function.

mTOR plays a central role in the regulation of immune responses evidenced in numerous studies showing that mTOR or mTORC1 inhibition can have both positive and negative effects on lymphocytes, in particular on T-cell development and functions [reviewed in Ref. (9)]. The mTOR hypomorphic mouse, which is a model of mTORC1/mTORC2 inhibition [murine Mtor knockout (KO) is lethal and there are no reported cases of human loss-of-function (LOF) mutations in MTOR] is characterized by an immunodeficient phenotype with impaired development, proliferation, and migration of lymphocytes, as well as abnormal antibody production (35). Reduced mTOR expression results in decreased phosphorylation of the mTORC1 target p70-S6K1 and of the mTORC2 target AKT (phosphorylation at Ser473) in fibroblasts and TCR stimulated T cells. However, despite reduction of p70-S6K1 phosphorylation in murine B cells activates with lipopolysaccharide (LPS), mTORC2 activity is increased, suggesting that AKT regulation may be cell-type specific (35). In addition, PI3K/AKT/mTOR pathway seems to play differing roles during the differentiation and function of regulatory T cells (Tregs). Tissue tolerance is associated with the upregulation of enzymes that consume many of the essential amino acids (36). These starvation conditions lead to mTOR inhibition, promoting the expression of FoxP3 in naïve T cells, and therefore the generation of CD4+ FoxP3+ Tregs (37). In fact, continued TCR signaling and constitutive PI3K/AKT/mTOR activity antagonizes Foxp3 induction (9, 37, 38). However, under mTOR inhibitory conditions, Tregs are not optimally functional, requiring mTOR re-activation or inflammatory conditions to acquire their full suppressive potential. Alternate cycles of mTOR activity may therefore be needed for optimal functional induction of Tregs (37, 39). The mTOR downstream effectors S6Ks are essential in controlling the cell size and proliferation of certain cell types such as hepatocytes (40, 41). However, in contrast to mTOR, the functions of S6K1 and S6K2 in lymphocytes still remain controversial (33). Simultaneous deletion of S6K1 and S6K2 genes in a murine model was associated with a severe reduction in viability due to perinatal lethality, but single S6K1 or S6K2 KO mice did not exhibit obvious immune defects (although no detailed immunological study was performed) (41, 42). In addition, it has been shown in vitro using S6K1/S6K2 double KO T and B cells that S6K activity is dispensable for lymphocytes growth and proliferation after antigen receptor engagement (33). Germline deletion of Rps6 that encodes for ribosomal protein S6 is embryonically lethal (43) and T cell-specific deletion of Rps6 abolishes thymic T-cell development (44). By contrast, the role of S6 phosphorylation is not well understood. Knockin mice in which all serine residues of S6 protein have been mutated to alanine to prevent phosphorylation by S6Ks are viable (45) and show normal T-cell activation and differentiation (46). All these data clearly demonstrate the complexity of PI3K/AKT/mTOR/S6K pathway regulation.



GAIN-OF-FUNCTION (GOF) MUTATIONS IN THE GENES ENCODING CLASS I PI3K CAUSE ACTIVATED PI3Kδ SYNDROME (APDS)

Hyperactivation of the PI3K/AKT/mTOR/S6K signaling pathway in immune cells can be the consequence of heterozygous GOF mutations in the genes encoding for PI3Kδ that cause an immune dysregulation disorder called activated PI3Kδ syndrome [APDS; also known as “p110δ activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency” (PASLI)] (47). Molecularly, APDS encompasses two different disorders: APDS1 and APDS2. APDS1 (or PASLI-CD) is the consequence of mutations in the PIK3CD gene encoding for p110δ, the catalytic subunit of PI3Kδ that result in single-amino-acid substitutions leading to p110δ overactivation. APDS2 (or PASLI-R1) results from mutations in the PIK3R1 gene encoding for p85α, the regulatory subunit of PI3Kδ. These mutations impair the binding of p85α to its cognate partner p110δ that is, therefore, inefficiently inhibited (47–51). Up to date, more than 150 APDS patients have been reported (48–68). They display features of both immune deficiency and immune dysregulation, and all of them present with early-onset, as well as severe and recurrent sino-pulmonary infections, mostly by encapsulated bacteria (47, 58). Benign lymphoproliferation (hepatosplenomegaly, lymphadenopathy, focal nodular lymphoid hyperplasia), various autoimmune manifestations, and B cell lymphomas are also frequently observed (47, 54, 55, 58, 61). Growth retardation is, however, commonly associated with APDS2, but not APDS1 (58, 66).

Most APDS patients have elevated transitional B cells, reduced class-switched memory B cells, variable immunoglobulin levels (mainly reduced IgG and increased IgM levels, hypogammaglobulinemia, or in some cases agammaglobulinemia) associated with a poor vaccine response, and an impaired in vitro B cell isotype switching (47, 51, 64, 69). Abnormalities in B lymphocytes from APDS patients recapitulate the defects of class-switch recombination that are observed in B lymphocytes from PTEN-deficient mice (70). Although APDS was initially described as a common variable immunodeficiency (CVID)-like disease, affected patients also suffer from recurrent herpes virus infections (i.e., EBV, CMV, and VZV), indicating an impaired T cell function (47, 52, 54, 56–58, 65). In addition, the majority of APDS patients show a progressive CD4+ T cell lymphopenia with a decreased frequency of CD4+ naïve T cells [in contrast to the lethal CD4+ T cell hyperplasia that is described in mice with a T cell-specific deletion of PTEN (71)], but an excessive accumulation of terminally differentiated, senescent CD8+ effector T cells (64). Considering the T cell abnormalities, APDS may be classified as combined immunodeficiency (CID) rather than as CVID-like disease.

In T cells, PI3Kδ is activated downstream of CD28, leading to enhanced AKT and mTOR signaling, which blocks autophagy but stimulates T cell proliferation and terminal differentiation through the phosphorylation of S6K (12). Activated AKT also mediates the phosphorylation and subsequent degradation of FOXO transcription factors that regulate T cell expansion and memory T cell differentiation (72). The analysis of PI3K signaling in T cells from APDS patients showed a constitutive hyperphosphorylation of both AKT (on Thr308: PI3K/PDK1 dependent and on Ser473: mTORC2 dependent) and S6 (on Ser235/236 and Ser240/244: mTORC1 dependent) (50–52, 64, 65, 67). The general overactivation of the PI3K/mTOR/S6K signaling pathway promotes the switch to an anabolic cellular state with increased aerobic glycolysis that is required for the expansion of effector T cells (73). Downregulation of mTOR signaling and reversion to a catabolic cellular state by autophagy induction, are, however, crucial for memory T cell formation and prolonged survival (73). In APDS patients, the constant maintenance of aerobic glycosis restrains the function and survival of memory CD8+ T cells, leading to an abundance of senescent effector and short-lived effector memory CD8+ T cells that exhibit a poor recall response in vitro and could account for the defective antiviral immunity in vivo (64, 65, 74). Similarly, high AKT and S6 phosphorylation levels were observed in transformed EBV-B cells, peripheral blood mononuclear cells, and isolated B cells (total B cells and isolated B cell subsets) from APDS patients at basal state and after B cell stimulation (48, 51, 52, 65). However, the link between the increased PI3K/mTOR/S6K signaling in B cells and the observed B cell phenotype is still a focus of research.

The insights into the pathophysiology of APDS allowed refining the therapeutic approaches. Indeed, it has been shown that in vitro treatment of unstimulated T cell blasts with the mTOR inhibitor rapamycin (sirolimus) leads to a decrease of S6 hyperphosphorylation (64). More notably, the administration of rapamycin was found to improve the clinical and immunological phenotype of two APDS patients with a reduction of hepatosplenomegaly and lymphadenopathy, as well as a normalization of T cell subpopulations (64, 67). However, PI3Kδ regulates additional pathways to mTOR (such as FOXO for example) and mTOR is also controlled by PI3K-independent pathways (13). Therefore, selective inhibitors of the PI3Kδ subunit, which have already shown remarkable success in certain hematologic malignancies, should be considered as future therapeutic options in APDS patients. Both in vitro and in vivo data support the specific inhibition of PI3Kδ as a promising therapy. Indeed, the selective p110δ inhibitor IC87114 is able to dampen the activity of the mutated PI3Kδ in vitro in APDS1 patients’ T cells (52), and both p110δ (APDS1) and p85α (APDS2) are strongly inhibited in vitro by the PI3Kδ-specific inhibitor idelalisib (GS-1101 or CAL-101), which is currently approved by the US-Food and Drug Administration for the treatment of chronic lymphocytic leukemia (50, 75). In addition, the first clinical trial (#NCT02435173) that has been conducted by Novartis with the PI3Kδ-specific inhibitor leniolisib (CDZ173) in six APDS patients produced encouraging results (76). Oral administration of leniolisib during 12 weeks was well tolerated and was associated with an improvement of both laboratory and clinical parameters (reduction of peripheral transitional B cells, naive B cells, and senescent T cells; decrease of IgM and inflammatory cytokines levels; reduction of splenomegaly and lymphadenopathy) (76). Another clinical trial for an inhaled PI3Kδ inhibitor, sponsored by GlaxoSmithKline, is currently ongoing in patients with APDS (#NCT02593539) (47).



LOF MUTATIONS IN PTEN LEAD TO AN ACTIVATED PIK3δ SYNDROME-LIKE DEFICIENCY (APDS-LIKE)

PTEN encodes a lipid and protein phosphatase that dephosphorylates PIP3 back to PIP2 (77), thereby inhibiting the PI3K/mTOR/AKT/S6K signaling cascade (25). Impairment of PTEN activity is associated with an overabundance of PIP3 and a constitutive downstream activation of AKT, leading to cellular proliferation and overgrowth (78).

A complete disruption of Pten in mouse results in early embryonic death (79), whereas Pten heterozygous mutant mice display hyperplastic-dysplastic features, develop spontaneously tumors (80), and present a lethal polyclonal autoimmune disorder with a phenotype that is reminiscent of Fas-deficient mice (81). Mice carrying a B cell-specific deletion of Pten show abnormal B cell differentiation and function, with increased numbers of marginal zone and B1-a B cells in the spleen, a production of serum autoantibodies, an impaired response to T-dependent and T-independent immunizations, as well as a defect in immunoglobulin class-switch recombination (70, 82, 83).

In humans, heterozygous germline mutations in PTEN may cause different autosomal dominant disorders including Cowden syndrome (CWS; OMIM 158350), Bannayan–Riley–Ruvalcaba syndrome (OMIM 153480), and Proteus syndrome (OMIM 176920), which are characterized by the development of multiple benign hamartoma and malignant tumors (84–86). The term PTEN hamartoma tumor syndrome (PHTS) is therefore used to describe any patient with a germline PTEN mutation regardless of the phenotype (78). Browning et al. reported a case of CWS associated with CID (87). In line with this observation, recent studies indicated that heterozygous LOF mutations in PTEN lead to immunodeficiency and immune dysregulation, with a clinical and immunological presentation that resembles APDS phenotype, including recurrent infections, organomegaly, and CD4+ T cell lymphopenia (68, 88). However, immunodeficiency seems to occur only in some, but not all, patients with PTEN LOF mutations (68). Similarly to patients with heterozygous GOF mutations in PIK3CD, PTEN mutations are associated with an aberrant hyperactivation of the PI3K/AKT/mTOR/S6K pathway with increased phosphorylation of AKT, mTOR, and S6 in T cells (68, 87). Driessen et al. further studied, in a cohort of nine PHTS patients, the impact of germline PTEN mutations on the peripheral B cell development and the humoral immune response (89). They observed decreased counts of switched memory B cells associated with a dysregulated T-dependent B cell response, abnormalities in class-switch recombination, and decreased somatic hypermutation, resulting in hypogammaglobulinemia in about one-third of the patients (89). In mice, it has been shown that the level of activation-induced cytidine deaminase, the main regulator of somatic hypermutation and class-switch recombination, is regulated by the PI3K/AKT signaling cascade (70, 83, 90). This could explain, at least in part, the dysregulated humoral immune response observed in human PTEN deficiency (89).

Surprisingly, despite PTEN dysfunction, PHTS patients display a normal frequency and phenotype of CD4+ FoxP3+ Tregs, as well as a normal activation of the downstream signaling pathway with similar percentages of S6-phosphorylated Tregs in PHTS patients and controls subjects (88). In this cell subset, the enzyme PH domain leucine-rich repeat protein phosphatase (PHLPP), located downstream of PTEN and highly expressed in normal Tregs, provides a complementary phosphatase activity that is important for limiting PI3K hyperactivation (88). PTEN haploinsufficiency leads to APDS-like immune dysregulation, but the compensatory activity of the phosphatase PHLPP may help to maintain checkpoint control at the immunological synapse in human Tregs (88), possibly preventing the development of autoimmune manifestations.



LIPOPOLYSACCHARIDE-RESPONSIVE BEIGE-LIKE ANCHOR PROTEIN (LRBA) DEFICIENCY IS ASSOCIATED WITH IMPAIRED mTOR/S6K SIGNALING IN T CELLS

Lipopolysaccharide-responsive beige-like anchor protein (LRBA) belongs to the Beige and Chediak-Higashi (BEACH) domain-containing protein (BDCP) family together with eight other human proteins (91, 92). Although the exact functions of BDCPs remain unclear, they are considered to act as scaffolding molecules forming multiprotein complexes involved in vesicle trafficking and receptor signaling (92). Biallelic mutations in LRBA cause a PID and immune dysregulation disorder known as LRBA deficiency (93). LRBA-deficient patients show an early-onset broad spectrum of clinical and immunological manifestations, including recurrent infections, organomegaly, inflammatory bowel-like disease, hypogammaglobulinemia, and autoimmunity (94, 95). Several LRBA-deficient patients present with an immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)-like syndrome, indicating Treg cells impairment, that might contribute to the development of the various autoimmune manifestations (96). In fact, nearly two-thirds of LRBA-deficient patients have reduced Tregs frequency (95) with decreased expression of the canonical Treg markers (FOXP3, CD25, Helios, CTLA-4) and impaired Treg cell-mediated suppression (96). Additional perturbations observed in the T cell compartment such as increased proportion of circulating follicular helper T cells (TFH) and decreased proportion of circulating follicular Tregs suggest an ineffective regulation of autoantibodies’ production (96). Although the frequency of recent thymic emigrants seems to be normal, conventional T cells and Tregs from LRBA-deficient patients exhibit an increased apoptosis (96). In mice, Treg-specific disruption of mTORC1 (through the deletion of Raptor) leads to a profound loss of Treg suppressive activity with early development of a lethal autoimmunity and lymphoproliferation (39). Mechanistically, mTORC1 signaling promotes the cholesterol/lipid metabolism that is crucial for cell proliferation and for CTLA-4 upregulation, thereby establishing functional Treg competency (39). CTLA-4 belongs to the T cell co-stimulatory molecule family, including CD28, ICOS, and PD1. It is a critical negative regulator of T cell proliferation that serves as a “checkpoint” of immune responses (97). Interestingly, the role of LRBA in CTLA-4 post-transcriptional regulation is currently the only proven cellular function for LRBA (98). Specifically, LRBA binds through its BEACH domain to the cytoplasmic tail of CTLA-4, allowing its vesicular transport to the plasma membrane of Tregs, and activated conventional T cells (98). CTLA-4 is then able to remove, via transendocytosis, the CD80 and CD86 co-stimulatory molecules from the cell surface of antigen-presenting cells, thereby controlling T cell activation (99). However, when LRBA is absent, the adaptor protein AP-1 binds to CTLA-4, leading to its lysosomal degradation (98). Decreased CTLA-4 expression might therefore contribute to the high frequency of autoimmune manifestations observed in patients with LRBA deficiency (94, 95). Indeed, patients with heterozygous LOF mutations in CTLA-4 develop an immune dysregulation syndrome with an LRBA-deficiency-like clinical phenotype (100–102) known since 2014 as CTLA-4 deficiency. Surprisingly, CTLA-4 was assessed to bind to PI3K with the same avidity as CD28, possibly leading to the activation of PDK1 that phosphorylates AKT at position Thr308 (103, 104), thereby activating mTORC1 signaling cascade. Moreover, in T cells, CTLA-4 dependent activation of PI3K and AKT was shown to sustain T cell anergy without cell death (105). However, the intracellular signaling capacity of CTLA-4 was recently questioned (106). In contrast, it has been reported that activated LRBA-deficient CD4+ and CD8+ T cell subsets show an impaired mTORC1 and mTORC2 activity with a reduced phosphorylation of downstream mTORC1 (S6 and 4E-BP1) and mTORC2 (AKT at position Ser473) substrates (96). Therefore, the PI3K/mTOR/S6K signaling pathway should also be investigated in patients with CTLA-4 deficiency.

Besides Tregs dysfunction, patients with LRBA deficiency present defects in the B cell compartment with reduced numbers of switched memory B cells and plasmablasts, impaired immunoglobulin secretion, low proliferative responses, and a high susceptibility to apoptosis (95, 96). In addition, LRBA-deficient B cells show an impairment of the autophagic flux with an abnormal accumulation of autophagosomes (93). Pengo et al. have shown that autophagy is required for plasma cell homeostasis and long-lived humoral immunity by limiting endoplasmic reticulum stress and immunoglobulin synthesis, while sustaining energy metabolism and plasma cell viability (107). The impaired B cell differentiation and hypogammaglobulinemia observed in LRBA-deficient individuals may therefore be attributable to an increased B cell apoptosis and a reduced plasma cell survival due to defective autophagy. In fact, autophagy is also essential for the survival of memory B cells, and for the maintenance of protective antibody responses required to control viral infections in mice (108). In addition, the accumulation of apoptotic cells may trigger as well the development of autoimmunity (109). mTOR plays a key role at the interface of the pathways controlling cell growth and autophagy. Under nutrient starvation, reduced growth factor signaling, or stress conditions, mTOR is inhibited, and autophagy is therefore promoted. Conversely, the activation of the PI3K/AKT pathway negatively regulates autophagy induction (22). It has been previously suggested that LRBA might act as a scaffold protein, coordinating the assembly and activation of mTOR complexes or of protein networks involved in the autophagic process, as well as the recruitment of downstream molecules (96). Future studies addressing mTOR/S6K signaling in the B cell compartment of LRBA-deficient patients may help to further clarify the links between LRBA, autophagy, and B cell homeostasis.



MUTATIONS AFFECTING THE CARD11-BCL10-MALT1 (CBM) SIGNALOSOME COMPLEX ARE RESPONSIBLE FOR NOVEL PID PHENOTYPES WITH AN ABNORMAL ACTIVATION OF THE mTOR/S6K SIGNALING PATHWAY

Upon TCR and CD28 activation, the adapter protein caspase recruitment domain-containing protein 11 (CARD11, also called CARMA1), which is specifically expressed in hematopoietic cells, becomes phosphorylated by protein kinase C and other kinases including AKT (110). Phosphorylated CARD11 recruits B-cell lymphoma/leukemia 10 (BCL10) and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) to form a scaffold called the CBM (CARD11-BCL10-MALT1) signalosome complex that is necessary for optimal activation of the canonical nuclear factorp-κB (NF-κB) pathway (111). Recently, it has been shown that CARD11 and the paracaspase MALT1, but not BCL10, are also required for an optimal activation of the mTOR/S6K pathway in T cells in response to TCR and CD28 co-receptor stimulation (112).

LOF autosomal recessive mutations in CARD11, MALT1, and BCL10 are the cause of a new group of CIDs characterized by recurrent sinopulmonary infections, dysregulated B cell development, and abnormal T cell proliferation despite normal lymphocytes counts, due to a defective canonical NF-κB activation after antigen receptor stimulation (113–118). However, these recently described disorders have a distinct phenotype from other known PIDs affecting the NF-κB axis (113). In addition, there are notable differences between the clinical presentation of CARD11, MALT1, and BCL10 deficiencies (113). For instance, CARD11-deficient patients display variable immunoglobulin levels and Tregs numbers, a predominance of Pneumocystis jirovecii infections, but no gastrointestinal inflammation, whereas BCL10 deficiency has an impact on lymphocytes (low memory T cells) and fibroblasts but not on myeloid cells. CARD11 and BCL10 deficiencies are both characterized by the lack of autoimmune manifestations despite reduced Treg numbers, possibly reflecting the individual nuanced and independent functions of the CBM proteins (113). CARD11-deficient and MALT1-knockdown cells are characterized by a reduced phosphorylation of S6K and S6, emphasizing the role of CARD11 and MALT1 in the mTOR/S6K signaling pathway (112). In addition, the metabolic reprogramming and the proliferation of CD4+ T cells that are also mTORC1 dependent are impaired after MALT1 inhibition (112).

Very recently, Ma et al. have described rare heterozygous hypomorphic CARD11 mutations in eight individuals from four unrelated families with severe atopic dermatitis (119). The phenotype also included variable cutaneous and respiratory infections (88%), eosinophilia (86%), B cell lymphopenia (29%) with low IgM, but normal or elevated IgA (43%), and hyper-IgE (71%) (119). Transfection of mutant CARD11 constructs into T cell lines demonstrated both LOF and a dominant-negative effect on mTORC1 (indicated by reduced S6 phosphorylation), but also on NF-κB signaling, at basal state and after antigen-receptor-induced stimulation. Similarly, mTORC1 activity was also attenuated in T cells, and to a lesser extent in B cells, from patients with heterozygous hypomorphic mutations in CARD11, whereas AKT phosphorylation on Ser473 (mTORC2-dependent) was normal (119). mTOR activity is known to be crucial for T helper (TH) cell differentiation (120). Patients’ T cells were characterized by an impaired TH1 cytokine production (low IFN-γ) and a TH2-skewed phenotype, consistent with their atopic predisposition. The reduced CARD11-dependent mTORC1 activation could contribute to impaired TH1 differentiation in these patients, allowing mTORC2-dependent TH2 response to dominate (119). The role of CARD11 in the regulation of mTORC1 activation depends on its ability to facilitate TCR-induced upregulation, but also on its capacity to activate sodium-dependent neutral amino acid transporter type 2 (ASCT2, also known as SLC1A5), an essential amino acid transporter required for extracellular glutamine import during T cell activation (121). Indeed, T cells from patients with germline hypomorphic CARD11 mutations showed reduced ASCT2 upregulation after TCR activation (119). However, the addition of exogenous glutamine in T cell culture medium was able to boost mTORC1 activation with increased S6 phosphorylation, and to partially correct the TH1 cell defect including proliferation and IFN-γ production (119). Further studies are required to evaluate whether glutamine supplementation, a very simple therapeutic intervention, could ameliorate atopic dermatitis in patients with CARD11 mutations (119). This clearly illustrates that a fine comprehension of the mechanisms regulating the mTOR/S6K signaling pathway is an essential prerequisite for a proper improvement of the patients’ therapeutic management.

Germline heterozygous GOF mutations in CARD11 have been linked to a novel congenital B cell lymphoproliferative disorder called BENTA for “B cell Expansion with NF-κB and T cell Anergy” (122, 123). Five different GOF CARD11 mutations in 16 patients have been described so far (74, 122–124). They abrogate the requirement for antigen receptor engagement in CARD11 activation, resulting in spontaneous CBM signalosome formation, and constitutive NF-κB activation that is responsible for an excessive accumulation of both immature transitional B cells, and polyclonal mature naive B cells (122, 125). BENTA patients develop massive B cell lymphocytosis early in life accompanied by splenomegaly and lymphadenopathy, but without obvious signs of autoimmunity (122, 123). Moreover, GOF CARD11 mutations can potentially predispose to B cell malignancies (74, 122, 126). Despite excessive B cell accumulation, BENTA disease is associated with an underlying immunodeficiency characterized by low frequencies of circulating memory and class-switched B cells, poor humoral response to T cell-independent polysaccharide-based vaccines, impaired plasma cell differentiation, and low IgM as well as variable IgA/IgG secretion. Recurrent sinopulmonary infections are common, and opportunistic viral infections have been noted in some patients (74). Although circulating T cells are present at normal numbers, they are hyporesponsive upon in vitro stimulation, suggesting that they may be anergic (74, 113, 122–124). GOF mutations in CARD11 affect B and T cells differently, promoting proliferation and survival of B lymphocytes versus anergy in T lymphocytes, but the underlying mechanisms remain poorly understood (74). Similarly to LOF CARD11 mutations, BENTA-associated mutations may therefore perturb other CARD11-dependent downstream signaling cascades including the mTOR/S6K pathway (74). However, to our knowledge, there are currently no published data on mTOR and S6K phosphorylation in the context of BENTA disease.



FUTURE STUDIES SHOULD EXPLORE mTOR/S6K SIGNALING PATHWAY IN T CELLS FROM CARMIL2-DEFICIENT PATIENTS

Biallelic LOF mutations in the gene encoding for the cell membrane-cytoskeleton-associated protein RLTPR (RGD, leucine-rich repeat, tropomodulin and proline-rich-containing protein), also known as CARMIL2 (capping protein regulator and myosin 1 linker 2), have been shown to be responsible for a novel PID disorder characterized by cutaneous and pulmonary allergy, by various bacterial, fungal, and mycobacterial infections, as well as by EBV lymphoproliferation (EBV+ smooth muscle tumors) (127, 128). In addition to its involvement in cell polarity and migration (129), CARMIL2 plays an important role in T cells by acting as a scaffold protein, bridging CD28 to CARD11 and therefore to the NF-κB signaling axis (130). Mutations in CARMIL2 prevent the association of CARMIL2 with CARD11 (130). CARMIL2-deficient T cells have a perturbed cytoskeletal organization leading to abnormalities in T cell polarity and migration, but also an impaired CD28-mediated co-signaling with a defective activation of the canonical NF-κB pathway (127, 128, 130). CARMIL2-deficient patients have a normal production of TH2 cytokines, but a reduced secretion of TH1, as well as TH17 effector cytokines, and therefore the strong decrease in Treg numbers does not result in the development of autoimmunity (127, 130). This phenotype is reminiscent of CARD11-deficient patients (119). Considering the newly described role of CARD11 in the mTOR/S6K pathway activation following TCR and CD28 stimulation, future studies should also address this signaling cascade in T cells from CARMIL2-deficient patients.



MUTATIONS IN GENES ENCODING FOR THE CD19-COMPLEX COULD BE ASSOCIATED WITH A DISTURBED PI3K/mTOR/S6K SIGNALING

CD19 is a B cell lineage-specific transmembrane protein expressed from the pro B cell stage until plasma cell differentiation (131). It forms the CD19-complex together with CD21, CD81, and CD225 on the membrane of mature B cells. This complex is recruited to the BCR after ligation by complement (C3d) opsonized antigen via the complement receptor 2 (CR2, also known as CD21). This increases the BCR-mediated signal into B cells, as the BCR itself only delivers a weak tonic signal. CD19, with its many tyrosine residues, amplifies this signal to properly activate B cells (131–133). Biallelic mutations in CD19, leading to loss of CD19 membrane expression, to concomitant reduction of CD21 levels, and hence B cell activation, have been described in CVID patients (134–137). Affected patients have recurrent bacterial infections, hypogammaglobulinemia, decreased memory B cell numbers, defective antibody response after vaccination, as well as impaired somatic hypermutation, class-switch recombination, and immunoglobulin repertoire selection (134–138). As expected, they show neither T cell defects nor signs of lymphoproliferation (134–137). However, autoimmune manifestations (thrombocytopenia, glomerulonephritis) and autoantibody production have been reported (134, 135, 137, 139). Since CD81 is required for CD19 expression on the plasma membrane, patients with CD81 deficiency display a phenotype that is highly similar to CD19-deficient patients (140, 141). Upon BCR ligation, CD19 is rapidly phosphorylated at multiple tyrosine residues, leading to the recruitment of various downstream signaling intermediates. A prominent feature of CD19 signaling is the binding of the p85α regulatory subunit and the subsequent activation of class IA PI3K, thereby promoting AKT phosphorylation (132). In the absence of CD19, AKT activity is reduced in B cells (142). However, CD19 amplifies not only BCR signaling, but also plays a crucial role in the regulation of TLR9 responses in human B cells (143). It recruits PI3K and mediates AKT as well as Bruton’s tyrosine kinase (BTK) phosphorylation after ligation of nucleic acids, controlling both early B cell activation and proliferation (143). In fact, although AKT phosphorylation at position Ser473 is still induced after BCR triggering in CD19-deficient B cells, it is strongly reduced after CpG stimulation. In addition, inhibition of PI3K and AKT results in TLR9-induced B cell activation defects that are similar to those observed in CD19-deficient B cells (143). Therefore, CD19 deficiency may also be associated with abnormal mTOR/S6K signaling in B cells, but no data are currently available in the literature. However, since the phenotype of p85α-deficient mice is much more severe than the one of CD19-deficient mice, other signaling components might compensate for the loss of CD19 (142, 144–146).



PI3K/mTOR/S6K SIGNALING SHOULD BE INVESTIGATED IN ICOS-DEFICIENT PATIENTS

Inducible T-cell costimulator (ICOS, also known as CD278) is another member of the CD28 T cell co-stimulatory molecules family (147). CD28 is expressed in resting and activated T cells, whereas ICOS expression is induced only upon T cell activation. Like CD28, ICOS delivers a positive signal that sustains T cell responses, and it is crucial for cell proliferation as well as cytokine production (148). CD28 and ICOS share a common signaling pathway, including PI3K recruitment (149, 150). In addition, ICOS plays an essential role in TFH differentiation as well as in germinal center formation, and hence in isotype switching and in the development of memory B cells (151, 152). ICOS deficiency was the first monogenic defect reported to cause CVID (153). To date, homozygous mutations (deletions) in ICOS have been identified in 16 patients, resulting in the absence of ICOS protein on T cells (153–158). ICOS deficiency was initially considered as a “predominantly antibody deficiency” by the IUIS PID expert committee (159), but following published patients with more complex phenotypes [reviewed by Ref. (154)], allowed a reclassification of the disease as a CID (2, 3). Besides hypogammaglobulinemia (93% of the cases) associated with an increased susceptibility to bacterial infections, more than two-thirds of the patients presented with autoimmunity and immune dysregulation (mainly enteropathy and psoriasis). Viral and opportunistic infections were frequently observed, and two patients developed malignancies (154). ICOS deficiency is associated with several immunological abnormalities including decreased numbers of switched memory B cells and circulating CXCR5+ TFH that coincide with an impaired germinal center formation (151, 154). B cell counts seem to decline progressively during the course of the disease, possibly as a consequence of a bone marrow production failure. IL-17 levels are markedly decreased in all patients who have been assessed for cytokine production, but without being associated with an increased susceptibility to Candida infection (154). ICOS is responsible for a greater PI3K activity than CD28, leading to a strong subsequent phosphorylation of AKT (150, 160). It bears a unique YMFM motif in its cytoplasmic tail that binds to the p85α regulatory subunit of PI3K (149).

In addition, ICOS interaction with its ligand ICOSL induces the recruitment of the PI3K regulatory subunit p50α at the synapse of T cell/antigen-presenting cells conjugates (160). ICOS deficiency should therefore be associated with impaired PI3K signaling. The activity of PI3K, as well as of downstream effector signaling molecules including mTOR and S6K, should be explored in T cells from ICOS-deficient individuals.

Regarding CD28, no PID has been associated so far with mutations in the gene encoding for this other T cell co-stimulatory receptor.



CONCLUSION

There are several lines of evidence that link the PI3K/AKT/mTOR/S6K signaling pathway to PIDs. Further studies are nevertheless required to characterize more deeply the crosstalk between the PI3K/AKT/mTOR/S6K cascade and other signaling molecules, as well as the disease-specific defects. Understanding the genetics and mechanisms behind the “immune TOR-opathies” is crucial to improve the management of the patients. The use of inhibitors such as mTOR and PI3K inhibitors that specifically target this signaling pathway and could restore properly the immune function represent very promising therapeutic approaches. Selective PI3K inhibitors should be considered as future treatment options, in particular in APDS patients, with encouraging preliminary results in ongoing clinical trials.
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Activated phosphoinositide 3-kinase delta syndrome (APDS), also known as p110 delta-activating mutation causing senescent T cells, lymphadenopathy and immunodeficiency (PASLI), is an autosomal dominant primary human immunodeficiency (PID) caused by heterozygous gain-of-function mutations in PIK3CD, which encodes the p110δ catalytic subunit of PI3K. This recently described PID is characterized by diverse and heterogeneous clinical manifestations that include recurrent respiratory infections, lymphoproliferation, progressive lymphopenia, and defective antibody responses. A major clinical manifestation observed in the NIH cohort of patients with PIK3CD mutations is chronic Epstein–Barr virus (EBV) and/or cytomegalovirus viremia. Despite uncontrolled EBV infection, many APDS/PASLI patients had normal or higher frequencies of EBV-specific CD8+ T cells. In this review, we discuss data pertaining to CD8+ T cell function in APDS/PASLI, including increased cell death, expression of exhaustion markers, and altered killing of autologous EBV-infected B cells, and how these and other data on PI3K provide insight into potential cellular defects that prevent clearance of chronic infections.
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INTRODUCTION

Cytotoxic CD8+ T lymphocytes (CTLs) are critical for the elimination of virally infected and tumor targets. Following T cell receptor (TCR) engagement in conjunction with cytokine signals, such as IL-2 and IL-12, naïve CD8+ T cells rapidly proliferate and differentiate from a “naïve” antigen-inexperienced state into an effector state characterized by the expression of cytolytic proteins (1). Upon subsequent engagement with targets, CTLs carry out their effector function through the directed release of cytoplasmic granules containing granzymes and other cytolytic effectors, as well as via cytokine secretion (1). CTLs tightly regulate the initiation and termination of granule secretion, a process critical for efficient and precise serial killing (2, 3).

After the resolution of infection, most CTLs are eliminated, although a fraction persist as long-lived memory cells to provide protection against subsequent pathogen encounter (4). However, in chronic infections where antigens persist over time, T cells can acquire an “exhausted” phenotype characterized by expression of inhibitory receptors that limit effector functions (5). While T cell exhaustion serves to dampen immune-mediated damage, it can also permit viral persistence and hinder anti-tumor responses (5). Recent data suggest that a small population of CD8+ T cells, marked by expression of the transcriptional regulator T cell factor 1 (TCF1), is required to maintain T cell responses during exhaustion in chronic infections (6–8).

The dynamic regulation of CD8+ T cell differentiation, proliferation, survival, and function is essential for generating effective immune responses. Mutations in genes affecting the function of CTLs and natural killer (NK) cells, an innate cell population that is also important for killing tumorigenic and virally infected cells, have been identified in numerous primary human immunodeficiencies (PIDs) associated with impaired viral clearance and tumor development (9). Such immunodeficiencies are also often associated with hemophagocytic syndrome, exemplified by secondary activation of the immune system in response to IFN-γ and other cytokines (9, 10). Thus, proper regulation of CTL function plays vital roles in both host protective immunity and immune cell homeostasis.

One condition where abnormal CD8+ T cell function can lead to substantial pathology is Epstein–Barr virus (EBV) infection. EBV is a common human gamma-herpesvirus that infects the oropharyngeal epithelium and B cells and is primarily controlled by CTLs and NK cell responses (11). Although infection in children is usually associated with mild symptoms, teenagers and adults can develop infectious mononucleosis with fever, enlarged secondary lymphoid organs, and flu-like symptoms, accompanied by a pronounced lymphocytosis, with increased CD8+ T cell numbers. In the normal host, Following initial infection, EBV persists latently in B cells. However, in immunocompromised patients, EBV can cause multiple severe complications that include lymphoproliferative disorders and lymphoid malignancies (12, 13).

Consistent with a critical role for CTLs in EBV control, as evidenced by the successful use of EBV-specific CTLs to treat EBV-induced disease after bone marrow transplantation (14), a growing number of PIDs have been associated with poor EBV clearance (10). Among these is the recently described autosomal-dominant immunodeficiency, activated phosphoinositide 3-kinase delta syndrome (APDS)/PASLI, associated with activating mutations affecting the p110δ catalytic subunit of phosphoinositide 3-kinase (PI3K) (15–19). PI3Ks are lipid kinases that are critical for the regulation of metabolism, differentiation, cell survival, and motility (20). Class Ia PI3Ks consist of two subunits, a regulatory subunit and a p110 catalytic subunit that phosphorylates phophosphoinositide PI(4,5)P2 to generate PI(3,4,5)P3, which recruits molecules to the plasma membrane, facilitating their activation. The p110δ catalytic isoform (encoded by PIK3CD) is expressed primarily in hematopoietic cells and is an important component of signaling pathways involved in T and B cell activation and differentiation in response to antigen, costimulatory, cytokine, and chemokine receptors (20).

Activated phosphoinositide 3-kinase delta syndrome/PASLI is associated with frequent respiratory infections, progressive blood lymphopenia, mucosal lymphoid nodules, defective antibody responses, and lymphoma (15, 17–19, 21, 22). Patients have few naïve T cells, with evidence of increased T cell activation, whereas B cell development appears partially blocked, with few memory B cells (19, 23). Although recurrent respiratory infections are the most common feature of this PID (24), an inability to control viremia with EBV and cytomegalovirus (CMV) occurs in nearly half of all reported cases (16). Despite uncontrolled EBV viremia, many APDS/PASLI patients have normal or higher frequencies of EBV-specific CD8+ T cells, as detected by HLA tetramers loaded with lytic or latent EBV peptides (19). These data suggest that gain-of-function (GOF) mutations in p110δ do not result in a global impairment in the generation of antigen-specific T cell responses, raising the question of how activated p110δ affects CD8+ T cell differentiation, homeostasis, and function. Here, we discuss several features of CD8+ T cells in APDS/PASLI that may prevent clearance of EBV, including increased TCR-induced cell death, T cell exhaustion and immune senescence, and how activated PI3K might contribute to these phenotypes (Figure 1).


[image: image1]
FIGURE 1 | Defects in CD8+ T cells may contribute to impaired clearance of Epstein–Barr virus and CMV in activated phosphoinositide 3-kinase delta syndrome/PASLI. These include: (1) decreased naïve T cells; (2) increased T cell receptor-stimulated cell death; (3) altered differentiation with increased effector cell function at the expense of memory cell formation; and (4) expression of inhibitory receptors associated with exhaustion and/or senescence. These defects are associated with altered signaling (pAKT and mTOR) that, in turn, could affect the activation and/or expression of transcription factors (FOXO1, TCF1, and BACH2).




CD8+ T CELL DEATH AND IMMUNE HOMEOSTASIS

Although APDS/PASLI patients can have increased percentages of EBV-specific CD8+ T cells (19), in vitro TCR stimulation results in pronounced cell death of both CD4+ and CD8+ T cells (15, 25). Thus, although abundant EBV-specific T cells are detected in the peripheral blood of APDS/PASLI patients, these cells may be more prone to death following re-stimulation. Instead of killing EBV-infected targets, CD8+ T cells may themselves die following TCR engagement and, therefore, not be able to clear the virus, particularly one that chronically remains in the body and continually “tickles” activated T cells.

How might PI3K/p110δ signaling affect TCR-mediated pro-apoptotic pathways? One of the main targets of PI3K activation is protein kinase B (AKT), which directly phosphorylates members of the Forkhead box O (FOXO) family of transcription factors resulting in their nuclear export and degradation (20, 26). Multiple FOXO transcriptional targets influence cell survival, both positively and negatively, depending on the cell type and experimental setting (26, 27). Although FOXO transcription factors drive the expression of genes encoding numerous cylin-dependent kinase inhibitors and the pro-apoptotic proteins BIM, PUMA, and FasL (26, 27), they can also suppress FasL expression in certain cell types (28). Deletion of Foxo1 in murine T cells also decreases expression of Il7ra, which is important for T cell survival (29).

Additionally, the increased frequency of EBV positive cells in the peripheral blood may not accurately reflect tissue-specific frequency. PI3K regulates a number of molecules that affect lymphocyte recruitment and migration. Notably, FOXO1 transcriptional targets, such as Ccr7 and Kruppel-like factor 2 (Klf2) have profound effects on lymphocyte activation and trafficking in mice (29–31). CCR7 and its ligands play key roles in lymphocyte homing to the lymph nodes and intestinal Peyer’s patch (32). KLF2 is required for the effective transcription of Sell (encoding L-selection, CD62L) and S1pr1 (encoding sphingosine-1-phosphate receptor-1, S1P1R), two key regulators of lymphocyte entry and egress from lymph nodes, respectively (33, 34). Notably, both CCR7 and CD62L are expressed at lower levels on T cells in peripheral blood from APDS/PASLI patients, which exhibit reduced CCR7+ naïve and central memory T cells, and a greater abundance of CD45RA−CCR7− effector memory and CD45RA+CCR7− terminal effector memory CD8+ T cells relative to controls (19).

A second major PI3K effector that influences lymphocyte migration and homeostasis is the mammalian target of Rapamycin, mTOR. MTOR is a conserved serine/threonine kinase that participates in two complexes, mTORC1 and 2. MTORC1 regulates cell growth, proliferation, survival, protein synthesis, and transcription (35, 36). Although some data convincingly argue that mTORC1 is not solely a PI3K effector in CTLs (37), T cells from APDS/PASLI patients show increased Rapamycin-sensitive phosphorylation of S6, a downstream target of the mTORC1 pathway (19). These data suggest that PI3K activation may be sufficient to activate mTORC1, even if it is not strictly required. Interestingly, mTORC1 and the downstream transcription factor hypoxia inducible factor 1-α (HIF1α) also affect expression of a large number of genes encoding chemokine and homing receptors. HIF1α-deficient murine T cells have higher expression of genes encoding CXCR4, CCR7, S1P1, and CD62L (37). The converse would be expected to occur in the presence of activated PI3Kδ. It is therefore of interest that APDS/PASLI patients are lymphopenic, yet have lymphadenopathy and splenomegaly as well as mucosal lymphoid nodules in their gastrointestinal and upper respiratory tracts, suggestive of altered lymphocyte homing (15, 19). Together, these data argue that continual PI3K signaling alters expression of key trafficking and survival proteins that influence the localization of T lymphocytes to tissues required for effective elimination of infection. Whether this affects responses to chronic infections, such as EBV, remains an interesting question.



ALTERED CD8+ T CELL DIFFERENTIATION

Despite the dramatic increase in TCR-induced cell death in APDS/PASLI patient CD8+ T cells, a fraction of blasts survived TCR stimulation in vitro and expand. Strikingly, these CD8+ T cell blasts displayed characteristics of enhanced effector function (19). Indeed, both AKT and mTOR are important for inducing and maintaining expression of cytolytic effector molecules in CTLs, including perforin and various granzymes (37, 38). These observations raise the question of whether continual PI3Kδ signaling promotes CD8+ T cell terminal effector differentiation.

Indeed, many transcription factors inhibited by PI3K activation, including FOXO1, TCF1, and BTB and CNC homology 2 (BACH2), influence CD8+ T cell differentiation. Mutations affecting these proteins promote effector T cell differentiation at the expense of memory formation (31, 39–43). Unequal PI3K signaling during cell division has been associated with bifurcation of sibling fates, with robust PI3K signaling promoting effector differentiation, associated with decreased expression of TCF1 (44). TCF1 is required for a CD8+ memory stem cell-like population that is necessary for continual responses to chronic infection (6–8), suggesting that reduced TCF1 due to sustained PI3K-signaling may prevent effective control of chronic viral infections.

Other data have implicated HIF1α downstream of mTOR as critical for the expression of cytolytic effectors, including granzymes and perforin (37). Consistent with PI3K promoting mTORC1 activation, CD8+ T cell blasts from patients showed increased effector function, as determined by elevated IFN-γ production, and increased granzyme B expression and TCR-induced degranulation (19). Moreover, patient CTLs effectively killed the Fc receptor-expressing P815 murine target cell line coated with anti-CD3 in a re-directed lytic assay [Figure 2B and Ref. (19)]. Thus, APDS/PASLI patients have functional CTLs that even show evidence of enhanced effector cell function relative to controls.
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FIGURE 2 | Patient CD8+ T cells display elevated expression of inhibitory receptors and impaired killing of autologous targets. (A) Elevated expression of inhibitory receptors PD-1 and 2B4, and senescence marker CD57 on allo-reactive CD8+ T cells. Expression of the signaling lymphocyte activation molecule family receptor, NTB-A, remained unchanged, while SAP expression can be reduced. Representative example shown [3 healthy donor (HD) controls, 3–5 patients] [PT], small horizon line represents mean, *p < 0.05 (Mann–Whitney test). (B) Defects in Epstein–Barr virus (EBV)-specific CD8+ T cells. Cytolysis of P815 targets by anti-CD3-mediated redirected lysis (left panel) and cytolysis of peptide-pulsed autologous LCLs (middle panel), (cytolysis from 2 HD controls and 4 patients cytotoxic T lymphocytes done in duplicate are shown, representative of 4 independent experiments). Right panel: an example of cytolysis of healthy donor (HD) and patient (PT) peptide-pulsed autologous LCLs, with titration of effector:target ratios. (C) HD EBV-specific CD8+ T cells cytolysis of HD or PT LCLs. Two examples are shown, which are representative of three independent experiments.


How else might PI3K affect differentiation of CD8+ T cells? It is now appreciated that differentiation into effector cells is accompanied by major changes in cellular metabolism, associated with increased aerobic glycolysis (45). In contrast, memory cell formation is accompanied by increased use of fatty acid oxidation pathways, amino acid degradation, and a return to a more catabolic state (45). A number of metabolic and nutrient sensing pathways are mediated by PI3K and its downstream effectors: AKT and mTOR. AKT can induce the trafficking and surface expression of the glucose transporter, Glut1 (46, 47). Although the mechanism by which AKT alters Glut1 surface expression is still not clear, in other cell types this may occur via regulation of thioredoxin-interacting protein and inhibition of Glut1 internalization (48). Indeed, T cell blasts from APDS/PASLI patients demonstrate elevated glucose uptake compared to controls (19). Other data have implicated mTOR and HIF1α in the induction of genes encoding key glycolytic enzymes including hexokinase 2, phosphofructokinase, and pyruvate kinase, as well as Glut1 and Glut3 in CTLs (37). Whether differences in the metabolic profile of patient T cells contribute to, or are secondary to differences in their effector differentiation state and activation remains an open question. Nonetheless, these data point to a multi-faceted polarization to effector cells at the expense of long-term memory and efficient responses to chronic infection in the presence of activated PI3K.



T CELL EXHAUSTION AND/OR SENESCENCE


T Cell Exhaustion

During chronic infections and/or persistent antigen exposure, T cell exhaustion can occur. Exhaustion manifests with several distinct features that include progressive loss of effector function, expression of multiple inhibitory receptors including PD-1, 2B4, Tim3, and LAG3, and an altered transcriptional program (5). In response to TCR stimulation, an elevated percentage of APDS/PASLI patient CD8+ T cells express PD-1 and 2B4 [Ref. (19, 25, 49) and Figure 2A], which may prevent effective CTL function.

2B4 is cytolytic receptor that is a member of the family of signaling lymphocyte activation molecule (SLAM) receptors, which associate with the small intracellular adaptor molecule SLAM-associated protein (SAP). Mutations affecting SH2D1A, which encodes SAP, cause X-linked lymphoproliferative disease type 1 (XLP1), which is perhaps the classic example of a PID associated with an inability to clear EBV (50–52). In the absence of SAP, or under conditions where SAP:2B4 ratios are low (53), 2B4 switches to function an inhibitory receptor, recruiting SH2-domain-containing tyrosine phosphatases 1 and 2 (SHP-1 and 2) and other negative signaling molecules, whose activities impair TCR signaling and subsequent T cell function (54–59). Because EBV-infected B cells express very high levels of CD48, the ligand for 2B4, killing of EBV-infected targets is specifically impaired in SAP-deficient (XLP1) NK and CTLs (50–52).

Although CD8+ EBV-specific T cells from APDS/PASLI patients killed P815 targets efficiently [Figure 2B and Ref. (19)], the P815 mouse mastocytoma cell line does not express ligands that stimulate human PD-1 and 2B4, preventing potential inhibitory effects of these receptors. In contrast, we and others found that patient CD8+ EBV-specific T cell blasts displayed variable defects in killing of autologous EBV-transformed lymphoblastoid B cell (LCL) targets [Figure 2B and Ref. (25)]. It is therefore of interest that in addition to high 2B4 levels, we have also observed reduced SAP levels in CTLs grown from APDS/PASLI patients (Figure 2A). We, therefore, propose that APDS/PASLI may share features with XLP1, with 2B4 acting as an inhibitory receptor that decreases killing EBV-infected B cells and possibly other hematopoietic cells infected by CMV. Notably, higher CD48 levels have been observed on APDS/PASLI patient B cells and LCLs compared to controls (25), which could also enhance 2B4 inhibitory signals. Interestingly, we have observed that control EBV-specific CTLs kill HLA-matched patient LCLs better than HLA-matched control LCLs, as might be expected if the increased CD48 on patient LCLs engage more 2B4, which acts as an activating receptor to enhance killing in control CTLs that express normal levels of SAP and 2B4. However, APDS/PASLI patients do not appear to develop the most severe phenotypes of XLP1, including hemophagocytic syndrome. This may be the result of less severe defects in cytolysis of EBV-infected B cells, other intrinsic T cell defects such as elevated cell death (15, 16) or alterations in macrophage activation (16) that may prevent secondary immune hyperactivation.

Intriguingly, 2B4 can also recruit SH2-containing inositol 5′ phosphastase (SHIP) (55), which hydrolyzes PI(3,4,5)P3 to PI(3,4)P2 (20). PD-1 can also dampen PI3K signals via the recruitment of phosphatases that preferentially downregulate signaling from CD28, a potent activator of PI3K (60). In addition, PD-1 ligation augments expression of PTEN (61), a lipid phosphastase that converts PIP3 to PI(4,5)P2, counteracting PI3K signaling (20). Thus, strong upregulation of PD-1 and 2B4 could serve as compensatory mechanisms to temper sustained PI3K activity, which may paradoxically result in greater defects in CD8+ T cell function.



Senescence

In addition to expression of exhaustion markers, APDS/PASLI CD8+ T cells can also exhibit higher percentages expressing CD57, a marker of senescent T cells [Ref. (19, 25, 49) and Figure 2A]. During initial antigen encounter, T cell activation is followed by telomerase activation that preserves telomere length. However, subsequent TCR engagement can inactivate the telomerase promoter and decrease telomerase expression (62). Continual “tickling” of activated TCRs during chronic infections could result in telomere crisis and activation of DNA damage signals, followed by cell cycle arrest leading to replicative senescence or cell death (62). Although the elevated frequency of CD57+ T cells in APDS/PASLI could result from chronic infection, patients who were not overtly viremic also displayed an increased percentage of CD8+ T cells expressing CD57 (19). Alternatively, CD57 expression and detrimental telomere shortening observed in APDS/PASLI patient CD8+ T cells may reflect elevated basal PI3K signaling, evidenced by phosphorylated AKT and S6 (15, 19, 63). However, it has also been proposed that senescent cells survive for extended periods and are often more resistant to apoptotic cell death (62). This is not consistent with the observation that APDS/PASLI T cells rapidly die following in vitro activation (15). Nonetheless, these experiments collectively revealed that APDS/PASLI patients display CD8+ T cell dysfunction that includes features of both senescence and exhaustion that may contribute to their inability to clear chronic infections. Whether heterogeneity of these phenotypes is related to age of diagnosis, chronic infection, and/or environmental exposure remains an intriguing question as more patients are followed.




ALTERNATIVE HYPOTHESES

Although we have focused on CD8+ T cell function, alterations in other cells may also contribute to the inability to clear EBV, including recently documented defects in NK cell function (25, 64). Another hypothesis is that altered B cell development and populations may provide reservoirs for continual EBV infection in APDS/PASLI (65). It is important to highlight that Herpes viruses express proteins that converge on PI3K pathways to expidite viral entry, latency, and reactivation (66). Alternatively, although the role of humoral immunity in clearing EBV is not well defined, humoral defects may affect EBV infection in the context of immunodeficiency (67, 68). Altered properties of EBV-infected targets may contribute to poor EBV clearance. Sustained PI3K signals can rescue B cells from cell death in the absence of B cell receptor signaling (69); thus, increased PI3K signals may give EBV-infected B cells a survival advantage. However, we have found that LCLs from APDS/PASLI patients are actually killed better by control CTLs (Figure 2C). Finally, EBV occasionally infects T cells (70), and whether this affects CD8+ T cell function in APDS/PASLI remains unknown.



CONCLUDING REMARKS

Here, we review some of the defects that may affect the ability of patients with APDS/PASLI to clear chronic infections such as EBV and CMV, with a focus on CD8+ T cells. A recent report has shown promising results using a PI3Kδ-specific inhibitor, Leniosilib, in a small group of APDS/PASLI patients (71). Inhibition of PI3Kδ rescued both T and B lymphocyte phenotypes, including decreased expression of activation, exhaustion and senescence T cell markers, and decreased lymphadenopathy and splenomegaly. Notably, Sirolimus treatment has also ameliorated lymphadenopathy and hepatosplenomegaly, and NK cell function in some APDS/PASLI patients, implicating mTOR in these phenotypes (19, 64, 72). How these treatments affect clearance of chronic infections is of great interest. However, recent evidence that treatment of mice with PI3Kδ inhibitors results in increased genomic instability in normal and neoplastic B cells (73) suggests that long-term PI3Kδ inhibitor administration could have detrimental consequences. Alternatives that boost T cell function may, therefore, be of continued interest for this disease. Further insight into cellular and molecular defects in APDS/PASLI is, therefore, an important component of understanding how to treat this complex disorder.



METHODS


Samples and Ethics Approval

All human subjects in this study provided signed written informed consent in accordance with Helsinki principles for enrollment in research protocols that were approved by the Institutional Review Board of NIAID (clinical trials registration number NCT00001355, US NIH). Procedures were based on standard of care, under established clinical guidelines. Patients and control samples were described in Ref. (19). Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll–Hypaque gradient centrifugation.



Flow Cytometry and Cytotoxicity

For phenotyping, cells were stained in FACS buffer (74). Staining reagents included: CD8-PECy7 (SK1), CD57-FITC (TB01), PD-1-PE (EBIOJ105), NTBA-PE (NT-7), 2B4-PE (C1.7), and SAP-PE (XLP1D12) (ebioscience). EBV-tetramers were kindly provided by Stuart Tangye. EBV peptides (HLA-A2-specific CLGGLLTMV and HLA-B8-specific RAKFKQLL) were from AnaSpec. Data were acquired on either a Calibur1 or LSRII flow cytometer (BD) and analyzed using FlowJo software (Tree Star). EBV-specific CTLs were generated from PBMCs that were pulsed with HLA-matched EBV-specific peptides (1 μg/ml) plus rhIL-2 (100 U/ml). Cytotoxicity assays were completed on day 10–12 of culture following assessment of outgrowth of antigen-specific cells via tetramer staining. In vitro cytolytic activity was determined using a lactate dehydrogenase release or flow-based assay as previously described in Ref. (74).



Statistical Analysis

Data were analyzed via Prism 6 (GraphPad Software), using non-parametric unpaired Mann–Whitney U tests for comparison of two unpaired groups. p values <0.05 were considered statistically significant.
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Activated phosphoinositide 3-kinase δ syndrome (APDS), also known as PASLI disease (p110d-activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency) are combined immunodeficiencies resulting from gain-of-function mutations in the genes (PIK3CD and PIK3R1) encoding the subunits of phosphoinositide 3-kinase δ (PI3Kδ) and were first described in 2013. These mutations result in the hyperactivation of the PI3K/AKT/mTOR/S6K signally pathways. In this mini-review we have detailed the current treatment options for APDS. These treatments including conventional immunodeficiency therapies such as immunoglobulin replacement, antibiotic prophylaxis, and hematopoietic stem cell transplant. We also discuss the more targeted therapies of mTOR inhibition with sirolimus and selective PI3Kδ inhibitors.
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Activated phosphoinositide 3-kinase δ syndrome (APDS), also known as PASLI disease (p110d-activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency) is a combined immunodeficiency resulting from dominant, gain-of-function mutations in the genes encoding p110δ (PIK3CD) and p85α (PIK3R1), the catalytic and regulatory subunits of phosphoinositide 3-kinase δ (PI3Kδ). These mutations result in the hyperactivation of the PI3K/AKT/mTOR/S6K signally pathways in immune cells (1–3).

Patients with APDS may develop immunodeficient and immunodysregulatory features including recurrent respiratory tract infections, bronchiectasis, herpesvirus infections, autoimmunity, non-neoplastic lymphoproliferation, and lymphoma, as well as neurodevelopment delay and growth retardation (4, 5). Clinical cohort studies show that the manifestations of APDS are highly variable, even within families carrying the same mutation, ranging from asymptomatic adult patients to those with primary antibody deficiency, those with a profound immunodeficiency causing early death, to others suffering from lymphoproliferation and malignancy. Thus, the treatment of patients with APDS has varied considerably from simple observation to haematopoietic stem cell transplant (HSCT) in childhood (4, 5). These studies also suggest that disease manifestations mostly have a pediatric onset with recurrent respiratory infections usually the first manifestation occurring in infancy or childhood [0–10 years of age in (4, 5)] followed by bronchiectasis and autoimmunity in later childhood (4–6).

APDS due to gain-of-function mutations in the genes encoding p110δ (PIK3CD) and p85α (PIK3R1) are termed APDS1 and APDS2 respectively. Previously we have described a cohort of 53 patients with APDS1, 50 of whom had the E1021K mutation and 3 of with the E525 mutation (4). Similarly, Elkaim et al. (5) studied a cohort of 36 patients with APDS2 due to mutations within splice acceptor and donor sites in exon 11 of PI3KR1. Comparing the clinical features of these APDS1 and APDS2 cohorts suggests a similar phenotype with the exception that the APDS1 cohort had a higher prevalence of bronchiectasis (60 vs. 18%) and lower prevalence of lymphoma (13 vs. 25%) compared to APDS2, growth retardation was only reported in the APDS2 cohort and there was an asymptomatic E1021K mutation carrier in the APDS1 cohort compared no asymptomatic individuals in the APDS2 cohort. To date there has been no evidence that the different PIK3CD and PIK3R1 genes mutations lead to different APDS1 and APDS2 phenotypes, however this does require further study. Also, there has been no suggestion to date that APDS1 and APDS2 should be treated differently.

Although APDS was only first described in 2013, many individuals were already under the care of immunology services with diagnoses such as common variable Immunodeficiency (CVID) or combined immunodeficiency (CID), and being treated with conventional therapies including prophylactic antibiotics, immunoglobulin replacement, and in some cases HSCT (1, 3). As patients with APDS can also develop autoimmune and inflammatory complications, others were on various immunosuppressive therapies. Our increasing understanding of the underlying mechanism of APDS however suggests a role for more targeted treatment in this disorder such as direct inhibition of the activated PI3Kδ by selective PI3Kδ inhibitors or inhibition of the downstream mTOR pathway by Sirolimus (3, 7).

In this mini-review will we review how APDS is treated, examining the experience of using conventional immune deficiency therapies in APDS including HSCT, and the more recent experience of selective PI3Kδ inhibitors and Sirolimus. These treatment options are summarized in Table 1.



Table 1. Treatment options in Activated PI3Kδ Syndrome (APDS).
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CONVENTIONAL PID TREATMENTS IN APDS

Individuals with APDS often have demonstrable antibody deficiency and lymphopenia and recurrent infections. These complications have led immunologists to treat APDS with standard supportive therapies such as prophylactic antibiotic therapy, immunoglobulin replacement therapy (IRT), and HSCT. (4) and (5) revealed the frequency of conventional treatments in patients with APDS.



ANTIMICROBIAL PROPHYLAXIS

In our APDS1 cohort 62% of patients currently received and 9% had previously received antibiotic prophylaxis. Similarly, Elkaim et al. (5) found 61% of patients with APDS2 were on antibiotic prophylaxis. The antibiotic prophylactic regimens used were similar to those used in patients with antibody defects, largely Trimethoprim/Sulfamethoxazole or Azithromycin. Antibiotic prophylaxis alone sufficed for some patients, however most needed IRT (4, 5). Combined IRT and antibiotic prophylaxis is especially important for patients with respiratory tract infections in the context of established bronchiectasis (4, 5).

Although APDS is also associated with persistent, severe, or recurrent herpesvirus infections (3, 4), in our cohort of patients with APDS1 only 6% were on long term Acyclovir/Valaciclovir due to previous herpes infections despite 49% of patients having had a significant herpes infection previously. 13% of the patients in our APDS1 cohort received antifungal prophylaxis due to previous mucocutaneous candidiasis. No cases of Aspergillus species infection in APDS have been reported.

In individuals with APDS who have received Mycobacterium bovis bacillus Calmette Guèrin (BCG) vaccination, persistent local BCG site skin reactions have been reported (4, 5). Chiriaco et al. (8) reported that APDS patient monocytes-derived macrophages failed to eliminate BCG infection in vitro, raising the question as to whether APDS patients should be given anti BCG therapy. However, disseminated BCGosis and other mycobacterial infections have not been reported in APDS, and so whilst individual patients have been treated for local BCG infections, APDS patients are not routinely placed on anti-mycobacterial prophylaxis.



IMMUNOGLOBULIN REPLACEMENT THERAPY

Many patients with APDS have antibody deficiency and associated recurrent respiratory tract infections. These antibody defects range from poor vaccine responses and IgG subclass deficiencies to significantly reduced IgG and IgA with normal or elevated IgM. Many patients with APDS have a historical diagnosis of specific antibody deficiency, subclass deficiency, common variable immune deficiency and hyper IgM syndrome and have been treated with IRT.

The majority of APDS patients, 87% in the Coulter et al. (4) APDS1 cohort, and 89% in the Elkaim et al. (5) APDS2 cohort received long-term IRT with a reduction in bacterial infection burden in most cases. IRT was administered as in other antibody deficiencies, i.e., as a long-term therapy, given as intravenous (IVIG) or subcutaneous (SCIG) infusions. IRT is usually commenced at a dose of 0.4 g/kg/month in antibody deficient patients without bronchiectasis and at a higher dose of 0.6 g/kg/month in patients with bronchiectasis (9–11).

IRT is of reported benefit in many patients with APDS reducing respiratory tract infections (4, 12, 13). However, IRT does not appear to prevent the development of the herpes infections nor lymphoproliferative, autoimmune/inflammatory complications nor lymphoma (4, 12, 14, 15). Furthermore, in some APDS patients bronchiectasis has progressed despite optimal IRT (4, 5, 12, 15).

Many patients with APDS develop recurrent respiratory tract infections which often progress rapidly to bronchiectasis in childhood (4, 5). Individuals with APDS and bronchiectasis should be treated as in other patients with bronchiectasis, including airway clearance, physiotherapy, influenza immunization, patient education antibiotic treatment for infective exacerbations, the consideration of interval intensive physiotherapy and antibiotics, nebulized hypertonic saline and bronchodilators, and prophylactic antibiotics where these therapies may benefit. It is recommended that the management and monitoring of patients with bronchiectasis and immune deficiency should be provided through a joint clinical immunology and respiratory (±pediatricians) care model with access to specialist respiratory nursing and physiotherapy services with an expertise in bronchiectasis (16–18).



HAEMATOPOIETIC STEM CELL TRANSPLANTATION

APDS can present as or evolve into a profound combined immunodeficiency which leads into significant morbidity and early death. Allogenic haematopoietic stem cell transplantation (HSCT) has been performed to treat life-threatening infections and as part of treatment for lymphoma (4, 5, 19). Nademi et al. (19) reported a series of eleven patients with APDS and severe immune deficiency who underwent HSCT in seven pediatric centers. The diagnosis of APDS was made prior to HSCT in five patients and retrospectively in six. Ten of the 11 bore the E102IK PIK3CD mutation, and one a PIK3R1 mutation. All had suffered severe sinopulmonary infection, four had bronchiectasis, six severe Herpes family virus infection, four enteropathy/colitis, eight lymphoproliferation, one intestinal obstruction, three significant progressive liver disease due to Cryptosporidium infection, one had glomerulonephritis and one glomerulosclerosis. Five had received steroids ± Sirolimus and seven immunoglobulin, and all were deteriorating despite their treatment. Age at transplant ranged from 5 to 23 years. Peripheral blood stem cells were used in 7 of the 11, five were transplanted from a matched unrelated donor, four from a matched sibling and two from a mismatched donor. Various conditioning regimes were used, mostly Fludarabine with either Treosulphan or Melphalan, and all but two were given serotherapy. Two patients died from CMV/Adenovirus pneumonitis and idiopathic pneumonitis respectively. Mild (Grade I or II) Graft vs. Host Disease occurred in nine patients, but fully resolved in all. Two patients had autoimmune haemolytic anemia, and one encephalitis, these complications also fully resolving. Eight of the nine surviving patients are off IVIG and well, one has got low donor chimerism and is awaiting a second HSCT (19). These preliminary data show that HSCT can be curative with resolution of pre HSCT signs and symptoms, and survival looks to be similar to that seen after HSCT for other PIDs. Indeed, considering the considerable pre HSCT morbidity in this cohort, less success might have been expected, and so it seems a promising option for patients with progressive disease unresponsive to other treatment. To date, long term sequelae do not seem to be a problem with follow up between 8 months and 16 years. However, the risks and benefits of HSCT in patients with severe lung disease are not clear, and longer term follow up in a larger cohort is needed to ascertain the place of HSCT in treating APDS.



IMMUNOSUPPRESSION

Thirty-four percent of our APDS1 cohort had autoimmune or inflammatory disease with 30% of the cohort treated with at least one course of immunosuppressive therapy. Cytopenias were the most common autoimmune disease in APDS, but conditions described include renal disease, inflammatory colitis, exocrine pancreatic insufficiency, seronegative arthritis, cirrhosis, and sclerosing cholangitis. In some cases renal or liver transplantation was necessary (4, 5).

The autoimmune cytopenias have been found to be responsive to steroids, rituximab and splenectomy (4, 12). Rituximab therapy has been noted to be complicated by sustained B-cell lymphopenia (4). Elgizouli et al. (12) described good clinical response from prednisolone and maintenance mesalazine in inflammatory bowel disease in APDS1. Hartman et al. (20) described two patients with APDS and primary sclerosing cholangitis who underwent liver transplantation. In one case the cholangitis relapsed 3 years after the original transplant, and the patient was awaiting re-transplantation.

Non-neoplastic lymphoproliferation including lymphadenopathy, splenomegaly, hepatomegaly with lymphoid aggregates in the respiratory and gastroenteric tract being a very frequent finding in APDS. We found Rituximab to be of some benefit in the management of these non-neoplastic lymphoproliferation in five patients with APDS1 (4).



SIROLIMUS

The mTOR inhibitor, Sirolimus (Rapamycin) has been found to decrease in non-neoplastic lymphoproliferation (3–5, 21, 22). mTOR (mammalian target of rapamycin) is activated downstream of PI3K and has a prominent role in T cell metabolism and the regulation of immune responses (2, 3). Previously Sirolimus therapy had been reported in a case of APDS to reduce hepatosplenomegaly and lymphadenopathy, increase naïve T cell frequencies, and restore T cell proliferation and IL-2 secretion (3). Recently Maccari et al. (6) published the initial findings of the ESID APDS registry. They looked specifically at the use of Sirolimus/Rapamycin in APDS and noted a significant benefit in the treatment of non-neoplastic lymphoproliferative disease with 8/25 having complete response and 11/25 having partial response to sirolimus. Sirolimus was found to be of less benefit in treating APDS related-cytopenias and gastrointestinal disease with complete response in 3/14 and 3/15 cases and a partial response in 2/14 and 3/15 of cases respectively. Thus, studies to date support the use of Sirolimus in treating APDS-related non-neoplastic lymphoproliferation, though some patients may only develop partial benefit and lymphoproliferation may reoccur after treatment cession. The long-term benefits and risks of Sirolimus therapy remain to be determined.



SELECTIVE PI3Kδ INHIBITORS

Selective PI3Kδ inhibitors have the potential to offer a targeted treatment option for APDS patients with greater efficacy and fewer side effects. PI3K inhibitor therapies have been tested in oncology trials, resulting in the approval of Idelalisib, for treatment of chronic lymphocytic leukemia and non-Hodgkin lymphoma (23, 24). However, Idelalisib has a considerable side-effect profile, including pneumonitis, transaminitis, and colitis (24).

Leniolisib (CDZ173), is a potent oral inhibitor of the p110δ subunit of PI3Kδ which is currently being studied for the treatment of APDS by Novartis (NCT02435173) (7, 25). Rao et al. (7) described a 12-week, open label, multisite clinical trial involving six individuals with APDS, all with lymphadenopathy and splenomegaly on CT/MRI at baseline. After an initial screening period of up to 50 days, including an immunosuppressive/immunomodulatory treatment wash-out period, all patients received Leniolisib in escalating doses (10, 30, 70 mg BD for 4 weeks each receiving 12 weeks total). After the 12 weeks of Leniolisib treatment, significant reduction in lymph node sizes (mean 40%, 13–65%) and spleen volume (mean 39%, range 26–57%) was seen in all patients. Patients reported an increase in wellbeing (Patient global assessment questionnaire 11 ± 11 mm), decrease in fatigue and less disease activity, as assessed by the physician global assessment questionnaire. There was also an improvement in immunological markers with a normalization of transitional B cell and naive B cell populations, and reduction of senescent (CD57+ CD4-) T cells, PD-1+CD4+ T cells, IgM levels and the cytokines and chemokines TNF, IFNγ, CXCL13 & CXCL10. Five of six patients proceeded to enroll in the open-label long term extension study using Leniolisib 70 mg BD. The sixth patient reportedly did not enroll due to logistical reasons related to traveling. Rao et al. (7) reported that during the first 9 months of this extension study no patient has experienced significant adverse effects. This initial report supports that Leniolisib, like Sirolimus, may be a treatment for APDS-related lymphoproliferation. However, the improvements in patient well-being and immunological parameters also suggests Leniolisib and other PI3Kδ inhibitors could have wider benefits for individuals with APDS, athough further studies are required, particularly with regard to the effect on respiratory complications of APDS.

The inhaled PI3Kδ inhibitor, GSK2269557 or Nemiralisib, is also currently being studied in APDS sponsored by GlaxoSmithKline (NCT02593539) (24, 26). Though an oral inhibitor maybe more effective for lymphoproliferation; it is proposed an inhaled inhibitor could benefit patients primarily affected by airway infection and bronchiectasis. The GSK2269557 clinical trial has not as yet reported results, but is described as a “multi-center, non-randomized, open-label, uncontrolled, single group study to investigate the safety and pharmacokinetics during 84 days repeat dosing treatment with 1,000 micrograms of inhaled in addition to standard of care, in subjects with APDS.” GSK2269557 is also currently being investigated as an anti-inflammatory treatment in Chronic Obstructive Pulmonary Disease (COPD) (26).



CONCLUSION

The great clinical heterogeneity of APDS means that treatment needs to be carefully tailored to each patient's needs. Some asymptomatic family members need no treatment at all; patients with defective antibody production and recurrent infections may need supportive treatment such as prophylactic antibiotic and/or IRT. The decision as to which treatment needs to be made on clinical grounds. Patients with recurrent chest infection need very careful management in conjunction with a respiratory specialist as the development of life limiting and life threatening bronchiectasis is one of the major causes of early death in APDS. Sirolimus can be a very effective treatment for lymphoproliferative disease, but whether these benefits are sustained long term remains to be seen. Specific PI3Kδ inhibitor therapies appear very attractive and useful in resolving lymphoproliferation but serious side effects have been reported and the results from ongoing clinical trials will hopefully enable us to titrate the best dose and means of delivery as well as delineate long term risks and benefits. Preliminary data suggests that for younger patients in the process of developing life limiting and life threatening complications of APDS, HSCT is curative, but it carries a 10–20% mortality risk and it is unclear whether severe lung disease is reversed. Only with more outcome data from these therapies will the role of each of these treatment modalities become clear.
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Antibody production and function represent an essential part of the immune response, particularly in fighting bacterial and viral infections. Multiple immunological phenotypes can result in dysregulation of the immune system humoral compartment, including class-switch recombination (CSR) defects associated with hyper-IgM (HIGM) syndromes. The CSR/HIGM syndromes are defined by the presence of normal or elevated plasma IgM levels in the context of low levels of switched IgG, IgA, and IgE isotypes. Recently described autosomal dominant gain-of-function (GOF) mutations in PIK3CD and PIK3R1 cause combined immunodeficiencies that can also present as CSR/HIGM defects. These defects, their pathophysiology and derived clinical manifestations are described in depth. Previously reported forms of CSR/HIGM syndromes are briefly reviewed and compared to the phosphoinositide 3-kinase (PI3K) pathway defects. Diseases involving the PI3K pathway represent a distinctive subset of CSR/HIGM syndromes, presenting with their own characteristic clinical and laboratory attributes as well as individual therapeutic approaches.
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INTRODUCTION

Effective humoral immunity relies on the ability of B cells to recognize a wide variety of antigens and respond properly. A diverse BCR repertoire is established by V(D)J recombination in early stages of B-cell development, prior to antigen encounter. Functional commitment of antibodies takes place at a later stage, allowing responses to be tailored upon antigen recognition in a process called class-switch recombination (CSR) (1, 2).

Defective CSR results in an abnormal humoral pattern known as hyper-IgM syndrome (HIGM), characterized by normal or elevated serum levels of IgM in the context of low levels of switched IgG, IgA, and IgE isotypes. A heterogeneous group of primary immunodeficiencies (PID) underlies HIGM, collectively known as CSR defects (1, 3–8).

Two recently described PID, caused by autosomal dominant gain-of-function (GOF) mutations in PIK3CD and PIK3R1, inducing hyperactivation of the enzyme phosphoinositide 3-kinase δ (PI3Kδ) (9–12), can present with elevated IgM levels in 58–79% of cases, according to the two largest cohorts published to date (13, 14). This finding suggests that PI3K GOF defects disturb CSR and therefore might be part of CSR/HIGM syndromes. As most of the known biology related to the CSR process comes from studies of PID (3, 7), a deeper look into new defects can be instructive to the field.

In this review, antibody maturation steps as well as previously known forms of CSR/HIGM syndromes are briefly described, with special emphasis on the more recently reported PI3K pathway activating mutations. The pathophysiology and clinical manifestations associated with CSR/HIGM syndrome in PIK3CD and PIK3R1 defects are described and analyzed in more detail.



CLASS-SWITCH RECOMBINATION AND SOMATIC HYPERMUTATION

B-cell development occurs in the bone marrow. Upon completion, naïve B cells express unique B-cell receptors (BCRs) in the form of membrane-bound IgD and IgM. Naïve B cells circulate throughout the blood and lymphatics to secondary lymphoid organs where activation occurs upon ligation of the BCR with its cognate antigen. Subsequently, and mostly with the help of T cells, two critical steps for antibody maturation occur predominantly inside germinal centers: CSR and somatic hypermutation (SHM) (1–4, 7, 8, 15).

In T-cell-dependent responses, CD40 ligand (CD40L), which is expressed on activated CD4+ T cells, including T follicular helper cells (Tfh), binds to CD40, a receptor constitutively expressed on B lymphocytes (and monocytes). The CD40L/CD40 engagement in the germinal center, in the presence of the appropriate cytokine milieu, promotes B cells to undergo proliferation, CSR and SHM, through activation of transcription factors, such as nuclear factor-κB (NF-κB). Although in a less effective way, CSR can also be induced in a T-cell-independent manner, via concurrent engagement of BCR or TACI and Toll-like receptors (TLRs) (1–4, 7, 8, 15, 16).

The CSR process involves genomic recombination of the IgM-defining constant (C)μ region in the Ig locus for a downstream Cα, Cγ, or Cε region, coding for the constant regions of IgA, IgG, or IgE isotypes, respectively. Constant regions are flanked by switch (S) regions and CSR occurs when two S regions upstream of a C region undergo switch-region recombination, excising the preceding C regions from the Ig locus. CSR involves a sequential, multi-step process. First, there is a requirement for transcriptional access to the S regions, which allows for activation-induced cytidine deaminase (AID) to catalyze the conversion of cytidine nucleotides to uracil. Next, uracil removal by uracil N-glycosylase (UNG), which, along with endonucleases and the mismatch repair (MMR) machinery, facilitates the generation of double-stranded DNA breaks. Finally, the removal of the intervening DNA as excision circles and repair of the DNA double-stranded breaks, primarily by non-homologous end joining (NHEJ), complete the main steps involved in CSR. Thus, the CSR machinery preserves the Ig variable (V) locus region, thereby maintaining antigen specificity (1–4, 7, 8, 15).

The SHM process randomly introduces mutations into the Ig V regions, altering the affinity for antigens while maintaining the same Ig C isotype. Uracil residues are introduced by AID and can be further modified by UNG. These transitions and transversions generated at the Ig V region are perpetuated during DNA replication, the MMR process, and error-prone polymerase enzymatic activities. SHM additionally allows for affinity maturation by providing a higher diversity of antibodies from which clones with the highest affinity to foreign antigens can be selected. While all HIGM syndromes are determined by CSR defects, SHM abnormalities are not always involved in this group of diseases (1–4, 7, 8, 15).



HYPER-IGM SYNDROMES

Deficiencies in CD40L, CD40, AID, UNG, NEMO, IkBα, ATM, and PMS2 represent the previously identified forms of CSR/HIGM syndromes. While the clinical manifestations can be variable, the HIGM phenotype can be divided into those disorders that directly affect the CD40/CD40L pathway (B- and T-cells are impacted), and those like AID, UNG, NEMO, IkBα, ATM, and PMS2 where mainly B cells are affected in the CSR/HIGM defect (3, 5–7). The more relevant and comparative characteristics of these diseases are summarized in Table 1.



Table 1. Comparison of Hyper-IgM Syndromes.
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CD40L Deficiency

The first identified CSR/HIGM syndrome was X-linked CD40L deficiency, which is due to a defect in CD40L (17–21). The inability of mutated CD40L protein to bind to CD40 affects CD4 T-cell and B-cell interactions, impairing CSR, SHM, T-cell co-stimulation, and development of memory B cells, resulting in a combined immunodeficiency. Patients with this disorder present in infancy with recurrent sinopulmonary infections, and opportunistic infections, such as Pneumocystis jirovecii pneumonia (PJP), or Cryptosporidium-induced diarrhea and sclerosing cholangitis, which may predispose patients to tumors of the liver, pancreas or biliary tree [reviewed in (3–8, 22)]. In addition to the characteristic immunoglobulin findings, neutrophils can also be low. Activated CD4+ T-cells and platelets from patients with X-linked HIGM usually do not express CD40L on their surface; however, some mutations result in defective protein that may still be expressed, thus detecting protein expression is not always a reliable diagnostic tool to rule out this disease, and CD40 binding capacity should be assessed. Past studies have shown that between 7 and 23% of patients with CD40 ligand deficiency have dysfunctional, although detectable, CD40L expression by various methods of testing (5, 23). A normal number of mature B cells is typically observed, but class-switched memory B cells are usually very low to absent. Of note, upon in vitro activation, patients' B cells are able to undergo CSR (3). Class-switched CD27−IgA+ memory B cells can still be produced, although showing limited proliferation (24) and abnormal SHM (25). Pathologically, lymph nodes from these patients are devoid of germinal centers as CD40 and CD40L interaction is imperative for secondary lymphoid organ maturation (3–8, 22).



CD40 Deficiency

CD40 deficiency is rare and inherited in an autosomal recessive (AR) manner (26). Recent reports have enumerated only 17 patients from 13 unrelated families with CD40 deficiency (26, 27). The clinical and immunological phenotype of impaired CSR and SHM is similar to that seen in CD40L deficiency, with one important difference; B cells from CD40 deficient patients are unable to undergo class switching in vitro upon activation with agonists and cytokines as per their intrinsic defect. Most patients lack expression of CD40 on the surface of B cells and monocytes (3–8, 26). Although rare, there are reports of CD40 deficient patients in whom a dysfunctional CD40 protein could still be detected (27, 28).



AID and UNG Deficiencies

In contrast to impairments in CD40L/CD40 signaling, defects in the immunoglobulin isotype switching enzymes AID and UNG seem to be primarily limited to deficiencies in antibody production and are mostly inherited in AR manner (29, 30). The most commonly identified cause of AR-HIGM is due to defects in the AICDA gene, which encodes AID, an enzyme needed for CSR and SHM in B cells, as described above. Expression of AID is upregulated in response to CD40 signaling, initiating immunoglobulin isotype switching by deaminating deoxycytosine in the immunoglobulin heavy chain switch regions generating deoxyuracils in both DNA strands (31). A limited number of patients carrying AICDA heterozygous null mutations that act in a dominant negative way have been associated with autosomal dominant (AD) forms of CSR/HIGM syndromes that preserve SHM and present with a milder clinical phenotype (32, 33). Interestingly, biallelic mutations located in the C terminal region of AICDA that do not exert a dominant negative effect have been described in patients with normal SHM, despite drastically impaired CSR (34). Defects in UNG, which removes the deoxyuracils from DNA and initiates the DNA repair pathway, also cause an AR-CSR/HIGM syndrome, and exhibit a skewed pattern of SHM with a predominance of G:C transitions (30). Very few cases of UNG deficiency have been reported. Both AID and UNG deficiencies present clinically with recurrent sinopulmonary infections, mainly caused by encapsulated bacteria. Opportunistic infections and neutropenia are rarely seen. Lymph node hyperplasia and autoimmunity are prominent findings in these diseases; giant germinal centers are typical in AID deficiency. Patients with AID deficiency have also been reported to exhibit gastrointestinal infections, central nervous system infections and arthritis. In both AID and UNG deficiencies patients exhibit no class-switched memory B lymphocytes (3–8, 30, 31).



NEMO and IkBα Defects

X-linked NF-kB essential modulator (NEMO) disease in males can result in CSR deficiency because of the important role of NF-kB in the signaling pathway downstream of CD40 (reviewed in (35)). Since NF-kB is expressed widely and is involved in multiple cell lineages signaling pathways, including both the innate and adaptive immune systems, manifestations of this condition tend to be more diverse and severe. Clinically, male patients carrying hemizygous hypomorphic mutations in this gene can experience a combination of manifestations, such as ectodermal dysplasia and increased susceptibility to viral and bacterial diseases (mainly Streptococcus pneumoniae). Osteopetrosis, lymphedema, and mycobacterial infections can also be seen. Interestingly, only about 15% of patients with defects in NF-kB have a HIGM phenotype. Immunoglobulin levels tend to be more variable in this disease as patients have been shown to demonstrate low levels of IgG, low or elevated IgA levels, and normal or increased levels of IgM. Laboratory findings also reflect a defect in switched memory B cells (35).

Heterozygous GOF mutations in NFKBIA, encoding IkBα and located downstream of NEMO in the NF-kB signaling pathway, have also been associated to CSR/HIGM syndrome in more than 40% of the patients reported [reviewed in (36)]. These patients share multiple characteristics with those carrying NEMO mutations (e.g., ectodermal dysplasia; viral, bacterial and mycobacterial infection susceptibility) although also presenting some unique features as dysfunctional α/β T cells, very low proportions of memory T cells, and lack of γ/δ Tcells in some but not all affected individuals (36).



Ataxia-Telangiectasia

Ataxia-telangiectasia is an autosomal recessive disorder caused by changes in the Ataxia-telangiectasia mutated (ATM) gene, which encodes an enzyme that contributes to DNA mismatch repair. Clinical symptoms include cerebellar ataxia, oculomotor apraxia, telangiectasias and sinopulmonary infections. Because the ATM gene is involved in DNA double-stranded repair, patients are also sensitive to ionizing radiation and susceptible to malignancy. Laboratory manifestations can also be variable with some patients presenting with a HIGM phenotype, but most other patients having only reduced levels of IgG2 and IgA. The SHM process is not affected in these patients (37).



PMS2 Deficiency

Though classically associated with Lynch syndrome, an autosomal dominant disorder caused by germline mutations in DNA mismatch repair genes associated with non-polyposis colorectal cancer, biallelic mutations in PMS2 (post-meiotic segregation increased, S. cerevisae 2) result in recurrent severe infections, café-au-lait spots, and a HIGM humoral phenotype. While CSR is defective as in other CSR/HIGM syndromes, SHM is only mildly affected (38) and memory B cells are variably low or normal.



Undefined Hyper-IgM Syndromes

Patients with genetically undefined CSR/HIGM syndromes were reported by Imai et al., and defined as Hyper-IgM type 4 (39). These patients shared clinical and immunologic characteristics with some of the more classical and above-discussed forms of CSR/HIGM syndromes. With the popularization of unbiased genetic testing, many of these undefined CSR/HIGM syndromes can now be attributed to particular underlying molecular defects.



Treatment of CSR/HIGM Syndromes

Since antibody deficiency manifests in all forms of CSR/HIGM syndromes, treatment with immunoglobulin replacement is needed to reduce the frequency and severity of infections. In some cases, prophylactic antibiotics are also needed (40). However, such therapies do not prevent lymphoproliferation, if present, nor is it known if they can mitigate autoimmunity in AR-CSR/HIGM. Patients with CSR/HIGM syndromes that are combined immunodeficiencies (e.g., X-HIGM, CD40 deficiency, NEMO, and NFKBIA) also require PJP prophylaxis with trimethoprim-sulfamethoxazole or pentamidine. Neutropenia in X-linked HIGM can be improved using G-CSF (3–8). Hematopoietic stem cell transplant (HSCT) as a treatment for X-linked HIGM syndrome was recently reviewed in a multi-center, international, retrospective (1964–2013), large cohort study of 176 patients. CD40L deficient patients undergoing HSCT showed no statistical differences in terms of overall survival when compared to those not being transplanted. Progress made in HSCT-related issues in recent years, early transplants and better quality of life among transplant survivors, remain the encouraging aspects about HSCT in CD40L deficiency (41).




PHOSPHOINOSITIDE 3-KINASE (PI3K) DEFECTS

Activated phosphoinositide 3-kinase δ syndrome (APDS, also known as PASLI- p110δ-activating mutations causing senescent T cells, lymphadenopathy, and immunodeficiency) is caused by heterozygous GOF mutations in PIK3CD (APDS1/PASLI-CD) or PIK3R1 (APDS2/PASLI-R1) that induce hyperactivation of the enzyme PI3Kδ (9–12, 42).

Cellular metabolism must be carefully controlled, and in lymphocytes this process requires signaling by a family of enzymes known as phosphoinositide 3-kinases (PI3Ks) that phosphorylate the inositol ring of phosphatidylinositol lipids in the plasma membrane (Figure 1). There are three classes of PI3Ks that have been identified in mammals; most relevant to disorders of the immune system are those involving class IA PI3K enzymes, which consist of a catalytic subunit (p110α, p110β, or p110δ) and a regulatory subunit (p85α, p55α, p50α, p85β, or p55γ). Only p110δ (encoded by PIK3CD) is restricted to leukocytes, and it is activated by antigen receptors, co-stimulatory receptors, cytokine receptors and growth factor receptors. Briefly, class IA PI3Ks catalyze the phosphorylation of phosphatidylinositol-(4,5)-bisphosphate (PIP2) to generate phosphatidylinositol-(3,4,5)-triphosphate (PIP3) at the plasma membrane of lymphocytes upon receptor activation and leading to downstream Akt-mTOR signaling (42–45). Phosphatase and tensin homolog (PTEN) and SH2 domain-containing inositol 5′-phosphatase (SHIP) serve as negative regulators of PI3K via dephosphorylation of PIP3 (42, 46, 47) (Figure 1).
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FIGURE 1. Schematic representation of PI3Kδ activation in B- and T-cells during class-switch recombination. In B cells, PI3Kδ is activated mainly after the BCR (B-cell receptor) cross-linking or upon cytokine stimulation, as with IL-4. CD19 is a co-receptor for the BCR which also p85α can bind. Similar to the T cell, PI3K can signal through Akt to phosphorylate and remove FOXO1 from the nucleus, thus inactivating it. FOXO1 acts as a transcription factor to activate RAG genes, IKAROS, CD62L, and AICDA (critical in CSR and SHM). PI3Kδ signals through mTOR to promote B-cell activation (not shown; reviewed in (42)). In T cells, PI3Kδ is mainly activated upon TCR (T-cell receptor), ICOS and IL-2R stimulation. Akt causes FOXO1 to leave the nucleus and helps with PI3Kδ dependent downregulation of IL-7Rα and CD62L. These changes in turn allow the T cell to exit the lymph node and enter circulation. PI3Kδ via mTOR promotes T-cell activation and T-cell effector phenotypes (not shown). In both B and T cells, PTEN and SHIP act as negative regulators of PI3K (reviewed in (42)). Interaction of T cells and B cells in germinal centers through CD40-ligand (CD40L)/CD40 joining is required for class-switch recombination (CSR) and somatic hypermutation (SHM), two events necessary for antibody maturation. Activated CD4+ T cells in the lymph nodes interact with CD40 on B cells, inducing cytokine specific B-cell receptors (IL-R). Signaling through CD40 activates the NF-kB signaling pathway, which ultimately leads to expression of AID and UNG. Mutations affecting components of CD40 mediated B-cell activation can also result in CSR/HIGM syndromes. CD40 has also been associated with PI3K activation. Blue represents signaling elements associated with B cells. Green represents signaling elements associated with T cells. Yellow represents signaling elements that are present in both B- and T- cells. Red arrows point to genes/proteins that when mutated are associated with CSR/HIGM syndromes. Other genes/proteins (e.g., ATM, PMS2, MSH2, and NFKBIA, not included in this figure) can also be associated with CSR/HIGM defects when mutated. BLNK, B-cell linker protein; BTK, Bruton tyrosine kinase; DAG, diacylglycerol; ICOS, inducible T-cell costimulatory; ITK, IL-2 inducible T-cell kinase; LAT, linker for activation of T cells; NFAT, nuclear factor of activated T cells; NF-κB, nuclear factor-κB; PLCγ1, phospholipase Cγ1; PLCγ2, phospholipase Cγ2; PKC, protein kinase C; PTEN, phosphatase and tensin homolog; PI(3)P, phosphoinositide-3-phosphate; PI(3,4)P2, phosphoinositide-3,4-bisphosphate; PI(3,4,5)P3, phosphoinositide-3,4,5-trisphosphate; PI(4,5)P2, phosphoinositide-4,5-bisphosphate; SHIP, SH2 domain-containing inositol-5-phosphatase; ZAP70, zeta-chain-associated protein kinase 70 kD.



The Akt-mTOR pathway is essential for lymphocyte differentiation, function, and maturation. In T cells, PI3Kδ is mainly activated upon TCR (T-cell receptor), ICOS and IL-2R stimulation. Particularly in CD8+ T cells, the Akt-mTOR pathway is critical for regulating whether naïve cells differentiate into effector or memory cells by controlling the transition from oxidative phosphorylation, a lower energy yielding process, to aerobic glycolysis, better suited for the rapid growth and proliferation needed by effector T cells. Akt also suppresses the transcription factor FOXO1 function via phosphorylation and through PI3Kδ-dependent downregulation of IL-7Rα and CD62L (42, 47, 48).

PI3Kδ is also highly relevant for B-cell development, antibody responses, and B-cell lymphoma prevention. As seen in T lymphocytes, within B cells, PI3Kδ signaling through phosphatidylinositol lipids and Akt promotes the activation of mTOR and suppresses FOXO1. This transcription factor activates RAG, IKAROS, CD62L and AICDA genes, which as a group are critical for B-cell development, as well as CSR and SHM (42, 49, 50) (Figure 1). Furthermore, recent studies identifying patients with loss-of-function (LOF) mutations in PTEN, the oppositional counterpart of PI3K, have revealed hyperactivation of the PI3K-Akt pathway with reduced antibody production and T-cell lymphopenia (42, 51).

In APDS, increased PI3K-Akt-mTOR signaling leads to a state of immune dysregulation and immunodeficiency. While the clinical phenotype is varied, most patients present with recurrent sinopulmonary bacterial infections complicated by bronchiectasis, as well as recurrent and severe viral infections from herpes family viruses (9–12, 42). Such clinical manifestations are indicative of both B- and T-cell deficiencies, and as such, APDS is considered a combined immunodeficiency.

The link between APDS and HIGM syndrome was originally reported in one of the two first descriptions of APDS1 (9, 10). In their work, Angulo et al., described a patient clinically diagnosed with HIGM carrying a heterozygous deleterious mutation in PIK3CD detected by next generation sequencing. An active search for this particular defect in a cohort of 15 HIGM patients, led to the identification of three more mutated patients (9).


PIK3CD Mutations

Two groups reported the first patients with heterozygous activating mutations in PI3KCD as the cause of APDS/PASLI (9, 10). Angulo et al. reported patients found to have a glutamic acid to lysine change at residue 1,021 (E1021K) in p110δ resulting in a GOF mutation with increased lipid kinase activity. The mutation facilitates enhanced phosphorylation of its lipid substrate PIP2, which increases the amount of PIP3, lowering the activation threshold of PI3Kδ. While these patients had recurrent respiratory infections leading to progressive airway damage, they also had herpes viral infections and an increased proportion of effector T cells. Immunophenotyping in this cohort was notable for decreased T and B cells, with increased transitional B cells and decreased class-switched memory B cells, increased IgM levels, low IgG2 levels, and diminished vaccine responses. Furthermore, it was noted that CD4+ and CD8+ T cells from these patients were prone to cell death, and an increased proportion of T cells had an activated/memory phenotype (9).

Interestingly, the APDS1 patients reported by Lucas et al. was identified from a cohort of individuals with persistent herpes family viremia, lymphoproliferation, and recurrent sinopulmonary infections (10). In this group, three different mutations in PIK3CD were found; two novel (N334K and E525K), and the same E1021K mutation reported by Angulo et al. (9, 10). Immunophenotyping was similar to that seen by Angulo et al.; however, normal to high CD8+ T-cell counts with progressive CD4+ T-cell lymphopenia was observed. Further T-cell phenotyping studies revealed severely reduced naïve and central memory T cells, but increased effector memory T cells and TEMRA (Effector Memory RA+) cells. In vitro, patients' B cells underwent normal proliferation in response to stimuli, but were unable to secrete class-switched immunoglobulin isotypes (9, 10). This is consistent with the normal to elevated IgM, reduced IgA, and variable IgG levels observed.

Crank et al. found mutations in PIK3CD when looking at a small cohort of patients diagnosed with HIGM humoral phenotypes. These patients had high numbers of transitional B cells and plasmablasts. In contrast to previously described CSR/HIGM syndromes, none of the patients found in this cohort experienced opportunistic infections, nor did they have enlarged germinal centers. Additionally, these patients had increased cancer susceptibility with a high prevalence of EBV-negative B-cell lymphomas (52).

Subsequently, additional PIK3CD mutations have been described and to date 10 heterozygous PIK3CD GOF mutations including E1021K, N334K, E525K, C416R, R405C, R929C, E525A, E1025G, E81K, and G124D have been reported. Mutations have now been identified scattered throughout the gene involving not only the kinase domain, but also the helical domain, the C2 domain, the ABD, and the linker region between the ABD and RBD (Figure 2) (11, 14, 42, 51–55). Collectively, and as above mentioned, patients with AD PIK3CD GOF defects most commonly present with recurrent respiratory tract infections resulting in bronchiectasis in early childhood, lymphoproliferation, and predisposition to develop B-cell lymphomas. The most commonly reported pathogens are Haemophilus influenzae, Staphylococcus aureus, Moraxella catarrhalis, Pseudomonas aeruginosa, and Klebsiella species. Recurrent episodes of otitis media are also observed, sometimes resulting in hearing loss. A small percentage of infections consisted of conjunctivitis, orbital cellulitis, skin abscesses, and dental abscesses. Lymphadenopathy, mucosal lymphoid hyperplasia, and hepatosplenomegaly are also common features. A broader range of viral infections including varicella zoster, herpes simplex virus, adenovirus, and molluscum contagiosum have been reported. Increased susceptibility to herpes virus family infections in these patients is likely due to the combinatory effect of reduced long-lived memory CD8 T cells and increased terminally differentiated effector CD8 T cells (11). While patients with PIK3CD GOF mutations had normal/high EBV-specific CD8 T cells (based on tetramer staining), they were predominantly effector memory terminal cells (CCR7−/CD45RA−) also showing signs of increased activity (by CD38 staining). Persistent Akt hyperactivation was hypothesized as the driver for the increased CD8 T-cell proliferation, that in turn determined higher terminally differentiated CD8 T-effector cells, increased senescent CD8 T cells and decreased long-lived memory CD8 T cells, altogether resulting in impaired control of EBV- and CMV-infected cells (11). Although rare, opportunistic infections in these patients include Cryptosporidium parvum and toxoplasmosis. Autoimmune features included cytopenias, glomerulonephritis, and thyroid disease. Aside from EBV-positive lymphoma, other malignancies included EBV- negative diffuse large B-cell lymphoma, Hodgkin lymphoma, nodal marginal zone lymphoma, lymphoplasmacytic lymphoma, and cutaneous anaplastic large cell lymphoma (14, 42, 56). Increased IgM levels and low IgA, IgG, or IgG2 levels were again a defining laboratory finding in symptomatic patients. Flow cytometry revealed similarities to previously reported immunophenotyping: reduced CD4 T-cell counts, increased effector memory CD8 T-cell counts, and increased transitional B cells that can be linked to abnormal B-cell precursor maturation in the bone marrow (14, 42, 54).


[image: image]

FIGURE 2. Schematic representation of PI3K catalytic subunit p110δ and regulatory subunit p85α: domains, interactions and mutations. Black boxes represent protein domains: ABD, adaptor-binding domain; RBD, RAS-binding domain; C2, putative membrane-binding domain; HD, helical domain; N-lobe + C-lobe, kinase catalytic domain; SH3, SRC homology 3 domain; BH, breakpoint cluster region homology-domain; N-SH2, N-terminal SRC homology 2 domain; i-SH2, inter-SRC homology 2 domain; C-SH2, C-terminal SRC homology 2 domain. The green arrow points to p110δ and p85α interacting domains; the dashed red lines represent inhibitory contacts between the proteins. In blue, activating mutations affecting p110δ and p85α. Mutations displayed on top of the proteins represent missense changes, mutations displayed below the proteins represent intronic changes.





PIK3R1 Mutations

Heterozygous loss-of-function mutations in PIK3R1, encoding the p85α regulatory subunit, also result in hyperactivation of PI3Kδ signaling due to loss of regulatory control on the catalytic p110δ subunit. Almost all reported patients have splicing mutations leading to skipping of exon 11. More recently, an additional missense mutation located in the SH2 domain of PIK3R1, N564K, was described by Wentink et al. and is predicted to affect binding to p110δ (53). Because the net result of these mutants determine an increased PI3Kδ activity, they are considered GOF mutations (11–13, 42).

Similar to patients with mutations in PIK3CD, APDS2/PASLI-R1 patients also present with recurrent bacterial sinopulmonary infections, EBV/CMV viremia, chronic lymphoproliferation, and increased risk of lymphoid malignancy. Elevated IgM levels accompanied by low IgG and IgA are frequent, along with reduced naïve T cells and class-switched memory B cells, increased levels of senescent CD8+ T cells and transitional B cells making patients carrying mutations in PIK3CD and PIK3R1 clinical phenocopies (11–13, 42). Consistent with what is seen in PIK3CD mutations, patients' lymphocytes revealed hyperactivation of PI3K, Akt, and mTOR. Additionally, increased activation-induced cell death was also seen in APDS2 patients' T cells, with a high proportion of these T cells expressing the senescence marker CD57 (11, 12, 42).

In a cohort study of APDS2, Elkaim et al. reported growth retardation in 14/31 (45%) patients (13). Growth problems are not frequent in APDS1 (14, 57). This particular defect is likely related to non-immunological roles of p85α. In support of this hypothesis, autosomal dominant mutations in the last exons of PIK3R1 cause SHORT syndrome (short stature, hyperextensibility of joints and/or hernias, ocular depression, Rieger anomaly, and delays of tooth eruption). Other features consistently seen in patients with SHORT syndrome include mild intrauterine growth restriction, characteristic facies, lipodystrophy and insulin resistance in adolescence progressing to diabetes mellitus in early adulthood. These patients do not typically present with a HIGM humoral phenotype. Immunoblot analysis has shown that levels of p85α were ~50% lower in SHORT syndrome patients than in controls (58). Normal PI3K activity is critical for adipose tissue differentiation and insulin signaling, thus explaining the lipodystrophy and abnormal glucose tolerance in these patients (59). Interestingly, three patients presenting concomitant features of SHORT syndrome and APDS2 have been described, two of whom showed a HIGM phenotype (60, 61).

While the non-immunological role that p85a plays is certainly highlighted by those affected with SHORT syndrome, evidence for its importance in lymphocyte function is also clearly shown in a patient with homozygous, biallelic, premature stop codon mutations in PIK3R1 leading to complete absence of p85α. This patient had colitis and history of Campylobacter infection, in the context of absent B cells with resulting agammaglobulinemia. Early in life, erythema nodosum and arthritis were also observed (62).



Class-Switch Recombination in PI3K GOF Defects

Early insights on the impact of hyperactivation of PI3Kδ in CSR relate to murine models lacking PTEN expression in B cells. These mice showed a HIGM phenotype with defective CSR that was partially dependent on FOXO1 suppression and reduced AID expression. The CSR process was not completely corrected by ectopic AID expression, but was additionally restored in the presence of a specific PI3Kδ inhibitor (63, 64). These findings were further supported by another mouse model in which mature B cells lacking FOXO1 also expressed lower levels of AID and failed to produce class-switched antibodies, which in this setting could not be rescued by PI3Kδ inhibition (65). Considering the suppressive effect of the PI3K/Akt pathway on FOXO1 and the importance of AID in the CSR process, these results suggest that reduced expression of AID due to inactivation of FOXO1 contribute to the CSR impairment seen in APDS. As shown in other murine models, specific ablation of FOXO1 in germinal center B cells results in abnormal CSR despite normal expression of AID. In these models, germinal center dark zones were ablated and even though proliferation and SHM were preserved, affinity maturation was impaired. Thus, in the absence of FOXO1 in germinal center B cells', AID was normally expressed and yet not sufficient to maintain appropriate CSR. These experiments suggest some additional roles of FOXO1 on AID function, and therefore CSR (66, 67).

Avery et al. (68) developed a novel Pi3kcdE1020K GOF mouse model by CRISPR/Cas9-mediated genome editing. Hyperactivation of PI3Kδ in B cells was documented by increased pAkt and pS6. B cells from mutant mice showed defective class switching and Ig secretion both upon in vitro (anti-CD40 + IL-4, LPS, or LPS + TGF-β) and T-dependent in vivo stimulation. Of note, Pi3kcdE1020K GOF B cells behaved similarly to WT cells regarding proliferation, germinal center formation, SHM and affinity maturation. Induction of AICDA mRNA in B cells following stimulation with anti-CD40/IL-4 was significantly reduced in mutants compared to WT and positively correlated with the percentage of IgG1+ B cells generated after activation. In vitro treatment with the p110δ inhibitor leniolisib (69) completely restored the class-switch defect in Pi3kcdE1020K GOF B cells, as well as AICDA expression levels and secretion of IgG and IgA.

In accordance with the highly prevalent HIGM phenotype observed in patient cohorts, most human studies of APDS found reduced class-switched B cells in the periphery and impaired CSR in vitro (10, 13, 14, 53, 68). Increased Akt phosphorylation in B cells, even without stimulation, was another consistent finding (9, 10, 53, 70). While Angulo et al. (9) observed normal SHM in two PI3KCD GOF patients, as later reported in the corresponding murine model (68), variable frequencies of SHM were found in seven APDS patients evaluated by Wentink et al. (53). Altogether, these data suggest that SHM can show some variability in PI3K mutated patients although it seems more consistent in the mouse model.

APDS patients studied by Avery et al. showed reduced AICDA expression, in line with their Pi3kcd GOF murine model, as well as with previous experimental models of increased PI3kδ activity (63, 64, 68). This is in contrast to normal expression levels of AICDA reported in PIK3CD GOF patients by Lucas et al. (10). Targeting of AID to switch regions was assessed in one APDS cohort and shown to be normal (53).

Specific PI3Kδ inhibition is under investigation in APDS patients (71). In a Phase1-phase 2 leniolisib trial, a progressive decrease in patients' serum IgM levels was observed along with a reduced need for IgG supplementation. These findings might reflect a restoration in CSR, however further studies will be needed to confirm and solidify this effect.

Besides this growing evidence pointing to an intrinsic B-cell defect underlying diminished CSR in APDS, given previous data linking PI3Kδ signaling to Tfh cells generation (72) and the requirement of T- and B-cell interaction for effective CSR (2), it is reasonable to speculate whether T-cell related dysfunction additionally impairs CSR in these defects.

To investigate the hypothesis that activating PI3K defects could lead to anomalous germinal center function, Preite et al. (73) generated another mouse model expressing p110δE1020K. In their animal model increased numbers of Tfh and germinal center B cells were found, along with impaired CSR after immunization. Germinal centers dark zones were poorly formed, with extensive infiltration of Tfh cells. Of particular interest to their model was the observation that, in the setting of hyperactive PI3K/Akt pathway, differentiation to Tfh cells was facilitated by a strong suppression of FOXO1 that occurred independently of ICOS engagement. Adoptive transfer of mutant naïve transgenic T cells into wild type mice resulted in higher Tfh differentiation. These Tfh cells did not lead to increased number of germinal center B cells and were able to provide normal B cell help in vitro. Similar findings of disrupted germinal centers infiltrated by Tfh cells were described in APDS1 patients by Coulter et al. (14). Interestingly, while studying an APDS2 patient, Di Fonte et al. found significantly reduced numbers of germinal center Tfh cells in tonsillar tissue (74).



Activating PI3K Defects Compared to Other CSR/HIGM Syndromes

Clinically, all CSR/HIGM syndromes share an increased risk of recurrent bacterial infections, mainly reflecting the absence of isotype specific protective functions (3, 7). Variable impairment of other immune functions that are not a consequence of defective CSR define unique infection patterns observed in specific defects. For instance, the lack of proper interaction between T lymphocytes and monocytes in CD40/CD40L deficiencies confers an increased risk for Pneumocystis jiroveci pneumonia, an opportunistic infection not frequent in others CSR/HIGM defects (3). An intact CD40/CD40L interaction is also required to clear Cryptosporidium parvum infection of bile duct epithelium leading to sclerosing cholangitis (7). Although sclerosing cholangitis has also been described in a few APDS patients, there was no link to Cryptosporidium species infection and therefore is believed to be primary rather than associated to infections. This was hypothesized to be due to the fact that genes associated with primary sclerosing cholangitis often converge at the PI3K/Akt signaling pathway (42, 75). Recent data showed that persistent viral infections (particularly herpesviruses), a hallmark in activating PI3Kδ defects but not common among other CSR/HIGM syndromes, arise from exhaustion of cytotoxic CD8+ T cells and NK cells (76, 77).

Increased autoimmune manifestations are seen in almost all CSR/HIGM syndromes including PI3K defects (3, 7, 13, 14, 78). Functional CD40L seems to be necessary for normal peripheral B cell tolerance, whereas AID is important for both central and peripheral B cell checkpoints. Natural IgM antibodies are also found in AID deficient patients (79). Increased numbers of autoreactive B cells were seen in the GOF PI3Kδ mouse model (73).

Concerning the immunological phenotype, some similarities as well as differences can be seen between PI3K defects vs. the other CSR/HIGM syndromes. While a reduction in class-switched B cells is common to all CSR/HIGM defects, reduced total number of circulating B cells, along with increased transitional B cells are distinctive features of PI3K defects (3, 7, 42, 78). Memory B cells (CD27+), that are shown to be reduced in PI3K defects (10, 42, 53) and absent or very low in CD40/CD40L deficiencies, are normal in AID/UNG deficiencies (3). While total T-cell numbers are usually normal in CD40/CD40L and AID deficiencies, they appear to be reduced in PI3K defects. PI3K defects also show a unique distribution of T-cell subsets, with skewing toward effector and exhausted phenotypes. An inverted CD4/CD8 ratio is also typical, due to both increased CD8+ and reduced CD4+ T cell counts (especially in the naïve compartment) (13, 14, 42). Reduced naïve CD4+ T-cell counts and inverted CD4/CD8 ratios can also be seen in AID deficiency, although less strikingly than in PI3K defects. Circulating Tfh cells, increased in APDS (14) and AID deficient patients (80), are markedly decreased in CD40L deficient patients (3, 81).

Germinal centers' architecture also helps to distinguish between different CSR/HIGM syndromes. While generally absent in CD40/CD40L deficiencies and giant in AID deficiency (3, 79), they appear to be present but disrupted in APDS patients (14, 82).



Treatment of PI3K GOF Defects

Treatment for APDS patients includes prophylactic measures, such as antibiotics, antivirals, and antifungals, as well as immunoglobulin replacement. Most patients undergo immunosuppressive therapy aiming to control lymphoproliferation and/or autoimmunity. Rapamycin was a frequently used immunossupressor in the ESID-APDS-registry cohort, showing positive results in controlling benign lymphoproliferation, but not as effective for gastrointestinal manifestations and cytopenias (83). Rituximab has been successfully used in the treatment of cytopenias and lymphoproliferation, but persistent B-cell lymphopenia can be a common outcome (14).

Therapeutics created for the treatment of leukemia and lymphoma, such as idelalisib, duvelisib, or ibrutinib block PI3Kδ either directly or indirectly, making them exciting potential options for treating patients with APDS (84). Leniolisib, a PI3Kδ inhibitor has been explored as a therapeutic option in patients with PIK3CD GOF mutations. Six patients were treated over a 12-weeks period and demonstrated decreased lymphadenopathy and splenomegaly. Decreased Akt phosphorylation in affected patients' T cells, with noted reductions in transitional B cells, senescent T cells, and IgM levels were also observed (71). However, it has been shown in both mouse and human B cells that by modulating PI3Kδ activity there is a resulting enhancement of AID expression leading to increased SHM and chromosomal translocation to the IgH locus as well as to other AID off-target sites. Thus, PI3Kδ blockade via an AID-dependent mechanism increases genomic instability. Given that such inhibitors could be administered to patients for extended periods of time, several concerns arise including the potential for secondary oncogenic mutations or translocations, and accelerated resistance to targeted therapy by increasing the mutational rate (84). Furthermore, idelalisib, an oral selective inhibitor of PI3Kδ, has been reported to cause enterocolitis and a rash mimicking graft-versus-host disease (85).

When focused on curative treatment, Nademi et al. reported an 81% survival among 11 APDS patients who underwent HSCT in seven pediatric centers. Acute GvHD was a common complication (81%), 2 patients presented low chimerism, and 2/3 of the surviving patients are off immunosuppressive therapy and immunoglobulin replacement (86).




CONCLUSIONS

Diseases involving the PI3K pathway due to PIK3CD and PIK3R1 GOF mutations, have recently been highlighted as forms of combined immunodeficiency compromising both the T- and B-cell compartments. Common clinical features include recurrent bacterial respiratory tract infections, EBV/CMV viremia, T-cell lymphopenia, memory B-cell deficiency, increased transitional Bcells and elevated IgM levels accompanied by low IgG and IgA levels. Due to elevated IgM levels and low IgG, IgA, and IgE levels, PI3K diseases ultimately fit under the umbrella of the CSR/HIGM syndromes.

While all the diseases presenting with HIGM humoral phenotypes described in this review involve by definition, CSR defects, this mechanism is not univocally disrupted in all these defects. Expression and function of CD40L/CD40 and AID are crucial to this process, and when either of them is altered, they markedly affect its outcome. In PI3K-related defects, evidence points at AID expression and function through FOXO1 regulation playing a central role in CSR integrity. In terms of SHM, this process is generally preserved when defects involve AD-AICDA, UNG, NEMO, NFKBIA, ATM, and PMS2, but shown to be variably affected in patients carrying PI3K-associated diseases, although more consistently normal in animal models (9, 53, 68). Whereas, deficiencies in the CD40L/CD40 and NF-kB pathways are characterized by opportunistic infections, patients with defects in AID and UNG generally do not experience such complications. Patients with PIK3CD and PIK3R1 mutations appear to be intermediate between the above-mentioned defects in terms of opportunistic infections susceptibility. Over time, as with many other immunodeficiencies, autoimmunity has become a more relevant feature demonstrating overall immune dysregulation within HIGM syndromes in general and PI3K defects in particular.

In conclusion, the CSR/HIGM syndromes encompass a wide variety of diseases, each with their own defining features. Diseases involving the PI3K pathway are indeed combined immunodeficiencies, as well as a subset of CSR/HIGM syndromes, presenting with their own characteristic clinical and laboratory attributes as well as individual therapeutic approaches.
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Characteristic. Angulo  Lucas  Crank  Hartman Kannan Lawrence Elgizouli  Dulau Florea Coulter Saemrini  Takeda  Chiriaco  Goto

otal. (29) etal (30) etal.(34) etal (35 etal(36) etal.(37) etal.(33) etal (39" etal. (40 etal.(41) etal(42) etal.(43) etal(44)
Number of patiens reported 17 9 3 5 1 1 5 10 53 1 3 1 1
Mutations. E1021K  N334K, E1021K,  E1021K  E1021K  NR  E1021K  E1021K,E525K, E1021K, EI021K  GI24D,  E1021K  E1021K

525K, CA16R NG3K, 10256 E525K 81K
E1021K
EBV viemia NR 99 " NA n " " w10 14/53 " N ”n ”n
EBV + lymphoma NR  DIBCLin  NR NR NR NR NR NR DLBCL inone, NR NR NR NR
one, HLin HLinone
one
Other EBV disease NR NR NA NA NR NR NR NR Encephaiis in one NR Twowth  NR lymphod
lymphadenits, foliclein
one with fatal colon i one
LPD
OMV vireria NR 28 NA NA o ”n s anoviemaor 858 NR NA N ”n
ymphadenitis
CMV lymphadenitis NR a8 NR NA NR ”n NR See above NR NR NA N NR
Other OV diseases NR NR NA NA NR NR Onewith NR Fourwith systemic NR N NR NR
systemic disease
disease

Other severe Onewih  NR NA Omevaicdla  NR NR NR Onewih  Twowithseverevaricela, NR  Vaicela  NR NR
herpesvirus nfections HSV preumonia varicella after  two with recurrent zoster, after vaceine

preumonia vaccine  one with HSV keratiis,

one with HSV peumonits

Severe HPV infections S  NR NA NR NR NR NR NR Fou with severewarts  NR NR NR NR

wats i two

patients
Severe Molluscum NR NR NR NR NR NR NR NR Fourvith severe disease R NR NR NR
contagiosum
Other viral infections NR NR NR NR NR NR  ADVviemia,  Twowih with ADVinfection  NR NR NR NR
norovirus GI - ADV infection
disease for
weeks

CD4 cellumbers reduced 1017 819 22 s " ”n 2% 410 4351 " 23 n NR
CDS cell numbers reduced  6/17 NR o NR ”n o s 110 14/51 o 1”3 ot NR
NK cell numbers reduced NR 29 o NA o o NR NR 12/43 o0 % NR NR

“Twenty-five of the 53 patients were inciuded in Angulo et a. (29)

“Fe of the 10 patients were included in Lucas et al. (30

EBY, Epstein-Bar vius; DLBCL, difuse large B cell ymphoma; HL, Hodgkin lymphome; LD, hmphoproiferatie dissase; EBER, EBV-encoded RNA; CMY cytomegalovitus; HSY, herpes simplex vinss; HPY, human papilomavius;
AV achrontus.
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A

(PIK3CD gene)

Nasak P05 E920K R920C E1021K
EBT1K G124D T (ﬁﬁﬁ E525A T E1025G
p1108  -{__ABD ’L RBD }—— Cc2 — Helical N-L C-Lobe }-1044aa
Kinase Domain
A43a-a75 309K
BH [P—{nsSH2 iSH2 H_cSH2 }724aa

p8so. {sH3 —P

(PIK3R1 gene)

B

PIK3CD

cDNA position! ~ Mutation Amino Acid® Ref.
c.241 G>A E8IK [11]
¢.371 G>A G124D [12]
¢.1002 C>A N334K [61
c.1213 C>T R405C [13]
c.1246 T>C C416R 91
c.1573 G>A E525K [61
c.1574 A>C E525A [10]
c.2784 C>T R929C [14]
¢.3061 G>A E1021K [5,6,19]
¢.3073 A>SG E1025G [15]

PIK3R1

cDNA position?
¢.1300-1
c.1425+1
c.1425+1
c.1425+1
c.1425+2
c.1425+2
c.1425+2
c.1692

Mutation Amino Acid*

G>C
G>T
G>C

434-475 del
434-475 del
434-475 del
434-475 del
434-475 del
434-475 del
434-475 del
N564K

[20]
(7]
[7,8]
[8]
[20]
[20)
[20]
[14]
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Manifestations APDSH1 (22) APDS2 (20)

Recurrent respiratory tract infections %6% 100%
Pneumonia 85% 71%
Bronchiectasis 60% 18%
Herpesvirus infections 49% 31%
Lymphadenopathy 64% 75%
Splenomegaly 58% 43%
Autoimmune or autcinflammatory disease 34% 17%
Neurodevelopmental delay 19% 31%
Lymphoma 13% 25%
Increased Ig 76% 58%
Increased transitional B cells® 75% 93%

*f data were available and B cells were sufficient for analysis.





OPS/images/fimmu-09-00445/fimmu-09-00445-g001.jpg





OPS/images/fimmu-09-00237/fimmu-09-00237-t002.jpg
Characteristic Deau Lucas. Elkaim Olbrich Kuhlen  Bravo Garcia-  Hauck
etal. (31) etal. (32) etal. (45) etal. (46) etal. (47) Morato etal. (49)
etal. (48)

Number of patients reported 4 4 36 2 1 2 3
Mutation Splcedonor-  Splicedonor-  Splice donor-ste  Splice donor-ste  Splice donor-  Spice donor-  Splice donor-

site mutations site mutations mutations resulting mutations resulting  site mutations site mutations  site mutations

resulinginloss  resuinginloss  inlossofexon 11 inlossof exon 11 resulinginloss  resultingin loss  resulting in loss

of exon 11 of exon 11 of exon 11 of exon 11 of exon 11
EBV viremia 14 o3 836 012 ot 12 o3
EBV + lymphoma NR o3 One with HL. NR NR NR 1DBCL
Other EBV diseases NR o3 Four with EBV LPD NR NR NR NR
CMV viremia 14 o3 6/35 2/2 1 02 NR
CMV lymphadenitis NR 113 2 NR 171 NR NR
Other severe NR NR Two hospitalized NR NR NR NR
herpesviruses for varicella
Other severe viral infections Enterovirus NR One with measles ICU hospitalization NR NR NR
enteritis encephalits, two with for RSV
chronic HBY, one with
chronic HOV.

CD4 cell numbers reduced 14 NR 823 02 NR 1/2 13
CD8 cell numbers reduced o4 NR 1/23 o2 NR o2 o3
NK cell numbers reduced 174 NR NR NR NR 02 o3

‘Eight of the 36 were reported in Deau et al. (31) or Lucas et al. (32).
EBV Epstein-Barr virus; HL, Hodgkin lymphoma; DBCL, difuse large B cell lymphorma; LPD, lymphoproliterative disease; CMV; cytomegalovirus; HBV, hepatits B virus;
HCV. hepatitis C virus: ICU, intensive care unit: RSV, respiratory syncytial virus.
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Gene (protein)  Mutation NK NK number/ Reference
type function  phenotype

Human

PIK3CD (p1108)  GOF Impaired  Decreased/affected  (63-67)

PIK3CD (p1108)  LOF ND ND (69)

PIK3RT (p850)  GOF ND Decreased/ND (©9)

PIK3RT (p85)  LOF ND Decreased (70)

PTEN (PTEN)  LOF ND Decreased/ND (71-73)

PTEN (PTEN) OE Decreased ND (74)

Mouse

Pik3cd (p1108) Deletion Impaired Decreased/affected (75, 76)

Pik3cd (p1108)  Inactive  Impaired  Decreased/affected  (77)

Pikr1 (p850)  Deletion  Impaired  Decreased/affected  (78)

PTEN(PTEN)  Deletion  Impaired  Increased/affected (79)

inppSd (SHIP-1)  Deletion  Decreased  Decreased/affected  (30)

(oytokine)
PTEN PTEN) ~ OF Decreased  Unaffected 74)

ND, not determined: GOF gain-of-function; LOF loss of function; OE, overexpression.
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Clinical feature APDS1  APDS2  APDS-L  CVID
(%) (%) (%) (%)

Pneumonia 85 il 50 32-77

Lymphoproliferation 75 89 44 N.D.

Splenomegaly 58 43 ND. 16-30

Enteropathy 2 2 ND. 9

Granuloma 0 ND. ND.

Meningitis/encephalitis 19 N.D. ND

Autoimmunity 42 17 N.D.

Malignancy 13 28 22

Neurodevelopmental delay 19 31 50

MG therapy 77 8 19

Reference ©0) (11 ©.6)
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