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Natural killer (NK) cells are innate lymphocytes specialized in immune surveillance against tumors and infections. To reach their optimal functional status, NK cells must undergo a process of maturation from immature to mature NK cells. Genetically modified mice, as well as in vivo and in vitro NK cell differentiation assays, have begun to reveal the landscape of the regulatory network involved in NK cell maturation, in which a balance of cytokine signaling pathways leads to an optimal coordination of transcription factor activity. An increased understanding of NK cell maturation will greatly promote the development and application of NK cell-based clinical therapy. Thus, in this review, we summarize the dynamics of NK cell maturation, describe recently identified factors involved in the regulation of the NK cell maturation process, including cytokines and transcription factors, and discuss the importance of NK cell maturation in health and disease.

Keywords: NK cells, maturation, development, cytokines, transcriptional regulation


INTRODUCTION

Natural killer (NK) cells are innate lymphocytes that play an important role in immune surveillance against tumors and virus-infected cells, and are an emerging target for tumor immunotherapy. NK cell immune surveillance is mediated by direct effector functions (such as IFN-γ production and cytotoxicity), as well as immune-regulatory functions [such as interactions with dendritic cells (1–3)] of NK cells. NK cells develop from precursors generated from hematopoietic stem cells (HSCs) in the bone marrow, and then begin the process of maturation before they egress to the periphery for immune surveillance. Since the initial discovery of NK cells in 1975, enormous progress has been made in our understanding of NK cell development and maturation, as well as in identifying the cytokines and transcription factors that are important for these processes. NK cells that reach maturation represent the optimal functional status of the NK cell population at steady-state, and also represent the optimal functional status at the single-cell level, as evidenced by the upregulation of genes encoding cytotoxicity-related effector molecules during NK cell maturation. Compromised NK-dependent immune surveillance usually accompanies impaired NK cell maturation (4, 5). Therefore, it is important to understand the molecular regulatory mechanisms underlying NK cell maturation, which could potentially be exploited for the development of novel therapeutic strategies. In this review, we aim to provide a framework of the current knowledge of NK cell maturation and the factors that regulate this process, including transcription factors and cytokines, and to discuss the importance of NK cell maturation in health and disease.



AN OVERVIEW OF NK CELL MATURATION


NK Cell Maturation in Mice

In adult mice, NK cells begin their development in the bone marrow, and go through a stepwise cell differentiation process, including HSCs, common lymphoid progenitors (CLPs), preNK cell progenitors (preNKPs), NK cell precursors (NKPs), immature NK cells (iNKs), and mature NK cells (mNKs) (Figure 1). CLPs are Lin–IL-7Rα+c-Kit+SCA-1+FLT-3+ and can generate pro-B and pre-T cells, as well as the earliest common innate lymphoid cell (ILC) precursor (CILCP). PreNKPs, representing an intermediate stage between CLPs and NKPs, are Lin–CD244+c-KitlowIL-7Rα+FLT-3–CD122– and comprise both early NK-committed precursors and IL. NKPs, also called refined NKPs (rNKPs), are Lin–NK1.1–DX5–IL-7Rα+CD122+NKG2D+ and differentiate into NK cells (6, 7). Before the final NK lineage commitment, NKPs progress to an iNK stage, which is characterized by the acquisition of NK1.1 and natural cytotoxicity receptor (NCR) expression. However, NK cells at the iNK stage are not yet functionally mature, and their maturation continues in the bone marrow and the periphery. The acquisition of DX5 and Ly49 expression marks the maturation of NK cells (8). To acquire optimized capacity, NK cells continue a late maturation program, which is accompanied by an increase in their effector function and changes in the expression of phenotype markers, such as upregulation of CD11b, CD43, and KLRG1, or downregulation of CD27. Therefore, based on the expression levels of CD27/CD11b, NK cell maturation can be divided into CD27+CD11b–, CD27+CD11b+, and CD27–CD11b+ stages (8). NK cells mature from the CD27+CD11b–iNK or M1 stage, and then progress to the CD27+CD11b+ transitional NK cell (tNK) or M2 stage, and finally to the CD27–CD11b+ terminally mNK or M3 stage (9). During maturation, NK cells gradually increase their cytotoxic capacity but decrease their potential for homeostatic expansion (9).
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FIGURE 1. Dynamics of NK cell development and maturation in mice and human. Hematopoietic stem cells (HSCs) differentiate into common lymphoid progenitors (CLPs), and then differentiate into NK cell progenitors (NKPs). The acquisition of CD122 marks NK cell lineage commitment from HSCs. iNKs generated from NKPs continue to mature in the bone marrow and periphery for fully functional acquisition. In mice, CD27/CD11b divides NK cell maturation into three stages. In human, CD56/CD57 divides NK cell maturation into three stages.




NK Cell Maturation in Humans

Human NK cells have developmental trajectories similar to those of mice (Figure 1). HSCs differentiate into CLPs, and then NKPs (10). In humans, the expression of CD122 on NKPs is critical for NK cell lineage commitment. The appearance of CD56 represents the final step in the differentiation of NKPs into NK cells. The maturation of human NK cells can be divided into a CD56bright stage and a CD56dim stage based on the expression levels of CD56. CD56bright NK cells are thought to be immature, and can differentiate into CD56dim NK cells with the acquisition of CD16 (11). While two subsets produce inflammatory cytokines, CD56dim NK cells have more potent cytolytic activity. CD56dim NK cells can further progress into late-maturation stages, with changes in their surface markers and function (12). The terminal maturation of CD56dim NK cells with highest cytolytic activity can be defined by the expression of CD57. Approximately 30–60% of all CD56dim NK cells in healthy adults express CD57 on their surface (13). Interestingly, high-dimensional, single-cell analysis can identify the high similarity between mouse CD27–CD11b+ NK cells and human CD56dim NK cells and between mouse CD27+CD11b– NK cells and human CD56bright NK cells (11). Additionally, Fu et al. has showed that CD27 and CD11b can reflect distinct populations of human NK cells from different tissues, functionally similar with their counterparts in mice (14).

Similar to the differentiation process of other innate lymphocytes (15), the maturation of NK cells includes multiple physiological processes. To attain an optimal NK cell population size, the maturation process usually requires the optimal egress of NK cells from the bone marrow, and a finely tuned balance between survival, proliferation, and apoptosis at the steady-state. Meanwhile, optimal NK cell functional status at the single-cell level requires a dedicated transcriptional program dictated by an optimal level of transcriptional factor activity.



Models Used for Investigation of NK Cell Maturation

Based on the above parameters, several systems are available to investigate the factors involved in the regulation of NK cell maturation:


(1) Knockout mouse models provide a powerful tool to determine the effects of a gene-of-interest on NK cell maturation. Importantly, an increasing number of studies have employed NK cell-specific conditional knockout mouse models, in which Cre recombination-directed gene deletion occurs soon after the acquisition of NKp46 (5, 16–19). This model allows gene deletion that is restricted to NK cells and group 1 innate lymphoid cells (ILC1s) (16); importantly, it also allows the dissection of stage-dependent effects elicited by the gene-of-interest on NK cell maturation.

(2) Adoptive transfer of NK cells into immune-deficient (e.g., Il2rg–/–Rag2–/–) mice or reconstitution of the bone marrow in lethally irradiated mice can recapitulate the maturation of NK cells under physiological conditions (20, 21). Different groups of NK cells can be monitored in a competitive manner to assess cell-intrinsic effects through the use of congenic markers such as CD45.1/2.

(3) In vitro NK cell differentiation assays using OP9 stromal cells provide an in vitro model to mimic cytokine-driven physiological NK cell differentiation from NK precursors (22, 23); this model also allows the determination of cell-specific effects associated with a gene-of-interest.



Several factors and pathways that play a role in NK cell maturation have been identified using the above-mentioned approaches. The results have demonstrated that NK cell maturation is dependent on several critical signaling pathways, and is triggered by a balance between extracellular signals (cytokines) and dictated by an optimal coordination of transcription factor activity. Although NK cell maturation has been extensively studied in mice, knowledge about the factors that control human NK cell maturation remains limited. Nevertheless, advances in gene editing, humanized mice models, single-cell sequencing, mass cytometry, and genome-wide association studies have led to a deeper understanding of how NK cell maturation is regulated in humans.



CYTOKINES THAT REGULATE NK CELL MATURATION

Increasing evidence suggests that multiple cytokines are involved in NK cell development (Table 1). For instance, IL-7, SCF, and FLT3L are critical for CD122+ NKP generation from HSCs, while IL-15 is essential for NK cell lineage commitment and maturation from CD122+ NKPs to mNK cells. Additionally, multiple cytokines have been found to be involved in NK cell maturation by modulating IL-15 signaling.


TABLE 1. Factors involved in NK cell maturation.
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IL-7, SCF, and FLT-3L

Stroma-free culture has shown that pre-culture in IL-7, SCF, and FLT3L is necessary for NK cell development by inducing IL-15 responsiveness in progenitors (24). CLPs normally exhibit high levels of IL-7 receptor, SCF receptor and FLT-3L receptor; however, the expression of these receptors is gradually lost during the process of NK cell maturation. Nevertheless, these cytokines have distinct roles in NK cell development. For instance, NK cell maturation is almost normal in IL-7Rα- or IL-7-deficient mice (25, 26), whereas the homeostasis of thymus-derived CD127+ NK cells is exclusively dependent on IL-7, showing characteristics similar to those of human CD56highCD16– NK cells (27). IL-7 promotes the survival of CD56bright NK cells by increasing BCL2 expression, although it does not increase NK cell cytotoxicity, interferon-gamma (IFN-γ) production, or the expression of activation markers (28). IL-7 alone is not sufficient to support human NK cell development, as evidenced by the findings in human IL-7 knock-in NOD scid gamma (NSG) mice (29). SCF promotes the survival of peripheral c-Kit+ NK cells and the absence of c-Kit signaling reduces the generation of NK cells from fetal liver precursors (30). Additionally, a marked deficiency of NK cells has been observed in the spleen of mice lacking FLT3L (31). FLT3L not only potently induces IL-15 responsiveness in progenitors, but can also significantly expand NK cells by increasing the number of IL-15-expressing CD11chi dendritic cells (DCs) (32), indicating that FLT3L is important for the early differentiation of NK cells and NK cell expansion.



Lymphotoxin

Lymphotoxins alpha (LTα) and beta (LTβ) belong to the tumor necrosis factor (TNF) ligand superfamily. LTα bound to the LTβ receptor (LTβR) constitutes a membrane-bound LTα1β2 heterotrimer that is essential for secondary lymphoid tissue organogenesis, as evidenced by defective lymph node development and altered splenic micro-architecture in Lta–/–, Ltb–/–, and Ltbr–/– mice. LTα and LTβ are expressed in activated lymphocytes, including T, B, and NK cells, whereas LTβR is expressed exclusively in non-lymphoid tissues, including in bone marrow stromal cells. The ablation of LTα or LTβR leads to impaired early-stage development of NK cells (33–35). Bone marrow stromal cells from Lta–/– or Ltbr–/– mice cannot efficiently support early NK cell progenitors (35). IL-15 can overcome the arrest of Lta–/–NK cell development in vitro (33); however, NK cell progenitors from wild-type mice generated more NK1.1+ cells than NK cell progenitors from Lta–/– mice in the presence of IL-15 (35). These findings suggest that the interaction between LTα on NK precursors and LTβR on stromal cells creates a permissive microenvironment that is essential for the early-stage development of NK cells.



IL-15

IL-15 belongs to the γc family of cytokines, sharing a γc chain with IL-2, -4, -7, -9, and -21. IL-15 signals through IL-15Rβ/γc (encoded by IL2RG) heterodimers, either alone with intermediate affinity, or as a complex with IL-15Rα with high affinity (36, 37). A phenotype with a near-complete loss of NK cells is observed in the absence of either IL-15Rα, IL-15Rβ, γc chain, or IL-15 (38–40). In contrast, mice deficient for IL-2, -4, or -7 have normal NK cell development and maturation. During NK cell development, IL-15 acts from CD122+NKPs until the terminal maturation of NK cells. Indeed, the ablation of IL-15 does not affect the production of pre-NKPs or NKPs. Although IL-15 is widely expressed in various tissues and by many cell types, IRF-1-dependent IL-15 production in the bone marrow microenvironment is critical for NK cell generation (41). Importantly, the effects of IL-15 on NK cell development and maturation require trans-presentation of IL-15 by IL-15α on bone marrow-derived DCs (42–44) in an IL-15α-dose-dependent manner (45). In addition, IL-15 transgenic mice or mice that overexpress IL-15 have a dramatic increase in the number of mNK cells (46). IL-15 is also needed to support mNK cell survival and promote mNK cell expansion in the steady-state. Similar with the observations in mice, IL-15 determines human NK cell maturation and homeostasis, which is supported by evidence from patients with γc mutation and humanized mice, as well as by experiments involving NK cell ex vivo development.



IL-17

IL-17A is a pro-inflammatory cytokine that also plays an immunosuppressive role in some settings (such as in tumors) by recruiting myeloid-derived suppressor cells, promoting angiogenesis, or suppressing CD8+ T cells. In addition, our group recently found that IL-17 signaling negatively regulates NK cell maturation and function. IFN-γ production and the cytolytic activity of NK cells, as well as NK cell antitumor and antiviral immune activity, are enhanced in Il17a–/–mice (47). Although total NK cell numbers are comparable with those in wild-type mice, increased percentages of terminal mature CD27–CD11b+ NK cells were observed in Il17a–/–, Il17f–/–, Il17a–/–Il17f–/–, and Il17ra–/– mice. Overexpression of IL-17A in vivo reduces CD27–CD11b+ NK cell subsets (47). Mechanistically, IL-17A signaling suppresses IL-15-induced phosphorylation of STAT5 via the upregulation of SOCS-3 in NK cells, leading to inhibition of NK cell terminal maturation (47). On the other hand, IL-17A exerts context-dependent effects on NK cells. IL-17 signaling is required for IFN-γ production and the cytolytic activity of NK cells derived from lipopolysaccharide (LPS)-primed mice, as well as for optimal production of granulocyte-macrophage colony-stimulating factor (GM-CSF) by NK cells in fungal infection, which plays a non-redundant role in activating neutrophils for fungal control (48).



TGF-β

Transforming growth factor beta (TGF-β) is a major immunosuppressive cytokine. Many cell types express TGF-β, and nearly all lymphocyte populations express the TGF-β receptor (TGFβR). Deletion of the TGF-β receptor subunit TGFβ RII enhances mTOR activity and the cytotoxic activity of NK cells in response to IL-15 (49). In the steady-state, NK-specific deletion of TGFβRII in Ncr1Cre/+; Tgfbr2fl/fl mice has a minimal effect on conventional NK cell maturation and homeostasis (49). In contrast, constitutive TGF-β signaling arrests NK cell maturation (49). Moreover, TGF-β blocks IL-15-induced mTOR activation, thereby suppressing the activation and functions of NK cells (49). Consistent with the observations in mice, treatment with TGF-β in vitro inhibits cytokine-stimulated metabolism of human NK cells via canonical TGF-β signaling (50). In contrast, transgenic mice expressing a dominant-negative form of TGFβRII under the control of the CD11c promoter (CD11cdnTGFβ RII) exhibit an increase in the number of mature NK cells in the periphery (51). In an in vitro assay for the differentiation of NK cell progenitors to less mature CD122+NK1.1+ and more mature NK1.1+DX5+ NK cells in the presence of IL-15 and OP9 stromal cells, the addition of TGF-β markedly blocked the derivation of mature NK cells from wild-type precursors, whereas precursors from the CD11cdnTGFβ RII mice were not affected (51). Mechanistically, TGF-β was found to mediate NK cell immaturity during ontogeny by arresting the cell cycle of NK cells at the least mature CD11b–CD43– and intermediate CD11b+CD43– stages, as well as by limiting NK cell transition at the terminally mature CD11b+CD43+ stage (51). As a result of resistance to TGF-β, infant CD11cdnTGFβ RII mice are protected against murine cytomegalovirus (MCMV) infection (51). In addition, SMAD3 has been found to suppress E4BP4-mediated NK cell development and effector functions, as evidenced by the increased number of mNK cells in Smad3–/– mice and the increased levels of granzyme B, IL-2, and IFN-γ in Smad3–/–NK cells (52). Meanwhile, the silencing of Smad3 in the human NK-92 cell line allows for the upregulation of E4BP4, which subsequently promotes IFN-γ production (53). The differences in phenotypes between CD11c+ cells and NKp46+ cells following blockade of TGFβR signaling might be due to the abrogation of the TGFβR signal at different stages of NK cell development/maturation. Further studies are required to reveal the temporal regulation of NK cell maturation by TGF-β.



TRANSCRIPTION FACTORS THAT REGULATE NK CELL MATURATION

Natural killer cell development is also regulated by sequential and coordinated transcription factor activity (Figure 2). For instance, transcription factors such as E4BP4, TOX, and ID2 are required for NK cell lineage commitment, while ID2, T-bet, Eomes, and ZEB2 are required for NK cell maturation. Transcription factors that mediate NK cell maturation usually promote the expression of genes coding for effector molecules, receptors responsible for egress, and cell-surface maturation markers.
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FIGURE 2. Transcriptional regulation of NK cell development and maturation. Multiple transcriptional factors mediate regulation at distinct stages during NK cell development and maturation. E4BP4, TCF1 and ID2 are essential for NK cell lineage commitment. T-BET, EOMES, TOX, PRDM1, GATA3, ZEB2, and SMAD4 are critical for NK cell maturation. The discrepancy of FOXO1 in NK cell maturation needs further confirmation.



E4BP4

E4BP4 is expressed in CLPs (54). E4bp4–/– mice specifically lack NK cells (55). Indeed, the numbers of pre-NKPs, rNKPs, iNK cells, and mNK cells, but not those of CLPs, are reduced in the bone marrow of E4bp4–/– mice. Ectopic expression of E4BP4 in E4bp4–/–CLPs can rescue NK cell production (54). These findings indicate that E4BP4 acts at the CLP stage and is required for NK cell lineage commitment. Pre-NKPs and rNKPs are not affected in the absence of IL-15 signaling; however, the absence of E4BP4 results in the failure of IL-15-responsive NKP production. Specifically, IL-15 cannot rescue NK cell production in E4bp4–/– bone marrow (55). In contrast, ectopic expression of E4BP4 enables limited NK cell production, even in the absence of IL-15 signaling (55). However, ectopic expression of Eomes, ID2, or T-bet cannot rescue NK cell production in the absence of E4BP4. Furthermore, E4BP4 was found to directly regulate the expression of Eomes and ID2 (54), while the histone H2A deubiquitinase MYSM1 has been found to be critical for the recruitment of E4BP4 to the ID2 locus and be required for NK cell maturation, but not NK lineage commitment (23). In addition, NOTCH1 has been identified as an E4BP4 target gene in NK cells (56). The abrogation of Notch signaling blocked NK cell production, similar to that observed in E4bp4–/–mice. Exposure to Notch peptide ligands at an early stage rescued the defective NK cell development from E4bp4–/– progenitors (56). Moreover, SUMOylation and phosphorylation can regulate E4BP4 activity and then influence NK cell development (56). The ablation of either SUMOylation or phosphorylation sites significantly increased the transcriptional activity of E4BP4 and promoted the production of NK cells. Therefore, not only the expression level but also the activity of E4BP4 is critical for NK cell development. However, the regulation of E4BP4 activity by post-translational modifications needs further investigation. Firth et al. reported that specific ablation of E4BP4 in either iNK or mNK cells had no effect on NK cell lineage maintenance and homeostasis (57). Therefore, these findings confirm that E4BP4 is required for NK lineage commitment, but not for the maturation from the iNK to the mNK stage or the survival or maintenance of mNK cells. Although it has been reported that the upregulation of E4BP4 can enhance IFN-γ production in NK-92 cells (53), the roles of E4BP4 in human NK lineage commitment and development are not well defined.



TCF1

TCF1 (encoded by Tcf7 gene) is a member of the high-mobility group (HMG) of proteins, and is important for T cell development and function. TCF1 was initially found to bind to the Ly49A promoter and be required for the acquisition of Ly49A expression during NK cell development (58). Loss of TCF1 results in a greater than 50% reduction in the levels of LY49D on NK cells (59). Subsequently, studies on a TCF1 reporter mouse strain demonstrated that TCF1 was expressed by pre-NKPs, NKPs, iNK cells, and mNK cells, but not CLPs, in the bone marrow (60). Pre-NKPs, NKPs, and mNK cell numbers were reduced in Tcf7–/– mice. Moreover, detailed analysis in splenic NK cells showed that TCF1 expression was high in CD27+CD11b– NK cells, declined with NK cell maturation, and disappeared in CD27–CD11b+ NK cells. Surprisingly, the number of terminally mature NK cells in Tcf7–/– mice is significantly increased. These findings indicate that TCF1 is essential for NK cell development, but limits NK cell terminal maturation. In humans, TCF1 has been found to be uniquely expressed in circulating CD56bright NK cells and not in CD56dim NK cells (61). The effects of TCF1 on human NK cell development and maturation, as well as the underlying mechanisms, need further investigation.



ETS1

ETS1 is the founding member of the ETS family of winged helix-turn-helix transcription factors and is highly evolutionarily conserved. ETS1 has been shown to function from the pre-NKP stage and is required for the expression of various transcription factors, including T-bet and ID2, activating NKRs, including NKp46, Ly49D, and Ly49H, and signaling molecules (62). The levels of mNK cells are significantly decreased in the bone marrow and spleen of Ets1–/–mice (62). Moreover, Ets1–/– mNK cells display impaired effector function and decreased expression of activating NKRs, but increased expression of inhibitory NKRs (62, 63). Meanwhile, in human NK cells, Taveirne et al. revealed that ETS1 induced the expression of transcription factors such as T-bet, GATA3, and BLIMP-1 that determine NK cell development, suggesting that ETS1 might play a similar role as in humans (64). Moreover, IL-2 and IL-15 can increase ETS1 expression through ERK1/2 signaling in human NK cells (65). These observations indicate that ETS1 is essential for NK cell development. However, the stage-specific requirement of ETS1 for NK cell maturation requires further investigation.



STAT5

Downstream of IL-15 receptor, JAK-1 associates with IL-2Rβ, leading to STAT3 phosphorylation, while JAK-3 associates with IL-2Rγc, resulting in STAT5 phosphorylation (66). The JAK-1/3–STAT5 pathway has been identified as being essential for NK cell maturation. Germ-line deletion of Jak1 or Stat5 and conditional deletion of Jak1 or Stat5 in NKp46+ cells both lead to a marked reduction in NK cell levels, as well as inhibition of NK cell maturation in the bone marrow and the periphery (16, 67). Consistent with the reduced levels of mNK cells, Jak1flox/floxNcr1-iCre Tg or Stat5flox/floxNcr1-iCre Tg mice showed defective NK cell-dependent tumor surveillance. Moreover, STAT5 tetramers are required for the maturation of NK cells from the iNK to the mNK state in bone marrow and spleen, as evidenced by the substantial decrease in mNK cell numbers, but normal levels of NKPs and iNK cells, in STAT5A-STAT5B tetramer-deficient double knock-in mice (68). STAT5b mutation also leads to defective human NK cell maturation and impaired lytic function (69). These observations indicate that JAK-1/3-STAT5 is critical for NK cell maturation.



ID2

ID2 is a member of the inhibitor of DNA-binding (ID) protein family, which acts by preventing E-proteins, such as E2A, E2-2, and HEB, from binding E-box (CANNTG)-containing target genes through heterodimerization. ID2 is expressed at high levels after NK cell lineage commitment and in all subsequent stages (70). ID2 was first reported to play an essential role in the generation of peripheral lymphoid organs and NK cells through the use of Id2–/– mice (71). Although Id2 deficiency does not reduce Lin–CD122+ NK cell progenitors in the bone marrow, it does lead to reduced NK cell numbers and impaired maturation of NK cells, as evidenced by the decreased expression of CD43 and CD11b maturation markers, as well as granzyme expression (72). A more recent study showed that the hematopoietic deletion and acute deletion of ID2, or ID2 deletion in NKp46+ cells, results in the loss of most NK cells (70). This indicates that ID2 is required for NK cell maintenance at all stages of development. ID2 suppresses E-box genes required for NK cell maturation, suppresses SOCS-3 expression, and is required for normal IL-15 receptor signaling. Strong IL-15 receptor stimulation by IL-2 pre-ligated to an anti-IL-2 antibody, or SOCS-3 deficiency, partially restores homeostasis in Id2-deficient NK cells.

In support of the role of ID2 in NK cell maturation, deficiency of MYSM1, which mediates the recruitment of E4BP4 to the Id2 locus, leads to defects in NK cell maturation, but not NK lineage specification or commitment (23). MYSM1 also plays a role in maintaining an open chromatin structure at the Id2 locus.



T-Bet and Eomes

T-bet (T-box expressed in T cells, encoded by TBX21) is a member of the T-box family of transcription factors that are primarily expressed by T cells and NK cells. In Tbet–/– mice, the number of NK cells is significantly decreased in the spleen, liver, and peripheral blood, but modestly increased in bone marrow NK cells (4). These defects result from the impaired egress of NK cells from the bone marrow. T-bet directly regulates S1pr5 by binding to its locus (73), and loss of T-bet leads to the decreased expression of S1pr5 (74). In addition, T-bet-deficient NK cells express lower levels of the maturation markers CD43, CD11b, and DX5, and higher levels of c-Kit and integrin alpha-v, which reflects the immaturity of NK cells (4). Therefore, T-bet is essential for NK cell maturation.

Another T-box transcription factor, Eomes (eomesodermin), also plays non-redundant roles in NK cell maturation. In mice, most spleen NK cells express Eomes. Expression of Eomes marks NK cell maturation, and Eomes+ NK cells are characterized by the expression of DX5 and the absence of TRAIL expression (21). Eomes is required for NK cell maturation. Hematopoietic deletion of Eomes in Eomesflox/floxVav-Cre+ mice results in a substantial reduction in the number of NK cells in the spleen and blood, and to a lesser extent in the liver, lymph nodes, and bone marrow. Loss of Eomes also renders NK cells phenotypically similar to Eomes– NK cells derived from wild-type mice, with expression of TRAIL but lacking DX5, as well as decreased levels of Ly49 receptors and CD11b. In addition, TRAIL+ iNKs require Eomes for conversion to DX5+ mature NK cells following their transfer into Il2rg–/–Rag2–/– mice. Eomes is also required to maintain NK cell maturity, as temporal deletion of Eomes in mature NK cells results in the loss of the maturation marker DX5 and upregulation of TRAIL.

Despite the critical roles of Eomes and T-bet in NK cell maturation, loss of either transcription factor does not markedly impair the effector functions of NK cells at the single-cell level in vitro, further confirming that these factors have roles in NK cell maturation, but not in NK cell identity.



TOX

The TOX (thymocyte selection-associated HMG box) protein belongs to a family of evolutionarily conserved DNA-binding proteins. Besides TOX, family members include TOX2, TOX3, and TOX4. The TOX protein is highly expressed in iNK and mNK cells in the bone marrow (75). The loss of TOX significantly reduces the frequency and number of mNK cells in the periphery and bone marrow, with a severe block in the transition from the iNK to mNK stage and, to a lesser extent, from the NKP to the iNK stage. ID2 expression is significantly reduced in the NK cells that remain in Tox–/–mice; however, ID2 expression does not rescue the defective maturation of Tox–/–NK cells. In addition, Yun et al. demonstrated that TOX enhances the maturation of human NK cells, and affects, though not directly regulates, T-bet expression during NK cell maturation (76). This indicates that TOX is required for NK cell maturation both in humans and in mice. However, the regulatory circuit downstream of TOX during NK cell maturation requires further investigations. Besides TOX, TOX2 has been found to play a critical role in human NK cell maturation. Vong et al. found that TOX2 is preferentially expressed in human NK cells among several immune cell populations and is upregulated during human NK cell maturation. TOX2 is essential for human NK cell maturation and cytotoxicity. TOX2 directly upregulates T-bet expression, and T-bet overexpression can rescue the TOX2 knockdown-mediated NK cell maturation defects (77). These results imply that TOX2 functions upstream of ID2 in human NK cells. However, the role of TOX2 in murine NK cell maturation remains to be elucidated. Combined, these results show TOX and TOX2 play a crucial role in NK cell maturation.



PRDM1

The expression of the transcriptional repressor B lymphocyte-induced maturation protein 1 (Blimp-1, also known as PRDM1) can be induced by IL-15 stimulation (22), and its expression is T-bet-dependent (78). Blimp-1 is constitutively expressed by NK cells and is upregulated during NK cell maturation in both humans and mice. Loss of Blimp-1 affects NK cell homeostasis, leading to increased NK cell numbers in the bone marrow and lymph nodes and reduced NK cell numbers in the liver and the lungs. Loss of Blimp-1 also leads to impaired NK cell maturation, as shown by the decreased levels of the CD27–CD11b+ NK cell subset and expression of the maturation markers CD43 and KLRG1. However, Blimp-1 is dispensable for most effector functions of murine NK cells, and even suppresses the production of IFN-γ, TNF, and LTαin human NK cells by directly binding to multiple conserved regulatory regions (78). An impaired response to IL-15 in the absence of Blimp-1 might be the cause of the aberrant maturation of Blimp-1–/– NK cells.



Zeb2

T-bet also synergizes with ZEB2 to promote NK cell maturation. T-bet is necessary and sufficient to induce ZEB2 expression, and ZEB2 expression positively correlates with NK cell maturation (5). ZEB2 is required for normal NK cell homeostasis. Deletion of ZEB2 in NK cells results in the retention of NK cells in the bone marrow, and reduced NK cell numbers in the periphery. ZEB2 overexpression leads to a reduced number of NK cells in the bone marrow. Moreover, mice with NK-specific Zeb2 deletion lack mature CD27– NK cells, while ZEB2 overexpression increases the numbers of mature CD27– NK cells. The reduced numbers of mature NK cells might be due to poor survival and response to IL-15, as well as the downregulation of S1pr5 expression in ZEB2-deficient NK cells. Additionally, the levels of the maturation markers KLRG1 and CD146 are also proportional to the levels of ZEB2 expression. This implies that ZEB2 promotes NK cell maturation. Interestingly, although the absence of ZEB2 in NK cells compromises the overall NK cell-mediated immune response, as evidenced by the increased susceptibility of NK-Zeb2–/– mice to B16F10 lung metastasis, NK cell effector functions at the single-cell level in vitro are mostly preserved, or even increased.

ZEB2-deficient NK cells phenocopy T-bet-deficient NK cells in terms of reduced numbers of mature NK cells, higher rates of apoptosis, impaired egress from the bone marrow, and the expression of a series of surface molecules (5). Impaired maturation of ZEB2- or T-bet-deficient NK cells is not further aggravated in ZEB2/T-bet double-deficient NK cells. Furthermore, overexpression of ZEB2 partially rescues the defects of T-bet-deficient NK cells related to cell numbers, mature NK cell levels, expression of maturation markers such as KLRG1, and surveillance against tumor metastasis.



GATA3

GATA3 belongs to a family of six transcription factors termed GATA binding proteins (79). GATA3 is expressed in the hematopoietic system and throughout the NK lineage, from NKPs to iNK and mNK cells (80). Deletion of GATA3 in all hematopoietic cells at the early stage of development does not result in the loss of conventional NK cells, indicating that GATA3 is dispensable for early NK cell development (81–83). However, NKp46-Cre-Gata3flox/flox mice show a decrease in NK cell numbers in the spleen and liver, and an increase in the bone marrow (84). The maturation markers CD11b and KLRG1 are also expressed at lower levels on NK cells in mice with either hematopoietic or NKp46 promoter-mediated deletion of Gata3 (81, 84). In addition, although NK cell cytolytic activity is preserved in the absence of GATA3, both from the early stage of development and in the immature NK cell stage, IFN-γ production by NK cells is impaired in NKp46-Cre-Gata3flox/flox mice. Accordingly, control of early Listeria infection is compromised in mice lacking GATA3. This indicates that GATA3 is required for NK cell maturation.



SMAD3 and SMAD4

The binding of TGF-β to its tetrameric receptor phosphorylates the transcription factors Smad2/3, which then binds to Smad4 to regulate the expression of target genes. Consistently, Smad3 has been also found to suppress NK cell E4BP4-mediated development and effector functions, as evidenced by the increased number of mNK cells in Smad3–/– mice and the increased levels of granzyme B, IL-2,and IFN-γ in Smad3–/– NK cells (52). Meanwhile, the silencing of Smad3 was found to result in the upregulation of E4BP4, leading to the subsequent promotion of IFN-γ production in human NK-92 cells (53). SMAD4 generally acts as a mediator of the TGF-β signaling pathway; however, a recent study found that SMAD4 promotes NK cell homeostasis and maturation in a TGF-β-independent manner (19). SMAD4 deficiency in NK cells compromises NK cell granzyme B expression, as well as NK cell antitumor and antiviral immunity. SMAD4 cooperates with JUNB to transactivate Gzmb gene expression. SMAD4 is also required to maintain NK cell homeostasis, possibly by promoting c-Kit expression. SMAD4 deficiency impairs NK cell maturation, as evidenced by the decreased percentage of KLRG1+ cells and CD27–CD11b+ mature subsets among NK cells, possibly due to the decreased expression of Blimp-1 in these NK cells. Interestingly, these effects of SMAD4 on NK cells are independent of TGF-β signaling, as SMAD4 deficiency also results in decreased KLRG1+ and CD27–CD11b+ NK cells, and in decreased expression of the Gzmb gene in a Tgfbr2- deficient background.



FOXO1

To date, forkhead box O1 (FOXO1) is the only transcription factor reported to negatively regulate NK cell maturation. FOXO1 is abundantly expressed in iNKs and its expression subsequently decreases during the NK cell maturation process (17), opposite to that observed for T-bet. FOXO1 is normally localized in the nucleus; however, following cellular activation (e.g., by stimulatory cytokines), it is phosphorylated and translocates to the cytoplasm. In the nucleus, FOXO1 directly represses Tbx21 transcription. Accordingly, conditional FOXO1 deletion in NKp46+ cells promotes NK cell maturation and effector functions. However, it has also been reported that FOXO1 interacts with ATG7 to induce autophagy, which is important for immature NK cell viability, and that conditional deletion of FOXO1 in NKp46+ cells compromises NK cell development and MCMV clearance (85). These observations highlight the complexity associated with the activity of this molecule.



DEFECTIVE NK CELL MATURATION AND DISEASE

Natural killer cells play critical roles in immune surveillance against viral infections and cancers. They can be directly activated without priming and have the potential to kill infected or transformed cells. However, the compromised functional competence of NK cells can lead to immune escape of viruses and cancer cells. NK cell maturation is critical for the acquisition of full functional competence. Consequently, defective maturation of NK cells is associated with chronic viral infection and cancer progression.


Defective NK Cell Maturation and Infection

Natural killer cells play critical roles in defending against viral infection. Evidence indicates that hosts without circulating NK cells suffer multiple severe viral infections, including varicella-zoster virus (VZV), cytomegalovirus (CMV), Epstein–Barr virus (EBV), and herpes simplex virus (HSV), and have a higher risk of death from these infections (86). Mutations in GATA2 might result in NK cell deficiency (87). The highest expression of GATA2 was found in the CD56bright subset. CD56bright NK cells were absent in patients with GATA2 mutations, indicating that GATA2 is critical for human NK cell development. Further experimental work may provide insights into these patients and the particular mutation to better understand the role of GATA2 in NK cell biology. In addition, patients with MCM4 deficiency have a selective loss of CD56dim in NK cells, indicating that MCM4 mutation may interrupt the maturational transition of CD56bright NK cells to CD56dim NK cells. Notably, mutations in the IL-15 receptor, JAK-3, or STAT5 in humans results in the defective development and maturation of NK cells and increases the risk of viral infection (86). Functional NK cell deficiency resulting from gene mutations in humans also leads to increased susceptibility to multiple infections. For instance, IL-21 promotes the functional maturation of both murine and human NK cells (88, 89). The loss-of-function of human IL-21 or its receptor leads to impaired NK cell cytotoxicity and recurrent infections (90, 91). Meanwhile, viral chronic infection, such as that associated with hepatitis B virus (HBV), hepatitis C virus (HCV), human immunodeficiency virus (HIV), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), results in NK cell depletion or dysfunction, characterized by reduced numbers, proliferation, activity, and expression of activating receptors, as well as increased apoptosis and expression of inhibitory receptors (92, 93). Defective maturation of NK cells affects the outcomes of viral infections. For instance, the frequency of the CD11b+CD27–NK subset is higher in Il1r8–/– mice compared with intact ones. Enhanced NK cell maturation in Il1r8–/– mice promotes NK-cell-mediated resistance to CMV infection (94). Together, these results indicate that NK cells are critical for host defense against viral infections and NK cell maturation is required for the acquisition of their full functional competence.



Defective NK Cell Maturation and Cancer

Cancer immune surveillance by NK cells contributes to the exploration and application of NK cells in clinical cancer treatment. Hosts with dysregulated NK cells have an increased cancer risk (95). NK cell defects have been observed in a variety of patients with different types of advanced cancer, and contribute to defective immunity against cancer progression (96). Immunotherapy based on NK cells has displayed robust anticancer efficacy in preclinical and clinical trials (97). There is some evidence to show that NK cell maturation is also blocked during tumor growth. It has been demonstrated that multiple lineages of tumors, including breast cancer, colon cancer, and melanoma cell lines, interrupt NK cell functional maturation and impair the antitumor capacity of NK cells (98). The maturation defects in these cancer hosts are associated with a significant reduction in the number of IL-15Rα+ cells in the bone marrow, and these defects can be rescued by overexpression of IL-15 (98). Interestingly, it has been reported that GSK3 kinase inhibition in human NK cells that were expanded with IL-15 enhances CD57 acquisition and late-stage maturation, which is accompanied by higher TNF and IFN-γ production, elevated natural cytotoxicity, and increased antibody-dependent cellular cytotoxicity (99). Furthermore, the adoptive transfer of NK cells expanded in the presence of a GSK3 kinase inhibitor led to a stronger and more durable antitumor effect in a xenogeneic ovarian cancer model. Mechanistically, GSK3 kinase inhibition increases the expression of T-bet, ZEB2, and BLIMP-1, transcription factors that are associated with late-stage NK cell maturation. This demonstrates that NK cell functional maturation is required for the efficacy of NK cell-based cancer immunotherapy.



PERSPECTIVES

As discussed above, NK cell maturation is a process coordinated by a network that consists of transcription factors, signaling pathways, and cytokines. Through the use of stage-specific, gene-modified mouse models, as well as other complementary systems, additional molecules that play a role in the NK cell maturation process are being identified, further expanding our knowledge of this basic topic in NK cell biology.

On the other hand, NK cells are composed of different subsets with different maturation status. For example, mouse NK cells with a self-MHC-specific Ly49 inhibitory receptor (e.g., the Ly49I/C+ NK cell subset) are tolerant toward self-MHC –expressing cells, but are better producers of IFN-γ in response to cross-linking of activation receptors (100). These better-educated Ly49I/C+ NK cells display a more mature phenotype, compared with Ly49I/C– NK cells (9). Another example is that NK cells can be divided into two distinct subsets: CD49a+ and CD49a–. Different from conventional CD49a- NK cells, CD49a+ NK cells are tissue resident. Tissue-resident NK (trNK) cells have been observed in diverse organs and tissues, including thymus, uterus, skin, adipose, liver, and salivary. The transcriptional factors that instruct the development of trNK cells are different from those of cNK cells. For instance, mice with E4bp4 deficiency lack conventional NK (cNK) cells, but have trNK cells in liver and uterus (101). In addition, the phenotype markers and necessary factors for the development of trNK cells have been found to display notable tissue-specific properties. For example, the development of trNK cells in the thymus with CD127+CD49b+CD49a– phenotype requires IL-7 and GATA3 (27). The origin, developmental process, transcriptional factor, and functional competence of trNK cells in mice and human remain less-studied, though some recent studies have started shedding insights into the comparison between the cNK and trNK (102, 103). Interestingly, CD49a+ liver-resident NK cells display an immature phenotype, compared with CD49a– conventional NK cells. The impacts of maturation status on the differentiation programs and specific features (such as liver-residency of liver-resident NK cells) of these NK cell subsets still remains to be investigated.

Another conceptual breakthrough in NK cell biology relates to the immunological memory and adaption of NK cells (104, 105). Increasing evidence indicates that NK cells recall haptens, viruses, and cytokines (106). For antigen-specific NK cell memory responses in a murine model of hapten-induced contact hypersensitivity (CHS), NK cells require CXCR6 expression for such process (107). Also, NK cell-mediated CHS is dependent on IL-12, IFN-α, and IFN-γ (108). For generation of protective memory NK cell response during MCMV infection, pro-inflammatory cytokines (e.g., IL-12 and downstream STAT4) (109) and co-stimulatory receptors (e.g., CD226) (110) play crucial roles. Moreover, in order to form NK cell memory, NK cells require Zbtb32 to undergo a proliferative burst and clonal expansion in response to infection (111), require BNIP3 and BNIP3L -dependent clearance of damaged mitochondria by autophagy (112), and require pro-apoptotic factor Bim for contraction (113). Considering the above-discussed effects of NK cell maturation on NK cell effector functions, the question arises as to whether adaptive NK cell memory also depends on NK cell maturation status. An appropriate model of NK cell memory should be employed that reflects the relationship between an immunological memory and maturation of NK cells (114). Although molecular mechanisms on the differentiation of adaptive NK cells remains to be fully revealed, the immunological memory of NK cells support the potential for NK cells in promoting better clinical outcomes during disease treatment.

More efforts are required, however, before knowledge in this area can be exploited for disease treatment. For example, NK cell activity is dysregulated in autoimmune diseases (115), which potentially affects the maturation process in the bone marrow even if the disease is confined to a region away from the bone marrow. However, relatively few studies have investigated the maturation status of NK cells under such conditions. On the other hand, NK cells are functionally exhausted in the tumor microenvironment (116, 117). The levels of CD27–CD11b– tumor-infiltrating NK cells are associated with tumor progression in a murine Lewis lung cancer (LLC) model (118), indicating that the tumor microenvironment displays region-specific immune features, and further suggests that NK cell maturation is differentially regulated when compared with the normal condition; however, this idea requires further investigation.
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