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NK cell-mediated cytotoxicity is a critical element of our immune system required for protection from microbial infections and cancer. NK cells bind to and eliminate infected or cancerous cells via direct secretion of cytotoxic molecules toward the bound target cells. In this review, we summarize the current understanding of the molecular regulations of NK cell cytotoxicity, focusing on lytic granule development and degranulation processes. NK cells synthesize apoptosis-inducing proteins and package them into specialized organelles known as lytic granules (LGs). Upon activation of NK cells, LGs converge with the microtubule organizing center through dynein-dependent movement along microtubules, ultimately polarizing to the cytotoxic synapse where they subsequently fuse with the NK plasma membrane. From LGs biogenesis to degranulation, NK cells utilize several strategies to protect themselves from their own cytotoxic molecules. Additionally, molecular pathways that enable NK cells to perform serial killing are beginning to be elucidated. These advances in the understanding of the molecular pathways behind NK cell cytotoxicity will be important to not only improve current NK cell-based anti-cancer therapies but also to support the discovery of additional therapeutic opportunities.
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1 Introduction

Natural Killer (NK) cells are cytotoxic lymphocytes of the innate immune system that provide immune surveillance and first-line defense against microbial infections and tumors (1–4). Human NK cells compose 5-15% of circulating peripheral blood lymphocytes, but also present wide tissue distribution with varying numbers and sub-populations (5). Although NK cells modulate immune responses by producing a variety of inflammatory cytokines and chemokines (2, 6), NK cell cytotoxicity is the most critical function required for the ultimate clearance of tumorous, infected, or stressed cells. Like other immune cells, the overall activation and maturation of circulating NK cells is affected by inflammatory cytokines and chemokines (7, 8). However, the recognition and binding of NK cells to tumorous or unhealthy “non-self” target cells is the major driver that induces NK cell cytotoxicity (9). A wide range of activating and inhibitory receptors are expressed on the surface of NK cells, and upon binding to its target cell, a balance of signals from engaged activating and inhibitory receptors determines the NK cell response. In this way, NK cells can identify “non-self” cells to kill, while maintaining self-tolerance. Since NK cells rely on germ-line encoded NK receptors without any DNA rearrangement, they are categorized as innate members of the immune system. However, NK cells also present advanced immune functions like T and B cells, in which they present memory-like responses against specific antigens and certain activating cytokines (2).

The initial tethering of an NK cell to a target cell is mediated by adhesion molecules including selectins and integrins expressed on the NK cell surface (1, 10). Upon activation, the NK cell establishes a specialized interface with the target cell known as the cytotoxic synapse (CS), which is mediated by increased affinity interaction of integrins with their ligands expressed on the target cells. The CS is further strengthened as the actin cytoskeleton at the CS is reorganized and more integrins are recruited to the CS. Ultimately, NK cells secrete preformed secretory lysosomes called lytic granules (LGs) directly toward bound target cells, a process known as cell-mediated cytotoxicity (1–4). However, NK cells can also induce death receptor-mediated apoptosis of target cells (4, 11, 12). NK cells express death receptor ligands including FasL (CD95L) and TNF-related apoptosis-inducing ligand (TRAIL) (13). Engagement of these ligands with Fas (CD95) and TRAIL-R1/-R2, respectively, on the target cells can induce target cell apoptosis. Additionally, NK cells secrete biologically active extracellular vesicles (EVs) that contain cytotoxic proteins like perforin and granzymes and other immune modulatory molecules (14–17). These secreted vesicles seem to have immune regulatory functions and present anti-tumor effects. For a discussion of the similarities and distinctions between the LGs and NK-EVs regarding composition and molecular processes, the reader is referred to a recent excellent review (18). In line with this, both CD8+ cytotoxic T lymphocytes (CTLs) and NK cells were also found to secrete cytotoxic supramolecular attack particles (SMAP) composed of thrombospondin-1 (TSP-1), perforin, and granzyme B (19, 20). SMAP is distinct from extracellular vesicles because it exists in a membrane-less protein complex in which perforin and granzyme B are contained within a glycoprotein TSP-1 shell. Future studies will be required to elucidate the detailed characteristics of these extracellular vesicles and protein complexes including the physiological functions and molecular pathways behind their synthesis and secretion as well as their mechanism(s) of action. Additionally, elucidating how NK cells protect themselves from the cytotoxic effects of NK-EVs and SMAP will be an interesting and important area for future research.

Many current approaches in cancer immunotherapy rely on the cytotoxic activities of NK cells (4, 21–23). Several cytokine and checkpoint inhibitor therapies are designed to enhance the cytotoxicity of NK cells against tumors. In the field of adoptive transfer and chimeric antigen receptor (CAR) therapies, NK cells are thought to possess several advantages compared to CTLs: 1) readiness for cytotoxicity without pre-activation and clonal expansion, 2) relatively short lifespan, 3) lack of requirement for antigen specificity targeting tumor cells, and 4) lack of requirement to match major histocompatibility complex (MHC) molecules expressed on the target cells. In addition, antibody-based therapies against tumor-specific antigens can induce antibody-dependent cellular cytotoxicity (ADCC) by NK cells, since low affinity Fc receptor CD16 (FcγRIIIA) is a major activating receptor on NK cells. These examples of utilizing NK cell-mediated cytotoxicity in cancer therapies highlight the importance of better understanding the mechanisms behind the cellular cytotoxicity of NK cells.

In this review, we will summarize the current understanding of the mechanisms of NK cell-mediated cytotoxicity from LG biogenesis to the degranulation process. For updates on additional modes of NK cytotoxicity or other NK cell functions and biology, the reader is referred to other excellent reviews (1–4, 10).



2 Biogenesis of Lytic Granules

Cell-mediated cytotoxicity of NK cells and CTLs is achieved by the directed release of cytolytic granules toward bound target cells. Lytic granules (LGs) are a specialized subset of lysosomes which contains both lysosomal and secretory proteins that are usually compartmentalized in separate organelles in most other cell types (1, 24, 25). Therefore, LGs are also referred to as secretory lysosomes. In the case of CTLs, resting unstimulated cells do not express LGs (26, 27). Only upon T cell receptor engagement, CTLs initiate biosynthesis of electron-dense LGs. On the contrary, NK cells constitutively express LGs, thereby enabling NK cells to be primed for killing without any prior sensitization.

Secretory lysosomes are like lysosomes in that both have similar morphology and contain an acidic environment with a pH ranging from 5.1-5.4 (28). Like lysosomes, secretory lysosomes also contain proteins with hydrolytic and degradative functions like acid hydrolases and contain common lysosomal soluble (including cathepsins) and transmembrane (including lysosome-associated membrane protein [LAMP]) proteins. However, secretory lysosomes are distinguished from lysosomes by the following characteristics. First, secretory lysosomes contain additional specialized cell-type-specific components. Most cell types containing secretory lysosomes are hematopoietic lineage cells, but secretory lysosomes are also found in melanocytes and endothelial cells. In melanocytes, the secreted contents include melanin protein which is responsible for the pigmentation of skin. On the other hand, the LGs of NK cells and CTLs are mainly composed of pore-forming and apoptosis-inducing molecules such as perforin, granzymes, granulysin, and Fas ligand. Another major distinction is that although both organelles are the endpoint of endocytic pathways, secretory lysosomes undergo additional secretion processes under certain stimulatory conditions. The secretion process of secretory lysosomes seems to be mediated by common molecular machineries regardless of cell type. In the case of genetic immune disorders like Chediak-Higashi syndrome (CHS) and Hermansky-Pudlak syndrome (HPS) type 2, the patients not only have immunodeficiency mainly caused by impaired secretion of LGs by NK cells and CTLs, but also present hypopigmentation (due to impaired melanin secretion) and excessive bleeding (due to absence of dense granules in platelets) (29, 30). In the following sections, we will describe the major components of LGs and their biosynthesis as well as the regulators involved in LG biogenesis.


2.1 Major Lytic Granule Components and Their Biosynthesis


2.1.1 Granzymes

Granzymes are a family of serine protease proteins expressed in cytotoxic lymphocytes (4, 31, 32). There are 5 granzyme proteins (A, B, H, K, and M), and each granzyme exhibits unique protease characteristics with different substrate specificities. The wide range of granzyme protease activities induce different apoptosis pathways in caspase-dependent and -independent manners. It is interesting to note that granzyme H and M are predominantly expressed in NK cells (33, 34). However, most of the current understanding of granzymes is based on granzymes A and B. For a detailed description of the characteristics and apoptosis pathway initiated by each granzyme, the reader is referred to these excellent reviews (4, 31, 35).

Granzymes are synthesized as pro-enzymes (zymogen), which contain a signal peptide that directs them to the endoplasmic reticulum (ER) and an inhibitory dipeptide that keeps the protein in an inactive form (Figure 1) (36). Once the zymogen protein is translated into the ER lumen, it is transferred to the cis-Golgi, where it is further modified to have a mannose-6-phosphate (M6P) moiety. The modified zymogen protein is then delivered to the endosome by the M6P receptor (MPR) and finally to the LGs (37). Once in the LGs, granzymes are finally converted to their mature and active form by removal of the inhibitory dipeptide by the cysteine proteases cathepsin C or H (38–40). The importance of granzyme processing is revealed in Papillon–Lefèvre syndrome (PLS), which is caused by autosomal recessive mutation of CTSC gene that encodes cathepsin C (Table 1) (41, 42). Cathepsin C is a lysosomal cysteine protease that processes granzyme A and B (43). PLS patients are unable to synthesize fully mature and active granzyme due to loss of cathepsin C function and this results in impaired NK cytotoxicity and increased susceptibility to viral infections (38).




Figure 1 | Biosynthesis and trafficking of granzymes and perforin to lytic granules. Both granzymes and perforin are translated into the ER and trafficked to the Golgi. Addition of mannose-6-phosphate (M6P) to granzymes facilitates transport of granzymes to lytic granules (LGs) via M6P receptors. Transport of perforin to LGs is mediated by LAMP1 and adaptor protein 1 (AP1) sorting complex via an unknown mechanism. Both perforin and granzymes are processed into active forms by cathepsins and other proteases in the LGs but maintained in an inactive state via their association with serglycin.




Table 1 | Human Primary Immunodeficiency Syndromes Associated with Impaired Lytic Granule (LG) Degranulation by NK Cells.





2.1.2 Perforin

Perforin is a pore-forming protein that enables delivery of apoptosis-inducing serine proteases like granzymes into target cells (4, 44). The perforin-mediated pores also impose osmotic stress on the target cells inducing apoptosis. This pore-forming activity of perforin is calcium- and pH-dependent; perforin is inactive in an acidic environment (44, 45). Perforin binds to the target cell membrane in a calcium-dependent manner (mediated by a calcium-binding C2 domain), oligomerizes into a pore complex, and creates a pore mediated by the membrane attack complex-perforin (MACPF) domain (46). The indispensable role of perforin activity in NK cells and CTLs is exemplified in type 2 familial hemophagocytic lymphohistiocytosis (FHL2) (Table 1) (47, 48). FHL2 is an autosomal-recessive disorder caused by mutation in PFR1 gene, which encodes perforin. Various mutations affecting the maturation, folding, membrane binding, and oligomerization of perforin have been identified, which causes a highly variable perforin protein expression in patients. Although FHL2 patients presented with normal ranges of other components of LGs as well as normal degranulation processes, patient NK cells have defective cytotoxicity due to an inability to form pores on the bound target cells.

Like granzymes, perforin is initially synthesized as an inactive precursor in the ER and trafficked to the Golgi and finally to the LGs (Figure 1) (44, 45). However, the detailed mechanism by which perforin is sorted from the trans-Golgi network into the LGs remains unclear. LAMP1 and adaptor protein 1 (AP1) sorting complex, which are direct interacting partners, seem to mediate perforin trafficking from the trans-Golgi to the LGs (49, 50). Both LAMP1 and AP1 complex were shown to be important for NK cell-mediated cytotoxicity. Interestingly, depletion of either LAMP1 or adaptin γ, a subunit of AP1 complex, caused retention of perforin in cation-independent (CI)-MPR-positive trans-Golgi-derived transport vesicles (49). During the trafficking process, perforin goes through proteolysis and glycosylation. It was recently shown that N-linked glycosylation at the C-terminal end of perforin prevents perforin oligomerization during its transit to the LGs (51). This glycosylation prevents perforin activity in the ER and the Golgi, where calcium is more sufficient, and the pH is neutral. Upon arrival in the LGs, perforin is processed to become an active form, as the C-terminal end of perforin is cleaved by Cathepsin L and other proteases (51, 52).



2.1.3 Granulysin

Granulysin is a member of the saposin-like protein family expressed in NK cells and the pre-activated CTLs of most mammals excluding rodents (53–55). Granulysin is initially synthesized as a 15-kDa precursor protein, which is further proteolytically cleaved into a 9-kDa active form in the LGs (56). The active form of granulysin exhibits pore-forming activity like other members of the saposin-like protein family and permeabilizes the membranes of tumor cells as well as intracellular microbes including bacteria, fungus, and parasites (53, 57). The disrupted membranes not only induce osmotic lysis of target cells, but also become routes for granzymes to enter target cells and intracellular microbes (58, 59).



2.1.4 FasL and TRAIL

Both FasL and TRAIL are type II transmembrane proteins expressed on the surface of NK cells and CTLs and belong to the TNF superfamily (60–63). As mentioned previously, engagement of each ligand with its cognate receptor (collectively known as death receptors) induces apoptosis of the target cell. Interestingly, although these death receptor ligands induce cytotoxicity in target cells via distinct molecular processes from the LG components described above, both proteins were also found to be localized at LGs (64–69). Therefore, expression of these death receptor ligands at the surface of NK cells is achieved by degranulation of LGs (66, 70). In the case of FasL, several studies suggested that FasL is contained within distinct LG vesicles that do not contain cytotoxic proteins such as perforin and granzymes (18, 71–73). In addition, it was also suggested that these LG subsets present different signaling requirements for degranulation and rely on distinct molecular processes for their secretion (18, 74). Future studies are required to better elucidate the identity and molecular regulation of FasL-containing vesicles, and it will be interesting to see whether TRAIL is also stored within the same (or a similar) subset of LG vesicles along with FasL.

Like perforin and granzymes, FasL is initially synthesized in the ER, trafficked to the Golgi, and finally sorted to the LGs. A proline-rich domain at the C-terminal end of FasL was found to be essential in this process by mediating interaction of FasL with various SH3 domain-containing proteins (18, 75). FasL becomes phosphorylated by Src kinases recruited to this proline-rich domain and FasL is also ubiquitinated at lysine residues close to the proline-rich domain (76). Both posttranslational modifications of FasL are necessary for appropriate sorting of FasL to the LGs. The molecular processes mediating TRAIL trafficking to the LGs are currently unknown and await future studies.




2.2 Regulators of Lytic Granule Biogenesis


2.2.1 Adaptor Protein 3 Complex

Adaptor protein 3 (AP3) complex is a hetero-tetrameric protein complex, which is involved in the sorting of many lysosomal proteins including LAMP1, LAMP2, and LAMP3 (CD63) from the endosome or trans-Golgi network to the lysosome (77, 78). The essential roles of AP3 in LG biogenesis are exemplified by type 2 Hermansky-Pudlak syndrome (HSP2), which is caused by mutations in the AP3B1 gene (Table 1) (79, 80). Mutations in β3A-subunit of AP3 (encoded by AP3B1) cause instability of the protein, which leads to the loss of the entire AP3 complex (79, 80). As mentioned previously, HSP2 patients commonly present immunodeficiency, oculocutaneous albinism, and excessive bleeding, implicating impaired functions of cells with secretory lysosomes (81). Because AP3 is ubiquitously expressed, AP3-mediated protein sorting seems to be especially critical in the biogenesis of secretory lysosomes and/or in the sorting of secretory lysosome-specific proteins. Indeed, AP3 was found to mediate the sorting of tyrosinase (the protein required for melanin synthesis) into lysosomes in melanocytes (82). In the case of antigen presenting cells (APCs), AP3 mediates the sorting of CD1b molecules into MIIC compartments (83). AP3 deficiency in HSP2 patients was also found to cause impaired cytotoxicity of both NK cells and CTLs (84–86). It is interesting to note that CTLs from the HSP2 patients contain enlarged LGs (86). However, it remains unclear which specific components are sorted by AP3 into LG and whether AP3 contributes to the biogenesis of the specialized organelle itself.



2.2.2 CHS1/LYST Protein

CHS1/LYST protein is a member of the BEACH (Beige and Chediak) family, which commonly contains a BEACH motif at the C-terminal end (87). Among all BEACH family proteins, which are known to regulate vesicle trafficking, CHS1/LYST protein is specifically involved in the homeostasis of lysosomes in cells with secretory lysosomes (88). This is exemplified in Chediak-Higashi syndrome (CHS), which is caused by mutation of the CHS1/LYST gene (Table 1). Like HSP2, the patients of CHS present recurrent infections, partial albinism, and prolonged bleeding, suggesting impaired activities of cells with secretory lysosomes (87, 89). As expected, both NK cells and CTLs from CHS patients present impaired cytotoxic activities with failure to secrete LGs. However, degradative functions of lysosomes in cells with secretory lysosomes as well as synthesis, processing, and sorting of perforin and granzymes into LGs in CTLs were found to be normal (87, 90, 91). Interestingly, NK cells, CTLs, and melanocytes from CHS patients contain abnormally enlarged lysosomes (87, 90–93). It was shown that the LGs gradually fuse together to become enlarged lysosomes in CTLs (90, 92). In the case of NK cells, CHS1/LYST-depleted or CHS patient NK cells were recently found to have abnormal endolysosomal compartments (91, 93). These observations suggest that the CHS1/LYST protein might mediate lysosome fusion/fission during the lysosomal maturation process. Regarding cytotoxicity, although one study reported that the smaller size of the cortical actin mesh at the CS relative to the enlarged LGs prevented degranulation in CHS1/LYST-deficient NK cells (93), important roles of CHS1/LYST in LG polarization to the CS have also been suggested (91). In addition, Mauve, the Drosophila homolog of CHS1/LYST, not only regulates vesicle fusion of yolk granules (the secretory lysosomes of the Drosophila embryo) but was also found to regulate microtubule nucleation from the microtubule organizing center (MTOC) (94). Therefore, future studies are required to better elucidate the molecular details by which CHS1/LYST regulates the lysosomal fusion/fission process and the impact on cytotoxic activity.




2.3 How do NK Cells Protect Themselves From Activities of Synthesized Lytic Granule Contents?

As we have seen so far, each LG component has its own cytolytic activity. This can potentially cause self-destruction of NK cells during synthesis and maintenance of LGs. NK cells have several protection layers to ensure safe storage and trafficking of cytolytic contents until degranulation. First, the acidic environment inside of LGs prevents the activity of the cytolytic proteins. In this low pH environment, perforin and granzymes also interact with chondroitin sulfate proteoglycan known as serglycin (Figure 1). The association with serglycin keep both cytolytic proteins in an inactive state until secretion (95–98). In addition, several perforin-specific protection mechanisms have been identified (99). As previously mentioned, perforin is N-linked glycosylated at the C-terminus in the ER (Figure 1). This prevents perforin oligomerization and pore-forming activity during its transit to LGs, regardless of calcium concentration and pH (51). Upon arrival at the LGs, the mature perforin without the inhibitory C-terminus is still kept inactive due to very limited availability of calcium (100). In addition, interaction of calreticulin with perforin in the ER and LGs was also suggested to contribute to the inhibition of perforin activity (101).



2.4 Remaining Questions on Lytic Granule Biogenesis

Our current understanding of the biogenesis of the LGs is mainly focused on the biosynthesis and sorting of cytolytic proteins into the LGs but not on the LG organelle itself. Are LGs derived from pre-existing lysosomes or are they generated independently from lysosomes? In addition, components of the lysosomes and LGs are often mediated by the same trafficking and sorting machineries. Therefore, it remains unclear how cells containing LGs distinguish cargoes between the two organelles. In this regard, it is interesting to note that proteins like AP3 and CHS1/LYST involved in LG biogenesis and/or LG protein sorting are ubiquitously expressed. Therefore, it would be interesting to elucidate how the mutations in these proteins only impact cells with secretory lysosomes. It was also recently shown that LG size and contents are associated with the efficiency of NK cell cytotoxicity (102). Future studies aimed at elucidating the mechanisms by which NK cells regulate the amount of cytolytic contents and the size of LGs will also be of interest. Finally, we have very limited understanding of the heterogeneity of the LGs. Thus, it will be interesting to examine potential differences among the LGs inside a single NK cell and define not only how these distinct LGs mature but also the signaling mechanisms regulating their exocytosis.




3 NK Cell Activating Signaling Leading to Cytotoxicity

To date, dozens of NK cell receptors have been identified which can be classified as inhibitory or activating depending on the signaling pathways engaged by the cytoplasmic tail of the receptor or receptor-associated transmembrane signaling adaptor molecules such as DAP10, DAP12, CD3ζ and FcεRIγ. Although we will not be exhaustively discussing inhibitory and activating receptor signaling in this review, it is important to point out, at a high level, that NK activating receptors such as NKG2D/DAP10, NKp46/CD3ζ, CD94/NKG2C/DAP12 and FcγRIIIA/FcεRIγ/CD3ζ regulate an overlapping set of signaling pathways that culminate in the cytokine production and cell-mediated killing through the directed secretion of LGs.

At the pinnacle of signaling from NK activating receptors is the Src family kinase Lck, which directly phosphorylates the YINM motif in DAP10 and the immunoreceptor tyrosine-based activation motifs (ITAMs) within DAP12, CD3ζ and FcεRIγ (Figure 2A). In the case of NKG2D/DAP10, phosphorylation of DAP10 by Lck leads to the recruitment of p85/PI3K and Grb2/Vav1 complexes, which then mediate downstream signaling. In contrast, tyrosine phosphorylation of ITAMs by Lck leads to the recruitment of either ZAP70 or SYK tyrosine kinases which subsequently tyrosine phosphorylates other signaling molecules including adaptors and enzymes to promote signaling leading to cytokine production and cytotoxicity (Figure 2A). The Src family member Fyn is also involved through its phosphorylation of the immune tyrosine-based switch motif (ITSM) found in the co-stimulatory molecule 2B4. This phosphorylation event further enhances signaling pathways engaged by other activating receptors and includes the phosphorylation of Vav1 and PLCγ2 (Figure 2A). PLCγ2 is critically involved in NK cell cytotoxicity and cytokine production as it is the key producer of two second messengers through the cleavage of PI (4, 5)P2 located in the inner leaflet of the plasma membrane to diacyl glycerol (DAG) and IP3. While DAG participates in the activation of PKC – NFκB and Ras-MAPK pathway activation, IP3 stimulates the endoplasmic reticulum to release it luminal store of Ca2+ by binding to the ER-localized IP3 receptor, which in turn leads to STIM interaction with the calcium release activated calcium (CRAC) channel leading to an influx of extracellular calcium into the cell (Figure 2A). This rise in intracellular Ca2+ impacts various cellular processes including the activation of various enzymes, proteins involved in F-actin cytoskeletal dynamics and the activation of the transcription factor NFAT which is involved in interferon-γ gene expression (103, 104). For a more detailed description of the NK receptors and signaling pathways regulated, the reader is referred to several excellent reviews on this topic (104–107).




Figure 2 | NK cell signaling and cytotoxic synapse maturation. (A) Signaling diagram depicting events downstream from human NKG2D-DAP10, 2B4, and NK cell activating receptors coupled to the ITAM containing adaptor proteins CD3-ζ, FCϵR1γ, or DAP12. Ligation of these receptors causes VAV1, SLP76, and PLCy2 phosphorylation which results in the activation of NFAT through calcium release, NFκB activation, and activation of the MAP Kinase cascade. This ultimately leads to increased integrin-mediated adhesion, F-actin reorganization, cytokine production, and cytotoxicity. (B) Upon the binding of a target cell, signaling through NK cell activating receptors results in the clustering of receptors while simultaneously enhancing adhesion through integrin affinity maturation and directing LG convergence to the MTOC. (C) As the CS matures, activating receptors are clustered at the central region of the CS whereas F-actin and integrins accumulate in the peripheral region of the CS to stabilize adhesion between the NK and target cell. Further signaling from NK activating receptors drive LG convergence and MTOC polarization.



Reorganization of the F-actin cytoskeleton is a critical step in the development of NK cell-mediated killing. The activation of guanine nucleotide exchange factors such as Vav1 and DOCK2 or DOCK8 lead to the activation of Rho family small GTP-binding proteins (Cdc42, Rac1 and RhoA) which regulate F-actin dynamics through the regulation of WASP and WAVE2. F-actin regulation in NK cells is critical to many steps in the development of cell-mediated killing including organization of the CS, activating receptor clustering within the central region of the synapse, integrin-mediated adhesion, lytic granule convergence and the transit of lytic granules to the site of NK – target cell contact to name a few (Figures 2A–C) (108–114). Significantly, mutations in genes whose protein products are involved in the regulation of F-actin cytoskeletal dynamics including DOCK2, DOCK8, WASP, WIP and CORONIN-1A are associated with primary human immunodeficiency syndromes resulting from defective F-actin reorganization, cell adhesion and LG release (1, 113) (Table 1). Finally, signaling from activating receptors leading to lytic granule convergence and MTOC polarization to the CS are critical to the directed delivery of the lethal LG contents to the contact between the NK cell and its target. In the sections below, we will describe in greater detail the proteins and signaling pathways that regulate lytic granule trafficking and MTOC polarization during NK cell – target cell engagement as well as the final steps involved in LG fusion with the NK cell plasma membrane.



4 Lytic Granule Trafficking


4.1 Lytic Granule Convergence

The release of cytolytic granules is accomplished through a heavily regulated stepwise process beginning with the convergence of cytolytic granules to the MTOC (10). This process occurs rapidly and is initiated through the engagement of adhesion receptors, such as the leukocyte function associated antigen-1 (LFA-1), in combination with other activating NK cell receptors. The function of convergence is both to prepare the LGs for directed secretion to a target cell and to effectively concentrate LGs for enhanced delivery (115, 116). This minimizes off target effects of LG secretion and ensures sufficient delivery of the cytolytic contents. Interestingly, LG convergence occurs in both activating and inhibitory NK CS and is independent of PI3K, MEK, and PLCγ activation, although these signals are required for maturation of the NK CS and degranulation (117). LG convergence also occurs prior to microtubule or F-actin reorganization as Taxol, cytochalasin D, and latrunculin A inhibited MTOC polarization to the synapse but not LG convergence (118, 119). This suggests that LG convergence is an early event downstream of adhesion and prior to large cytoskeletal reorganization events. Interestingly, high dose IL-2 can induce LG convergence independent from adhesion (117). This was found to be dependent on Src kinase activity, which is induced by IL-2 through a non-canonical, JAK3-independent, pathway and is also downstream of LFA-1 activation (Figure 3) (117, 120). LG convergence, therefore, rapidly occurs downstream of activation but prior to a commitment to cytotoxicity.




Figure 3 | Molecular process of NK cell degranulation (1) NK activating receptor and integrin signaling promotes LG convergence at the MTOC through the activity of the dynein/dynactin complex. (2) Upon further cell stimulation, the MTOC polarizes to the synapse where lytic granules are offloaded onto the F-actin network. (3) Trafficking along F-actin requires the activity of myosin IIA and UNC-45A. Defects in the myosin heavy chain, MYH9, prevents lytic granule penetration of the F-actin network and causes MYH9-related disease (MYH9-RD). (4) Upon reaching the membrane, Rab27a and Munc13-4 dock and tether lytic granules to the CS. Griscelli syndrome type 2 is caused by defects in Rab27a, which results in lytic granules accumulating at the membrane without docking. It is likely that at this step or at prior steps, the NAADP-mediated release of Ca2+ from the LG via TPC1 or TPC2 occurs to provide a local accumulation of calcium. Munc13-4 primes lytic granules for release through interaction with Syntaxin 11. (5) STXBP2 mediates formation of the SNARE complex, consisting of Syntaxin 11, SNAP23, and VAMP4 or VAMP7. Defects in Munc13-4, Syntaxin 11, and STXBP2 cause familial hemophagocytic lymphohistiocytosis (FHL) types 3, 4, and 5 respectively. (6) Successful formation of the SNARE complex creates a LG plasma membrane fusion pore through which degranulation occurs.



The rapid accumulation of LGs at the MTOC is dependent on dynein/dynactin mediated minus-end-directed movement along the microtubule network (Figure 3) (118). Although the dynein/dynactin complex is constitutively localized with LGs in NK cells, dynein-mediated LG movement requires additional adaptor proteins (118, 121). For example, HkRP3, which is localized at LGs and interacts with the dynein/dynactin complex, was found to regulate dynein complex-mediated LG convergence (122). Interestingly, Grb2 interacts with Src and the P150Glued subunit of dynactin which could link Src activation to dynactin signaling (118). This alternative pathway of Src kinase-dependent LG convergence may help explain how high-dose IL-2 can rescue the phenotype of WASP deficiency through the activation of the WASP family member WAVE2 (123–125). Another mechanism that might regulate dynein function is its potential interaction with, and recruitment by, Rab7a and Rab Interacting Lysosomal Protein (RILP) (Figure 3) (122, 126). Rab7a was identified in the lysosome fraction of the NK cell line YTS (127) and, with RILP, recruits dynein/dynactin complexes to lysosomes (128, 129). Furthermore, overexpression of RILP in CTLs causes clustering of LGs and prevents plus-end-directed movement, suggesting an important role in LG minus-end trafficking (130). However, the precise mechanisms regulating dynein-directed NK cell movement, and the role of Rab7a, have yet to be fully elucidated.



4.2 MTOC Polarization to the NK  Cytotoxic Synapse

LG convergence is a prerequisite for the polarization of LGs to the NK CS (131–133). This is accomplished through the polarization of the MTOC and converged LGs to the maturing CS through mechanisms that include F-actin reorganization and continued signaling through clustered receptors (Figure 3) (118, 133). Although there are differences in the rate of LG convergence and MTOC polarization between CTLs and NK cells, the mechanisms that control these processes are thought to be similar (134). Indeed, many studies investigating synapse formation and microtubule dynamics performed in the CD4+ Jurkat T cell line may be extrapolated, with care, to CD8+ T cells and NK cells, despite the lack of cytolytic ability in Jurkat cells. In CTLs, two mechanisms for MTOC polarization have been proposed. The first mechanism is a dynein-dependent cortical sliding mechanism where dynein, anchored to the cell cortex, pulls on microtubules to bring the MTOC toward the synapse (115, 135, 136). This method is supported by the role of adhesion and degranulation promoting adaptor protein (ADAP) in microtubule anchoring and the previous observations of synaptic microtubule anchoring in MTOC movement (135). The second proposed method of MTOC polarization is a capture-shrinkage mechanism where anchored dynein pulls on microtubules which depolymerize, effectively pulling the MTOC to the synapse (135, 137). This mechanism is also plausible as Taxol, which stabilizes microtubules thus preventing depolymerization, and ciliobrevin, which inhibits dynein activity, abrogated MTOC polarization in Jurkat T cells when used together, whereas use of Taxol alone only slowed polarization (135). Additionally, it was recently demonstrated that the kinesin-4 family member KIF21B, regulates microtubule organization and growth by inducing microtubule pausing and depolymerization (138). Knockout of KIF21B in Jurkat T cells resulted in decreased synaptic MTOC polarization attributed to overgrown microtubules at the synapse. MTOC polarization and microtubule organization was rescued by low dose vinblastine, which induces microtubule depolymerization (138). Although, Hooikaas et al. do not believe KIF21B directly participates in dynein-driven capture-shrinkage, they do not exclude the indirect impact excessively elongated microtubules may have on this process. While capture-shrinkage may be the predominant model when the MTOC and CS are diametrically opposed, when modeled with cortical sliding, the two mechanisms appear to work in synergy suggesting that a mechanistic combination may be more appropriate and applicable to a wider variety of interactions (139).

Furthermore, it was observed that MTOC polarization in CTLs appeared to occur through a two-step mechanism where LGs rapidly polarized to the synapse before slowing down to complete their journey (135). This was proposed to occur through the initial localization and function of dynein at the central region of the CS (central SMAC) followed by dynein activity at the pSMAC (140). The specific mechanisms regulating NK cell MTOC polarization remain unclear and warrant further investigation. In CTLs, it has been suggested that the strength of TCR signaling may regulate the specific mechanisms of MTOC polarization (131, 141). How this translates to NK cell signaling is unknown, especially as it relates to strength of signaling emanating from NK activating receptors.

Several cytoskeletal regulatory proteins are known to be critical for NK cell MTOC polarization including the small GTPase CDC42. CDC42 and WASP localize to the MTOC after LG convergence and are required for polarization (10, 142). This is mediated by CDC42 Interacting Protein (CIP4) which couples both the actin and microtubule networks through binding tubulin, CDC42, and WASP. In activated NK cells, CIP4 localizes with the MTOC to the NK CS and could function to anchor the MTOC through WASP or CDC42 activation (142). Furthermore, CIP4 is not required for F-actin accumulation at the synapse suggesting its primary role is on the LGs (142). ADAP, another cytoskeletal regulatory protein could also help apply force to the MTOC, as it is required for insertion of the microtubule plus-end into the ring-like F-actin network at the peripheral region of the CS, known as the peripheral supramolecular activation cluster (pSMAC) (10, 136, 143). Although ADAP is required for CTL degranulation, its role in NK cells is less clear with some reporting that it may be dispensable for NK cell killing (144).



4.3 Trafficking at the Cytotoxic Synapse

After MTOC polarization toward the CS, the clustered LGs need to navigate the dense F-actin network at the cell cortex to dock and fuse with the NK cell membrane (145, 146). Although LGs can undergo kinesin-1 plus-ended microtubule movement (147), the proximity of the polarized MTOC and LGs to the synapse is likely sufficient to offload the LGs onto the F-actin network in CTLs (132). Indeed, LG trafficking at the CS has been shown to be independent of plus-ended microtubule movement, as overexpression of RILP kept LGs clustered at the MTOC, therefore preventing plus-ended trafficking, without any impact on lysis (132). However, there are some reports of kinesin-1 regulating plus-ended movement in CTLs (148). Interestingly, it was recently demonstrated that Arl8b regulates MTOC polarization in NK cells through its interaction with the kinesin-1 heavy chain KIF5B and SifA and kinesin-interacting protein (SKIP) (149). Silencing of KIF5B, SKIP or Arl8b led to defective MTOC polarization, suggesting that in NK cells, kinesin could regulate LG trafficking at a much earlier cytolytic stage than in CTLs (149). However, the role of kinesin in NK cell degranulation and the specific mechanisms regulating lytic granule transfer to the F-actin network are still unclear and require further investigation. Lastly, in CTLs it was shown that HDAC6, which deacetylates α-tubulin at Lys40 and interacts with kinesin-1 light chain, is required for proper lytic granule migration to the CS (150). Indeed, although CTLs taken from HDAC6-deficient mice showed a decreased MTOC to target cell distance, lytic granules appeared much more diffuse, suggesting a role for HDAC6 in LG trafficking at the CS (150).

Clearances in the cortical F-actin at the cSMAC have been identified in CTLs (132) and NK cells (151), suggesting a role for an actin motor protein to mediate the final stretch of LG trafficking to the membrane. Indeed, the movement of LGs on F-actin has been shown to be dependent on the non-muscle actin motor myosin IIA (Figure 3). Myosin IIA is a hexamer consisting of two heavy chains, two regulatory light chains, and two essential light chains (152, 153) and is constitutively associated with LGs as single molecules rather than a filament (154). This association with LGs could be mediated through direct recognition of phosphatidylserine, binding of Rab27a, or through binding of the WASP/WIP complex (153). Inhibition or depletion of the myosin IIA heavy chain, MYH9, prevents degranulation but does not impair conjugate formation, LG convergence, synaptic actin reorganization, or MTOC polarization (153, 155, 156). The importance of myosin IIA in NK cell function can be fully appreciated in a group of diseases, now referred to MYH9-related disease (MYH9-RD), caused by mutations in the heavy chain MYH9 (Table 1) (157, 158). Patients with a truncation in MYH9 had ablated cytotoxicity with intact conjugate formation, MTOC convergence, and MTOC polarization (153). Interestingly, the truncation affected both a region of MYH9 important for cargo binding and removed a constitutively phosphorylated serine (MYH9 S1943) required for MYH9 recruitment to LGs (154). Disruption of this key residue resulted in LGs that were present at the synapse but unable to penetrate the F-actin network to reach the membrane (154).

The interaction of myosin IIA with LGs is also dependent on the chaperone protein UNC-45A. UNC-45A colocalizes with LGs in both resting and activated NK cells and polarizes with the LGs to the NK CS upon target engagement (Figure 3) (159). Like MYH9 deficiency, depletion of UNC-45A did not impair conjugate formation, LG convergence, or MTOC polarization but is critical for degranulation (159). Depletion of UNC-45A reduces myosin IIa binding to F-actin without impacting myosin IIA expression or stability (159). In addition to regulating myosin IIA, UNC-45A could have an additional independent role in regulating LG priming, docking and fusion, however, this has not been fully elucidated in NK cells (160).




5 Fusion of Lytic Granules With the Membrane and Degranulation


5.1 Lytic Granule Docking

After transport to the synapse, cytolytic granules dock at the membrane and are prepared for release. This is mediated through the small GTPase Rab27a which was first identified to play a critical role in degranulation through the study of Griscelli syndrome (GS) patients (Figure 3) (161). GS is a rare autosomal recessive disease characterized by partial albinism due to defective melanosome transport. Although originally described as being caused by mutations in myosin Va (GS type 1), it was discovered that mutations in Rab27a (GS type 2) is the predominant disease etiology and is responsible for all GS cases with hemophagocytic lymphohistiocytosis (Table 1) (161, 162). Interestingly, loss of Rab27a but not myosin Va resulted in defective CTL and NK cell degranulation and cytotoxicity (161). This degranulation defect was recapitulated in the mouse model of GS type 2, the ashen mouse, where it was observed that LG convergence and MTOC polarization was intact (163, 164), however, LG membrane docking was not observed by electron microscopy (165). Additionally, in the absence of stimulation, Rab27a regulates microtubule and actin-dependent LG movement at the cell cortex (166). Rab27a therefore regulates LG movement in unstimulated NK cells and is required for the final stages of NK cell-mediated cytotoxicity. Unsurprisingly, Rab27a is also a key secretory protein required in the degranulation of melanocytes, neutrophils, and pancreatic beta cells, suggesting a similar method of action in the terminal stages of LG export (167–169).

The crucial role of Rab27a in NK cell degranulation is mediated through effector proteins which bind to active GTP-bound Rab27 (170). So far eleven effector proteins have been identified in humans and mice and can be categorized into three distinct groups based on domain composition. The first group is comprised of rabphilin and the synaptotagmin-like proteins (Slp): Slp1, Slp2-a, Slp3-a, Slp4-a, and Slp5. The proteins within this group contain an N-terminal Slp homology domain (SHD), which mediates binding to the switch II region of GTP-Rab27a, and two tandem C-terminal C2 domains (C2A and C2B), which bind phospholipids (170). Slp1 and Slp2-a are expressed in NK cells and CTLs and are thought to mediate LG docking and tethering via their C2 domains. However, their role in cytotoxicity is still unclear as CTLs from Slp1- or Slp2-a-deficient mice had intact degranulation (171). Furthermore, expression of the SHD from Slp2-a, which has a dominant negative effect, only resulted in a partial reduction in cytotoxicity suggesting that there might be other important proteins in complex with Rab27a.

The next group of GTP-Rab27a effectors is characterized by the presence of the N-terminal SHD and the distinct absence of C-terminal C2 domains (170). This group is comprised of Noc2 and the Slp homolog lacking C2 domain (Slac2) proteins: Slac2-a, Slac2-b, and Slac2-c. However, no role for Slac2 proteins has been identified in NK cells. The last group contains the protein Munc13-4 which has an N-terminal C2 domain followed by a Rab binding domain (RBD), a MUN domain, and a second C2 domain (170). Interestingly, Munc13-4 lacks a C1 domain, which mediates DAG binding, found in other Munc13 family members and the mechanism of Rab27 binding by the Munc13-4 RBD is uncharacterized despite the importance of Munc13-4 in LG exocytosis. In addition to the Rab27a interactors described above, proteins involved in Rab27 prenylation, as well as several proteins known to bind GDP-bound Rab27 including CORONIN-3, RabGDI, and MAP kinase activating death domain (MADD) have remained largely uncharacterized as it pertains to their roles in NK cell-mediated killing (170, 172).



5.2 Lytic Granule Tethering

The tethering of cytolytic granules at the synapse refers to the process by which LGs make initial interaction with the membrane and are prepared for fusion. This is Rab27a-dependent and is thought to be mediated by Slp1, Slp2, and Munc13-4 (Figure 3) (165, 171). Munc13-4 mutations were first identified as the cause of familial hemophagocytic lymphohistiocytosis type 3 (FHL3), where it was observed that mutation of Munc13-4 resulted in impaired CTL degranulation with intact conjugate formation and MTOC polarization (Table 1) (165). Upon stimulation, Munc13-4 localizes to the CS in CTLs and strongly colocalizes with LGs (162, 165). Interaction with Rab27a is critical to Munc13-4 function as wild type but not RBD-deficient or RBD mutant Munc13-4 was able to restore degranulation in FHL3 CTLs (173). Interestingly, recruitment or retention of Rab27a and Munc13-4 on LGs is co-dependent as Rab27a is not recruited or retained on granules in FHL3 patients and Munc13-4 recruitment or retention on LGs is impaired in GS type 2 patients (162, 173, 174). In contrast to Rab27a deficiency, however, Munc13-4 is not required for LG docking at the membrane, suggesting its main function is through the tethering of LGs (165). Indeed, both the C2A and C2B domains are required for cytotoxicity as they mediate binding to both lipids and soluble N-ethylmaleimide-sensitive factor activating protein receptor (SNAREs) (175). Munc13-4 may have a similar function to synaptotagmin in neuronal degranulation, as C2 domain binding is calcium-dependent, and thus Munc13-4 might be the calcium sensor that triggers synchronous granule release (176, 177). Interestingly, nicotine acid adenine dinucleotide phosphate (NAADP), a Ca2+-mobilizing second messenger is involved in exocytosis through their regulation of the two-pore channel (TPC) 1 and TPC2 which are present on lytic granules (178, 179). It was shown in CTLs that NAADP activates TPCs in a manner that is independent of global Ca2+release stimulated by IP3 suggesting that a local release of Ca2+ facilitates lytic granule vesicle fusion (178) (Figure 3). The molecular targets of this local calcium release could be molecules involved in vesicle fusion such as Munc13-4.

Interestingly, low levels of degranulation were observed in GS type 2 deficiency, suggesting Munc13-4 might also partner with other Rab proteins. Indeed Munc13-4 binds to Rab11 and Rab15 regulating recycling endosomes and Weibel-Palade body exocytosis (170, 180, 181). In CTLs, it has been demonstrated that Munc13-4 mediates the fusion of Rab11 positive recycling endosomes with Rab27a positive late endosomes which are then transported to the synapse for release (174, 181). However, this does not seem to occur in NK cells. Despite low levels of perforin in recycling endosomes, Rab11 and other recycling endosome markers are not tightly associated with NK cell synapses. This is further confirmed as Munc13-4 deficiency does not impact release of IFNγ and TNFβ, which is mediated through a Rab11 positive recycling endosome pathway (182), and recycling endosome inactivation does not greatly impact preformed LG release (174).



5.3 Lytic Granule Priming

LG priming is mediated by the assembly and recruitment of SNARE complex proteins that facilitate the fusion of the LG with the NK plasma membrane at the CS. This is dependent on Munc13-4, which promotes SNARE complex formation through its interaction with the SNARE protein syntaxin 11 (Figure 3) (183, 184). Munc13-4 carries out this function by opening the conformation of syntaxin 11 through the removal of its chaperone protein, syntaxin binding protein 2 (STXBP2), which is required for syntaxin 11 stability and subcellular localization (173, 185, 186). Interestingly, overexpression of syntaxin 11 in NK cells and activated CTLs increased their cytolytic potential (187, 188). Like Munc13-4 mutations, mutations in syntaxin 11 cause FHL4 which presents as a defect in NK cell degranulation with intact synapse formation and LG polarization (Table 1; Figure 3) (189). This was also recapitulated in the mouse model of FHL4 (184). STXBP2 mutations detrimental to its interaction with syntaxin 11 cause FLH5, which has the same phenotype as FLH4 (Table 1) (190, 191). Interestingly defective degranulation in FLH4 and FLH5 can partly be rescued by IL-2 treatment. This is thought to occur through alternate pairing as IL-2 induces expression of syntaxin-3, which replaces syntaxin 11 in FHL4, and STXBP1, which replaces STXBP2 in FLH5 (192). Additionally, syntaxin 7 was shown to be required for CTL degranulation but has not been investigated in NK cells (193). Although the function of alternative pairing was investigated in FLH5 patients, the roles of other syntaxins, such as syntaxin-1 and syntaxin-7, warrant further investigation (194).

Lytic granule priming and SNARE complex assembly was recently shown to be supported by septin filaments (195). Septins are GTP-binding proteins which can be organized into 4 subgroups (represented by septin 1, septin 3, septin 6, and septin 7), and can assemble into hetero-hexamers and hetero-octamers, which can assemble to form complex structures (196). Septin 7 is the only member of its subgroup and is indispensable for septin complex formation. Interestingly, depletion of septin 7 decreases septin 1 and septin 2 expression and impairs NK cell degranulation without impacting conjugate formation or lytic granule accumulation at the CS (195). Despite being concentrated to the cell cortex away from the CS, septin 7 puncta were observed in apposition to lytic granules and were found in the crude lysosomal fraction of NK cells (195). Mass spectrometry analysis of septin 2 crude lysosomal fraction immunoprecipitates revealed associations with lytic granule regulatory proteins including syntaxin 11 and STXBP2, which were confirmed by proximity ligation assay and immunoprecipitation (195). Additionally, depletion of septin 7 or septin stabilization with forchlorfenuron, decreased association of STXBP2 with syntaxin 11. This suggests that septin filaments stabilize SNARE complex assembly and are critical for facilitating syntaxin11 and STXBP2 interaction and ultimately, LG membrane fusion.



5.4 Lytic Granule Fusion

The final stage of LG degranulation is the fusion of the LGs with the plasma membrane, which is mediated by formation of trans-SNARE complexes. Due to the number of SNARE protein combinations required to make a complete fusion complex, they have not been fully defined in NK cells (197). In human CTLs, membrane fusion is promoted by STXBP2 which forms a trans-SNARE complex with STX11, SNAP23, and VAMP8 (198). In mice, however, this is mediated by VAMP2 and VAMP8 which colocalize with LGs. Loss of VAMP2 and VAMP8 in mice resulted in impaired degranulation and cytotoxicity (199–201), suggesting other VAMPs cannot compensate for the loss of VAMP2 and VAMP8. Indeed, in NK cells, VAMP4 and VAMP7 are required for NK cell cytotoxicity, while VAMP1, VAMP3 and VAMP8 have limited colocalization with LGs and are therefore likely dispensable for SNARE complex assembly (197, 202). In addition to STX11, STX6 may also play a role in NK cell SNARE complex formation as they interact with VAMP7 and VAMP4, and other syntaxins, like STX4, have been shown to regulate mast cell degranulation (Figure 3) (203–206). After SNARE complex formation, a fusion pore between the plasma membrane and NK cells are formed through which degranulation occurs. Interestingly, the size and fusion status of the pore determines the amount of granule content release, which in turn may regulate LG membrane recycling (197). In neuronal cells this has been called the “kiss and run” pathway, although the mechanisms regulating this process in NK cells are unclear, especially in the context of cell-to-cell interactions and warrant further investigation.




6 Self-Protection of NK Cells Upon Degranulation

We have seen that the acidic environment and low calcium concentration within the LGs provide protection of NK cells from the activities of cytolytic proteins. However, upon degranulation of LGs into the extracellular environment (where calcium is rich and neutral), the cytolytic contents become fully functional. NK cells achieve selective and efficient degranulation by forming a specialized interface with the conjugated target cells upon formation of the CS. This confined space between NK cells and the target cells, also known as a synaptic cleft, enables NK cells to avoid killing unwanted bystander cells and thus, preventing collateral damage. However, the synaptic cleft exposes the NK cell itself to risk from its own degranulated cytolytic molecules. Secreted perforin can bind the plasma membrane (PM) of both NK and bound target cells via hydrophobic interactions and create pores on both cell types. However, autolysis of NK cells or CTLs was found to occur in less than 5% of NK cells during the direct cytotoxicity process (207–209). This suggests that NK cells have protective mechanism(s) that prevent the activities of cytolytic molecules on the source NK cells. One study suggested that cathepsin B exposed to the PM upon cytolytic granule secretion provides protection of NK cells from perforin activity (210). In another study, surface exposed LAMP1 upon degranulation was found to prevent perforin binding to the PM of NK cells (211). However, both protection mechanisms by specific surface membrane proteins do not seem to be exclusive and provide complete protection, since both mechanisms were also found to be dispensable for self-protection under certain circumstances (212, 213). Recently, it was shown that the PM of NK cells and CTLs is composed of high order and densely packed lipids, which prevents perforin binding (209, 213). Furthermore, upon degranulation, the fusion of the LG membrane (which has even higher lipid orders than the PM) to the PM at the CS provides additional protection by acting as a perforin-resistant lipid shield (209). This enables unidirectional attack of perforin specific to the target cell membrane (which generally contains lipid with lower density than NK cells), protecting NK cells from unwanted autolysis.



7 Serial Killing of NK Cells

For effective immune surveillance, NK cells need to keep surveying potential target cells and kill as many target cells as needed. In physiological situations like acute viral infections or solid tumor environment where viral loads or tumor cells outnumber NK cells, NK cells need to perform multiple rounds of killing to eradicate surrounding target cells. Indeed, NK cells have been shown to kill multiple target cells in a sequential manner (4, 214–216). For NK cells to achieve serial killing, NK cells need to meet the following requirements: 1) NK cells need to contain sufficient LG contents, and 2) NK cells need to have a mechanism(s) to continuously synthesize and/or refill cytolytic contents. It was recently reported that NK cells degranulate approximately 10-20 LGs (which are about 5-10% of total LGs) to mediate cytotoxicity and minimal release of only 2-4 LGs were sufficient to induce target cell death (102). These observations suggest that a single LG is very effective in inducing cell death and a single NK cell has a capacity to perform multiple rounds of killing. Upon repeated CD16 activation, NK cells presented a gradual decrease in both the intracellular perforin levels and the amount of secreted perforin (217). Interestingly, this reduction in perforin secretion could be restored to its initial level when the NK cells were activated by different activating receptors like NKG2D or NKp30. However, similar restoration was not made when NK cells were stimulated via CD16 followed by repeated stimulations via NKG2D. These results suggest that the order of NK receptors engaged by specific ligands on the target cells plays an important role in the serial killing activity of NK cells. Upon activation of NK cells by target cells, it was shown that NK cells induce rapid de novo synthesis of LGs (218). Interestingly, this rapid biogenesis of LGs was found to originate from endosomal routes instead of budding and maturing from the trans-Golgi network. In this regard, NK cells activated by the target cells were found to go through active endocytosis internalizing cytolytic granule components including LAMP1, granzyme B, and MUNC13-4 (219–221). It is important to note that inhibition of the endocytic process of NK cells resulted in a reduction of cytotoxicity. This suggests that endocytosis of cytolytic contents upon degranulation might also be an important process that enables NK cells to perform serial target killing.

Upon delivery of the LGs to the target cell, NK cells need to disassemble the established CS and detach from the target cell. However, compared to the well-established understanding of the initial target recognition and cytotoxicity process, how NK cells determine the termination of the killing and mechanisms behind this detachment process remain elusive. Recently, it was shown that successful cytotoxicity that leads to the death of the target cells is a determinant factor for NK cell detachment (207, 222). Target cells going through apoptosis were found to downregulate NK cell-activating ligands such as MICA, MICB, and B7-H6 as well as adhesion molecules including CD54 and CD102 (222). Along with these events, NK cells also reduce expression of activating receptors upon activation, which might decrease further activation required for cytotoxicity as well as signals necessary for sustained integrin-mediated adhesion (217, 222–224).

Despite the above interesting observations, many important questions on serial killing of NK cells remain. First, a more detailed understanding the of the mechanisms contributing to LG re-generation after each cytotoxic event is needed. Treatment of NK cells with IL-2 or IL-15 was reported to restore perforin and granzyme B levels during serial killing (214). Elucidating the molecular pathways behind the restoration processes will be important. Additionally, defining the replenishment process, which merges both recycled and newly synthesized cytolytic contents to form a complete LG will be an interesting topic. In the detachment process of NK cells, it remains unclear how fast the downregulated NK activating receptors become re-expressed at the normal level. For example, the proteolytic cleavage of CD16 upon activation can be a critical problem in antibody-based anti-cancer therapy, since CD16 expression is required for serial ADCC against tumor cells (217). In this case, it will be important to elucidate the signaling pathway inducing CD16 re-expression and to explore the therapeutic options of using NK cells expressing non-cleavable CD16. Interestingly, it was recently shown that NK cells utilize LG-mediated cytotoxicity for their initial killing events and then switch to death receptor-mediated cytotoxicity (4). The physiological purpose of this phenomenon remains unclear. It is also possible that death receptor-mediated killing (which is slower than cell-mediated cytotoxicity) is revealed in the end as LG is exhausted in NK cells. Regardless, it will be interesting to better define the crosstalk between these cytotoxicity pathways during serial killing. In addition, persistent activation of NK cells can also promote NK cell exhaustion (225–227). Therefore, NK exhaustion during serial killing is also a very important topic in NK cell-mediated therapy.



8 Concluding Remarks

The spontaneous cytotoxic activity of NK cells is not only the first line of defense against microbial infections or tumors but is also an ultimate requirement for clearance of these diseases. NK cells eliminate unhealthy/stressed cells by directly secreting apoptosis-inducing molecules toward the target cells. To lyse target cells without any damage on NK cells themselves or healthy bystander cells, NK cell-mediated cytotoxicity is achieved via a series of tightly regulated molecular processes. Advances in human genetic research, genome editing, and microscopic technologies combined with diverse fluorescent sensors have enabled us to better elucidate this molecular regulation with improved temporal and spatial resolution. Future advances in uncovering the mechanistic insights of NK cell cytotoxicity will be invaluable to reveal novel therapeutic opportunities to treat primary immunodeficiency syndrome patients with impaired NK cell functions and to improve the efficacy of current approaches in NK cell-based anti-cancer therapy.



Author Contributions

HH, MM, and DDB wrote and edited the manuscript and generated the figures. All authors contributed to the article and approved the submitted version.



Funding

This work was supported in part of by NIH grant AI120949 to DDB.



Acknowledgments

We thank Debra Evans for critical review of the manuscript. Figures were created with BioRender.com.



References

1. Ham, H, and Billadeau, DD. Human Immunodeficiency Syndromes Affecting Human Natural Killer Cell Cytolytic Activity. Front Immunol (2014) 5:2. doi: 10.3389/fimmu.2014.00002

2. Paul, S, and Lal, G. The Molecular Mechanism of Natural Killer Cells Function and Its Importance in Cancer Immunotherapy. Front Immunol (2017) 8:1124. doi: 10.3389/fimmu.2017.01124

3. Vivier, E, Tomasello, E, Baratin, M, Walzer, T, and Ugolini, S. Functions of Natural Killer Cells. Nat Immunol (2008) 9(5):503–10. doi: 10.1038/ni1582

4. Prager, I, and Watzl, C. Mechanisms of Natural Killer Cell-Mediated Cellular Cytotoxicity. J Leukoc Biol (2019) 105(6):1319–29. doi: 10.1002/JLB.MR0718-269R

5. Carrega, P, and Ferlazzo, G. Natural Killer Cell Distribution and Trafficking in Human Tissues. Front Immunol (2012) 3:347. doi: 10.3389/fimmu.2012.00347

6. Fauriat, C, Long, EO, Ljunggren, HG, and Bryceson, YT. Regulation of Human NK-Cell Cytokine and Chemokine Production by Target Cell Recognition. Blood (2010) 115(11):2167–76. doi: 10.1182/blood-2009-08-238469

7. Parrish-Novak, J, Dillon, SR, Nelson, A, Hammond, A, Sprecher, C, Gross, JA, et al. Interleukin 21 and Its Receptor Are Involved in NK Cell Expansion and Regulation of Lymphocyte Function. Nature (2000) 408(6808):57–63. doi: 10.1038/35040504

8. Kennedy, MK, Glaccum, M, Brown, SN, Butz, EA, Viney, JL, Embers, M, et al. Reversible Defects in Natural Killer and Memory CD8 T Cell Lineages in Interleukin 15-Deficient Mice. J Exp Med (2000) 191(5):771–80. doi: 10.1084/jem.191.5.771

9. Watzl, C. How to Trigger a Killer: Modulation of Natural Killer Cell Reactivity on Many Levels. Adv Immunol (2014) 124:137–70. doi: 10.1016/B978-0-12-800147-9.00005-4

10. Orange, JS. Formation and Function of the Lytic NK-Cell Immunological Synapse. Nat Rev Immunol (2008) 8(9):713–25. doi: 10.1038/nri2381

11. Zhu, Y, Huang, B, and Shi, J. Fas Ligand and Lytic Granule Differentially Control Cytotoxic Dynamics of Natural Killer Cell Against Cancer Target. Oncotarget (2016) 7(30):47163–72. doi: 10.18632/oncotarget.9980

12. Li, J, Figueira, SK, Vrazo, AC, Binkowski, BF, Butler, BL, Tabata, Y, et al. Real-Time Detection of CTL Function Reveals Distinct Patterns of Caspase Activation Mediated by Fas Versus Granzyme B. J Immunol (2014) 193(2):519–28. doi: 10.4049/jimmunol.1301668

13. Thorburn, A. Death Receptor-Induced Cell Killing. Cell Signal (2004) 16(2):139–44. doi: 10.1016/j.cellsig.2003.08.007

14. Lugini, L, Cecchetti, S, Huber, V, Luciani, F, Macchia, G, Spadaro, F, et al. Immune Surveillance Properties of Human NK Cell-Derived Exosomes. J Immunol (2012) 189(6):2833–42. doi: 10.4049/jimmunol.1101988

15. Shoae-Hassani, A, Hamidieh, AA, Behfar, M, Mohseni, R, Mortazavi-Tabatabaei, SA, and Asgharzadeh, S. NK Cell-Derived Exosomes From NK Cells Previously Exposed to Neuroblastoma Cells Augment the Antitumor Activity of Cytokine-Activated NK Cells. J Immunother (2017) 40(7):265–76. doi: 10.1097/CJI.0000000000000179

16. Federici, C, Shahaj, E, Cecchetti, S, Camerini, S, Casella, M, Iessi, E, et al. Natural-Killer-Derived Extracellular Vesicles: Immune Sensors and Interactors. Front Immunol (2020) 11:262. doi: 10.3389/fimmu.2020.00262

17. Wu, F, Xie, M, Hun, M, She, Z, Li, C, Luo, S, et al. Natural Killer Cell-Derived Extracellular Vesicles: Novel Players in Cancer Immunotherapy. Front Immunol (2021) 12:658698. doi: 10.3389/fimmu.2021.658698

18. Lettau, M, and Janssen, O. Intra- and Extracellular Effector Vesicles From Human T And NK Cells: Same-Same, But Different? Front Immunol (2021) 12:804895. doi: 10.3389/fimmu.2021.804895

19. Balint, S, Muller, S, Fischer, R, Kessler, BM, Harkiolaki, M, Valitutti, S, et al. Supramolecular Attack Particles Are Autonomous Killing Entities Released From Cytotoxic T Cells. Science (2020) 368(6493):897–901. doi: 10.1126/science.aay9207

20. Ambrose, AR, Hazime, KS, Worboys, JD, Niembro-Vivanco, O, and Davis, DM. Synaptic Secretion From Human Natural Killer Cells Is Diverse and Includes Supramolecular Attack Particles. Proc Natl Acad Sci USA (2020) 117(38):23717–20. doi: 10.1073/pnas.2010274117

21. Guillerey, C, Huntington, ND, and Smyth, MJ. Targeting Natural Killer Cells in Cancer Immunotherapy. Nat Immunol (2016) 17(9):1025–36. doi: 10.1038/ni.3518

22. Malmberg, KJ, Carlsten, M, Bjorklund, A, Sohlberg, E, Bryceson, YT, and Ljunggren, HG. Natural Killer Cell-Mediated Immunosurveillance of Human Cancer. Semin Immunol (2017) 31:20–9. doi: 10.1016/j.smim.2017.08.002

23. Myers, JA, and Miller, JS. Exploring the NK Cell Platform for Cancer Immunotherapy. Nat Rev Clin Oncol (2021) 18(2):85–100. doi: 10.1038/s41571-020-0426-7

24. Clark, R, and Griffiths, GM. Lytic Granules, Secretory Lysosomes and Disease. Curr Opin Immunol (2003) 15(5):516–21. doi: 10.1016/S0952-7915(03)00113-4

25. Blott, EJ, and Griffiths, GM. Secretory Lysosomes. Nat Rev Mol Cell Biol (2002) 3(2):122–31. doi: 10.1038/nrm732

26. Olsen, I, Bou-Gharios, G, and Abraham, D. The Activation of Resting Lymphocytes Is Accompanied by the Biogenesis of Lysosomal Organelles. Eur J Immunol (1990) 20(10):2161–70. doi: 10.1002/eji.1830201003

27. Stinchcombe, JC, and Griffiths, GM. Regulated Secretion From Hemopoietic Cells. J Cell Biol (1999) 147(1):1–6. doi: 10.1083/jcb.147.1.1

28. Luzio, JP, Hackmann, Y, Dieckmann, NM, and Griffiths, GM. The Biogenesis of Lysosomes and Lysosome-Related Organelles. Cold Spring Harb Perspect Biol (2014) 6(9):a016840. doi: 10.1101/cshperspect.a016840

29. Griffiths, GM. Albinism and Immunity: What's the Link? Curr Mol Med (2002) 2(5):479–83. doi: 10.2174/1566524023362258

30. Dell'Angelica, EC, Mullins, C, Caplan, S, and Bonifacino, JS. Lysosome-Related Organelles. FASEB J (2000) 14(10):1265–78. doi: 10.1096/fj.14.10.1265

31. Ewen, CL, Kane, KP, and Bleackley, RC. A Quarter Century of Granzymes. Cell Death Differ (2012) 19(1):28–35. doi: 10.1038/cdd.2011.153

32. Chowdhury, D, and Lieberman, J. Death by a Thousand Cuts: Granzyme Pathways of Programmed Cell Death. Annu Rev Immunol (2008) 26:389–420. doi: 10.1146/annurev.immunol.26.021607.090404

33. Sayers, TJ, Brooks, AD, Ward, JM, Hoshino, T, Bere, WE, Wiegand, GW, et al. The Restricted Expression of Granzyme M in Human Lymphocytes. J Immunol (2001) 166(2):765–71. doi: 10.4049/jimmunol.166.2.765

34. Sedelies, KA, Sayers, TJ, Edwards, KM, Chen, W, Pellicci, DG, Godfrey, DI, et al. Discordant Regulation of Granzyme H and Granzyme B Expression in Human Lymphocytes. J Biol Chem (2004) 279(25):26581–7. doi: 10.1074/jbc.M312481200

35. Voskoboinik, I, Whisstock, JC, and Trapani, JA. Perforin and Granzymes: Function, Dysfunction and Human Pathology. Nat Rev Immunol (2015) 15(6):388–400. doi: 10.1038/nri3839

36. Jenne, DE, and Tschopp, J. Granzymes, a Family of Serine Proteases Released From Granules of Cytolytic T Lymphocytes Upon T Cell Receptor Stimulation. Immunol Rev (1988) 103:53–71. doi: 10.1111/j.1600-065X.1988.tb00749.x

37. Griffiths, GM, and Isaaz, S. Granzymes A and B Are Targeted to the Lytic Granules of Lymphocytes by the Mannose-6-Phosphate Receptor. J Cell Biol (1993) 120(4):885–96. doi: 10.1083/jcb.120.4.885

38. Meade, JL, de Wynter, EA, Brett, P, Sharif, SM, Woods, CG, Markham, AF, et al. A Family With Papillon-Lefevre Syndrome Reveals a Requirement for Cathepsin C in Granzyme B Activation and NK Cell Cytolytic Activity. Blood (2006) 107(9):3665–8. doi: 10.1182/blood-2005-03-1140

39. D'Angelo, ME, Bird, PI, Peters, C, Reinheckel, T, Trapani, JA, and Sutton, VR. Cathepsin H Is an Additional Convertase of Pro-Granzyme B. J Biol Chem (2010) 285(27):20514–9. doi: 10.1074/jbc.M109.094573

40. Smyth, MJ, McGuire, MJ, and Thia, KY. Expression of Recombinant Human Granzyme BA Processing and Activation Role for Dipeptidyl Peptidase I. J Immunol (1995) 154(12):6299–305.

41. Hattab, FN. Papillon-Lefèvre Syndrome: From Then Until Now. Stomatological Dis Sci (2019) 1–16. doi: 10.20517/2573-0002.2018.22

42. Pham, CT, Ivanovich, JL, Raptis, SZ, Zehnbauer, B, and Ley, TJ. Papillon-Lefevre Syndrome: Correlating the Molecular, Cellular, and Clinical Consequences of Cathepsin C/dipeptidyl Peptidase I Deficiency in Humans. J Immunol (2004) 173(12):7277–81. doi: 10.4049/jimmunol.173.12.7277

43. Pham, CT, and Ley, TJ. Dipeptidyl Peptidase I Is Required for the Processing and Activation of Granzymes A and B In Vivo. Proc Natl Acad Sci USA (1999) 96(15):8627–32. doi: 10.1073/pnas.96.15.8627

44. de Saint Basile, G, Menasche, G, and Fischer, A. Molecular Mechanisms of Biogenesis and Exocytosis of Cytotoxic Granules. Nat Rev Immunol (2010) 10(8):568–79. doi: 10.1038/nri2803

45. Uellner, R, Zvelebil, MJ, Hopkins, J, Jones, J, MacDougall, LK, Morgan, BP, et al. Perforin Is Activated by a Proteolytic Cleavage During Biosynthesis Which Reveals a Phospholipid-Binding C2 Domain. EMBO J (1997) 16(24):7287–96. doi: 10.1093/emboj/16.24.7287

46. Baran, K, Dunstone, M, Chia, J, Ciccone, A, Browne, KA, Clarke, CJ, et al. The Molecular Basis for Perforin Oligomerization and Transmembrane Pore Assembly. Immunity (2009) 30(5):684–95. doi: 10.1016/j.immuni.2009.03.016

47. Stepp, SE, Dufourcq-Lagelouse, R, Le Deist, F, Bhawan, S, Certain, S, Mathew, PA, et al. Perforin Gene Defects in Familial Hemophagocytic Lymphohistiocytosis. Science (1999) 286(5446):1957–9. doi: 10.1126/science.286.5446.1957

48. Sieni, E, Cetica, V, Hackmann, Y, Coniglio, ML, Da Ros, M, Ciambotti, B, et al. Familial Hemophagocytic Lymphohistiocytosis: When Rare Diseases Shed Light on Immune System Functioning. Front Immunol (2014) 5:167. doi: 10.3389/fimmu.2014.00167

49. Krzewski, K, Gil-Krzewska, A, Nguyen, V, Peruzzi, G, and Coligan, JE. LAMP1/CD107a Is Required for Efficient Perforin Delivery to Lytic Granules and NK-Cell Cytotoxicity. Blood (2013) 121(23):4672–83. doi: 10.1182/blood-2012-08-453738

50. Honing, S, Griffith, J, Geuze, HJ, and Hunziker, W. The Tyrosine-Based Lysosomal Targeting Signal in Lamp-1 Mediates Sorting Into Golgi-Derived Clathrin-Coated Vesicles. EMBO J (1996) 15(19):5230–9. doi: 10.1002/j.1460-2075.1996.tb00908.x

51. House, IG, House, CM, Brennan, AJ, Gilan, O, Dawson, MA, Whisstock, JC, et al. Regulation of Perforin Activation and Pre-Synaptic Toxicity Through C-Terminal Glycosylation. EMBO Rep (2017) 18(10):1775–85. doi: 10.15252/embr.201744351

52. Konjar, S, Sutton, VR, Hoves, S, Repnik, U, Yagita, H, Reinheckel, T, et al. Human and Mouse Perforin Are Processed in Part Through Cleavage by the Lysosomal Cysteine Proteinase Cathepsin L. Immunology (2010) 131(2):257–67. doi: 10.1111/j.1365-2567.2010.03299.x

53. Krensky, AM, and Clayberger, C. Biology and Clinical Relevance of Granulysin. Tissue Antigens (2009) 73(3):193–8. doi: 10.1111/j.1399-0039.2008.01218.x

54. Jongstra, J, Schall, TJ, Dyer, BJ, Clayberger, C, Jorgensen, J, Davis, MM, et al. The Isolation and Sequence of a Novel Gene From a Human Functional T Cell Line. J Exp Med (1987) 165(3):601–14. doi: 10.1084/jem.165.3.601

55. Walch, M, Dotiwala, F, Mulik, S, Thiery, J, Kirchhausen, T, Clayberger, C, et al. Cytotoxic Cells Kill Intracellular Bacteria Through Granulysin-Mediated Delivery of Granzymes. Cell (2014) 157(6):1309–23. doi: 10.1016/j.cell.2014.03.062

56. Hanson, DA, Kaspar, AA, Poulain, FR, and Krensky, AM. Biosynthesis of Granulysin, a Novel Cytolytic Molecule. Mol Immunol (1999) 36(7):413–22. doi: 10.1016/S0161-5890(99)00063-2

57. Stenger, S, Hanson, DA, Teitelbaum, R, Dewan, P, Niazi, KR, Froelich, CJ, et al. An Antimicrobial Activity of Cytolytic T Cells Mediated by Granulysin. Science (1998) 282(5386):121–5. doi: 10.1126/science.282.5386.121

58. Kaspar, AA, Okada, S, Kumar, J, Poulain, FR, Drouvalakis, KA, Kelekar, A, et al. A Distinct Pathway of Cell-Mediated Apoptosis Initiated by Granulysin. J Immunol (2001) 167(1):350–6. doi: 10.4049/jimmunol.167.1.350

59. Anderson, DH, Sawaya, MR, Cascio, D, Ernst, W, Modlin, R, Krensky, A, et al. Granulysin Crystal Structure and a Structure-Derived Lytic Mechanism. J Mol Biol (2003) 325(2):355–65. doi: 10.1016/S0022-2836(02)01234-2

60. Bodmer, JL, Schneider, P, and Tschopp, J. The Molecular Architecture of the TNF Superfamily. Trends Biochem Sci (2002) 27(1):19–26. doi: 10.1016/S0968-0004(01)01995-8

61. Suda, T, Okazaki, T, Naito, Y, Yokota, T, Arai, N, Ozaki, S, et al. Expression of the Fas Ligand in Cells of T Cell Lineage. J Immunol (1995) 154(8):3806–13.

62. Thomas, WD, and Hersey, P. TNF-Related Apoptosis-Inducing Ligand (TRAIL) Induces Apoptosis in Fas Ligand-Resistant Melanoma Cells and Mediates CD4 T Cell Killing of Target Cells. J Immunol (1998) 161(5):2195–200.

63. Fanger, NA, Maliszewski, CR, Schooley, K, and Griffith, TS. Human Dendritic Cells Mediate Cellular Apoptosis via Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL). J Exp Med (1999) 190(8):1155–64. doi: 10.1084/jem.190.8.1155

64. Montel, AH, Bochan, MR, Goebel, WS, and Brahmi, Z. Fas-Mediated Cytotoxicity Remains Intact in Perforin and Granzyme B Antisense Transfectants of a Human NK-Like Cell Line. Cell Immunol (1995) 165(2):312–7. doi: 10.1006/cimm.1995.1219

65. Montel, AH, Bochan, MR, Hobbs, JA, Lynch, DH, and Brahmi, Z. Fas Involvement in Cytotoxicity Mediated by Human NK Cells. Cell Immunol (1995) 166(2):236–46. doi: 10.1006/cimm.1995.9974

66. Bossi, G, and Griffiths, GM. Degranulation Plays an Essential Part in Regulating Cell Surface Expression of Fas Ligand in T Cells and Natural Killer Cells. Nat Med (1999) 5(1):90–6. doi: 10.1038/4779

67. Monleon, I, Martinez-Lorenzo, MJ, Monteagudo, L, Lasierra, P, Taules, M, Iturralde, M, et al. Differential Secretion of Fas Ligand- or APO2 Ligand/TNF-Related Apoptosis-Inducing Ligand-Carrying Microvesicles During Activation-Induced Death of Human T Cells. J Immunol (2001) 167(12):6736–44. doi: 10.4049/jimmunol.167.12.6736

68. Schmidt, H, Gelhaus, C, Lucius, R, Nebendahl, M, Leippe, M, and Janssen, O. Enrichment and Analysis of Secretory Lysosomes From Lymphocyte Populations. BMC Immunol (2009) 10:41. doi: 10.1186/1471-2172-10-41

69. Ghosh, D, Lippert, D, Krokhin, O, Cortens, JP, and Wilkins, JA. Defining the Membrane Proteome of NK Cells. J Mass Spectrom (2010) 45(1):1–25. 10.1002/jms.1696

70. Bryceson, YT, March, ME, Barber, DF, Ljunggren, HG, and Long, EO. Cytolytic Granule Polarization and Degranulation Controlled by Different Receptors in Resting NK Cells. J Exp Med (2005) 202(7):1001–12. doi: 10.1084/jem.20051143

71. Schmidt, H, Gelhaus, C, Nebendahl, M, Lettau, M, Watzl, C, Kabelitz, D, et al. 2-D DIGE Analyses of Enriched Secretory Lysosomes Reveal Heterogeneous Profiles of Functionally Relevant Proteins in Leukemic and Activated Human NK Cells. Proteomics (2008) 8(14):2911–25. doi: 10.1002/pmic.200800170

72. Schmidt, H, Gelhaus, C, Nebendahl, M, Lettau, M, Lucius, R, Leippe, M, et al. Effector Granules in Human T Lymphocytes: Proteomic Evidence for Two Distinct Species of Cytotoxic Effector Vesicles. J Proteome Res (2011) 10(4):1603–20. doi: 10.1021/pr100967v

73. Lee, J, Dieckmann, NMG, Edgar, JR, Griffiths, GM, and Siegel, RM. Fas Ligand Localizes to Intraluminal Vesicles Within NK Cell Cytolytic Granules and Is Enriched at the Immune Synapse. Immun Inflamma Dis (2018) 6(2):312–21. doi: 10.1002/iid3.219

74. Lettau, M, Armbrust, F, Dohmen, K, Drews, L, Poch, T, Dietz, M, et al. Mechanistic Peculiarities of Activation-Induced Mobilization of Cytotoxic Effector Proteins in Human T Cells. Int Immunol (2018) 30(5):215–28. doi: 10.1093/intimm/dxy007

75. Blott, EJ, Bossi, G, Clark, R, Zvelebil, M, and Griffiths, GM. Fas Ligand Is Targeted to Secretory LysosomesVia a Proline-Rich Domain in its Cytoplasmic Tail. J Cell Sci (2001) 114(Pt 13):2405–16. doi: 10.1242/jcs.114.13.2405

76. Zuccato, E, Blott, EJ, Holt, O, Sigismund, S, Shaw, M, Bossi, G, et al. Sorting of Fas Ligand to Secretory Lysosomes Is Regulated by Mono-Ubiquitylation and Phosphorylation. J Cell Sci (2007) 120(Pt 1):191–9. doi: 10.1242/jcs.03315

77. Robinson, MS, and Bonifacino, JS. Adaptor-Related Proteins. Curr Opin Cell Biol (2001) 13(4):444–53. doi: 10.1016/S0955-0674(00)00235-0

78. Peden, AA, Oorschot, V, Hesser, BA, Austin, CD, Scheller, RH, and Klumperman, J. Localization of the AP-3 Adaptor Complex Defines a Novel Endosomal Exit Site for Lysosomal Membrane Proteins. J Cell Biol (2004) 164(7):1065–76. doi: 10.1083/jcb.200311064

79. Badolato, R, and Parolini, S. Novel Insights From Adaptor Protein 3 Complex Deficiency. J Allergy Clin Immunol (2007) 120(4):735–41; quiz 42-3. doi: 10.1016/j.jaci.2007.08.039

80. Dell'Angelica, EC. AP-3-Dependent Trafficking and Disease: The First Decade. Curr Opin Cell Biol (2009) 21(4):552–9. doi: 10.1016/j.ceb.2009.04.014

81. Hermansky, F, Cieslar, P, Matousova, O, and Smetana, K. Proceedings: Study of Albinism in Relation to Hermansky-Pudlak Syndrome. Thromb Diath Haemorrh (1975) 34(1):360. doi: 10.1055/s-0039-1689206

82. Huizing, M, Sarangarajan, R, Strovel, E, Zhao, Y, Gahl, WA, and Boissy, RE. AP-3 Mediates Tyrosinase But Not TRP-1 Trafficking in Human Melanocytes. Mol Biol Cell (2001) 12(7):2075–85. doi: 10.1091/mbc.12.7.2075

83. Sugita, M, Cao, X, Watts, GF, Rogers, RA, Bonifacino, JS, and Brenner, MB. Failure of Trafficking and Antigen Presentation by CD1 in AP-3-Deficient Cells. Immunity (2002) 16(5):697–706. doi: 10.1016/S1074-7613(02)00311-4

84. Fontana, S, Parolini, S, Vermi, W, Booth, S, Gallo, F, Donini, M, et al. Innate Immunity Defects in Hermansky-Pudlak Type 2 Syndrome. Blood (2006) 107(12):4857–64. doi: 10.1182/blood-2005-11-4398

85. Enders, A, Zieger, B, Schwarz, K, Yoshimi, A, Speckmann, C, Knoepfle, EM, et al. Lethal Hemophagocytic Lymphohistiocytosis in Hermansky-Pudlak Syndrome Type II. Blood (2006) 108(1):81–7. doi: 10.1182/blood-2005-11-4413

86. Clark, RH, Stinchcombe, JC, Day, A, Blott, E, Booth, S, Bossi, G, et al. Adaptor Protein 3-Dependent Microtubule-Mediated Movement of Lytic Granules to the Immunological Synapse. Nat Immunol (2003) 4(11):1111–20. doi: 10.1038/ni1000

87. Kaplan, J, De Domenico, I, and Ward, DM. Chediak-Higashi Syndrome. Curr Opin Hematol (2008) 15(1):22–9. doi: 10.1097/MOH.0b013e3282f2bcce

88. Burkhardt, JK, Wiebel, FA, Hester, S, and Argon, Y. The Giant Organelles in Beige and Chediak-Higashi Fibroblasts Are Derived From Late Endosomes and Mature Lysosomes. J Exp Med (1993) 178(6):1845–56. doi: 10.1084/jem.178.6.1845

89. Ward, DM, Griffiths, GM, Stinchcombe, JC, and Kaplan, J. Analysis of the Lysosomal Storage Disease Chediak-Higashi Syndrome. Traffic (2000) 1(11):816–22. doi: 10.1034/j.1600-0854.2000.011102.x

90. Stinchcombe, JC, Page, LJ, and Griffiths, GM. Secretory Lysosome Biogenesis in Cytotoxic T Lymphocytes From Normal and Chediak Higashi Syndrome Patients. Traffic (2000) 1(5):435–44. doi: 10.1034/j.1600-0854.2000.010508.x

91. Chiang, SCC, Wood, SM, Tesi, B, Akar, HH, Al-Herz, W, Ammann, S, et al. Differences in Granule Morphology Yet Equally Impaired Exocytosis Among Cytotoxic T Cells and NK Cells From Chediak-Higashi Syndrome Patients. Front Immunol (2017) 8:426. doi: 10.3389/fimmu.2017.00426

92. Baetz, K, Isaaz, S, and Griffiths, GM. Loss of Cytotoxic T Lymphocyte Function in Chediak-Higashi Syndrome Arises From a Secretory Defect That Prevents Lytic Granule Exocytosis. J Immunol (1995) 154(11):6122–31.

93. Gil-Krzewska, A, Saeed, MB, Oszmiana, A, Fischer, ER, Lagrue, K, Gahl, WA, et al. An Actin Cytoskeletal Barrier Inhibits Lytic Granule Release From Natural Killer Cells in Patients With Chediak-Higashi Syndrome. J Allergy Clin Immunol (2018) 142(3):914–27 e6. doi: 10.1016/j.jaci.2017.10.040

94. Lattao, R, Rangone, H, Llamazares, S, and Glover, DM. Mauve/LYST Limits Fusion of Lysosome-Related Organelles and Promotes Centrosomal Recruitment of Microtubule Nucleating Proteins. Dev Cell (2021) 56(7):1000–3e6. doi: 10.1016/j.devcel.2021.02.019

95. Raja, SM, Wang, B, Dantuluri, M, Desai, UR, Demeler, B, Spiegel, K, et al. Cytotoxic Cell Granule-Mediated ApoptosisCharacterization of the Macromolecular Complex of Granzyme B With Serglycin. J Biol Chem (2002) 277(51):49523–30. doi: 10.1074/jbc.M209607200

96. Masson, D, Peters, PJ, Geuze, HJ, Borst, J, and Tschopp, J. Interaction of Chondroitin Sulfate With Perforin and Granzymes of Cytolytic T-Cells Is Dependent on Ph. Biochemistry (1990) 29(51):11229–35. doi: 10.1021/bi00503a011

97. Kolset, SO, and Tveit, H. Serglycin–structure and Biology. Cell Mol Life Sci (2008) 65(7-8):1073–85. doi: 10.1007/s00018-007-7455-6

98. Metkar, SS, Wang, B, Aguilar-Santelises, M, Raja, SM, Uhlin-Hansen, L, Podack, E, et al. Cytotoxic Cell Granule-Mediated Apoptosis: Perforin Delivers Granzyme B-Serglycin Complexes Into Target Cells Without Plasma Membrane Pore Formation. Immunity (2002) 16(3):417–28. doi: 10.1016/S1074-7613(02)00286-8

99. Lopez, JA, Brennan, AJ, Whisstock, JC, Voskoboinik, I, and Trapani, JA. Protecting a Serial Killer: Pathways for Perforin Trafficking and Self-Defence Ensure Sequential Target Cell Death. Trends Immunol (2012) 33(8):406–12. doi: 10.1016/j.it.2012.04.001

100. Kataoka, T, Togashi, K, Takayama, H, Takaku, K, and Nagai, K. Inactivation and Proteolytic Degradation of Perforin Within Lytic Granules Upon Neutralization of Acidic Ph. Immunology (1997) 91(3):493–500. doi: 10.1046/j.1365-2567.1997.00257.x

101. Fraser, SA, Karimi, R, Michalak, M, and Hudig, D. Perforin Lytic Activity Is Controlled by Calreticulin. J Immunol (2000) 164(8):4150–5. doi: 10.4049/jimmunol.164.8.4150

102. Gwalani, LA, and Orange, JS. Single Degranulations in NK Cells Can Mediate Target Cell Killing. J Immunol (2018) 200(9):3231–43. doi: 10.4049/jimmunol.1701500

103. Kaschek, L, Zophel, S, Knorck, A, and Hoth, M. A Calcium Optimum for Cytotoxic T Lymphocyte and Natural Killer Cell Cytotoxicity. Semin Cell Dev Biol (2021) 115:10–8. doi: 10.1016/j.semcdb.2020.12.002

104. Chen, Y, Lu, D, Churov, A, and Fu, R. Research Progress on NK Cell Receptors and Their Signaling Pathways. Mediators Inflamm (2020) 2020:6437057. doi: 10.1155/2020/6437057

105. Long, EO, Kim, HS, Liu, D, Peterson, ME, and Rajagopalan, S. Controlling Natural Killer Cell Responses: Integration of Signals for Activation and Inhibition. Annu Rev Immunol (2013) 31:227–58. doi: 10.1146/annurev-immunol-020711-075005

106. Kumar, S. Natural Killer Cell Cytotoxicity and Its Regulation by Inhibitory Receptors. Immunology (2018) 154(3):383–93. doi: 10.1111/imm.12921

107. Zingoni, A, Molfetta, R, Fionda, C, Soriani, A, Paolini, R, Cippitelli, M, et al. NKG2D and Its LigandsOne for All, All for One. Front Immunol (2018) 9:476. doi: 10.3389/fimmu.2018.00476

108. Billadeau, DD, Brumbaugh, KM, Dick, CJ, Schoon, RA, Bustelo, XR, and Leibson, PJ. The Vav-Rac1 Pathway in Cytotoxic Lymphocytes Regulates the Generation of Cell-Mediated Killing. J Exp Med (1998) 188(3):549–59. doi: 10.1084/jem.188.3.549

109. Billadeau, DD, Mackie, SM, Schoon, RA, and Leibson, PJ. The Rho Family Guanine Nucleotide Exchange Factor Vav-2 Regulates the Development of Cell-Mediated Cytotoxicity. J Exp Med (2000) 192(3):381–92. doi: 10.1084/jem.192.3.381

110. Ham, H, Guerrier, S, Kim, J, Schoon, RA, Anderson, EL, Hamann, MJ, et al. Dedicator of Cytokinesis 8 Interacts With Talin and Wiskott-Aldrich Syndrome Protein to Regulate NK Cell Cytotoxicity. J Immunol (2013) 190(7):3661–9. doi: 10.4049/jimmunol.1202792

111. Sakai, Y, Tanaka, Y, Yanagihara, T, Watanabe, M, Duan, X, Terasawa, M, et al. The Rac Activator DOCK2 Regulates Natural Killer Cell-Mediated Cytotoxicity in Mice Through the Lytic Synapse Formation. Blood (2013) 122(3):386–93. doi: 10.1182/blood-2012-12-475897

112. Dimitrova, D, and Freeman, AF. Current Status of Dedicator of Cytokinesis-Associated Immunodeficiency: DOCK8 and DOCK2. Dermatol Clin (2017) 35(1):11–9. doi: 10.1016/j.det.2016.07.002

113. Ben-Shmuel, A, Sabag, B, Biber, G, and Barda-Saad, M. The Role of the Cytoskeleton in Regulating the Natural Killer Cell Immune Response in Health and Disease: From Signaling Dynamics to Function. Front Cell Dev Biol (2021) 9:609532. doi: 10.3389/fcell.2021.609532

114. Mace, EM, Dongre, P, Hsu, HT, Sinha, P, James, AM, Mann, SS, et al. Cell Biological Steps and Checkpoints in Accessing NK Cell Cytotoxicity. Immunol Cell Biol (2014) 92(3):245–55. doi: 10.1038/icb.2013.96

115. Kuhn, JR, and Poenie, M. Dynamic Polarization of the Microtubule Cytoskeleton During CTL-Mediated Killing. Immunity (2002) 16(1):111–21. doi: 10.1016/S1074-7613(02)00262-5

116. Kupfer, A, Dennert, G, and Singer, SJ. The Reorientation of the Golgi Apparatus and the Microtubule-Organizing Center in the Cytotoxic Effector Cell Is a Prerequisite in the Lysis of Bound Target Cells. J Mol Cell Immunol (1985) 2(1):37–49.

117. James, AM, Hsu, HT, Dongre, P, Uzel, G, Mace, EM, Banerjee, PP, et al. Rapid Activation Receptor- or IL-2-Induced Lytic Granule Convergence in Human Natural Killer Cells Requires Src, But Not Downstream Signaling. Blood (2013) 121(14):2627–37. doi: 10.1182/blood-2012-06-437012

118. Mentlik, AN, Sanborn, KB, Holzbaur, EL, and Orange, JS. Rapid Lytic Granule Convergence to the MTOC in Natural Killer Cells Is Dependent on Dynein But Not Cytolytic Commitment. Mol Biol Cell (2010) 21(13):2241–56. doi: 10.1091/mbc.e09-11-0930

119. Wilton, KM, and Billadeau, DD. VASP Regulates NK Cell Lytic Granule Convergence. J Immunol (2018) 201(10):2899–909. doi: 10.4049/jimmunol.1800254

120. Shuh, M, Morse, BA, Heidecker, G, and Derse, D. Association of SRC-Related Kinase Lyn With the Interleukin-2 Receptor and Its Role in Maintaining Constitutive Phosphorylation of JAK/STAT in Human T-Cell Leukemia Virus Type 1-Transformed T Cells. J Virol (2011) 85(9):4623–7. doi: 10.1128/JVI.00839-10

121. McKenney, RJ, Huynh, W, Tanenbaum, ME, Bhabha, G, and Vale, RD. Activation of Cytoplasmic Dynein Motility by Dynactin-Cargo Adapter Complexes. Science (2014) 345(6194):337–41. doi: 10.1126/science.1254198

122. Ham, H, Huynh, W, Schoon, RA, Vale, RD, and Billadeau, DD. HkRP3 Is a Microtubule-Binding Protein Regulating Lytic Granule Clustering and NK Cell Killing. J Immunol (2015) 194(8):3984–96. doi: 10.4049/jimmunol.1402897

123. Orange, JS, Roy-Ghanta, S, Mace, EM, Maru, S, Rak, GD, Sanborn, KB, et al. IL-2 Induces a WAVE2-Dependent Pathway for Actin Reorganization That Enables WASp-Independent Human NK Cell Function. J Clin Invest (2011) 121(4):1535–48. doi: 10.1172/JCI44862

124. Gismondi, A, Cifaldi, L, Mazza, C, Giliani, S, Parolini, S, Morrone, S, et al. Impaired Natural and CD16-Mediated NK Cell Cytotoxicity in Patients With WAS and XLT: Ability of IL-2 to Correct NK Cell Functional Defect. Blood (2004) 104(2):436–43. doi: 10.1182/blood-2003-07-2621

125. Mendoza, MC. Phosphoregulation of the WAVE Regulatory Complex and Signal Integration. Semin Cell Dev Biol (2013) 24(4):272–9. doi: 10.1016/j.semcdb.2013.01.007

126. Topham, NJ, and Hewitt, EW. Natural Killer Cell Cytotoxicity: How do They Pull the Trigger? Immunology (2009) 128(1):7–15. doi: 10.1111/j.1365-2567.2009.03123.x

127. Casey, TM, Meade, JL, and Hewitt, EW. Organelle Proteomics: Identification of the Exocytic Machinery Associated With the Natural Killer Cell Secretory Lysosome. Mol Cell Proteomics (2007) 6(5):767–80. doi: 10.1074/mcp.M600365-MCP200

128. Johansson, M, Rocha, N, Zwart, W, Jordens, I, Janssen, L, Kuijl, C, et al. Activation of Endosomal Dynein Motors by Stepwise Assembly of Rab7-RILP-P150glued, ORP1L, and the Receptor Betalll Spectrin. J Cell Biol (2007) 176(4):459–71. doi: 10.1083/jcb.200606077

129. Cantalupo, G, Alifano, P, Roberti, V, Bruni, CB, and Bucci, C. Rab-Interacting Lysosomal Protein (RILP): The Rab7 Effector Required for Transport to Lysosomes. EMBO J (2001) 20(4):683–93. doi: 10.1093/emboj/20.4.683

130. Jordens, I, Fernandez-Borja, M, Marsman, M, Dusseljee, S, Janssen, L, Calafat, J, et al. The Rab7 Effector Protein RILP Controls Lysosomal Transport by Inducing the Recruitment of Dynein-Dynactin Motors. Curr Biol (2001) 11(21):1680–5. doi: 10.1016/S0960-9822(01)00531-0

131. Jenkins, MR, Tsun, A, Stinchcombe, JC, and Griffiths, GM. The Strength of T Cell Receptor Signal Controls the Polarization of Cytotoxic Machinery to the Immunological Synapse. Immunity (2009) 31(4):621–31. doi: 10.1016/j.immuni.2009.08.024

132. Stinchcombe, JC, Majorovits, E, Bossi, G, Fuller, S, and Griffiths, GM. Centrosome Polarization Delivers Secretory Granules to the Immunological Synapse. Nature (2006) 443(7110):462–5. doi: 10.1038/nature05071

133. Orange, JS, Harris, KE, Andzelm, MM, Valter, MM, Geha, RS, and Strominger, JL. The Mature Activating Natural Killer Cell Immunologic Synapse Is Formed in Distinct Stages. Proc Natl Acad Sci USA (2003) 100(24):14151–6. doi: 10.1073/pnas.1835830100

134. Stinchcombe, JC, Salio, M, Cerundolo, V, Pende, D, Arico, M, and Griffiths, GM. Centriole Polarisation to the Immunological Synapse Directs Secretion From Cytolytic Cells of Both the Innate and Adaptive Immune Systems. BMC Biol (2011) 9:45. doi: 10.1186/1741-7007-9-45

135. de la Roche, M, Asano, Y, and Griffiths, GM. Origins of the Cytolytic Synapse. Nat Rev Immunol (2016) 16(7):421–32. doi: 10.1038/nri.2016.54

136. Combs, J, Kim, SJ, Tan, S, Ligon, LA, Holzbaur, EL, Kuhn, J, et al. Recruitment of Dynein to the Jurkat Immunological Synapse. Proc Natl Acad Sci USA (2006) 103(40):14883–8. doi: 10.1073/pnas.0600914103

137. Yi, J, Wu, X, Chung, AH, Chen, JK, Kapoor, TM, and Hammer, JA. Centrosome Repositioning in T Cells Is Biphasic and Driven by Microtubule End-on Capture-Shrinkage. J Cell Biol (2013) 202(5):779–92. doi: 10.1083/jcb.201301004

138. Hooikaas, PJ, Damstra, HG, Gros, OJ, van Riel, WE, Martin, M, Smits, YT, et al. Kinesin-4 KIF21B Limits Microtubule Growth to Allow Rapid Centrosome Polarization in T Cells. Elife (2020) 9:1–41. doi: 10.7554/eLife.62876

139. Hornak, I, and Rieger, H. Stochastic Model of T Cell Repolarization During Target Elimination I. Biophys J (2020) 118(7):1733–48. doi: 10.1016/j.bpj.2020.01.045

140. Kopf, A, and Kiermaier, E. Dynamic Microtubule Arrays in Leukocytes and Their Role in Cell Migration and Immune Synapse Formation. Front Cell Dev Biol (2021) 9:635511. doi: 10.3389/fcell.2021.635511

141. Beal, AM, Anikeeva, N, Varma, R, Cameron, TO, Vasiliver-Shamis, G, Norris, PJ, et al. Kinetics of Early T Cell Receptor Signaling Regulate the Pathway of Lytic Granule Delivery to the Secretory Domain. Immunity (2009) 31(4):632–42. doi: 10.1016/j.immuni.2009.09.004

142. Banerjee, PP, Pandey, R, Zheng, R, Suhoski, MM, Monaco-Shawver, L, and Orange, JS. Cdc42-Interacting Protein-4 Functionally Links Actin and Microtubule Networks at the Cytolytic NK Cell Immunological Synapse. J Exp Med (2007) 204(10):2305–20. doi: 10.1084/jem.20061893

143. Boning, MAL, Trittel, S, Riese, P, van Ham, M, Heyner, M, Voss, M, et al. ADAP Promotes Degranulation and Migration of NK Cells Primed During In Vivo Listeria Monocytogenes Infection in Mice. Front Immunol (2019) 10:3144. doi: 10.3389/fimmu.2019.03144

144. Fostel, LV, Dluzniewska, J, Shimizu, Y, Burbach, BJ, and Peterson, EJ. ADAP Is Dispensable for NK Cell Development and Function. Int Immunol (2006) 18(8):1305–14. doi: 10.1093/intimm/dxl063

145. Mace, EM, Wu, WW, Ho, T, Mann, SS, Hsu, HT, and Orange, JS. NK Cell Lytic Granules Are Highly Motile at the Immunological Synapse and Require F-Actin for Post-Degranulation Persistence. J Immunol (2012) 189(10):4870–80. doi: 10.4049/jimmunol.1201296

146. Rak, GD, Mace, EM, Banerjee, PP, Svitkina, T, and Orange, JS. Natural Killer Cell Lytic Granule Secretion Occurs Through a Pervasive Actin Network at the Immune Synapse. PloS Biol (2011) 9(9):e1001151. doi: 10.1371/journal.pbio.1001151

147. Burkhardt, JK, McIlvain, JM Jr., Sheetz, MP, and Argon, Y. Lytic Granules From Cytotoxic T Cells Exhibit Kinesin-Dependent Motility on Microtubules In Vitro. J Cell Sci (1993) 104(Pt 1):151–62. doi: 10.1242/jcs.104.1.151

148. Kurowska, M, Goudin, N, Nehme, NT, Court, M, Garin, J, Fischer, A, et al. Terminal Transport of Lytic Granules to the Immune Synapse Is Mediated by the Kinesin-1/Slp3/Rab27a Complex. Blood (2012) 119(17):3879–89. doi: 10.1182/blood-2011-09-382556

149. Tuli, A, Thiery, J, James, AM, Michelet, X, Sharma, M, Garg, S, et al. Arf-Like GTPase Arl8b Regulates Lytic Granule Polarization and Natural Killer Cell-Mediated Cytotoxicity. Mol Biol Cell (2013) 24(23):3721–35. doi: 10.1091/mbc.e13-05-0259

150. Nunez-Andrade, N, Iborra, S, Trullo, A, Moreno-Gonzalo, O, Calvo, E, Catalan, E, et al. HDAC6 Regulates the Dynamics of Lytic Granules in Cytotoxic T Lymphocytes. J Cell Sci (2016) 129(7):1305–11. doi: 10.1242/jcs.180885

151. Vyas, YM, Mehta, KM, Morgan, M, Maniar, H, Butros, L, Jung, S, et al. Spatial Organization of Signal Transduction Molecules in the NK Cell Immune Synapses During MHC Class I-Regulated Noncytolytic and Cytolytic Interactions. J Immunol (2001) 167(8):4358–67. doi: 10.4049/jimmunol.167.8.4358

152. Brito, C, and Sousa, S. Non-Muscle Myosin 2a (NM2A): Structure, Regulation and Function. Cells (2020) 9(7):1–24. doi: 10.3390/cells9071590

153. Sanborn, KB, Rak, GD, Maru, SY, Demers, K, Difeo, A, Martignetti, JA, et al. Myosin IIA Associates With NK Cell Lytic Granules to Enable Their Interaction With F-Actin and Function at the Immunological Synapse. J Immunol (2009) 182(11):6969–84. doi: 10.4049/jimmunol.0804337

154. Sanborn, KB, Mace, EM, Rak, GD, Difeo, A, Martignetti, JA, Pecci, A, et al. Phosphorylation of the Myosin IIA Tailpiece Regulates Single Myosin IIA Molecule Association With Lytic Granules to Promote NK-Cell Cytotoxicity. Blood (2011) 118(22):5862–71. doi: 10.1182/blood-2011-03-344846

155. Ito, M, Tanabe, F, Sato, A, Ishida, E, Takami, Y, and Shigeta, S. Inhibition of Natural Killer Cell-Mediated Cytotoxicity by ML-9, A Selective Inhibitor of Myosin Light Chain Kinase. Int J Immunopharmacol (1989) 11(2):185–90. doi: 10.1016/0192-0561(89)90070-2

156. Andzelm, MM, Chen, X, Krzewski, K, Orange, JS, and Strominger, JL. Myosin IIA Is Required for Cytolytic Granule Exocytosis in Human NK Cells. J Exp Med (2007) 204(10):2285–91. doi: 10.1084/jem.20071143

157. Seri, M, Pecci, A, Di Bari, F, Cusano, R, Savino, M, Panza, E, et al. MYH9-Related Disease: May-Hegglin Anomaly, Sebastian Syndrome, Fechtner Syndrome, and Epstein Syndrome Are Not Distinct Entities But Represent a Variable Expression of a Single Illness. Med (Baltimore) (2003) 82(3):203–15. doi: 10.1097/01.md.0000076006.64510.5c

158. Asensio-Juarez, G, Llorente-Gonzalez, C, and Vicente-Manzanares, M. Linking the Landscape of MYH9-Related Diseases to the Molecular Mechanisms That Control Non-Muscle Myosin II-A Function in Cells. Cells (2020) 9(6):2–20. doi: 10.3390/cells9061458

159. Iizuka, Y, Cichocki, F, Sieben, A, Sforza, F, Karim, R, Coughlin, K, et al. UNC-45a Is a Nonmuscle Myosin IIA Chaperone Required for NK Cell Cytotoxicity via Control of Lytic Granule Secretion. J Immunol (2015) 195(10):4760–70. doi: 10.4049/jimmunol.1500979

160. Phatarpekar, PV, and Billadeau, DD. Molecular Regulation of the Plasma Membrane-Proximal Cellular Steps Involved in NK Cell Cytolytic Function. J Cell Sci (2020) 133(5):1–12. doi: 10.1242/jcs.240424

161. Menasche, G, Pastural, E, Feldmann, J, Certain, S, Ersoy, F, Dupuis, S, et al. Mutations in RAB27A Cause Griscelli Syndrome Associated With Haemophagocytic Syndrome. Nat Genet (2000) 25(2):173–6. doi: 10.1038/76024

162. Wood, SM, Meeths, M, Chiang, SC, Bechensteen, AG, Boelens, JJ, Heilmann, C, et al. Different NK Cell-Activating Receptors Preferentially Recruit Rab27a or Munc13-4 to Perforin-Containing Granules for Cytotoxicity. Blood (2009) 114(19):4117–27. doi: 10.1182/blood-2009-06-225359

163. Haddad, EK, Wu, X, Hammer, JA 3rd, and Henkart, PA. Defective Granule Exocytosis in Rab27a-Deficient Lymphocytes From Ashen Mice. J Cell Biol (2001) 152(4):835–42. doi: 10.1083/jcb.152.4.835

164. Stinchcombe, JC, Bossi, G, Booth, S, and Griffiths, GM. The Immunological Synapse of CTL Contains a Secretory Domain and Membrane Bridges. Immunity (2001) 15(5):751–61. doi: 10.1016/S1074-7613(01)00234-5

165. Feldmann, J, Callebaut, I, Raposo, G, Certain, S, Bacq, D, Dumont, C, et al. Munc13-4 Is Essential for Cytolytic Granules Fusion and Is Mutated in a Form of Familial Hemophagocytic Lymphohistiocytosis (FHL3). Cell (2003) 115(4):461–73. doi: 10.1016/S0092-8674(03)00855-9

166. Liu, D, Meckel, T, and Long, EO. Distinct Role of Rab27a in Granule Movement at the Plasma Membrane and in the Cytosol of NK Cells. PloS One (2010) 5(9):e12870. doi: 10.1371/journal.pone.0012870

167. Hume, AN, Collinson, LM, Rapak, A, Gomes, AQ, Hopkins, CR, and Seabra, MC. Rab27a Regulates the Peripheral Distribution of Melanosomes in Melanocytes. J Cell Biol (2001) 152(4):795–808. doi: 10.1083/jcb.152.4.795

168. Munafo, DB, Johnson, JL, Ellis, BA, Rutschmann, S, Beutler, B, and Catz, SD. Rab27a Is a Key Component of the Secretory Machinery of Azurophilic Granules in Granulocytes. Biochem J (2007) 402(2):229–39. doi: 10.1042/BJ20060950

169. Kasai, K, Ohara-Imaizumi, M, Takahashi, N, Mizutani, S, Zhao, S, Kikuta, T, et al. Rab27a Mediates the Tight Docking of Insulin Granules Onto the Plasma Membrane During Glucose Stimulation. J Clin Invest (2005) 115(2):388–96. doi: 10.1172/JCI200522955

170. Fukuda, M. Rab27 Effectors, Pleiotropic Regulators in Secretory Pathways. Traffic (2013) 14(9):949–63. doi: 10.1111/tra.12083

171. Holt, O, Kanno, E, Bossi, G, Booth, S, Daniele, T, Santoro, A, et al. Slp1 and Slp2-A Localize to the Plasma Membrane of CTL and Contribute to Secretion From the Immunological Synapse. Traffic (2008) 9(4):446–57. doi: 10.1111/j.1600-0854.2008.00714.x

172. Imai, A, Ishida, M, Fukuda, M, Nashida, T, and Shimomura, H. MADD/DENN/Rab3GEP Functions as a Guanine Nucleotide Exchange Factor for Rab27 During Granule Exocytosis of Rat Parotid Acinar Cells. Arch Biochem Biophys (2013) 536(1):31–7. doi: 10.1016/j.abb.2013.05.002

173. Elstak, ED, Neeft, M, Nehme, NT, Voortman, J, Cheung, M, Goodarzifard, M, et al. The Munc13-4-Rab27 Complex Is Specifically Required for Tethering Secretory Lysosomes at the Plasma Membrane. Blood (2011) 118(6):1570–8. doi: 10.1182/blood-2011-02-339523

174. Menager, MM, Menasche, G, Romao, M, Knapnougel, P, Ho, CH, Garfa, M, et al. Secretory Cytotoxic Granule Maturation and Exocytosis Require the Effector Protein Hmunc13-4. Nat Immunol (2007) 8(3):257–67. doi: 10.1038/ni1431

175. Bin, NR, Ma, K, Tien, CW, Wang, S, Zhu, D, Park, S, et al. C2 Domains of Munc13-4 Are Crucial for Ca(2+)-Dependent Degranulation and Cytotoxicity in NK Cells. J Immunol (2018) 201(2):700–13. doi: 10.4049/jimmunol.1800426

176. Fernandez-Chacon, R, Konigstorfer, A, Gerber, SH, Garcia, J, Matos, MF, Stevens, CF, et al. Synaptotagmin I Functions as a Calcium Regulator of Release Probability. Nature (2001) 410(6824):41–9. doi: 10.1038/35065004

177. Shin, OH, Xu, J, Rizo, J, and Sudhof, TC. Differential But Convergent Functions of Ca2+ Binding to Synaptotagmin-1 C2 Domains Mediate Neurotransmitter Release. Proc Natl Acad Sci USA (2009) 106(38):16469–74. doi: 10.1073/pnas.0908798106

178. Davis, LC, Morgan, AJ, Chen, JL, Snead, CM, Bloor-Young, D, Shenderov, E, et al. NAADP Activates Two-Pore Channels on T Cell Cytolytic Granules to Stimulate Exocytosis and Killing. Curr Biol (2012) 22(24):2331–7. doi: 10.1016/j.cub.2012.10.035

179. Davis, LC, Platt, FM, and Galione, A. Preferential Coupling of the NAADP Pathway to Exocytosis in T-Cells. Messenger (Los Angel) (2015) 4(1):53–66. doi: 10.1166/msr.2015.1040

180. Zografou, S, Basagiannis, D, Papafotika, A, Shirakawa, R, Horiuchi, H, Auerbach, D, et al. A Complete Rab Screening Reveals Novel Insights in Weibel-Palade Body Exocytosis. J Cell Sci (2012) 12520):4780–90. doi: 10.1242/jcs.104174

181. Johnson, JL, He, J, Ramadass, M, Pestonjamasp, K, Kiosses, WB, Zhang, J, et al. Munc13-4 Is a Rab11-Binding Protein That Regulates Rab11-Positive Vesicle Trafficking and Docking at the Plasma Membrane. J Biol Chem (2016) 291(7):3423–38. doi: 10.1074/jbc.M115.705871

182. Reefman, E, Kay, JG, Wood, SM, Offenhauser, C, Brown, DL, Roy, S, et al. Cytokine Secretion Is Distinct From Secretion of Cytotoxic Granules in NK Cells. J Immunol (2010) 184(9):4852–62. doi: 10.4049/jimmunol.0803954

183. Boswell, KL, James, DJ, Esquibel, JM, Bruinsma, S, Shirakawa, R, Horiuchi, H, et al. Munc13-4 Reconstitutes Calcium-Dependent SNARE-Mediated Membrane Fusion. J Cell Biol (2012) 197(2):301–12. doi: 10.1083/jcb.201109132

184. D'Orlando, O, Zhao, F, Kasper, B, Orinska, Z, Muller, J, Hermans-Borgmeyer, I, et al. Syntaxin 11 Is Required for NK and CD8(+) T-Cell Cytotoxicity and Neutrophil Degranulation. Eur J Immunol (2013) 43(1):194–208. doi: 10.1002/eji.201142343

185. Spessott, WA, Sanmillan, ML, McCormick, ME, Patel, N, Villanueva, J, Zhang, K, et al. Hemophagocytic Lymphohistiocytosis Caused by Dominant-Negative Mutations in STXBP2 That Inhibit SNARE-Mediated Membrane Fusion. Blood (2015) 125(10):1566–77. doi: 10.1182/blood-2014-11-610816

186. Dieckmann, NM, Hackmann, Y, Arico, M, and Griffiths, GM. Munc18-2 Is Required for Syntaxin 11 Localization on the Plasma Membrane in Cytotoxic T-Lymphocytes. Traffic (2015) 16(12):1330–41. doi: 10.1111/tra.12337

187. Arneson, LN, Brickshawana, A, Segovis, CM, Schoon, RA, Dick, CJ, and Leibson, PJ. Cutting Edge: Syntaxin 11 Regulates Lymphocyte-Mediated Secretion and Cytotoxicity. J Immunol (2007) 179(6):3397–401. doi: 10.4049/jimmunol.179.6.3397

188. Bryceson, YT, Rudd, E, Zheng, C, Edner, J, Ma, D, Wood, SM, et al. Defective Cytotoxic Lymphocyte Degranulation in Syntaxin-11 Deficient Familial Hemophagocytic Lymphohistiocytosis 4 (FHL4) Patients. Blood (2007) 110(6):1906–15. doi: 10.1182/blood-2007-02-074468

189. zur Stadt, U, Schmidt, S, Kasper, B, Beutel, K, Diler, AS, Henter, JI, et al. Linkage of Familial Hemophagocytic Lymphohistiocytosis (FHL) Type-4 to Chromosome 6q24 and Identification of Mutations in Syntaxin 11. Hum Mol Genet (2005) 14(6):827–34. doi: 10.1093/hmg/ddi076

190. Cote, M, Menager, MM, Burgess, A, Mahlaoui, N, Picard, C, Schaffner, C, et al. Munc18-2 Deficiency Causes Familial Hemophagocytic Lymphohistiocytosis Type 5 and Impairs Cytotoxic Granule Exocytosis in Patient NK Cells. J Clin Invest (2009) 119(12):3765–73. doi: 10.1172/JCI40732

191. zur Stadt, U, Rohr, J, Seifert, W, Koch, F, Grieve, S, Pagel, J, et al. Familial Hemophagocytic Lymphohistiocytosis Type 5 (FHL-5) Is Caused by Mutations in Munc18-2 and Impaired Binding to Syntaxin 11. Am J Hum Genet (2009) 85(4):482–92. doi: 10.1016/j.ajhg.2009.09.005

192. Hackmann, Y, Graham, SC, Ehl, S, Honing, S, Lehmberg, K, Arico, M, et al. Syntaxin Binding Mechanism and Disease-Causing Mutations in Munc18-2. Proc Natl Acad Sci USA (2013) 110(47):E4482–91. doi: 10.1073/pnas.1313474110

193. Pattu, V, Qu, B, Marshall, M, Becherer, U, Junker, C, Matti, U, et al. Syntaxin7 Is Required for Lytic Granule Release From Cytotoxic T Lymphocytes. Traffic (2011) 12(7):890–901. doi: 10.1111/j.1600-0854.2011.01193.x

194. Lopez, JA, Noori, T, Minson, A, Li Jovanoska, L, Thia, K, Hildebrand, MS, et al. Bi-Allelic Mutations in STXBP2 Reveal a Complementary Role for STXBP1 in Cytotoxic Lymphocyte Killing. Front Immunol (2018) 9:529. doi: 10.3389/fimmu.2018.00529

195. Phatarpekar, PV, Overlee, BL, Leehan, A, Wilton, KM, Ham, H, and Billadeau, DD. The Septin Cytoskeleton Regulates Natural Killer Cell Lytic Granule Release. J Cell Biol (2020) 219(11):1–14. doi: 10.1083/jcb.202002145

196. Beise, N, and Trimble, W. Septins at a Glance. J Cell Sci (2011) 124(Pt 24):4141–6. doi: 10.1242/jcs.087007

197. Krzewski, K, and Coligan, JE. Human NK Cell Lytic Granules and Regulation of Their Exocytosis. Front Immunol (2012) 3:335. doi: 10.3389/fimmu.2012.00335

198. Spessott, WA, Sanmillan, ML, McCormick, ME, Kulkarni, VV, and Giraudo, CG. SM Protein Munc18-2 Facilitates Transition of Syntaxin 11-Mediated Lipid Mixing to Complete Fusion for T-Lymphocyte Cytotoxicity. Proc Natl Acad Sci USA (2017) 114(11):2176–E85. doi: 10.1073/pnas.1617981114

199. Dressel, R, Elsner, L, Novota, P, Kanwar, N, and Fischer von Mollard, G. The Exocytosis of Lytic Granules Is Impaired in Vti1b- or Vamp8-Deficient CTL Leading to a Reduced Cytotoxic Activity Following Antigen-Specific Activation. J Immunol (2010) 185(2):1005–14. doi: 10.4049/jimmunol.1000770

200. Loo, LS, Hwang, LA, Ong, YM, Tay, HS, Wang, CC, and Hong, W. A Role for Endobrevin/VAMP8 in CTL Lytic Granule Exocytosis. Eur J Immunol (2009) 39(12):3520–8. doi: 10.1002/eji.200939378

201. Matti, U, Pattu, V, Halimani, M, Schirra, C, Krause, E, Liu, Y, et al. Synaptobrevin2 Is the V-SNARE Required for Cytotoxic T-Lymphocyte Lytic Granule Fusion. Nat Commun (2013) 4:1439. doi: 10.1038/ncomms2467

202. Marcet-Palacios, M, Odemuyiwa, SO, Coughlin, JJ, Garofoli, D, Ewen, C, Davidson, CE, et al. Vesicle-Associated Membrane Protein 7 (VAMP-7) Is Essential for Target Cell Killing in a Natural Killer Cell Line. Biochem Biophys Res Commun (2008) 366(3):617–23. doi: 10.1016/j.bbrc.2007.11.079

203. Krzewski, K, Gil-Krzewska, A, Watts, J, Stern, JN, and Strominger, JL. VAMP4- and VAMP7-Expressing Vesicles Are Both Required for Cytotoxic Granule Exocytosis in NK Cells. Eur J Immunol (2011) 41(11):3323–9. doi: 10.1002/eji.201141582

204. Mollinedo, F, Calafat, J, Janssen, H, Martin-Martin, B, Canchado, J, Nabokina, SM, et al. Combinatorial SNARE Complexes Modulate the Secretion of Cytoplasmic Granules in Human Neutrophils. J Immunol (2006) 177(5):2831–41. doi: 10.4049/jimmunol.177.5.2831

205. Puri, N, and Roche, PA. Ternary SNARE Complexes Are Enriched in Lipid Rafts During Mast Cell Exocytosis. Traffic (2006) 7(11):1482–94. doi: 10.1111/j.1600-0854.2006.00490.x

206. Fujita-Yoshigaki, J, Katsumata, O, Matsuki, M, Yoshigaki, T, Furuyama, S, and Sugiya, H. Difference in Distribution of Membrane Proteins Between Low- and High-Density Secretory Granules in Parotid Acinar Cells. Biochem Biophys Res Commun (2006) 344(1):283–92. doi: 10.1016/j.bbrc.2006.03.130

207. Jenkins, MR, Rudd-Schmidt, JA, Lopez, JA, Ramsbottom, KM, Mannering, SI, Andrews, DM, et al. Failed CTL/NK Cell Killing and Cytokine Hypersecretion Are Directly Linked Through Prolonged Synapse Time. J Exp Med (2015) 212(3):307–17. doi: 10.1084/jem.20140964

208. Lopez, JA, Jenkins, MR, Rudd-Schmidt, JA, Brennan, AJ, Danne, JC, Mannering, SI, et al. Rapid and Unidirectional Perforin Pore Delivery at the Cytotoxic Immune Synapse. J Immunol (2013) 191(5):2328–34. doi: 10.4049/jimmunol.1301205

209. Li, Y, and Orange, JS. Degranulation Enhances Presynaptic Membrane Packing, Which Protects NK Cells From Perforin-Mediated Autolysis. PloS Biol (2021) 19(8):e3001328. doi: 10.1371/journal.pbio.3001328

210. Balaji, KN, Schaschke, N, Machleidt, W, Catalfamo, M, and Henkart, PA. Surface Cathepsin B Protects Cytotoxic Lymphocytes From Self-Destruction After Degranulation. J Exp Med (2002) 196(4):493–503. doi: 10.1084/jem.20011836

211. Cohnen, A, Chiang, SC, Stojanovic, A, Schmidt, H, Claus, M, Saftig, P, et al. Surface CD107a/LAMP-1 Protects Natural Killer Cells From Degranulation-Associated Damage. Blood (2013) 122(8):1411–8. doi: 10.1182/blood-2012-07-441832

212. Baran, K, Ciccone, A, Peters, C, Yagita, H, Bird, PI, Villadangos, JA, et al. Cytotoxic T Lymphocytes From Cathepsin B-Deficient Mice Survive Normally In Vitro and In Vivo After Encountering and Killing Target Cells. J Biol Chem (2006) 281(41):30485–91. doi: 10.1074/jbc.M602007200

213. Rudd-Schmidt, JA, Hodel, AW, Noori, T, Lopez, JA, Cho, HJ, Verschoor, S, et al. Lipid Order and Charge Protect Killer T Cells From Accidental Death. Nat Commun (2019) 10(1):5396. doi: 10.1038/s41467-019-13385-x

214. Bhat, R, and Watzl, C. Serial Killing of Tumor Cells by Human Natural Killer Cells–Enhancement by Therapeutic Antibodies. PloS One (2007) 2(3):e326. doi: 10.1371/journal.pone.0000326

215. Choi, PJ, and Mitchison, TJ. Imaging Burst Kinetics and Spatial Coordination During Serial Killing by Single Natural Killer Cells. Proc Natl Acad Sci USA (2013) 110(16):6488–93. doi: 10.1073/pnas.1221312110

216. Vanherberghen, B, Olofsson, PE, Forslund, E, Sternberg-Simon, M, Khorshidi, MA, Pacouret, S, et al. Classification of Human Natural Killer Cells Based on Migration Behavior and Cytotoxic Response. Blood (2013) 121(8):1326–34. doi: 10.1182/blood-2012-06-439851

217. Srpan, K, Ambrose, A, Karampatzakis, A, Saeed, M, Cartwright, ANR, Guldevall, K, et al. Shedding of CD16 Disassembles the NK Cell Immune Synapse and Boosts Serial Engagement of Target Cells. J Cell Biol (2018) 217(9):3267–83. doi: 10.1083/jcb.201712085

218. Liu, DF, Xu, L, Yang, F, Li, DD, Gong, FL, and Xu, T. Rapid Biogenesis and Sensitization of Secretory Lysosomes in NK Cells Mediated by Target-Cell Recognition. P Natl Acad Sci USA (2005) 102(1):123–7. doi: 10.1073/pnas.0405737102

219. Capuano, C, Paolini, R, Molfetta, R, Frati, L, Santoni, A, and Galandrini, R. PIP2-Dependent Regulation of Munc13-4 Endocytic Recycling: Impact on the Cytolytic Secretory Pathway. Blood (2012) 119(10):2252–62. doi: 10.1182/blood-2010-12-324160

220. Liu, D, Bryceson, YT, Meckel, T, Vasiliver-Shamis, G, Dustin, ML, and Long, EO. Integrin-Dependent Organization and Bidirectional Vesicular Traffic at Cytotoxic Immune Synapses. Immunity (2009) 31(1):99–109. doi: 10.1016/j.immuni.2009.05.009

221. Li, P, Zheng, G, Yang, Y, Zhang, C, Xiong, P, Xu, Y, et al. Granzyme B Is Recovered by Natural Killer Cells via Clathrin-Dependent Endocytosis. Cell Mol Life Sci (2010) 67(18):3197–208. doi: 10.1007/s00018-010-0377-8

222. Anft, M, Netter, P, Urlaub, D, Prager, I, Schaffner, S, and Watzl, C. NK Cell Detachment From Target Cells Is Regulated by Successful Cytotoxicity and Influences Cytokine Production. Cell Mol Immunol (2020) 17(4):347–55. doi: 10.1038/s41423-019-0277-2

223. Netter, P, Anft, M, and Watzl, C. Termination of the Activating NK Cell Immunological Synapse Is an Active and Regulated Process. J Immunol (2017) 199(7):2528–35. doi: 10.4049/jimmunol.1700394

224. Sandusky, MM, Messmer, B, and Watzl, C. Regulation of 2B4 (CD244)-Mediated NK Cell Activation by Ligand-Induced Receptor Modulation. Eur J Immunol (2006) 36(12):3268–76. doi: 10.1002/eji.200636146

225. Jewett, A, and Bonavida, B. Target-Induced Anergy of Natural Killer Cytotoxic Function Is Restricted to the NK-Target Conjugate Subset. Cell Immunol (1995) 160(1):91–7. doi: 10.1016/0008-8749(95)80013-9

226. Jewett, A, and Bonavida, B. Target-Induced Inactivation and Cell Death by Apoptosis in a Subset of Human NK Cells. J Immunol (1996) 156(3):907–15.

227. Bi, J, and Tian, Z. NK Cell Exhaustion. Front Immunol (2017) 8:760. doi: 10.3389/fimmu.2017.00760




Conflict of Interest: 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.

The handling editor declared a past co-authorship with the author DDB.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ham, Medlyn and Billadeau. 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(s) 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.


OEBPS/Images/fimmu-13-871106-g001.jpg
(< Granzymes © Mannose-6-Phosphate (M6P) J Perforin
@ Inhibitory dipeptide ¥ M6P receptor (MPR) ¢ Glycan
<> Serglycin

Lytic granule

E)*B
b Ve
6) i g WO
LAMP1/ AP1?

cathepsm

catheps





OEBPS/Images/fimmu-13-871106-g002.jpg
A Generic NK Cell Activating
Receptor
(co1 Sm KIR-S)

.'\‘ ——Receptor Clustering«—
| | y

Signaling (ﬁ;\u j';

M N e [ p—





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Locked and Loaded: Mechanisms Regulating Natural Killer Cell Lytic Granule Biogenesis and Release

      

        		

          1 Introduction

        



        		

          2 Biogenesis of Lytic Granules

        

          		

            2.1 Major Lytic Granule Components and Their Biosynthesis

          

            		

              2.1.1 Granzymes

            



            		

              2.1.2 Perforin

            



            		

              2.1.3 Granulysin

            



            		

              2.1.4 FasL and TRAIL

            



          



          



          		

            2.2 Regulators of Lytic Granule Biogenesis

          

            		

              2.2.1 Adaptor Protein 3 Complex

            



            		

              2.2.2 CHS1/LYST Protein

            



          



          



          		

            2.3 How do NK Cells Protect Themselves From Activities of Synthesized Lytic Granule Contents?

          



          		

            2.4 Remaining Questions on Lytic Granule Biogenesis

          



        



        



        		

          3 NK Cell Activating Signaling Leading to Cytotoxicity

        



        		

          4 Lytic Granule Trafficking

        

          		

            4.1 Lytic Granule Convergence

          



          		

            4.2 MTOC Polarization to the NK  Cytotoxic Synapse

          



          		

            4.3 Trafficking at the Cytotoxic Synapse

          



        



        



        		

          5 Fusion of Lytic Granules With the Membrane and Degranulation

        

          		

            5.1 Lytic Granule Docking

          



          		

            5.2 Lytic Granule Tethering

          



          		

            5.3 Lytic Granule Priming

          



          		

            5.4 Lytic Granule Fusion

          



        



        



        		

          6 Self-Protection of NK Cells Upon Degranulation

        



        		

          7 Serial Killing of NK Cells

        



        		

          8 Concluding Remarks

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.871106_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Locked and Loaded: Mechanisms
Regulating Natural Killer Cell Lytic
Granule Biogenesis and Release





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-871106-g003.jpg
Activating ? LFA-1 %
“ Receptors

& Rab7 # Rab27

ﬁ’ Hkrp3  / UNC-45A

Dynein/Dynactin

Lytic Granule 2
Myosin IIA

Munc13-4

STXBP2

V-SNARE

(VAMP4 or VAMP7)
Syntaxin 11

‘&= SNAP23

0 TPC1/2

Activating signals

N\
g

NK Cell
Target Cell GS2
NK Cytoplasm “&==) ) . .- -

Synaptic Cleft






OEBPS/Images/table1.jpg
NK Cytotoxicity
Process

Lytic Granule
Biogenesis

Cytoskeletal
regulation

Lytic Granule
Traficking

Lytic Granule Fusion
with the Membrane

Primary Immunodeficiency

Papillon-Lefévre syndrome
(PLS)

Familial hemophagocytic
lymphohistiocytosis type 2
(FHL2)

Hermansky-Pudlak syndrome
type 2 (HPS2)

Chediak-Higashi syndrome
(CHS)

Wiskott-Aldrich Syndrome
(WAS)

WASP-interacting protein
(WIP) deficiency
Dedicator of cytokinesis 8
(DOCKB) deficiency
Dedicator of cytokinesis 2
(DOCK2) deficiency
Coronin 1A deficiency
MYHO-related disease
(MYH9-RD)

Griscelli Syndrome type 2

Familial hemophagocytic
lymphohistiocytosis type 3
(FHL3)

Familial hemophagocytic
lymphohistiocytosis type 4
(FHL4)

Familial hemophagocytic
lymphohistiocytosis type 5
(FHL5)

Gene Protein
Mutated Affected
CTSC Cathepsin C
PFR1 Perforin
AP3B1 B3A-subunit of

adaptor protein
3
CHS1/ CHS1AYST
LYST
WASP WASP
WIPF1 WIP
DOCK8  DOCK8
DOCK2  DOCK2
CORO1A CORONIN 1A
MYH9 Myosin9 Myosin
lla heavy chain
Rab27a  Rab27a
UNC13D Munc13-4
STX11 Syntaxin 11
STXBP2  Syntaxin binding

protein 2

NK Cell Defects in Cytotoxicity

Impaired maturation of granzymes leading to impaired cytotoxicity

Normal LG degranulation but impaired cytotoxicity due to absence of the pore-
forming molecule

Impaired cytotoxicity with enlarged LGs

Enlarged LGs and impaired cytotoxicity due to defective degranulation (enlarged
LGs failed to pass through actin mesh at the CS? Impaired LG polarization?)
Impaired adhesion, reorganization of F-Actin, and LG polarization

No detectable WASP with reduced expression of NK cell activating receptors
Impaired adhesion, reorganization of F-Actin, and LG polarization

Defective RAC1 activation, CS formation, F-Actin reorganization, and impaired
degranulation

Impaired reorganization of F-Actin at CS impairing degranulation

Normal conjugate formation, LG convergence, and MTOC polarization but
impaired cytotoxicity due to defective lytic granule movement along F-actin at CS
Impaired cytotoxicity and degranulation due to defective Iytic granule docking at
the membrane

Impaired degranulation of docked Iytic granules due to impaired LG tethering to
membrane

Impaired degranulation due to defective LG priming and SNARE complex
assembly

Impaired degranulation due to defective LG priming and SNARE complex
assembly





