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Abstract Rare human primary immunodeficiency disor-

ders with extreme susceptibility to infections in infancy

have provided important insights into immune function.

Increasingly, however, primary immunodeficiencies are

also recognized as a cause of other more common, often

discrete, infectious susceptibilities. In a wider context, loss-

of-function mutations in immune genes may also cause

disorders of immune regulation and predispose to cancer.

Here, we review the associations between human diseases

and mutations in genetic elements affecting natural killer

(NK) cell development and function. Although many such

genetic aberrations significantly reduce NK cell numbers or

severely impair NK cell responses, inferences regarding the

role of NK cells in disease are confounded by the fact that

most mutations also affect the development or function of

other cell types. Still, data suggest an important role for NK

cells in diseases ranging from classical immunodeficiency

syndromes with susceptibility to viruses and other intra-

cellular pathogens to cancer, autoimmunity, and

hypersensitivity reactions.
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Introduction

Natural killer (NK) cells are lymphocytes of the innate

immune system that also interact with, and influence,

adaptive immunity [1]. NK cells and cytotoxic T lym-

phocytes (CTL) share a common mechanism for the killing

of infected or neoplastic cells, utilizing polarized exocy-

tosis of secretory lysosomes [2, 3]. NK cells also contribute

to immunity through the secretion of cytokines and che-

mokines [4]. Additionally, NK cells may kill autologous

immune cells including activated T cells and dendritic cells

(DCs), thus affecting the balance between tolerance and

adaptive immune responses [5].

The role of NK cells in human diseases has been enig-

matic. In a seminal paper, Biron and colleagues [6]

described an adolescent with severe herpesvirus infections

linked to a total absence of peripheral blood NK cells. The

role of NK cells in the defense against herpes viruses is also

underscored by the evolutionary interplay between NK cell

receptors and viral immune evasion strategies [7]. Further-

more, aberrations in NK cell function may manifest as an

increased susceptibility to multiple intracellular pathogens,

cancer, autoimmunity, and hypersensitivity reactions [8–

11]. Here, we first provide a framework for the under-

standing of human NK cell biology and, subsequently,

review the associations between genes affecting NK cell

development, activation, and effector function, and specific

diseases linked to these. The disease associations observed

in the wide spectrum of patients described provide impor-

tant clues to the role of NK cells in human health.

NK cell development and differentiation

The development of human NK cells from hematopoietic

stem cells occurs in the bone marrow and involves
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cytokines as well as stromal cell interactions [12]. In in

vitro cultures, interleukin (IL)-2 or IL-15 can differentiate

CD34? stem cells into bona fide NK cells, commonly

defined as CD3-CD56? cells. The expression of CD117

(c-kit) marks NK cell progenitors, and the addition of c-kit

ligand to cultures augments NK cell expansion [12]. The

final stages of human NK cell differentiation are marked by

the expression of CD56. Secondary lymphoid organs

mainly harbor CD56bright NK cells that all express the

inhibitory NKG2A (CD159a) receptor [13]. In contrast,

CD56bright NK cells constitute on average only 10% of NK

cells in peripheral blood, where CD56dim NK cells are the

major NK cell population. The latter display variegated

expression of inhibitory NKG2A and polymorphic killer

cell immunoglobulin-like receptors (KIR; CD158). IL-2,

IL-15, or IL-12 are sufficient to induce proliferation of

CD56bright NK cells and expression of KIR receptors [14].

Based on these and other experiments, CD56bright NK cells

are considered to be precursors of CD56dim NK cells.

Functionally, CD56bright NK cells are highly responsive to

exogenous cytokines such as IL-2, IL-15, IL-12, and IL-18,

whereas CD56dim NK cells are more cytotoxic and the

major producers of cytokines in response to target cell

recognition [15]. Further stages of CD56dim NK cell dif-

ferentiation have recently been defined based on a number

of phenotypical markers including CD117, CD94, CD62L,

CD57, and KIR [16–19]. Cells in early stages express

CD117, CD62L, and CD94 and retain responsiveness to

exogenous cytokines, whereas cells in later stages that

express CD57 are poorly responsive to exogenous cyto-

kines, have limited proliferative capacity, but express high

levels of cytotoxic proteins. The expression of inhibitory

NKG2A or KIR receptors for self-MHC class I confers

stronger NK cell responses upon target cell recognition, a

process often referred to as ‘‘licensing’’ or education [20].

Finally, underlining NK cell phenotypical and functional

plasticity, the properties of uterine NK cells differ in sev-

eral ways from those of peripheral blood NK cells [21].

NK cell activation

Unlike T or B cells that undergo gene rearrangement to

generate a vast repertoire of receptors with unique antigen

specificity, NK cell activation relies on germline-encoded

receptors [22, 23]. Upon recognition of target cells, NK

cells may release perforin and granzyme-containing

secretory lysosomes, which are specialized lysosomal

organelles that support conventional lysosomal functions in

addition to mediating target cell killing. The process of

target cell recognition and elimination includes cell–cell

contact, adhesion, formation of an immunological synapse,

granule polarization, granule exocytosis, and finally target

cell detachment [24, 25]. Contact and formation of an

immune synapse (IS) by human peripheral blood NK cells

can be instigated by a number of activating receptors that

induce inside-out signals for activation of the b2-integrin

LFA-1 (CD11a/CD18) [26], promoting adhesion. LFA-1

signaling also induces convergence of granules to the

microtubule organizing center (MTOC) and actin and

microtubule-dependent reorientation of the MTOC to the

IS [27, 28]. Engagement of inhibitory receptors for MHC

class I molecules blocks inside-out signals for LFA-1-

mediated adhesion and disrupts formation of an IS [26, 29].

Engagement of a few NK cell receptors such as the low

affinity Fc receptor CD16 can suffice for triggering of

granule exocytosis, while other receptors co-activate NK

cell degranulation through synergistic interactions that

overcome thresholds for activation [30, 31]. Notably, nei-

ther adhesion nor granule polarization is required for

release of lytic granules by NK cells, but engagement of

LFA-1 significantly enhances both CD16-mediated anti-

body-dependent cellular cytotoxicity (ADCC) and natural

cytotoxicity [26, 28]. Remarkably, live-cell imaging of NK

cell cytotoxic synapses has revealed dynamic spatio-tem-

poral patterning of immune receptors at the synapse and,

controlled by LFA-1 engagement, convergence of lytic

granule exocytosis to a single site [32]. Endocytosis occurs

immediately adjacent to the site of exocytosis. Thus, a

versatile molecular machinery with bidirectional vesicular

trafficking underlies NK cell-elimination of target cells.

Perforin facilitates granzyme entry into target cells, where

they induce apoptosis [33]. Apoptosis-inducing ligands

such as FasL (CD178) and TRAIL (CD253) may also

localize to secretory lysosomes and be expressed on the NK

cell surface upon exocytosis [28, 34, 35]. These molecules

may induce apoptosis by engagement of death receptors on

the target cell. For effective immunity, cell contacts must be

terminated in a timely fashion, yet much remains to be

understood in regards to factors that control the duration of

cellular contacts and the detachment process [36].

Concomitant with degranulation, engagement of acti-

vating receptors can also induce secretion of chemokines

such as macrophage inflammatory protein (MIP)-1a, MIP-

1b and RANTES, and, after several hours, release of

cytokines such as tumor necrosis factor (TNF)-a and

interferon (IFN)-c, both of which modulate the immune

response [15]. In addition to target cell recognition, NK

cells respond to cues from sentinel immune cells, including

dendritic cells (DC), macrophages, and pathogen-infected

tissue cells [37, 38]. These cues are communicated by the

release of cytokines, including, IL-1, IL-10, IL-12, IL-15,

and IL-18. In addition to the canonical cytokines induced

by NK cell recognition of target cells, NK cells have been

reported to secrete a number of other factors, including

immunoregulatory cytokines such as IL-5, IL-10, IL-13,

and the growth factor GM-CSF [39].
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Genetic defects impairing NK cell development

A number of genes have been associated with impairments

in NK cell development (Table 1). Mutations in genes

associated with severe combined immunodeficiencies

(SCID) generally affect lymphocyte development [40].

SCID patients present with recurrent infections, typically in

infancy. Several genes associated with SCID selectively

affect T cell and B cell development by interfering with

antigen receptor gene rearrangement [41]. Other SCIDs are

caused by mutations in genes required for early lympho-

cyte development. In addition to abrogating T cell

development and impairing B cell function, X-linked

mutations in IL2RG, encoding the common cytokine

receptor c-chain (CD132), constituent of the IL-2 and

IL-15 receptor complex, also markedly decrease the num-

ber of NK cells in peripheral blood [42]. Moreover, a single

patient with defective IL2RB transcription and expression

of the b-chain (CD122) has been described [43]. This

patient presented with recurrent respiratory syncytial virus

bronchiolitis and Candida enteritis and demonstrated

diminished numbers of T cells and an almost complete

absence of NK cells, but normal B cell numbers. Notably,

in mice, a link between the thioredoxin interacting protein

(TXNIP), CD122 expression, and NK cell development has

been described. Txnip-deficient mice display a selective

defect in NK and NKT cell development, caused by

attenuated CD122 expression [44]. The mice also exhibit

lymphoid hyperplasia in the intestine. Downstream of the

IL-2 and IL-5 receptor complex, autosomal recessive

mutations in JAK3, encoding Janus kinase 3 (JAK3), are

associated with SCID in infancy and also impair T cell and

NK cell development [45, 46]. Upon IL-2 receptor occu-

pancy, JAK3 phosphorylates STAT1, STAT3, and STAT5,

whereas occupancy of the IL-15 receptor selectively leads

to STAT5 phosphorylation [47]. Autosomal recessive

mutations in STAT5B yield susceptibility to severe herpes

virus infections, pruritic skin infections, and recurrent

pulmonary infections in childhood [48–50]. Moreover,

STAT5b-deficiency results in impaired development and

function of NK cells, cd T cells, and regulatory T cells.

STAT5b-deficient patients also display growth-retardation

due to impaired growth hormone signaling. STAT1 is not

required for NK cell development, but autosomal recessive

mutations are associated with immunodeficiency due to

defects in IFN-c production that cause susceptibility to

mycobacterial infections. Genetic deletion of Stat3 in mice

results in embryonic lethality.

In addition to mutations in the IL-2 and IL-15 signaling

pathway, autosomal recessive mutations in ADA, encoding

the enzyme adenosine deaminase (ADA), result in SCID in

infancy [51]. ADA-deficient patients cannot metabolize

purine and display severely reduced numbers of T cells, B

cells, and NK cells in addition to costochondral abnor-

malities, skeletal dysplasias, neurologic deficits, and

hepatic dysfunction. Studies of ADA-deficient mice have

indicated that their defect in lymphocyte development and

function is due to high systemic levels of adenosine, which

attenuates lymphocyte development and function [52].

The above-listed immunodeficiencies all affect multiple

cell lineages. Thus, disease cannot be attributed to absence of

NK cells alone. Other patients with selective NK cell defi-

ciencies and susceptibility to severe cytomegalovirus

(CMV), Epstein–Barr virus (EBV), herpes simplex virus

(HSV), or varicella zoster virus (VZV) infections, all

members of the herpes virus family, have been reported

[6, 53–55], but the genetic causes are not known. Mice with

targeted deletion of Il15 or Il15ra are deficient in NK cells,

NKT cells, CD8? T cells, and TCRcd intraepithelial lym-

phocytes [56]. In mouse models, the transcription factors Id2

and E4bp4 are required for NK cell development [57, 58],

whereas T-bet is required for proper development and mat-

uration of NK cells [59]. However, humans with mutations

in the genes encoding these transcription factors have not

been reported and it is not clear how these and other tran-

scription factors collectively control NK cell development.

Together, these immunodeficiencies highlight a central

role for c-chain-dependent cytokine signaling in NK cell

development. Future studies might uncover patients with

mutations in IL15, IL15RA, and transcription factors

required for NK cell differentiation, hopefully providing

further insights into the transcriptional regulation of human

NK cell development and maturation.

Genetic defects and variations affecting NK cell

receptors for target cell recognition

NK cells express a multitude of germline-encoded recep-

tors implicated in regulation of NK cell effector functions.

Mutations in some such receptors have been associated

Table 1 Genetic defects affecting human NK cell development

Disease Gene Protein Locus Protein

function

Cells

affected

SCID IL2RG IL-2

receptor

c-chain

Xq13.1 Cytokine

receptor

NK, T

SCID JAK3 JAK3 19p13.1 Tyrosine

kinase

NK, T

SCID STAT5B STAT5B 17q11.2 Transcription

factor

NK, T

SCID ADA ADA 20q13.11 Catalyses

purine

salvage,

methylation

NK, T, B
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with primary immunodeficiencies (Table 2; as summa-

rized in Fig. 1), whereas polymorphisms in other

receptors have been linked to other more complex human

diseases.

Leukocyte adhesion deficiency (LAD) describes a group

of autosomal recessive immunodeficiencies caused by

mutations in ITGB2, SLC35C1, or FERMT3 [60]. These

genes encode the b2-integrin subunit (CD18), the Golgi-

resident enzyme that fucosylates selectins, and the cyto-

plasmic protein KINDLIN3 that together with talin is

crucial for integrin activation, respectively. LAD is asso-

ciated with delayed separation of the umbilical cord at

birth, persistent leukocytosis, and recurring bacterial and

fungal infections in infancy involving the skin and mucosa.

LAD affects extravasation of all immune cells in addition

to lymphocyte synapse formation. To date, the function of

NK cells has been studied only in LAD patients lacking

CD18. NK cells from these patients display reduced ADCC

and natural cytotoxicity [61, 62], but are phenotypically

normal and can kill target cells upon activation with IL-2

[63].

Loss-of-function mutations and single nucleotide poly-

morphisms in FCGR3A, encoding the low-affinity Fc

receptor CD16, have been associated with immunodefi-

ciency or autoimmunity, in addition to diminished clinical

responses to antibody-mediated therapy [8, 64, 65].

A patient with single nucleotide deletion in FCRG3A,

leading to a complete loss of CD16 expression on NK cells,

has been reported [66]. This patient presented with poly-

neuropathy. Although patients presenting with severe

Table 2 Genetic defects affecting human NK cell receptors

Disease Gene Protein Locus Protein function Cells affected

LAD ITGB2

FCGR3A

CD18

CD16/FccRIIIA

21q22.3

1q23

Adhesion, polarization

Fc receptor

Leukocytes

NK, myeloid

BLS TAP1 TAP1 6p21.3 Peptide transporter, MHC class I expression NK, T

BLS TAP2 TAP2 6p21.3 Peptide transporter, MHC class I expression NK, T

Fig. 1 Four stages in NK cell cytotoxicity affected by disease-

causing mutations. (1) Granule biogenesis, which can be affected by

LYST- or AP3BP1-deficiency, or to absence of cathepsin C or

perforin. Granules are synthesized prior to activation. (2) NK cells

recognize expression of a range of ligands for activating and

inhibitory receptors on target cells. Mutations in the genes encoding

the b2-integrin subunit CD18, the Fc receptor CD16, or in TAP that is

required for peptide-loading and target cell expression of MHC class I

molecules. (3) NK cell activation can be affected by mutations in the

genes encoding CD3f, WASP, WASP, caspase 8, IKKc, SAP or

XIAP. Signals induce polarization of lytic granules to the MTOC,

repolarization of the MTOC and granules to the immune synapse,

fusion of lytic granules with other endosomal compartments, and

transcriptional activation. (4) Lytic granule exocytosis is affected by

mutations in the genes encoding Rab27a, Munc13-4, syntaxin-11, or

Munc18-2
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recurrent herpes virus- and respiratory infections and car-

rying the homozygous missense mutations L48H or L48R

in CD16 have been previously reported [8], the conse-

quence of these mutations for ADCC and relevance to

disease is not clear [67].

A number of other receptors that bind stress-induced

ligands or regulate interaction with other immune cells are

implicated in triggering of natural cytotoxicity. Recently,

genome-wide associations studies have linked a single

nucleotide polymorphism (SNP) in CD226, conferring an

amino acid substitution in the DNAM-1 receptor, with

development of multiple sclerosis, rheumatoid arthritis

(RA), type 1 diabetes (T1D), and autoimmune thyroid

disease [68]. In addition, two intronic SNPs in CD244 that

likely increase 2B4 (CD244) receptor surface expression

have been associated with development of RA in a Japa-

nese cohort [69]. Together, these data implicate activating

NK cell receptors in autoimmune disease susceptibility.

Moreover, several lines of evidence point to an important

role of NKG2D (CD314) and NKG2D ligands in mediating

self-tolerance and protection from malignancy. SNPs in

KLRK1, encoding NKG2D, are associated with develop-

ment of cholangiocarcinoma in patients first diagnosed

with primary sclerosing cholangitis [70]. Moreover, SNPs

in MICA and MICB have been associated with a variety of

autoimmune disorders [71], and the locus encoding the

NKG2D ligands ULBP have recently been associated with

alopecia areata [72]. Despite the often-used term ‘‘NK cell

receptors’’, it should be noted that these receptors are also

expressed on other lymphocyte populations and, therefore,

the extent to which genetic associations with disease spe-

cifically reflect defects in NK cell function is not entirely

clear.

A number of the polymorphisms in the rapidly evolving

KIR receptors have been associated resistance to infection

but may also predispose to autoimmune diseases [73]. As

KIR expression is generally restricted to NK cells and a

small number of effector T cells, associations between

these receptors and disease provide an interesting per-

spective on the role of NK cells in human health. For

instance, a number of associations predisposing to auto-

immune diseases have been identified where activating

KIR or KIR/HLA genotypes are accompanied by lack of

inhibition. Scleroderma and psoriatic arthritis have been

linked to the presence of activating KIR in the absence of

counteracting KIR inhibitory interaction [74, 75]. Simi-

larly, an increased risk of RA and T1D is associated with

the presence of the activating KIR2DS2 gene [76, 77].

Other KIR/HLA genotypes are associated with control of

hepatitis C virus (HCV), human immunodeficiency virus

(HIV), and human papilloma virus (HPV) [73]. Thus, the

interplay between human NK cell inhibitory and activating

receptor-MHC class I ligand pairs is another independent

line of research that has provided significant insights with

respect to the role of NK cells in human disease.

In addition to diseases directly affecting NK cell

receptors, mutations in the ligands of NK cell receptors can

affect NK cell maturation and differentiation. Autosomal

recessive mutations in TAP1 and TAP2, which encode

constituents of the transporter-associated antigen-process-

ing (TAP) complex, are associated with bare lymphocyte

syndrome [78, 79]. TAP-deficient patients typically present

with sinusitis and recurrent pulmonary infections in

childhood or adolescence. Strikingly, although patients

express greatly diminished surface levels of MHC class I

due to a defect in antigen loading of MHC class I mole-

cules, asymptomatic carriers have been reported [80]. CTL

numbers are slightly decreased in TAP-deficient individu-

als, whereas NK cell numbers are normal. Interestingly,

NK cells from TAP-deficient patients display reduced

natural cytotoxicity. Possibly, this impaired cytotoxic

capacity is due to defective inhibitory receptor-mediated

‘‘licensing’’ of the NK cells [20].

In conclusion, only a few receptors that are broadly

expressed on NK cells and other immune cells have been

associated with primary immunodeficiencies. However, a

susceptibility to a number of human diseases has been

associated with polymorphisms in receptors that are more

or less NK cell-specific.

Genetic defects affecting proximal signals for NK cell

activation

Mutations affecting genes that encode membrane proximal

signaling proteins may leave early stages of NK cell

development unaffected but interfere with activation. Only

a few such deficiencies have so far been described

(Table 3; as summarized in Fig. 1).

To date, two unrelated patients with autosomal recessive

mutations in CD3Z, encoding the CD3f-chain, which is

part of the T cell receptor complex and mediates signaling

through CD16 and receptors for natural cytotoxicity, have

been reported [81, 82]. Both patients presented in infancy

with recurrent severe infections, including CMV and HSV.

CD3f deficiency impaired T cell numbers, whereas NK cell

numbers were not affected. One report noted unusual

CD16?CD56- NK cells [82]. Of note, autosomal recessive

mutations in TYROBP, encoding the DAP12 adaptor chain

of the activating NKG2C and KIR NK cell receptors, are

associated with the autosomal recessive Nasu-Hakola

syndrome. DAP12-deficient patients develop presenile

dementia and bone cysts due to defects in TREM2-medi-

ated nervous tissue immune homeostasis, but so far no

increased susceptibility to infections has been reported

[83].
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X-linked mutations in WASP, encoding the Wiskott–

Aldrich syndrome protein (WASP), are associated with

Wiskott–Aldrich syndrome. WASP-deficient patients are

characterized by eczema, thrombocytopenia, and suscep-

tibility to severe viral, including herpesviruses, and

bacterial infections in infancy and childhood, and a pro-

pensity for autoimmune disorders and hematopoietic

malignancies [84]. WASP is widely expressed in hemato-

poietic cells and involved in actin polymerization through

binding to monomeric actin and activation of the Arp2/3

complex that catalyzes actin branching. WASP-deficient

NK cells display defective NK cell cytotoxicity and

degranulation that can be partly restored by IL-2 [85, 86].

WASP is also required for chemokine-induced inside-out

signals for LFA-1 and chemotaxis [87].

Autosomal recessive mutations in CASP8, encoding

caspase-8, are associated with a rare syndrome character-

ized by lymphadenopathy and splenomegaly in childhood

reminiscent of autoimmune lymphoproliferative syndrome

(caused by defects in Fas-mediated apoptosis), in addition

to recurrent sinopulmonary and HSV infections and poor

responses to immunization [88]. In addition to defective

Fas-mediated apoptosis, studies of caspase 8-deficient

patients have revealed a role for caspase 8 in CD16 or 2B4-

induced signals for NF-jB activation in NK cells, as well

as antigen receptor-induced signals for NF-jB activation in

T cells and B cells [89]. In T cells, caspase 8 has been

shown to link the Bcl10-MALT1 complex to activation of

IKKa and IKKb, which is required for nuclear transloca-

tion of NKjB [89].

X-linked mutations in IKBKG, encoding the inhibitor of

NF-jB kinase subunit c (IKK-c) and also known as NF-jB

essential modulator (NEMO), are associated with a syn-

drome termed hypohidrotic ectodermal dysplasia with

immunodeficiency (HED-ID) [90, 91]. A spectrum of

missense mutations are found in affected males, while

complete loss-of-function mutations affect females, whose

male offspring die in utero. HED-ID affects hair, tooth,

and sweat gland development and is associated with

susceptibility to bacterial and viral infections, and dys-

gammaglobulinemia. NEMO deficiency results in reduced

natural cytotoxicity [92]. Interestingly, IL-2 stimulation of

NEMO-deficient NK cells can rescue NF-jB activation and

partially restore NK cell function [92]. Moreover, NEMO

deficiency results in defects in cytokine production by

APCs and immunoglobulin class switching by B cells [91,

93].

The X-linked lymphoproliferative syndrome (XLP1)

and XLP2 are caused by mutations in SH2D1A and XIAP,

encoding SLAM-associated protein (SAP) and X-linked

inhibitor of apoptosis (XIAP), respectively [94, 95].

XLP1 patients typically present in adolescence with life-

threatening EBV infections. One-third of XLP1 patients

develop the hyperinflammatory syndrome hemophago-

cytic lymphohistiocytosis (HLH), whereas other patients

may present with lymphoma or hypogammaglobulinemia

[94, 96]. XLP2 patients generally present with HLH

[95, 97]. SAP is expressed is expressed in lymphocytes,

including NK cells, and signals for activation via SLAM

receptors by recruitment of the Fyn kinase, which in turn

recruits and phosphorylates downstream signaling proteins

such as Vav1. SAP-deficient NK cells display defective

activation induced by SLAM family receptors such as 2B4,

NTB-A, and CRACC [98]. Cytotoxicity is reduced to, on

average, half normal levels in NK cells from these patients,

with mild improvement upon interferon stimulation in vitro

[99, 100]. In the case of SAP-deficient XLP1 patients,

accumulating evidence suggests not only a defect of

cytotoxic lymphocyte effector function but also target cell

intrinsic defects in signaling for apoptosis in the absence of

SAP [101]. XIAP binds to and inhibits caspases, thereby

inhibiting cellular apoptosis, but the mechanism whereby

XIAP deficiency causes HLH is not clear.

Of note, autosomal recessive mutations in ITK, encoding

the IL-2 inducible T-cell kinase (ITK), were recently

identified along with fatal EBV-induced lymphoprolifera-

tion in a single family with two affected siblings [102].

Immunological evaluation of the two ITK-deficient

patients revealed slightly reduced numbers of T cells with

an increased memory phenotype but proliferation in

response to mitogens, and similarly reduced numbers of

NK cells, which were able to kill K562 target cells.

Table 3 Genetic defects

affecting proximal signals for

NK cell activation

Disease Gene Protein Locus Protein function Cells affected

WAS WASP WASP Xp11.23-p22 Actin polymerization NK, T

N/A CASP8 Caspase 8 2q33-q34 Mediates NF-jB signaling NK, myeloid

HED-ID IKBKG IKKc/NEMO Xq28 Mediates NF-jB signaling NK, myeloid

XLP1 SH2D1A SAP Xq25 Signal transduction NK, T, NKT

XLP2 XIAP XIAP Xq25 Signal transduction NK, T, NKT

N/A ITK ITK 5q32 Tyrosine kinase T, NK?

CID STIM1 STIM1 11p15.5 Calcium channel act. NK, T, B

CID ORAI1 ORAI1 12q24.31 Calcium channel NK, T, B
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Experiments with overexpression or knock-down of ITK in

NK cells suggested that ITK is involved in positive regu-

lation of CD16 signaling, but might negatively regulate

receptors for natural cytotoxicity [103].

Finally, autosomal recessive mutations in ORAI1 and

STIM1, encoding ORAI1 and the stromal interaction mol-

ecule-1 (STIM1), result in a combined immunodeficiency

syndrome [104]. STIM1 transactivates the Ca2?-release

activated Ca2?-channel ORAI1 upon depletion of the

endoplasmic reticulum Ca2? stores and both proteins are

required for store-operated Ca2? entry. In ORAI1- or

STIM1-deficient patients, lymphocytes develop but acti-

vation by antigen receptors does not induce cytokine

secretion [104]. Recently, a requirement for store-operated

Ca2?-entry by ORAI1 and STIM1 in NK cell lytic granule

exocytosis as well as cytokine and chemokine production

has been established [105].

Clearly, there is a paucity of data associating defects in

lymphocyte signaling to disease. This fact may be the

result of challenges in studying immune cell signaling in

human lymphocytes. Lymphocyte signaling is complex,

but new techniques of genome analysis and biochemical

characterization of signaling in lymphocyte subsets prom-

ises to provide further insights into the link between defects

in immune cell signaling and disease.

Genetic defects specifically impairing NK cell

cytotoxicity

Understanding of the molecular mechanisms of lympho-

cyte cytotoxicity has been provided by studies of patients

with lymphoproliferative disorders that often are triggered

by viral infections [106]. Autosomal recessive nonsense

mutations in PRF1, encoding perforin, are associated with

an early onset, often fatal familial HLH type 2 (FHL2),

whereas other nonsense mutations in PRF1 may predispose

to hematological malignancies [107, 108]. Furthermore,

data from other patients with similar clinical presentations

caused by mutations in a number of genes encoding

intracellular proteins have elucidated the molecular

mechanisms controlling biogenesis, maturation, trafficking,

and the release of secretory lysosomes for target cell killing

by NK cells and cytotoxic T cells (Table 4; as summarized

in Fig. 1, detailed in Fig. 2). In the following sections,

diseases associated with loss of lytic granule biogenesis

and exocytosis are discussed.

Genetic defects in granule biogenesis and cytolytic

mediators

Two autosomal recessive syndromes, Chediak–Higashi

syndrome (CHS) and Hermansky–Pudlak syndrome type 2

(HPS2), are caused by mutations in LYST and AP3BP1,

respectively [109, 110]. These genes encode the lysosomal

trafficking regulator protein LYST and the adaptor protein-

3 (AP-3) binding protein b-subunit. CHS patients often

present with HLH, but also display hypopigmentation, a

bleeding disorder, and neuropathy, as lysosomes in all cell

types are affected. Similarly, HPS2 patients display hypo-

pigmentation and a bleeding disorder, but rarely develop

HLH [111]. Thirty years ago, seminal work by Fauci and

colleagues [112] demonstrated that LYST-deficient

patients are defective in NK cell cytotoxicity. Lympho-

cytes from CHS patients contain abnormal enlarged lytic

granules that are reduced in number, do not polarize to the

MTOC, and fail to undergo exocytosis [113]. LYST is a

member of a BEACH domain-containing protein family

which may regulate a number of aspects of protein sorting

and trafficking in the endosomal system [114]. The Ca2?-

dependent proteolysis of activated PKC by calpain is

increased in LYST-deficient cells, as is the activity of

sphingomyelinase, suggesting that these enzymes may

mediate LYST regulation of trafficking and lysosomal

permeability [115]. HPS2 patients lack function of the

ubiquitous AP3 complex, which regulates sorting at the

Table 4 Genetic defects affecting NK cell cytotoxicity

Disease Gene Protein Locus Protein function Cells affected

FHL2 PRF1 Perforin 10q21-22 Target cell lysis NK, CTL

CHS LYST LYST 1q42.1-2 Granule biogenesis NK, CTL, melanosomes

HPS2 AP3B1 AP3 5q14.1 Granule trafficking NK, CTL, melanosomes

PLS CTSC Cathepsin C 11q14.2 Granzyme activation Leukocytes

FHL3 UNC13D Munc13-4 17q25 Granule exocytosis NK, CTL, platelets?

FHL4 STX11 Syntaxin 11 6q24 Granule exocytosis NK, CTL

FHL5 STXBP2 Munc18-2 19p13.3-2 Granule exocytosis NK, CTL, platelets?

GS2 RAB27A Rab27a 15q15-21 Granule exocytosis and motility NK, CTL, platelets, melanosomes

MYH9 Myosin IIA 22q13.1 Granule exocytosis Leukocytes
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trans-Golgi network of cargo destined for endosomal and

lysosomal organelles. AP3-deficiency results in mis-sorting

to the plasma membrane of proteins including CD63 and

LAMPs, and slightly enlarged granules [111]. While early

reports did not demonstrate reduced NK cell activity or

counts, more recent studies have reported reduced NK and

NKT cell counts, reduced perforin expression, and lym-

phocyte cytotoxicity in freshly isolated patient NK cells,

with some recovery of cytotoxicity upon IL-2 treatment

[116–118].

More specifically affecting cytotoxicity by NK cells and

T cells, perforin deficiency leads to an inability to lyse

target cells without affecting granule exocytosis per se

[107]. Upon exocytosis, perforin binds to calcium on the

target cell membrane, oligomerizes, and enables the entry

of apoptosis-inducing granzymes into the cytosol of the

target through formation of pores [119]. The structure of

perforin has recently been solved, revealing a thin ‘key-

shaped’ molecule, comprising an N-terminal membrane

attack complex followed by an epidermal growth factor

(EGF) domain that, together with the extreme carboxy-

terminal sequence, forms a central shelf-like structure for

breaching of the target cell membrane and a C-terminal

Ca2?-binding C2 domain [120]. Perforin pores consist of

20 monomers on average. Prior to release, perforin and

granzymes are stored with other granule contents such as

Fas ligand and cytokines in specialized lysosomal organ-

elles [33]. Thus far, no patients have been identified with

mutations in genes encoding for granzymes. Studies of

knock-out mice indicate that single knockouts for gran-

zyme A or B do not have increased disease susceptibility,

whereas double knock-out of granzyme A and granzyme B

are more susceptible to viral infections [121]. Interestingly,

autosomal recessive mutations in CTSC, encoding the

oligomeric lysosomal protease cathepsin C, cause Papil-

lon–Lefevre syndrome, which is associated with

palmoplantar keratoderma and periodontitis, in addition to

susceptibility to viral infections [122]. Cathepsin C is

required for processing of granzyme A and B [123, 124].

Consequently, NK cells from cathepsin C-deficient patients

display defective NK cell cytotoxicity due to defective

processing of granzymes [125]. In summary, while perforin

deficiency is the most severe and penetrant disorder of lytic

granule content expression or granule biogenesis, other

defects may affect lymphocyte cytotoxicity and function of

other immune cells, increasing susceptibility to infection.

Genetic defects in exocytosis of lytic granules

Other immunodeficiency syndromes caused by autosomal

recessive mutations also manifest with HLH. These genes

include RAB27A, UNC13D, STX11, and STXBP2, encoding

Rab27a, Munc13-4, syntaxin 11 (Stx11), and Munc18-2,

and associated with Griscelli syndrome type 2 (GS2),

FHL3, FHL4, and FHL5, respectively [126–130]. Aside

from typically presenting with HLH in infancy with a mean

age at onset similar to that of Munc13-4-deficient patients,

Rab27a-deficient patients also display hypopigmentation

due to defects in melanosomes [131]. Stx11 and Munc18-

2-deficient patients also generally present with HLH in

infancy or childhood, with mean onset somewhat later than

that of Rab27a- and Munc13-4-deficient patients. In

Fig. 2 Regulation of lytic

granule exocytosis. CD16

signals for co-localization of

Munc13-4 to perforin granules,

while LFA-1 signals for co-

localization of Rab27a to

perforin granules. Mature

granules at the immune synapse

are positive for Munc13-4 and

Rab27a. Rab27a has multiple

effectors during exocytosis,

including Munc13-4 and Slp1

and/or Slp2. Unknown SNARE

complexes mediate these fusion

events, and Stx11 and Munc18-2,

which interact directly, are

required for exocytosis at an

unknown stage
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addition to HLH, Munc18-2- and Munc13-4-deficient

patients may manifest with hypogammaglobulinemia,

whereas episodes of gastroenteritis are specific to Munc18-

2-deficient patients [131, 132]. A common denominator of

mutations in these different genes is impaired secretory

lysosome exocytosis, although the granules form correctly

[127, 129, 130, 133]. Interestingly, cytokine stimulation of

NK cells in vitro can partially restore degranulation by

Stx11- and Munc18-2-deficient NK cells [129, 130, 133],

correlating with disease severity among the FHL subtypes.

These proteins belong to families that regulate vesicle

trafficking and membrane fusion and their roles in secre-

tory lysosome exocytosis have been elucidated to varying

degrees. Below, we briefly discuss how these proteins

regulate NK cell cytotoxicity.

Ligands for LFA-1 are abundant during infection, and

thus LFA-1-mediated signals likely represent an early signal

in NK cell recognition [28]. In resting cells, Rab27a and

Munc13-4 do not co-localize with perforin, but are recruited

to secretory lysosomes following activation by target cells

[134, 135]. Interestingly, engagement of LFA-1 on NK cells

preferentially induces co-localization of Rab27a to secre-

tory lysosomes [135]. Conversely, Munc13-4 is recruited to

secretory lysosomes following engagement of CD16 or

other receptor combinations that induce intracellular Ca2?-

mobilization, and this recruitment is dependent on Rab27a.

Recent data suggest that the protein MADD might be a

guanine exchange factor responsible for activation of

Rab27a [136], whereas Slp1, Slp2a, and Munc13-4 can bind

to active, GTP-bound Rab27a and constitute effector pro-

teins in immune cells [137–139]. Although overexpression

of dominant negative forms of Slp2a impairs CTL degran-

ulation, mutations in SYTL1 and SYTL2 have not been

reported in HLH patients [138, 139]. Furthermore, CTL

from Slp1 or Slp2a-deficient mice have no defect in

degranulation, suggesting functional compensation by the

two isoforms [138]. By contrast, Munc13-4 is essential for

exocytosis of secretory lysosomes by NK cells and CTL

[127, 133, 140].

In contrast to melanocytes, where melanophilin pro-

motes Rab27a binding to myosin Va, facilitating

microtuble plus-end directed transport of melanosomes,

secretory lysosomes in cytotoxic lymphocytes undergo

dynein-dependent, minus-end directed movement towards

the MTOC, which then polarizes to the IS [27, 141]. In

contrast, live cell imaging has indicated that Rab27a

restricts secretory lysosome movement in the cytosol of

mouse NK cells and human NK cell lines [142]. In human

and mouse CTLs lacking functional Munc13-4 or Rab27a,

perforin granules polarize normally to the IS, indicating a

defect in the final stage of exocytosis [127, 143]. There is

some observational evidence that granules in Rab27a-

deficient mouse and human CTLs do not dock closely at

the plasma membrane [143], however, quantitative mea-

surements have not been published. Myosin IIA, associated

with lytic granules, facilitates final transit through the

actin-rich IS to the plasma membrane [144]. In NK cells

from patients with a heterozygous truncation mutation in

MYH9 or in NK cells where myosin IIA expression was

knocked down, lytic granule penetration into F-actin at the

IS, interaction of isolated granules with F-actin, lytic

granule exocytosis, and target cell lysis are all decreased

[144, 145]. The precise molecular function of Munc13-4 in

lytic granule exocytosis is unclear. Munc13 proteins con-

tain one C1 and two C2 domains, along with two Munc-

homology domains. The neuronal homolog Munc13-1

binds Ca2?/calmodulin and diacylglycerol to regulate

exocytosis, and interacts directly with Stx1 to prime vesi-

cles by modulating SNARE conformation [146, 147]. No

interaction has been demonstrated between Munc13-4 and

Stx11 or other SNARE proteins expressed in lymphocytes.

Stx11 is 1 of 36 mammalian SNARE proteins, which act

in complexes of 3–4 proteins to allow fusion between two

membranes by overcoming the repulsion between two lipid

bilayers [148]. Stx11 is an atypical SNARE in that it con-

tains a Qa-SNARE motif but no transmembrane domain,

though it still associates strongly with membranes through a

cysteine-rich C-terminal domain. SNARE complex partners

or a subcellular localization have not been identified for

Stx11 in cytotoxic lymphocytes, though in B cells Stx11

binds to SNAP-23, and in HeLa cells overexpressed Stx11

localized to the same perinuclear membranes as the trans-

ferrin receptor and mannose-6-phosphate receptor but not

LAMP1 or a Golgi-resident protein, suggesting a possible

trans-Golgi network or recycling endosome localization

[149–151]. Thus, while it can reasonably be hypothesized

that Stx11 regulates a membrane fusion event in the exo-

cytic pathway of perforin granules, this has not been

demonstrated to date. In addition to Stx11, Munc18-2 can

bind and stabilize other Qa-SNARE syntaxins, and regulate

the binding of their cognate SNARE complex partners and

effectors [152, 153]. As Munc18-2 is widely expressed, this

may explain why Munc18-2-deficient patients suffer from

gastrointestinal symptoms [131].

Through the study of genetic immunodeficiencies

affecting lymphocyte degranulation, four critical mediators

of exocytosis have been identified. Further studies are

required to elucidate their precise molecular roles and

interaction partners, in order to build a complete picture of

lytic granule release.

Conclusions

As the expression of particular genes seldom is restricted to

any specific cell type, caution must be exerted when
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making inferences from associations between genetic

aberrations and human disease. Still, a number of defined

primary immunodeficiency syndromes affecting several

cellular lineages in addition to several more NK cell-

specific, yet poorly defined, deficiencies have provided

compelling evidence for a role of NK cells in protection

from viral infections, particularly of the herpes virus

family. Moreover, primary defects in cytotoxic function are

associated with hyperproliferative disorders, suggesting

that NK cells might exert an important role in mediating

immune homeostasis. Furthermore, increasing evidence

from human genetics as well as animal models suggests a

role for NK cells in tumor immunosurveillance and in self-

tolerance. Certain new associations are not fully under-

stood. For example, mutations in CLEC16A, encoding a

C-type lectin-like protein, have been associated with T1D

and multiple sclerosis [154, 155]. CLEC16A is highly

expressed in NK cells, but its function is as yet unknown.

Not only does the study of these genetic associations with

disease provide important insights into the role of NK cells

in immune defense, they also provide crucial mechanistic

insight into the mechanisms of human NK cell develop-

ment and effector function.

An increasing number of patients with loss-of-function

mutations in genes required for immunity have been iden-

tified [156]. Remarkably, despite defects in crucial immune

elements, these individuals may remain healthy for many

years and control multiple infections. Thus, studies of

immunodeficient patients also highlight resilience and

redundancy in the immune system. Meticulous population-

based studies of immune function in the context of envi-

ronmental factors and genetic variation can provide more

insights into the fascinating interplay of human genetic

variation, disease, and parameters of NK cell function.

In a clinical setting, evaluation of NK cell function is

useful for providing rapid diagnosis and facilitating prompt

treatment in settings of life-threatening primary immun-

odeficiencies affecting lymphocyte cytotoxic function,

such as FHL. Interestingly, the degree of defects in NK cell

cytotoxicity and degranulation appear to correlate with

disease severity [132, 133, 157]. Thus, further under-

standing of how NK cell development and function relates

to human health can aid clinical decisions.
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