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Abstract: Natural Killer (NK) cells are innate immune lymphocytes that are important for early and effective immune responses
against  infections  and  cancer.  The  antitumor  immunity  mediated  by  NK cells  can  be  exerted  through  several  direct  or  indirect
“immunosurveillance” mechanisms that control tumor growth and prevent the rapid dissemination of metastatic tumors. NK cells
express  an  array  of  activating  and  inhibitory  receptors  that  enable  them  to  recognize  and  bind  non-self  as  well  as  self-ligands
expressed on the surface of malignant or virally infected cells. The family of Natural Cytotoxicity Receptors (NCRs) comprises three
activating receptors; NKp30, NKp44, and NKp46 that are important for the stimulation of NK cell effector functions. This review
summarizes the mechanisms of antitumor immunity mediated by natural killer cells with focus on the role of the family of the NCRs
and their tumor associated ligands.

Keywords: Natural Killer (NK) cells, Innate immune lymphocytes, Immunosurveillance mechanisms, Natural cytotoxicity receptors,
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1. INTRODUCTION

Historically, the histologic and functional definition of a natural killer cell (NK cell) was that of a Large Granular
Lymphocyte (LGL) that could kill a target cell “naturally”, that is, spontaneously without any prior sensitization and
without restriction by the Major Histocompatibility Complex (MHC) [1, 2]. NK cells are effector lymphocytes that
belong to the innate immune system and exert multiple functions among which the rapid elimination of virus-infected
or transformed cells is the most important. NK cells are regarded as innate immune lymphocytes because unlike T and
B lymphocytes, NK cells’ effector functions are controlled by a repertoire of germline-encoded receptors that do not
undergo somatic recombination [3]. Despite these known innate immune cell functions, there is some evidence that NK
cells possess some features as an “adaptive” immune component as well. Accumulating evidences suggest that NK
possess receptors with some antigen specificity and can in fact undergo clonal expansion following antigen exposure.
Moreover, NK cells can “remember” the antigen; a phenomenon only characteristic of adaptive immune components,
generating  long-lived  memory  cells  [4  -  6].  NK  cells  develop  in  Bone  Marrow  (BM)  from  common  lymphoid
progenitor cells. After development, NK cells distribute widely throughout various lymphoid tissues other than BM,
such Lymph Nodes (LN) and spleen as well as non-lymphoid tissues such as peripheral blood, lung and liver [5]. The
traditional cell surface phenotype of human NK cells is defined by absence of CD3 (thereby excluding T cells) and
expression of CD56, the 140-kDa isoform of Neural Cell Adhesion Molecule (NCAM) [7, 8]. NK cells represent 2%
to18% of total lymphocytes in human peripheral blood. In humans, NK cells can be divided into CD56dim and CD56bright

NK cell subsets based on levels of cell surface expression of CD56. CD56dim NK cells are the predominant NK subset in
peripheral blood, while CD56bright NK cells which are more abundant in lymphoid organs [9].
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2. ANTITUMOR IMMUNITY MEDIATED BY NK CELLS

The  antitumor  immunity  mediated  by  NK  cells  can  be  exerted  through  several  direct   or  indirect
“immunosurveillance” mechanisms. By infiltrating through the tumor microenvironment, NK cells recognize, attack
and kill tumor cells, there by controlling the growth of primary tumors. NK cells also prevent the rapid dissemination of
metastatic  tumors  by  killing  circulating  cancer  cells  that  metastasize  from  the  tumour  microenvironment  to  other
organs. NK cells can directly kill target tumor cells by releasing cytoplasmic granules containing perforin (membrane
pore-forming proteins) and granzymes (serine proteases) that leads to tumor-cell apoptosis (programmed cell death) by
caspase-dependent and -independent pathways [10, 11]. Cytotoxic granules reorient towards the tumor cell soon after
NK–tumor cell interaction and are released into the immunological synapse in a calcium-dependent manner. Perforin-
induced membrane perforations allow the delivery of granzymes into tumor cells, leading to induction of apoptosis.
Another mechanism by which NK cells directly kill tumor cells is death receptor-mediated apoptosis when FasL or
TNF-Related Apoptosis-Inducing Ligand (TRAIL) expressed on NK cells binds to their respective target cell surface
death receptors; Fas and TRAIL receptor (TRAILR) [12]. Cytokines released from activated NK cells play an important
role in NK cell effector functions. One important cytokine produced from activated NK cells is TNF-α which induces
tumor-cell apoptosis [3]. IFN-γ is another important cytokine produced by activated NK cells is, which exerts antitumor
functions in various ways, including inhibition of the proliferation of tumour cells, restriction of tumor angiogenesis and
stimulation of the adaptive immunity [13, 14]. By expressing FcγRIIIa (type III receptor For Constant (Fc) region of
IgG; CD16), NK cells can kill tumour cells by Antibody-Dependent Cellular Cytotoxicity (ADCC) [3]. CD16 is a NK
cell activating receptor that enables NK cells to recognize IgG-coated tumor cells, resulting in their killing through the
release of their cytotoxic granules containing perforins and granzymes at the immunological synapse [15]. Cytokines
such as  IL-2,  IL-12,  IL-18,  or  IL-15,  released from other  cells  of  the  immune system can further  enhance NK cell
effector functions.

NK cells express an orchestra of activating and inhibitory receptors that dictate the attack and killing of cancer cells
or “stressed” self-cells, while protecting normal cells. These receptors can either stimulate NK cell effector functions
(activating receptors) or dampen NK cell reactivity towards a target cell (inhibitory receptors). The balance between the
signals conveyed by activating and inhibitory receptors determines whether NK cells are activated to kill a target cell or
not [6, 16, 17].

The ligands for the Inhibitory receptors are MHC class I molecules [18, 19]. By binding to MHC class I molecules,
inhibitory receptors enable NK cells to discriminate between self and altered-self cells. Thus NK cells are “educated” or
“licensed” during their development to mature into a functional repertoire of NK cells that are adapted to the MHC class
I molecules of the host [16]. NK cell effector functions are inhibited by the engagement of the inhibitory receptors to
self MHC class I molecules, thus NK cells are “tolerant” to healthy host cells. The strength of the activating signals NK
cells receive upon encountering healthy cells is diminished by the engagement of inhibitory receptors to MHC class I
molecules [15]. Malignant transformation can be associated with decreased expression of MHC class I molecules. NK
cells become activated by cells with reduced expression of MHC class I molecules. This is because those cells are no
longer kept in check by the engagement of the inhibitory receptors to MHC class I molecules. This hypothesis is known
as the “missing-self” stimulation of NK cell activation [20]. Inhibitory receptors specific to MHC class I molecules
include Killer cell Immunoglobulin-like Receptors (KIRs) and lectin-like CD94/NKG2A heterodimers. While KIRs
bind the classical MHC-I molecules (HLA-A, HLA-B and HLA-C molecules), CD94/NKG2A binds the non-classical
MHC-Ib molecules (HLA-E in humans) [21]. CD94/NKG2A is important in educating NK cell tolerance to self and
contributes to the inhibition of antitumor immunity mediated by NK cells [21]. These inhibitory receptors mediate their
inhibitory functions by signaling through intracytoplasmic Immunoreceptor Tyrosine-based Inhibition Motifs (ITIMs)
[18, 19]. These are conserved signaling domains that consist of six-amino acid sequences present in the cytoplasmic
tails of the inhibitory receptors. Upon engagement of ITIM-containing inhibitory receptor to its specific MHC class I
molecule, the tyrosine residue if the ITIM is phosphorylated by Src family kinases, resulting in the recruitment of the
tyrosine phosphatases SHP-1, SHP-2, and SHIP-1, which in turn dephosphorylate the protein substrates of the tyrosine
kinases linked to activating NK receptors. Consequently, degranulation, cytokine release and proliferation of NK cells
are inhibited [22].

In addition to the MHC-I dependent inhibitory receptors, KIRs and CD94/NKG2A, NK cells express additional
inhibitory receptors that do not bind MHC-I molecules. These inhibitory receptors might also be involved in the NK
cell  education  process.  Among  these  inhibitory  receptors,  T  cell  immunoglobulin  and  ITIM  domain  (TIGIT)  is
expressed on NK cells as well as T cells. The ligand for TIGIT is CD155/PVR (the poliovirus receptor). Mouse TIGIT
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inhibits  NK  cell  cytotoxicity  upon  interaction  with  PVR  [23].  Upregulation  of  TIGIT  during  liver  regeneration,
inhibited NK cell  overactivation by interaction with CD155. This suggests that TIGIT plays a role in NK cell  self-
tolerance  towards  regenerative  hyperplasia  [23].  TIGIT  is  significantly  upregulated  in  tumor  infiltrating  T  cells,
marking them as chronically stimulated or exhausted tumor infiltrating T cells. As CD155 is highly expressed in several
types of human malignancies [24], NK cells might become similarly “tumor-tolerant” and become hyporesponsive by
interaction with CD155. Another inhibitory receptor that can interact with CD155 is CD96 [25] CD96 is a co-inhibitory
receptor that is expressed on NK as well as T cells [25].

NK cells also express surface activating receptors that detect internal changes that occur in damaged/stressed host
tissues.  This hypothesis is  known as “stress-induced self” stimulation of NK cell  activation [17,  26].  This mode of
recognition relies on the detection of self molecules (ligands for the activating receptors) that are barely detectable in
healthy  cells  but  can  be  up-regulated  by  various  forms of  stress  such  as  malignant  transformation  [16].  Activating
receptors include CD16, C-type lectin-like receptors; NKG2D, NKp80, and the heterodimer CD94/NKG2C, the nectin
binding adhesion molecule, DNAX Accessory Molecule 1 (DNAM1/CD226) activating Killer cell immunoglobulinlike
Receptors  (KAR),  SLAM-Related Receptors  (SRRs),  NTB-A, CRACC and 2B4,  and natural  cytotoxicity receptors
(NCRs); NKp30, NKp44, and NKp46 [27]. Several activating receptors signal via adaptor proteins which contain an
Immunoreceptor Tyrosine-based Activation Motif (ITAM). Engagement of activating receptors to their specific ligand
on tumor cells leads to phosphorylation of the tyrosine residue of the ITAM resulting in recruitment of the tyrosine
kinases Syk and ZAP70 which then trigger downstream events eventually leading to NK cell activation [22].

3. THE FAMILY OF NATURAL CYTOTOXICITY RECEPTORS

The family of NCRs constitutes three type I membrane proteins that belong to the immunoglobulin superfamily [28
- 31]. The three NCRs: NKp46 (NCR1; CD335) [30], NKp44 (NCR2; CD336) [28], and NKp30 (NCR3; CD337) [29]
were  discovered  in  the  late  1990s  as  being  expressed  on  human  NK  cells.  All  of  the  NCRs  comprise  one  or  two
extracellular immunoglobulin-like ligand-binding domains, which binds to cellular and exogenously derived ligands, a
transmembrane domain, and a short cytoplasmic domain [17, 26]. The NCRs lack an intracellular signaling domain and
therefore associate with functional adaptor proteins containing ITAMs via a charged residue in their transmembrane
domain  [17,  26].  Unlike  T  Cell  Receptors  (TCRs)  and  immunoglobulins,  NCRs  do  not  undergo  any  somatic
recombination  [i.e.,  V(D)  J  genetic  rearrangements]  in  order  to  become  functionally  active  [32].

3.1. NKp30

NKp30 is a 30 kDa protein that is expressed on all mature resting and activated human NK cells [29]. The gene
encoding  NKp30  is  located  on  chromosome  6,  in  the  class  III  region  of  the  human  MHC  locus  [29].  The  NKp30
molecule is composed of one extracellular immunoglobulin-like ligand-binding domain. The transmembrane domain
contains a charged arginine and the cytoplasmic domain has no additional signaling domain [33, 34]. Therefore, NKp30
associates  with  ITAM-containing  adaptor  signaling  proteins,  such  as  disulfide-linked  homodimers  of  CD3ζ  or
heterodimers of CD3ζ with the γ-chain of the high-affinity Fc receptor for IgE (FcRγ) [17]. Expression of NKp30 was
found  to  be  reduced  in  acute  myeloid  leukemia  in  one  study  [35]  while  another  study  documented  no  significant
difference  in  NKp30  expression  in  Acute  Myeloid  Leukemia  (AML)  compared  to  healthy  subjects  [36].  This
discrepancy  in  expression  data  confirms  the  need  of  further  studies  on  larger  cohort  of  samples  to  further  classify
patients according to the level of expression of NKp30. In cervical cancer NKp30 expression was previously found to
be significantly reduced compared to healthy donors [37].  In breast  cancer,  compared to healthy donors,  one study
documented no significant difference in expression of NKp30 [38], while two studies documented significantly reduced
NKp30 expression [39, 40]. In all the studies the investigators relied on flow cytometric analysis for measurement of
surface expression of NCRs. The discrepancy in expression data from different studies confirms the need of further
studies  analyzing  the  surface  expression  of  NKp30  in  larger  cohort  of  samples.  As  high  interpatient  variability  in
expression data of NKp30 and NCRs in general is indeed expected, further classification of patients according to the
level of expression of NCRs along with the assessment of NK cell functions will further unravel the way NCRs impact
NK cell responsiveness to cancer cells.

3.2. NKp44

NKp44 is 44-kD surface receptor that shares high similarity to the family of Triggering Receptors Expressed on
Myeloid cells (TREM) [17, 26]. Similar to NKp30, the gene encoding NKp44 is located on chromosome 6, in the class
III  region  of  the  human  MHC  locus  [28].  NKp44  possesses  one  extracellular  immunoglobulin-like  ligand-binding
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domain that displays a typical V-type immunoglobulin domain, connected with a 64-amino acid-long stalk domain, a
single transmembrane domain and a short cytoplasmic tail. NKp44 delivers its activating signals by coupling to a dimer
of  the  ITAM-containing  adaptor  DNAX-activating  protein  12  (DAP12)  for  downstream  signal  transduction  [41].
Interestingly  however,  the  cytoplasmic  tail  contains  an  amino  acid  sequence  (EILYHTVA),  representing  an  ITIM
(ITIM; V/IxYxxL/V) [42]. This suggests that NKp44 has the potential to deliver inhibitory signals as well.  In fact,
recent studies showed that the NKP44 ITIM can inhibit NK cell effector functions but depending on the ligand that
binds to NKp44 [43]. This is in spite of the fact that initial reports showed that the NKp44 ITIM is not functional [41].
NKp44 is expressed on activated NK cells only, contrary to NKp46 and NKp30 which are expressed on activated as
well as resting NK cells [28, 44]. In breast cancer two studies documented significantly increased expression of NKp44
compared to healthy controls [38, 40].

3.3. NKp46

NKp46, a 46-kD receptor, was the first NCR to be identified in NK cells and is so far the most specific marker
reported for NK cells [17, 26]. The gene encoding NKp46 is located in the Leukocyte Receptor Complex (LRC) on
human chromosome 19 (19q13.42) [30]. The LRC includes as well the killer cell immunoglobulin-like receptor genes
[26]. NKp46 possesses two C2-type immunoglobulin-like extracellular domains arranged at an 85˚ angle to each other
and connected by a hinge region [45, 46]. The cytoplasmic region constitutes a highly charged 25-amino-acid domain
[26].  As all  NCRs, the cytoplasmic domain lacks any signaling motif,  however,  activating signals  are delivered by
coupling of an ITAM-containing CD3ζ and FcRγ adaptor proteins to an arginine located in the transmembrane region of
NKp46  [26].  NKp46  is  expressed  on  resting  as  well  as  activated  NK  cells  [30,  47].  Expression  of  NKp46  was
previously documented to be reduced in acute myeloid leukemia compared to healthy subjects [35, 36] and cervical
cancer [37]. Three studies documented no significant difference in expression of NKp46 in breast cancer compared to
healthy subjects [38 - 40].

4. NCR SIGNALING AND SIGNAL INTEGRATION

NCR signaling pathways rely on coupling to one of the known ITAM-containing signaling adaptor proteins [48,
49].  These  adaptor  proteins  include  disulfide-linked  homodimers  or  heterodimers  of  CD3ζ  and/or  FcRγ  chains  for
NKp30 and NKp46, and disulfide-linked homodimer DAP12 for NKp44. Engagement of an NCR to its ligand results in
activation of ITAM-dependent signaling molecules including the Protein Tyrosine Kinases (PTKs) of the SRC family,
which  phosphorylate  the  ITAMs  of  the  NCR  adaptor  proteins.  Phosphorylation  of  ITAMs  results  in  binding  and
activation  of  Src-homology  domain  2  (SH2)  of  PTKs  of  the  SYK  family;  zeta  chain-associated  protein  kinase  70
(ZAP70) and spleen tyrosine kinase (SYK) [17, 48, 49]. These tyrosine kinases phosphorylate transmembrane adaptor
molecules such as linker for the activation of T cells (LAT) and Non-T cell Activation Linker (NTAL) leading to the
phosphorylation, activation, and association, of several signaling complexes, including phosphatidylinositol 3-kinase
(PI3K), phospholipase C-γ (PLC-γ1 and PLCγ2), VAV2 and VAV3 proteins [17, 48, 49]. Activation of these signaling
complexes induces Ca2+ flux and cytoskeletal reorganisation, ultimately resulting in NK cell degranulation and release
of cytotoxic granules containing perforins and granzymes as well as secretion of cytokines such as IFNγ and TNFα
[17].

5. TUMOR-ASSOCIATED LIGANDS FOR NCRS

5.1. HLA-B-Associated Transcript 3

HLA-B-associated  transcript  3  (BAT3)  is  a  nuclear  protein,  also  known  as  BCL2-associated  anthanogene  6
(BAG-6)  is  one  of  the  first  identified  tumor  cell  ligands  for  NKp30  [50].  The  gene  encoding  BAT3  is  located  on
chromosome 6 in the same locus, the class III region of the human MHC locus as NKp30. NKp30 seems to interact at
the  C-terminus  of  BAT3  [51].  Reduced  expression  of  BAT3  mRNA  and  protein  levels  in  HeLa  cells  resulted  in
decreased NK cell-mediated killing. Moreover, overexpression of BAT3 in LS174T cells (colon carcinoma cell line)
resulted in enhanced NK cell-mediated killing [50]. Additionally, BAT3 released from tumor cells in exosomal vesicles
triggered cytokine secretion of NK cells (TNF-α, IFN-γ) [50]. The stimulatory ability of BAT3 has also been confirmed
in a multiple myeloma xenograft  in vivo  model where injection of BAT3 blocking antibodies resulted in decreased
tumor rejection when peripheral blood NK cells were injected into nude mice [50]. Recently also melanoma cell lines
stimulated with RIG-I triggering the extracellular release of BAT3/BAG6-containing exosomal vesicles enhanced the
cytotoxic  potential  of  NK  cells  [52].  Contrary  to  that  overexpression  of  soluble  BAT3  in  the  plasma  of  Chronic
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Lymphocytic Leukaemia (CLL) patients was associated with impaired NK cell activity [53]. Indeed BAT3 was released
from CLL cells and cell lines in soluble form suppressed NK cell cytotoxicity suggesting that the immune evasion of
the CLL cells from NK cell attack is due to dysregulated balance of exosomal vs soluble BAT3.

5.2. B7-H6

B7-H6, a member of the B7 family H6 is another tumor cell ligand for NKp30 [54]. Like other members of the B7
family, B7-H6 is a cell surface transmembrane protein that possesses two extracellular immunoglobulin domains [26].
The crystal structure of the NKp30 bound to B7-H6 has been described [34]. B7-H6 interacts with its front β-sheet of
the V-like domain with the front  and back β-sheets  of  C-like domain of NKp30 [34].  B7–H6 surface expression is
restricted to both primary tumors and tumor cell lines, while neither healthy nor stressed cells appear to express B7-H6
[31, 54, 55]. Expression of B7–H6 on the surface of tumor cells enhances NKp30-mediated killing by NK cells [32].
Contrary to that metalloprotease-mediated tumor cell shedding of soluble B7-H6 lead to decreased surface expression of
B7-H6 on tumor cells and reduced NKp30-mediated recognition by NK cells [56]. In fact increased levels of soluble
B7-H6 was detects in sera of patients with melanoma suggesting that this could be a mechanism of immune evasion in
which tumor cells escape NK-mediated recognition by metalloprotease-mediated shedding of soluble B7-H6 [56]. Also
it  was  observed that  NKp30 downregulation in  patient  with  ovarian  cancer  is  presumably  due to  expression of  the
soluble form of B7-H6 in the tumor microenvironment resulting in chronic engagement of NKp30 to the soluble B7-H6
further providing an explanation of evasion of NK cell mediated immunity by tumor cells [57].

5.3. Proliferating Cell Nuclear Antigen

Proliferating Cell Nuclear Antigen (PCNA) is the first identified tumor cell ligand for NKp44 [43]. Expression of
PCNA is restricted to the nucleus and in spite of the fact that it is strongly associated with cancer, it was found to be a
direct  tumor cell  ligand for  NKp44 [26].  PCNA is  recruited by tumor cells  from the nucleus to the immunological
synapses, between tumor cells and NK cells [43]. In fact, PCNA expression was initially shown to inhibit NK cell-
mediated  lysis  of  tumor  target  cells  even  before  it  was  described  to  be  a  ligand  for  NKp44  [26].  Enforced
overexpression  of  PCNA  resulted  in  a  decreased  INF-γ  secretion  by  IL-2-activated  primary  NK  cells  [43].  Taken
together, NKp44 can be regarded as an inhibitory receptor delivering inhibitory signals to NK cells when bound to
PCNA. Interestingly, transfecting NK92 cells with NKp44 with a non-functional ITIM motif showed no reduced killing
of target cells expressing PCNA in comparison to cells transfected with the wild-type NKp44 [43]. This suggests that
reduced NK cell-mediated killing after the interaction between NKp44 and PCNA is mediated by the ITIM motif of
NKp44 conveying inhibitory signals to NK cell [41].

5.4. NKp44L

NKp44L is a recently identified activating tumor cell ligand for NKp44. The sequence of the new ligand partially
resembles the sequence of the Mixed-Lineage Leukaemia protein 5 (MLL5) gene but lacks the last 5 exons of MLL5
[58].  Instead,  it  contains  a  unique  exon  coding  for  the  C-terminal  region  of  NKp44L,  which  is  important  for  the
interaction between NKp44L and NKp44. Expression of NKp44L was not detected in the nucleus, contrary to MLL5
[26], but instead, was found to be restricted to the cell cytoplasm [58]. Interestingly, the tissue distribution of MLL5 and
NKp44L is also different. NKP44L expression was not detected in healthy tissues except lung and testis that showed
marginal expression of NKp44L. However, expression of NKp44L was highly detected in several tumour cell lines
[58]. The expression data for NKP44L in solid and hematological malignancies are still lacking.

5.5. Heparan Sulphates

Different  Heparan  Sulphate  (HS)  sequences  have  been  reported  to  bind  to  the  three  NCRs  [17,  26,  32].  HS
proteoglycans are expressed on all animal cells, but at different levels in normal tissues compared to tumour cells [26].
The binding pattern of NKp30 and NKp46 to HS is similar but their binding intensities vary a lot. Howeve, NKp44
showed a completely different binding pattern compared to NKp30 and NKp46. Generally, the three NCRs bind to HS
proteoglycans containing two to three sulphate groups per disaccharide unit [26]. However, the level of HS surface
expression on target cells doesn’t seem to influence the activation of NK cells. This suggests that HS doesn’t represent a
primary ligand for NCRs [59]. HS might, however act as coreceptors in complexes with other ligands to modulate NK
cell activation [26] (Fig. 1).
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Fig. (1). Tumor associated ligands for NCRs. Schematic representation of tumor associated ligands expressed by tumor cells and
their interaction with the NCRs, NKp30, NKp44 and NKp46 expressed on NK cells.

CONCLUSIONS AND FUTURE PERSPECTIVES

Although  NCRs  were  exclusively  classified  as  NK  cell  activating  receptors,  several  new  findings  show  that
interaction of NCRs with certain ligand can deliver inhibitory signals to NK cells or affect the recognition of tumor cells
by NK cells. The fact that NCRs can interact with diverse ligands with little or no structural similarity implies that other
ligands  are  yet  to  be  explored.  Moreover,  clinical  data  about  the  expression of  NCRs in  NK cells  along with  their
ligands whether on tumor cell surface or in the tumour microenvironment as soluble proteins and their impact on NK
cell  mediated  antitumor  immunity  needs  further  studies.  This  will  definitely  aid  in  our  understanding  of  novel
mechanisms of the tumor escape from immune surveillance. Further studies manipulating NCRs’ expression in NK
cells and tumor-associated ligands in tumor cells or the tumour microenvironment can further shape the strategies for
the use of NK cells as an immunotherapeutic intervention for the treatment of cancer.
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