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Abstract
Increased evidence of cross-talk between NK cells and other immune cells has enhanced the
possibilities of exploiting the interplay between the activation and inhibition of NK cells for
immunotherapeutic purposes. The battery of receptors possessed by NK cells help them to
efficiently detect aberrant and infected cells and embark on the signaling pathways necessary to
eliminate them. Endogenous expansion of NK cells and their effector mechanisms are under
exploration for enhancing adoptive immunotherapy prospects in combination with
immunostimulatory and cell-death-sensitizing treatments against cancer, viral infections and other
pathophysiological autoimmune conditions. Various modes of NK cell manipulation are being
undertaken to overcome issues such as relapse and graft rejections associated with adoptive
immunotherapy. While tracing the remarkable properties of NK cells and the major developments
in this field, we highlight the role of immune cooperativity in the betterment of current
immunotherapeutic approaches.
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NK cells are the major cellular effectors of the innate immune system, which function alone
or in synchrony with other immune cells, to abrogate a variety of targets including virally
infected and transformed cells as well as those under stress or heat shock. NK cells are large
granular lymphocytes, which respond spontaneously to cells under insult using their
germline-encoded receptors and require no prior exposure to antigen. In fact, this
‘spontaneous’ cytotoxicity of NK cells formed the basis for their discovery in the 1970s,
when investigators tried to explain the presence of cytotoxic effects of lymphocytes against
tumor cells in nonimmunized experimental mice [1–3]. NK cells thus became established as
a potentially useful population for adoptive immunotherapy against tumors [4]. Besides their
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role in tumor immunosurveillance, NK cells mediate many different biological processes
ranging from the development of autoimmunity to the outcome of pregnancy and transplants
or clearance of infections [5]. NK cells are not only major cytotoxic players but are also
inducers of cascades of immune reactions by producing various cytokines and chemokines.
Therefore, NK cells are viewed as potential immunotherapeutic modulators [6].

NK cells can act upon aberrant cells with no previous ‘priming’, but recent studies have
shown that in tumor settings, in order to elicit their full cytotoxic potential, they do need
help [7,8]. They are also capable of immunologic memory which was considered to be
solely an adaptive immune feature [9]. Recently, NK cells were found to possess several
other features of the adaptive immune response such as developmental education, clonal-like
expansion, memory cell generation [10] and recall response [11,12]. This is reminiscent of
adaptive characteristics of specificity and memory discovered in innate immune systems
[13–15].

This article discusses current models of various strategies that NK cells may employ to
mount their effector response encompassing the activating and inhibitory receptor signaling
cross-talk. We also discuss NK cell subsets and their interaction with other immune cells
and recapitulate the therapeutic implications consequent of the immune cross-talk between
NK cells and T cells and the role played by NK cells in viral infections, autoimmunity and
cancer.

Models of NK cell activation
NK cell activation is under dominant control of inhibitory receptors that bind with MHC-I
molecules on surrounding tissue cells. Since MHC-I molecules are abundantly expressed on
normal cells as markers of ‘self’, these cells are not affected by NK cell activity. When cells
lose one or more MHC-I alleles, they are often targeted by NK cells by a process described
as ‘missing-self recognition’ [16]. The engagement of inhibitory receptors on NK cells by
self-MHC-I molecules decides whether an NK cell will mediate missing-self recognition and
target lysis, or whether it will become hyporesponsive. NK cells express two distinct
categories of inhibitory receptors: the monomeric type I glycoproteins of the
immunoglobulin superfamily, for example killer cell immunoglobulin like receptors (KIRs)
and the leukocyte immunoglobulin-like receptors (LIRs) and the type II glycoproteins with a
C-type lectin-like scaffold, for example CD94:NK group 2, member A (NKG2A) receptors.
KIRs in humans and Ly49s in mice, encoded by polygenic and polymorphic genes derived
by stochastic bidirectional promoters [17,18], are MHC-I-specific inhibitory receptors
[19,20]. A cluster of 17 KIR-encoding genes in humans produce over 40 haplotypes [21].
The Ly49 locus in mice also shows great variation in the number of genes and alleles [22].
Other NK cell-inhibitory receptors, such as the CD94–NKG2A heterodimeric complex binds
to the nonclassical MHC-I molecules Qa-1b in mice and HLA-E in humans [23,24]. The
LIRs on human NK cells recognize the nonclassical MHC-I molecule HLA-G [25].

Several models have been postulated to explain NK cell function upon MHC-I recognition
by inhibitory receptors.

Licensing/arming model
This model conceptualizes that signaling from inhibitory receptors ‘licenses’ [26] or ‘arms’
[27] functional activation of NK cells, which are by default unresponsive or unlicensed. This
model relies on an instructive role for inhibitory receptors. The support to this model came
from the recent observation that signaling via immunoreceptor tyrosine-based inhibitory
motif (ITIM)-containing receptors can lead to phosphorylation of signaling substrates
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downstream of inhibitory receptors [28], implying that inhibitory receptor signaling might
trigger the activation signals that are needed for stimulating NK cells.

Disarming model
The disarming model hypothesizes that all NK cells are by default in a state of
responsiveness as long as they are unopposed by MHC-I-specific inhibitory receptors.
Stimulation of NK cell inhibitory receptors by MHC-I molecules expressed on normal cells
‘disarms’ NK cells to render them hyporesponsive or anergic [29].

Cis-interaction model
Recent studies have shown that mouse Ly49A receptors have the ability to bind to MHC-I
molecules in the same cell membrane in a cis-acting manner [30,31]. This cis interaction
between MHC-I and Ly49 sequesters Ly49 receptors and prevents their relocation to the
immunological synapse with the target cell [32]. Consequently, the number of unengaged
Ly49 receptors on NK cells decreases, leaving NK cells more responsive [33]. However, it
remains to be explored if all mouse Ly49 receptors or human KIRs can bind self MHC-I
molecules in cis.

Rheostat model
NK cell responsiveness has been observed to increase or decrease according to the strength
of the inhibitory signal that is received by NK cells [34–36]. The strength of the inhibitory
signal correlates with the number of inhibitory receptors and their affinity with MHC-I
molecules. This suggests that NK cell responsiveness operates in a quantitatively graded
manner rather than in an ‘on’ or ‘off’ switch. Thus, NK cell responsiveness can be tuned up
(arming-like) or tuned down (disarming-like or cis-interaction-like) as a rheostat [37].

NK cell signaling
A fine balance of activating and inhibitory receptor signaling regulates the differentiation of
NK cell effector function. NK cells use a wide array of activating and inhibitory receptors,
which recognize specific ligands expressed by target cells. MHC-I molecules expressed on
self cells are engaged by NK cell inhibitory receptors, while the expression of stress or
pathogen-induced ligands, and the downregulated expression of MHC-I on target cells, as
well as ligands expressed by transformed cells are recognised by NK cell activating
receptors. The precise roles of activating receptors in NK cell activation are not yet clearly
understood, and the different models postulated above propose their varied requirements.

Activating receptor signaling
Activating receptors expressed by most or all NK cells are NKp46, NK1.1, NKG2D, CD16
and CD244, also known as 2B4 (which has both an activating and an inhibitory role),
whereas others, such as KIRs, LY49D, Ly49H, CD226, also called DNAM-1, and NKG2C
are only expressed by some NK cells. These receptors can trigger three types of signaling
pathways mediated by immunoreceptor tyrosine-based activation motif (ITAM), a
transmembrane adaptor polypeptide DAP10 and the receptor CD244 [19].

ITAM-mediated signaling
Activating receptors present on all mature NK cells constitutively express the
transmembrane proteins FCεRI-γ, CD3-ζ and DAP12 that contain an intracellular
cytoplasmic signaling motif ITAM. The pairing strategy of these protein complexes is
evolutionarily conserved and common to the signaling pathways of Toll-like receptors, B-
and T-cell receptor pathways and cytokine and growth factor mediated signaling pathways.
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Being the only known signaling motif in these proteins, mutation in ITAM causes a loss of
signaling function. Different Src family tyrosine kinases expressed by NK cells
phosphorylate ITAM-containing residues to bind the tyrosine kinases Syk and ZAP70. At
this point, various transmembrane and cytosolic adaptors, such as the linker of activated T
cells, provide multiple tyrosine phosphorylation docking sites for the SH2 domains of
intracellular signaling molecules. Depending on the stage of maturation, NK cells recruit
different kinases and adapters for their functioning. While the mouse NK cells employ
phospholipase PLC-γ2, and the nucleotide exchange factors Vav2 and Vav3 for ITAM
dependant signaling, human NK cell lines use PLC-γ1 and PLC-γ2, and human NK cells use
Vav1 for the same purpose. The ITAM-mediated pathway induces actin reorganization to
facilitate cell polarization and release of cytolytic granules such as granzymes and perforin,
as well as the transcription of the cytokine and chemokine genes [19].

DAP10/DAP12-mediated NKG2D receptor signaling
NKG2D is a type II transmembrane-anchored glycoprotein expressed as a disulfide-bonded
homodimer. It was first recognized on NK cells [38], but was subsequently also found on
γδT cells, activated and memory CD8+ αβT cells and macropahges [39]. It has no signaling
elements in the cytoplasmic tail and follows complex activation requirements as shown in
Figure 1. NKG2D is associated noncovalently with the signaling adaptor DAP10 at the cell
membrane in humans, or with both DAP10 and DAP12 in mice. The genes encoding DAP10
and DAP12, HSCT and TYROBP, respectively, are arranged a few nucleotides apart in
opposite transcriptional orientations [40]. An arginine residue within the transmembrane
region of NKG2D associates with the aspartate residue within the transmembrane domain of
the homodimeric DAP10 adaptor [40]. In mice, NKG2D exists in two isoforms, one long
(NKG2D-L) and short (NKG2D-S) [41]. NKG2D-L contains 13 more amino acids in its
cytoplasmic tail, which prevent its association with DAP12. NKG2D-S expression is
induced after mouse NK cell activation in vitro or in vivo. A single mouse NKG2D-S may
form hexameric complex with two DAP10 or DAP12 homodimers [42]. DAP10 and DAP12
do not form heterodimers [43]. Human NKG2D lacks the NKG2D-S isoform and thus can
only bind with DAP10 [44].

While DAP12 triggers ITAM-mediated PI3K signaling via Syk and ZAP70 protein tyrosine
kinases, the short cytoplasmic domain of DAP10 contains a signaling motif sequence,
YINM, which when phosphorylated is able to bind either the p85 subunit of PI3K through
YXXM or the adaptor Grb2 through YXNX. As these two binding sites overlap, a single
DAP10 chain will bind either p85 or Grb2, but not both. The recruitment of Grb2 induces
downstream phosphorylation of Vav1, an SH2 domain-containing leukocyte protein of 76
kDa (SLP-76), and PLC-γ2. Binding with p85 results in the production of PI3K in the
immune synapse between NK cells and the NKG2D ligand expressing target cells. The
adaptor protein CrkL and the small GTPase Rap1 as well as the scaffolding protein IQGAP1
[45] have been implicated downstream of PI3K, to control not only integrin activation, but
also cellular polarity and granule exocytosis [46]. Both p85 and Grb2 are required for
optimal Ca2+ influx and degranulation following DAP10 cross-linking [47]. Any mutation in
the Grb2 binding site in DAP10 does not lead to impairment of Grb2 recruitment. Thus,
Grb2 maybe recruited either by direct binding to DAP10 or indirectly using the Sos1–Vav1–
Grb2 complexes with phosphatidylinositol-3,4,5-trisphosphate at the immune synapse. The
recruitment of p85 and Grb2 requires tyrosine phosphorylation of DAP10. A small-molecule
inhibitor of Src family kinase, PP2, prevents signaling through the NKG2D–DAP10
complex, suggesting that DAP10 might be phosphorylated by a Src kinase [48]. Another
possible mechanism is Jak3-mediated phosphorylation of DAP10 facilitated by the
stimulated IL-15 receptor complex on NK cells following transpresentation of IL-15 by
target cells or activated dendritic cell (DC) to NK cells in vivo [49–51].
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There are several points of difference between the NKG2D- and the ITAM-mediated
pathways: DAP10 is independent of Syk and linker of activated T-cell family tyrosine
kinases; mouse DAP10 binds with Vav1 whereas ITAM couples with Vav2 and Vav3;
ITAM-mediated signals can activate cytokine secretion as well as cytotoxicity, while
NKG2D–DAP10 signals are only sufficient for NK cell degranulation, and not cytokine
secretion [52]. A recent report has shown that NKG2D-dependent cytotoxicity is controlled
by the distribution of its ligands in discrete membrane domains of target cells [53].
Moreover, activation signals mediated through NKG2D receptor can bypass signals
transmitted through inhibitory receptors, possibly because NKG2D signaling is unaffected
by SHP phosphatases. This might have conferred NKG2D an evolutionary advantage in
immune surveillance.

CD244 signaling
The signaling lymphocyte activation molecule CD244 contains cytoplasmic
immunoreceptor tyrosine-based switch motifs, which upon phosphorylation can recruit
either phosphatases for inhibiting NK cell function, or the Src kinase Fyn via the adaptor
SAP for activating NK cell function [54]. Engagement of CD244 can rapidly mediate
leukocyte function-associated (LFA)-1 and actin-dependent NK cell adhesion to target cells
[55].

Cell adhesion & intercellular communication implicated in NK cell–target interaction
Cell adhesion to target cells is essential for initiation and execution of NK cell cytotoxicity.
The αLβ2 integrin LFA-1 and β1 integrins have been cited as important players in the
adhesion of NK cells with their target cells [56]. LFA-1 transduces signals, which activate
Vav1 phosporylation upstream of actin polymerization, cytoskeletal rearrangements and
clustering of lipid rafts [57]. β1 and β2 integrins bring about the phosphorylation of protein
tyrosine kinase-2, which triggers cytotoxicity through an undefined pathway [56,58]. NK
cells also express αMβ2 and β1 integrins, which can function as adhesion molecules and
facilitate cytotoxicity [56,59]. Another family of NK receptors called the nectins is also
implicated in NK cell-mediated killing. Tumor cells express Necl-5, which is recognized by
the NK cell receptors CD226 and CD96 [60–62].

Communication across intercellular contacts between NK cells and target cells is central to
establishing appropriate immune effector response [63]. Signal integration from the
activating and inhibitory receptors at the NK cell synapse culminates in the generation of an
effector response [64]. At the interface between NK cells and target cells, proteins
accumulate to form an immune synapse [65]. Recently, NK cells have been shown to form
membrane nanotubes [66], which are closed-ended intercellular membranous tethers that
physically link cell bodies over long distances and can vary in specific structure, process of
formation and functional properties [67–72]. These can form either by actin-rich filopodial
protrusions extending out from one cell to connect to a distant cell or when cells are in close
contact and subsequently depart [67].

Nanotubes can traffic vesicles [69,73] or transmit calcium-mediated signals [74] and
potentiate NK cells to interact functionally with target cells over long distances to aid the
lysis of distant target cells either directly or by moving target cells along the nanotube path
into close contact for lysis by a conventional immune synapse. Target cells that remain
connected to an NK cell by a nanotube are frequently lysed, whereas absence of a nanotube
reduces target cell lysis. The frequency of nanotube formation increases following NK cell
activation and is dependent on the number of receptor/ligand interactions and the local
microenvironment, which includes the cytokine milieu. NK cell nanotubes contain a
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submicron junction where proteins accumulate, including the signaling adaptor DAP10 that
associates with the NK cell activating receptor NKG2D and its cognate ligand [66].

Redundancies are found between adaptor and intermediate signaling molecules downstream
of various NK cell activating receptors. Moreover, it appears that following target
recognition and NK cell immune synapse, NK cell production of cytokines and cytotoxicity
are controlled by different signaling pathways. This suggests a functional heterogeneity in
the NK cell population, supported by the notion that NK cells with potentially distinct
functional properties occupy different niches in the body [75].

Inhibitory receptor signaling
All NK inhibitory receptors possess a common ITIM in their cytoplasmic region, but their
extracellular domains vary so as to attract a diverse array of ligands. Upon recognition of a
ligand by inhibitory receptors, the ITIM tyrosine residue is phosphorylated by an Src family
kinase, leading to the recruitment of mainly SHP-1 and also SHP-2 and SHIP-1 [19]. The
classical view is that these phosphatases recruited by the inhibitory receptors at the NK–
target cell interface dephosphorylate the Vav factors, leading to a block in the downstream
propagation of activating receptor signals [76]. A second, simultaneous consequence of
inhibitory signaling downstream of the ITIM motifs is the phosphorylation of the adaptor
protein Crk by the tyrosine protein kinase Abl-1 (also known as c-Abl) that disrupts an
activation complex comprising the E3 ubiquitin ligase Cbl, Crk and the guanine exchange
factor C3G [28,77]. A third, recently proposed pathway of inhibition downstream of ITIM
signaling is the inhibition of phosphorylated Vav by Cbl, which counteracts activating
receptor signals [78].

Thus, NK cell signaling from inhibitory receptors and the balance between activation and
inhibition is a complex phenomenon requiring several signals acting synergistically. The
dynamic fluorescence spectroscopic analysis of the mobility of surface receptors in
membrane nanodomains show that the engagement of inhibitory receptors regulate the
ultrafine cell-membrane organization of activating receptors [79]. Moreover, Vav
phosphorylation acts as a switch-like regulator of NK cell activation and cytotoxicity [80].
This has been illustrated in Figure 2. The net outcome of these signals is likely to be
dependent on tissue location, differentiation stage of NK cells and the micro-environmental
factors provided by the tissue and other immune cells.

NK cell maturation & subsets
NK cells share a common ancestor with the T and B lymphocytes of the adaptive immune
system, but unlike the T and B cells, the precise location for the development of NK cells
and the factors that control their maturation are not clearly defined. The earliest committed
NK cell precursors that express high levels of the IL-15/IL-2 receptor β-chain (CD122) can
be isolated from fetal thymus or adult bone marrow [81]. The general consensus is that NK
cells are educated by self-MHC-I and develop in the bone marrow [82]. Peripheral NK cells
from MHC-I-deficient mice or patients are apparently not mature as they are hyporesponsive
to stimulation. Moreover, experimental ablation of the bone marrow affects the development
of NK cells and athymic or thymectomized mice and humans have normal numbers of NK
cells [83]. However, peripheral NK cells from MHC-I-deficient mice gain responsiveness
upon their transfer into an MHC-sufficient mouse [84,85]. IL-15-dependent induction of
Blimp1 gene in NK cells regulates NK cell maturation, homeostasis and proliferation [86].
The transcription factors, interferon regulatory factor 4 and B-cell lymphoma 6, which are
crucial for the regulation of Blimp1 in B and T cells, are dispensable for Blimp1 expression
of NK cells, highlighting the distinct nature of the NK cell gene regulation. Following the
NK cell lineage commitment, NK cells undergo a gradual maturation process that leads to

Malhotra and Shanker Page 6

Immunotherapy. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the expression of NK cell receptors and acquisition of effector functions. In mice, four
sequential maturation stages are described based on the surface expression of CD11b and
CD27 markers: CD27−CD11b−, CD27+CD11b−, CD27+CD11b+ and CD27−CD11b+ [87].
CD11b− NK cells are considered immature. In humans, NK cells undergo a maturation
process associated with a gradual loss of CD94:NKG2A heterodimers [88], CD62L [89] and
CCR7 [90] and a concomitant acquisition of KIRs and CD57 [88]. These markers along with
the adhesion molecule CD56 define at least three distinct subsets of NK cells with different
homing and effector functions: CD56brightCD94/NKG2A+CD62L+CCR7+,
CD56dimCD57−CD62L +/− CCR7− and CD56dimCD57+/−CD62L−7−. CD56bright NK cells
express a more rudimentary repertoire of inhibitory NK cell receptors, with a capability to
secrete cytokines, than cytotoxic CD56dim NK cells. While immature NK cells predominate
in bone marrow and lymph nodes (LNs), mature NK cells populate the blood, liver, spleen
and lung [91,92]. Levels of NK cells in the body vary with hormonal changes such as during
the menstrual cycle or treatment with epinephrine [93,94]. At steady state levels, NK cells
comprise up to 5% of LN mononuclear cells in humans and 0.5% in mice. This is due, in
part, to a difference in the expression of homing receptor CCR7 that regulate the recruitment
of NK cells to LNs. Mouse NK cells do not express CCR7.

NK cell immune cross-talk
NK cells interact with a number of other cells of the immune system, most notably, DCs,
macrophages and T cells [8,95–99]. NK cell and DC interaction first came to light in a study
where it was demonstrated that NK cells eliminated DCs loaded with antigens to facilitate
the contraction phase of the adaptive T-cell response [100]. Later on, it was found that NK
cells selectively kill immature DCs through the TNF-related apoptosis-inducing ligand-
mediated pathway, most likely owing to their reduced expression of MHC-I molecules,
while mature DCs are unaffected [98]. However, in NK–DC coculture experiments,
immature DCs have been shown to attain maturity, secrete TNF and IL-12 as well as
upregulate the expression of costimulatory ligands, such as CD86 [101]. The outcome of the
DC–NK interaction (killing versus maturation of DC) may depend on NK:DC ratios. At low
NK:DC ratios, DC responses are amplified in a TNF-α/contact-dependent manner, whereas
at high ratios, inhibition of DC functions is the dominant feature [102]. Thus, NK cells
possess DC-editing capability. Moreover, DC-derived signals via cytokines and cell contact
are important for activation of NK cells [103]. IL-12 produced by DCs plays a role in the
secretion of IFN-γ by NK cells [98]. IL-15 receptors on DCs participate in the trans-
presentation of IL-15 found to be necessary for the production of IFN-γ and cytotoxic
activity of NK cells [104]. In case of bacterial infections, IL-2 secreted by DCs regulates the
production of IFN-γ by NK cells. Also, DCs which mature in the presence of IL-4 lose their
ability to activate NK cells; alternatively, they recruit killer-cell activating-receptor-
associated protein-dependent receptors to activate NK cells [98]. NK cells were shown to
require multiple contacts with DCs to upregulate CD69, secrete granzyme B but no IFN-γ
and achieve full activation [104]. DCs have also been found to activate NK cell activating
receptors NKp30, NKp46 and NKG2D [105–107]. Injection of plasmacytoid DCs in the
peritoneal cavity of mice evoked a strong recruitment of NK cells [108]. In another study,
adenovirus transduction and lipopolysaccharide/IFN-γ-induced DCs led to enhanced NK cell
activation through the activity of transmembrane TNF and trans-IL-15 mediated by direct
cellular contact [109]. DC–NK bidirectional cross-talk is illustrated in Figure 3.

Cross-regulation between NK cells and macrophages has also received much attention
recently [110–113]. Macrophages display a correlated sequence of events between the
upregulation of MHC-I chain related molecule A (MICA) expression on their surface and
the secretion of proinflammatory cytokines such as IL-12, IL-18, TNF, type I IFN and
CCR7 for NK cell stimulation [99]. M0 and M2 macrophages become polarized towards M1
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phenotype soon after capturing microbial products. This polarization leads to manifold
increase in NK cell activation. Once activated, NK cells kill the M0 and M2 macrophages
owing to low level of HLA expression, while M1 remains resistant to NK attack [95]. The
role of IL-12 and IL-18 cytokines has been emphasized in this cross-talk by showing that
their combined blocking led to inhibited expression of CD69 and cytotoxicity in NK cells
cocultured with Salmonella-infected macrophages [112]. Activated macrophages and
microglial cells, the resident macrophages of the brain, are lysed by activated NK cells via
NKG2D and NKp46-mediated recognition [114,115]. In contrast to DCs and microglia,
macrophages are resistant to NK cell cytotoxicity, unless they become activated and express
NKG2D ligands [114]. This reinforces the fact that the stimulatory signals resulting from
NKG2D engagement overcome the inhibitory signal provided by MHC-I ligands during
recognition of activated macrophages by NK cells. Moreover, in certain inflammatory
situations, NK cells secrete IL-10 that dampens macrophage activation [116]. Macrophage–
NK interaction is illustrated in Figure 4. NK cell cross-talk with DCs and macrophages
suggests that activated NK cells play a regulatory role by selectively editing antigen-
presenting cells (APCs) during the course of immune responses. By lysing the M0 and M2
macrophages and immature DCs, NK cells allow fully activated APCs to present antigens to
responding T cells in a controlled fashion as needed.

In addition to regulation of myeloid cells by NK cells, data on the cooperativity of NK cells
with T cells are emerging that point towards a bidirectional cross-talk between these two cell
types. During experimental Leishmania major infection, NK cells are recruited to LNs
where they function in close contact with DCs to provide the IFN-γ required for the
induction of Th1 polarization [117]. Similarly, in allogeneic immune responses, NK cells
secrete huge amounts of IFN-γ that acts on naive T cells directly to mediate Th1 polarization
[118,119]. NK cells expressing OX40 ligand and CD86 upon ligation of their activating
receptor CD16 can induce IFN-γ production and proliferation of autologous T cells [120].
NK cells also contribute to the resolution of adaptive immune responses via deletion of
activated T cells. Following activation, T cells upregulate NKG2D ligands and become
susceptible to NK cell-mediated lysis [121]. By this mechanism, NK cells can also regulate
the frequency of T regulatory cells [122]. Moreover, in murine cytomegalovirus (CMV)
infection, NK cells can influence the quality and quantity of virus-specific CD4+ and CD8+

T-cell responses by limiting the exposure of T cells to infected DCs [123]. It has also been
shown that NK cells can negatively regulate the activity of antigen-stimulated T cells via a
mechanism requiring the cooperation between DNAM-1 and NKG2D [124]. However,
DNAM-1 has also been shown to activate CD8+ T cells and NK cells against a range of
target cells that evade recognition by other activating or accessory molecules [125].
Recently, in a reciprocal interaction, activated T cells have been found to provide necessary
‘help’ to NK cells in the abrogation of an experimentally induced mastocytoma in a mouse
model. Such a collaborative action has been effective in checking the development of tumor
escape variants before metastasis [8,97]. NK and T cells both contributed to the
development of an effective antitumor response and it was observed that NK cells needed an
activation signal from tumor antigen-specific CD8+ T cells. The exact mechanism for this
cooperativity remains undeciphered. In case of parasitic infections by Plasmodium, IFN-γ
response from NK cell was found to depend on IL-2 secretion of CD4+ T cells in an MHC-
II-dependent manner [126]. Similarly, vaccine-induced cellular immune responses to rabies
virus were found to involve cross-talk between T cells and NK cells [127]. Potential
molecules involved in NK cell–T cell interaction are summarized in Figure 5. The studies
discussed here highlight the provision of balancing the activation of innate effector
mechanisms, in addition to T-cell effectors, that may be therapeutically helpful in an
immunosuppressive tumor microenvironment and other pathological conditions as discussed
recently [128].
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NK cells & inflammation
Besides the cytotoxic functions of NK cells in cancer and infections, NK cells also
contribute to chronic inflammation and induce pathology in certain conditions. This is
particularly the case during pulmonary infections of respiratory syncytial virus that causes
bronchiolitis, especially in infants. NK cell numbers increased on the second day of the
disease, but upon NK depletion, the disease was prevented [129]. NK cells are a potent and
early source of cytokines, such as IFN-γ, Th2-associated cytokines, such as IL-5 and IL-13,
and the regulatory cytokine IL-10 [130]. The activation status of NK cells may have dual
implications for chronic inflammatory diseases, such as asthma and chronic obstructive
pulmonary disease, which are exacerbated by respiratory infection. Their role in these
diseases is not fully understood. Their ability to produce Th2 cytokines may promote lung
inflammation, whereas their production of IFN-γ, and other actions, may reduce lung
pathology. Although many potential interactions of NK cells with DCs, macrophages and T
cells have been discussed earlier, their location, timing and importance during different
phases of an ongoing infection or inflammatory response are still largely unknown, as is the
role of different NK cell subsets. Recently, it was shown that NK cell granzyme M augments
the inflammatory cascade downstream of lipopolysaccharide–TLR4 signaling, highlighting a
role for APC–NK cell cross-talk as a potential regulator of inflammation [131]. The
downregulation of NK cell response after a pathogen has been cleared or to prevent
pathology during inflammation is an area that could provide insights into the mechanisms
underlying NK cell-dependent inflammatory processes.

Role in viral immunity
NK cells are essential for controlling viral infections in mammals. Depletion of NK cells in
a mouse infected with mouse CMV (MCMV) or a defect in their production of antiviral
factors such as IFN-γ renders the host more susceptible to infection [132]. Conversely,
adoptive NK-cell therapy in such mice makes them resistant to infection. Mouse NK cells
use multiple mechanisms to act against MCMV. While in C57BL/6 mice, the MCMC-
encoded cell surface molecule m157 is directly recognized by the NK cell activating
receptor Ly49H, in other inbred strains of mice, additional activating receptors such as
Ly49P, Ly49D2 and Ly49L recognize the MCMV-encoded molecule m04 in the presence of
MHC-I alleles [132]. Thus, NK cell recognition of MCMV-infected cells is dependent on
the MHC-I haplotype of the strain. Various cytokines such as the type I IFN and IL-12
secreted by DCs and chemokines such as CCL3, CXCL10 and CXCL9 regulate the
movement and activity of NK cells. IκBζ, a nuclear IκB-like protein encoded by Nfkbiz, is
expressed in NK cells following stimulation by IL-18 or IL-12 cytokines. Its expression has
been shown to be essential for the production of IFN-γ and cytotoxic functions of NK cells.
Mice deficient in Nfkbiz expression are highly vulnerable to MCMV infection [133]. In the
case of human CMV, granzyme along with the perforin analog streptolysin-O inhibits viral
replication in fibroblasts. Granzyme could also specifically cleave phosphoprotein 71, an
HCMV tegument protein most essential for viral replication [134].

Certain viral infections become successfully established in the host by evading the host
immune response or modifying the secretory or cytolytic mechanisms of the host NK cells.
Downregulation of the NK cell activating receptor NKG2D is one mechanism of immune
evasion by viral infections [135] as is the case with tumor cell evasion discussed later. For
example, human CMV establishes itself in immunocompromised patients owing to
successful evasion of NKG2D receptor. A recombinant MCMV expressing the high-affinity
NKG2D ligand RAE-1γ showed virus attenuation, lower viral loads and efficiently
controlled infection in immunodeficient or immunosuppressed mice [136]. Immunization
with MCMV-RAE-1γ also protected neonates from MCMV disease and the RAE-1γ
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transgene did not exhibit sequence variation following infection. In rat CMV infections,
RCTL – a viral gene product – acts as a decoy for rat Clr-b ligand, which is inhibitory
towards NK cell receptor NKR-P1B.

Persistent hepatitis C virus (HCV) infections establish themselves by modification of IFN
signaling and cytokine production of host NK cells along with interference in immune
effector cell functions and continual genetic variation by the virus. NK cells can be inhibited
in vitro by recombinant HCV glycoprotein E2 via cross-linking of CD81, a cellular
coreceptor for the virus [137]. Susceptibility to viral infections has been correlated with
KIR/HLA haplotypes [138,139]. In HCV, KIR2DL3 and HLA-C1 homozygocity is
beneficial in eradication of infection [140,141]. Homozygocity of KIR2DL3 and HLA-C1
alleles has been correlated to lower NK cell inhibition than other pairs of KIR ligand
combinations [142]. In chronic hepatitis B patients, NK cells, which are enriched in the
liver, upregulate the expression of the death ligand TRAIL leading to elimination of
hepatocytes bearing the TRAIL receptors. Simultaneously, however, with liver
inflammation upon infection, IFN-γ production by NK cells is suppressed by IL-10 and
TGF-β as shown by blocking studies [143].

NK cell–DC cross-talk plays an important role in HIV infections. In early-stage HIV
infections, DCs capture the virus particles through specific receptors and transport them to
the lymphocytes. The role of NK cells is to keep the number of such infected DCs under
control by killing them via apoptosis through a TNF-related death receptor-4 pathway.
However, when infected with HIV, the DCs become resistant to apoptosis by NK cells
owing to the expression of two antiapoptotic molecules, c-FLIP and CIAP2, as shown by
specific siRNA silencing studies that restored NK-mediated apoptosis [144]. The activating
receptor KIR3DS1 and its putative ligand HLABw4-I80 play key roles in preventing HIV
infection [145–147]. Recently, differential mRNA regulation of HLA-C polymorphism has
beeen associated with HIV control [148]. Attempts have been made to augment NK activity
in HIV patients using KIR mAb 1-7F9 [149].

NK cells rapidly mount an antiviral response in the case of Chikungunya viral infections.
This is accompanied with high levels of IFN-α and circulating IL-12 for a prolonged period
in chronic infection with Chikungunya virus [150]. In human hantavirus infections, a
significant portion of the expanding NK population expressed the NK activating receptor
NKG2C and the inhibitory receptor KIR. The NK cell population not only responded to
target cell stimulation, but also persisted in the circulation at elevated levels for a prolonged
period after the infection [151].

Role in autoimmunity
The cytokine production profile of NK cells matches closely with their developmental stage,
with immature NK cells producing type 2 cytokines and mature NK cells producing type 1
cytokines. Consequently, NK cells can act as a two-edged weapon in autoimmune reactions.
Animal models of autoimmunity provide evidence for both disease-promoting and disease-
preventing effects of NK cells. In experimental autoimmune encephalomyelitis, the
pathogenicity is determined by NK–T cell cross-talk. NK cells have been shown to be
pathogenic by shaping Th1 adaptive immune response and by activating DCs infiltrating the
CNS [152]. Indeed, mice which have defective NK cell functions, such as IL-18−/− or T-
bet−/− mice, are resistant to encephalomyelitis induction [153,154]. However, humans with
multiple sclerosis and systemic lupus erythematosus have decreased NK cell number and
activity compared with healthy individuals [155]. By contrast, patients in remission from
multiple sclerosis manifest high frequencies of blood NK cells that secrete IL-5 and IL-15 as
observed in a Phase II clinical trial with a humanized monoclonal antibody (mAb) against
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the IL-2Rα chain [156]. In hemophagocytic lymphohistiocytosis, a condition characterized
by impaired perforin/granzyme system, and also in systemic juvenile rheumatoid arthritis, a
decreased NK cell activity has been observed [157,158]. Indicative of a disease-promoting
role, synovial fluid NK cells that are CD56bright, however, express a high level of activation
markers and produce IFN-γ upon cytokine stimulation [159,160]. Likewise, patients with
psoriasis and psoriatic arthritis show a higher frequency of activating KIR genes (KIR2DS1/
KIR2DS2) [161]. Recently, a distinct subset of NKp46+ NK cells, which have the capacity to
produce large amounts of IL-22, have been identified in the skin that contribute to skin
pathologies, such as atopic dermatitis and psoriasis [162]. Isolated lesional NK cells from
patients with atopic dermatitis and psoriasis harbor highly activated NK cells as indicated by
a high spontaneous release of IL-4, IL-5, IL-13 and IFN-γ [163,164]. Similarly, in alopecia
areata, an inflammatory autoimmune disease causing hair loss, an upregulation of MICA in
follicular lesions enhances the susceptibility of these hair follicles for an attack by NKG2D+

NK cells [165]. Also, in pregnancy, which is a controlled state of inflammation during early
implantation and later systemically, the predominant immune interactions in the decidua are
between the placental trophoblast and maternal NK cells. Dysfunctional NK cell activation
in such a condition can result in the maternal syndrome of preeclampsia [166]. Thus, both
genetic and immunological observations suggest an involvement of NK cells in autoimmune
conditions. Increased understanding of NK cell actions and immune cross-talk in such
conditions will provide insights for new therapeutic approaches towards alleviating or
preventing such diseases.

Role in tumor immunity
Experimental evidence has shown that NK cells are active players in the
immunosurveillance against tumors. Mice deficient in NK cell activating receptor NKG2D
are more susceptible to spontaneous cancer than wild-type mice [167]. NK cells have been
found capable of eradicating established hematological malignancies such as acute myeloid
leukemia or pediatric acute lymphocytic leukemia [168]. In an experimentally induced
mouse mastocytoma model, NK cells have been found critical for tumor abrogation. In
addition, in this model activated T cells were found necessary to provide some activation
‘help’ to NK cells. Such a collaborative T cell–NK cell immune cross-talk has been effective
in checking the development of tumor escape variants before metastasis [8,97].

The missing self recognition is one simplistic mechanism by which NK cells target tumor
cells deficient in MHC-I expression [169]. In case of allogeneic NK cells transplanted from
a donor, a KIR ligand mismatch helps the donor NK cells to avoid inhibition owing to lack
of syngeneic inhibitory MHC-I ligands in the recipient. Allotransplanted NK cells thus get
activated and target tumor cells [170]. In addition, NK cells may target NKG2D and NKp30
ligands that are induced during carcinogenesis [171]. NK cells possess a vast machinery to
mount a cytotoxic response, such as exocytosis of lytic granules containing perforin and
granzymes, and the engagement of cell-death receptors by TNF superfamily ligands.
Different NK cell-based strategies for tumor elimination outlined in Figure 6 have,
therefore, evolved with a major focus on activation of endogenous NK cells, hematopoietic
stem cell therapy, allogeneic NK cell transfers and pharmacological and genetic modulation
of NK cells [6].

NK-stimulatory cytokines
Activation of endogenous NK cells can be enhanced by the administration of several
cytokines and colony-stimulating factors. IFN-α and GM-CSF have been approved for
administration in cancer patients [172–173]. IL-2 was approved by the US FDA to treat
metastatic renal cell cancer and malignant melanoma [174]. IL-2, however, is associated
with capillary leak syndrome, activation-induced cell death, and expansion of
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immunosuppressive regulatory T cells [175]. Studies are underway to assess the effects of
IL-12 and IL-21 in cancer patients. Although IL-2 and IL-12 have shown to produce toxic
effects individually, the combined effects of IL-2 and IL-21 have shown promising results.
IL-15 along with type-I interferons also plays an important role in the survival and
activation of NK cells [7,176]. IL-15 uses a heterotrimeric receptor that includes the
IL-15Rα and IL-2/IL-15Rβ subunits shared with IL-2 and the common γ chain shared with
IL-2, IL-4, IL-7, IL-9 and IL-21 cytokines [177]. IL-15 together with IL-12 stimulates the
production of IFN-γ by human NK cells [178]. IL-15 receptor signaling has been shown to
be coupled with the activation of NK cell activating receptor NKG2D [49] and in the
induction of its signaling adaptor DAP10 [179]. It has also been shown that activating
signals dominate inhibitory signals in IL-15 activated NK cells [180]. A recent
pharmacokinetic and safety study supports the administration of IL-15 in patients with
metastatic malignancies [181]. Roles of IL-18 and IL-23 have also been implicated in NK
cell priming [182–183], and need to be tested for therapeutic intervention.

Hematopoietic stem cell transplantation
Following chemotherapy, cancer patients have been introduced to donor stem cell
transplantation. Hematopoietic stem cells derived from peripheral blood are the cells of
choice for this transplantation (HSCT) as they bring the immune cells to prechemotherapy
levels and can induce greater numbers of NK cells as compared with bone marrow stem
cells [184,185]. Such a regimen has been reported to provide prolonged disease-free state in
several tumor types with reduced chances of relapse, and this can be achieved in a shorter
treatment period [184,186–191]. The HSCT exerts a graft-versus-tumor (GVT) effect
against tumor cells in the host. A class of NK cells that lack inhibitory receptors for self
MHC-I ligands have also been reported to mediate GVT effects following HSCT [192]. NK
cells that are partially functionally disabled, owing to their expression of self MHC-
incompatible KIRs, do exist in individuals and mice [27,193,194]. Additional studies are
required to gauge the therapeutic importance of these cells.

Haploidentical HSCT, where one MHC allele is similar between donor and recipient
whereas the other is mismatched, has been found to be effective against tumor cells in the
recipient [195]. A number of retrospective HSCT studies have led to differing clinical
outcomes [196]. Recently, following a haploidentical HSCT consisting of high numbers of
purified donor CD34− cells with very few mature cells, which were injected after an
intensive immunosuppressive regimen (to remove recipient hematopoetic cells), alloreactive
NK cells were found ex vivo in an activated state, with improved clinical outcomes [197].
However, immunosuppressive treatment-related morbidities caused by infections are high
following such haploidentical transplant procedures. Surprisingly, even in completely MHC-
identical transplants, functionally alloreactive NK cells have been reported with an
improved clinical outcome [198,199]. Mechanisms underlying such observations are still not
clear. The cytokine milieu, the strength of inhibitory signaling and the presence of different
activating receptor genes, as recently observed in a selection of donors differing in KIR
genotype [200], may be the underlying basis for the development of alloreactive NK cells in
such identical transplants.

Allogeneic NK cell transfers
To overcome the relapse associated with HSCT, allogeneic NK cell transfers have been
explored as they provide better GVT in some relapse patients. The major risk with these NK
cell transfers is that of graft-versus-host disease (GVHD), where the host cells are not
recognized by the grafted NK cells as ‘self’ and are thus rejected. To reduce this effect,
transfer of purified donor NK cells, depleted of T cells, has been performed. Such transfers
have shown to generate long-term remission in patients with leukemia relapse [6,201].
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Fourfold expansion of transferred CD3−CD56+NK cells in an adult patient with advanced
acute myeloid leukemia has been observed with impressive tumor killing in vivo [202].
Based on these promising results, additional studies are needed to optimize the scheduling of
NK cell or HSCT infusions. Also, protocols for the large-scale in vitro expansion of GMP-
grade purified NK cells are needed. Some initial NK cell purification protocols have
demonstrated safety in Phase I clinical trials [203,204]. Efforts are underway to further
refine such protocols [205,206]. Another key issue is the fate of NK cells after transfer.
Protocols usually involve daily injections of IL-2 to sustain NK levels and activity [201].
IL-2, however, has toxic side effects, including expansion of immunosuppressive T
regulatory cells [175], which results in poor clinical outcome [203,207]. Protocols that
improve long-term NK cell memory are also desirable. Improved NK cell activation and
memory was observed with IL-12 and IL-18, along with a low dose of IL-15 [208]. Similar
cocktails of cytokines need to be tested along with NK cell transfer protocols. Moreover,
since NK cells represent only approximately 5–10% of circulating lymphocytes [116] and
the purification and enrichment of clinical grade NK cells is cumbersome, alternative
sources of NK cells should be considered. NK-92 clonal cells, established from a patient
with large granular lymphoma, do not express KIRs and produce toxic effects towards a
diverse range of tumor cell lines, human leukemia as well as mice melanomas. When
cultured under GMP, NK-92 infusion in patients has safely generated antitumor effects in a
few cases [209,210]. In view of recent data showing collaborative effects of T cells and NK
cells in mounting an effector response against tumors [8,97], it is worth investigating the
combination of T cells and NK cells in adoptive transfer protocols.

Pharmacological modulation of NK cells
Certain drugs can increase tumor cell expression of ligands for NK cell activating receptors.
Chemotherapeutic agents, such as. 5-fluorouracil, Ara-C and cisplatin, radiation as well as
antineoplastic drugs such as 5-aza-2′-deoxycytidine, trichostatin A, bryostatin-1 and all-
trans-retinoic acid can increase the expression of NKG2D ligands on tumor cells [211,212].
Clinical trial with a blocking KIR mAb, 1-7F9, which recognizes KIR2DL1, 2 and 3 and
thus blocks the inhibitory signaling by almost all MHC-I-C alleles, is under development
[213,214]. More recently, a proteasome inhibitor bortezomib, which is an approved
therapeutic drug against multiple myeloma and mantle cell lymphoma, has shown NK
stimulatory effects by increasing the expression of NKG2D ligands on tumors [206,215–
218]. This is therapeutically important as downregulation of NKG2D ligand expression
facilitates the escape of MHC-I-negative tumor cells from NKG2D-mediated killing by NK
cells, as shown in melanoma cells [219]. Molecular targeting by bortezomib apparently acts
as a two-edged sword. It can sensitize tumors to apoptosis by increasing caspase-8 activity
[220,221] as well as potentiate NK cell-mediated killing by upregulating NKG2D ligands
and TRAIL receptors on tumor cells. Another drug, thalidomide, besides having direct
antitumor effects, has also been shown to upregulate NK cell activity through induction of
immunostimulatory cytokines and NK cell stimulatory ligands on tumor cells [222,223].
Drugs that act by histone deacetylase inhibition have also been found to upregulate the
expression of NKG2D ligands on tumor target cells [218,224,225]. Some of these
pharmacological drugs may also have potential immunosuppressive effects as is suspected
for bortezomib [226]. Therefore, in vivo dose concentrations and treatment schedules of
these drugs should be carefully optimized before they can be used in vivo to enhance the
tumor-targeting ability of NK cells without negatively affecting immune cell cross-talk.

Hyperthermal therapy
Hyperthermia is defined as a simple addition of excess heat, sufficient to increase body
temperature both locally or systemically [227]. Even though the benefits of using heat
treatments for cancer date as far back in history as the writings of Hippocrates, serious
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evaluation of these methods began only a few decades ago. It is now known that elevated
temperatures enhance the effect of standard cancer therapies such as radiation and
chemotherapy [228]. Current hyperthermia protocols are focused on delivering excess heat
directly within the tumor cells so as to modulate their DNA repair pathway, maximize the
damage to tumor cells, enhance immune effector functions and avoid heating normal tissues
around the site of tumor [229]. Treatments with temperatures over 42°C sensitize tumor
cells to apoptosis, enhance drug uptake by tumor cells and reduce or reverse resistance to
drugs. Mild thermal therapy activates NK cell activity and induces vascular perfusion.
However, localized heating above 42°C often remains unachieved largely owing to vascular
drainage. Therefore, efforts are now on to stimulate different branches of the immune
system using a mild hyperthermia approach [227]. Mild hyperthermal stress has been shown
to upregulate NKG2D clustering and MICA expression, both of which are essential for
tumor target recognition and NK cell cytotoxicity [229]. It has also been demonstrated using
various tumor models that thermal stress increases the migration of immune cells such as
NK cells, monocytes and macrophages to the site of the tumor [227]. Fever-range thermal
stress has been shown to promote lymphocyte trafficking across high endothelial venules via
an IL-6 trans-signaling mechanism and through induction of intravascular ICAM-1
[230,231]. In addition, there is increased apoptosis within the tumor bed [228,232] and
cytotoxic killing by NK cells [233]. Treatment of human NK cells with 39.5°C hyperthermia
has been shown to play a role in the localization of NKG2D to the lipid rafts within NK cell
plasma membrane, which play an important role in cell signaling leading to NK cell
activation [227]. Studies suggest that the activation of NK cells following hyperthermal
treatments at temperatures close to the physiological range and no higher, points towards a
physiologically relevant and evolutionarily conserved temperature gradient to which the NK
cells have become responsive [233].

Genetic modification of NK cells
Genetic modification of NK cells could endow them with cytotoxicity against otherwise
NK-resistant target cells by overcoming NK cell inhibitory signals. We discuss below
various chimeric receptors used to activate NK cells, as well as studies modifying NK cells
with cytokine transgenes.

Chimeric NKG2D receptor
Keeping in mind the fact that tumor cells express ligands for the NK cell activating receptor
NKG2D, which are not expressed by normal body cells, a chimeric NKG2D (chNKG2D)
receptor was designed by fusing the NKG2D receptor with the cytoplasmic domain of the
CD3ζ chain and then expressing them on T cells [234]. T cells do not express DAP10 while
NK cells express both DAP10 and DAP12. Both these adaptor proteins play an important
role in cell activation. DAP12 becomes essential in this context as it contains an ITAM that
provides primary signals for NK cell activation, while DAP10 can only transduce
costimulatory signals for cell activation. The interaction of such a fused chimeric receptor
with its ligands expressed on tumor cells resulted in the production of cytokines and
chemokines that induced an antitumor effector response, and recruited macrophages to the
site of tumor in an MHC-independent manner. In the case of ovarian cancer, substantially
beneficial results have been obtained with chNKG2D receptors [235]. MHC polymorphism
plays an important role in developing tumor escape variants as tumor cells downregulate the
expression of MHC molecules or mimic MHC-I expression using polymorphic molecules.
Since chNKG2D is independent of MHC expression, it reduces the possibility of developing
escape variants. Similar results were also obtained in the case of myeloma patients where
wild-type NKG2D could not recognize myeloma cell lines, while chNKG2D recognized and
lysed myeloma cells. The same study also reports the secretion of IFN-γ, GM-CSF and
TNF-α during coculture with myeloma cells [236]. In addition, mice completely rejected
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ovarian tumor and developed immunological memory, which afforded protection against
subsequent challenge with same ovarian tumor cells. It was also observed that T cells
expressing chNKG2D receptor induced the activation of NK cells against tumors, while
reducing Foxp3+ regulatory T cells in a perforin-dependent manner and enhancing the
production of IFN-γ, CCL-3, CCL-5 and GM-CSF at the site of the tumor. Recently, a new
bifunctional fusion protein, single-chain variable fragment (scFv)–NKG2D, which binds
tumor cells through NKG2D and recruits and stimulates T cells through an anti-CD3 single-
chain fragment has shown antitumor effects in murine lymphoma and B16F10 tumor models
[237].

Chimeric CD19 receptor
CD19 is a receptor widely expressed among B-cell malignancies and delivers different
primary and costimulatory signals. CD56+ NK cells were transduced with chimeric
receptors directed against CD19. Expression of anti-CD19 receptors linked to CD3ζ chain
overcame intrinsic NK cell inhibitory signals and augmented NK cell-mediated killing of
autologous leukemic cells [238]. The cytotoxic killing was further improved by adding
4-1BB costimulatory molecule to the chimeric anti-CD19-CD3ζ receptor, suggesting that
4-1BB-mediated signals enhanced NK cell cytotoxicity.

Chimeric erbB2-CD28 receptor
Primary NK cells in mice have been modified to express a chimeric scFv receptor specific
for the human erbB2 tumor-associated antigen. The chimeric receptor was composed of the
extracellular scFv of erbB2 antibody linked to the transmembrane and cytoplasmic CD28
and TCR-ζ signaling domains (scFv–CD28-ζ). NK cells genetically modified with such a
chimera could mediate enhanced killing of an erbB2+ MHC-I+ lymphoma in a perforin-
dependent manner [239]. Adoptive transfer of such NK cells also enhanced the survival of
mice bearing established erbB2+ lymphoma.

Cytokine transgenic NK cells
Human NK cell line NK-92 stably transduced with the IL-2 gene secretes greater amounts of
IFN-γ and TNF-α, in addition to IL-2, and shows increased cytotoxicity against tumor
targets [240]. These NK-92 cells also show improved therapeutic potential in tumor-bearing
mice. Similarly, IL-15 gene-modified human NK cell line showed increased proliferation at
low doses of IL–2, which was associated with the upregulation of antiapoptosis genes Bcl-2,
Bcl-xl and Mcl-1 as well as the downregulation of apoptosis genes Bim and Noxa. Moreover,
these IL-15-transduced NK cell line cells showed enhanced anti-tumor cytotoxicity against
hepatocarcinoma cells, partly through increasing expression of IFN-γ, perforin and FasL
[241].

Roadblocks in NK cell therapy
Allogeneic transplantations of NK cells from a donor are usually associated with an
extensive chemotherapeutic regimen that suppresses the recipient’s immune system in order
to increase the chances of graft survival. Moreover, the KIR ligand mismatch can lead to
graft rejection. Efforts are aimed at reducing GVHD while increasing GVT, but a fail-safe
mechanism for this approach is yet to be developed. In the case of exogenously expanded
NK cells, there is also a possibility that a specific subset of NK cells may expand selectively
as compared with the entire cell population. This subset may be an altered phenotype or a
lineage different from the one that was originally desired. Such an expansion may lead to
aberrant NK cell growth and transplantation anomalies. While selecting a donor for
allogeneic transplant, the availability of an approporiate KIR-mismatched donor remains a
challenge. Siblings or relatives of the patient may not possess allotypes compatible with the
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patient and may result in graft rejection or GVHD. These issues point towards the efficacy
of a naive or endogenous NK cell expansion as the most suitable method for NK-mediated
immunotherapy, but positive results from such studies remain elusive.

Furthermore, certain tumors such as myeloid leukemia are more susceptible to NK cells
while others such as lymphoid leukemia pose a greater difficulty probably owing to selective
ligand expression on some tumors and insufficient expression on others. Targeting large,
solid tumor masses with NK cells is another issue. NK cell migration to the site of tumor
and their infiltration inside the tumor mass is perhaps more suitable in the case of smaller
tumors. Tumors often resort to deceptive forces such as downregulation of NK cell
activating receptors, mimicking inhibitory receptors, or secreting immunosuppressive
cytokines. Moreover, mesenchymal stem cells in the tumor microenvironment can alter the
phenotype of NK cells and suppress their proliferation, cytokine secretion and cytotoxicity
against HLA-expressing targets [242]. These factors coupled with a lack of complete
understanding of NK homing and infiltration mechanisms has hampered efforts to
specifically direct NK cells to tumor sites for enhanced and effective antitumor activity.

Another practical roadblock is the complexity of current NK cell culture protocols and their
compliance with regulatory standards. Successful NK cell therapy protocols in clinical trials
require a large-scale production of NK cells with a capability to sustain them for a long term
in vivo without losing their viability and functionality. Available NK cell culture protocols
have so far failed to meet this standard. Another significant challenge in this field is to
identify markers that can distinguish naive cells from activated NK cells. So far, the activity
of NK cells is gauged by functional assays such as in vivo target rejection, cell–cell
interaction assays, stimulation of activating receptors and changes in the inhibitory receptor
repertoire. All these assays need to be performed in parallel to make any conclusions on NK
cell activity. Refined quantitative markers of NK cell activation that are independent from
NK cell function and can be measured in vitro are desirable.

Conclusion
Despite major strides to understand interactive immune functioning, a consolidated
immunotherapeutic approach to cancer and other immunopathologies remains elusive.
Signaling through the different activating and inhibitory receptors on NK cells regulates the
threshold for NK cell activation, which is necessary to bring about abrogation of target cells.
A fine balance between the different receptor signaling mechanisms and intercellular
contacts form the basis of how NK cells ‘see’ their target. The net outcome of these signals
is dependent on tissue location, NK cell differentiation and the microenvironmental factors.
Immune crosstalk leads to enhanced activation and proliferation of NK cells. Emerging data
suggest that the provision of balancing the activation of NK cell effector mechanisms, in
addition to T-cell effectors, may be therapeutically helpful in an immunosuppressive tumor
microenvironment and other pathological conditions. Many newer approaches such as the
allogeneic NK cell transfers, the extraneous administration of cytokines as well as the use of
drugs for pharmacological manipulation of NK cells or genetically modified NK cells are
finding their way into clinical trials. Special emphasis is being laid on designing
combinatorial cell transfer regimens along with immunostimulatory and tumor cell-death-
sensitizing treatments.

Future perspective
Numerous developments in the field of immunotherapy, which point towards a
combinatorial regimen involving NK cells as a major component, look promising. Protocols
relying on endogenous expansion of NK cells in vivo with the use of appropriate cytokines
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such as a cocktail including IL-12 and IL-15 are emerging. Efforts should also focus on
combining immunotherapy with tumor-sensitizing approaches that can increase the
susceptibility of tumors to cell death. Increasing the expression of NK cell activating ligands
and death receptors on target cells is one potential headway. Several drugs are being
explored to increase the sensitivity of NK cells to tumor cells [243]. A combination of
different therapeutics, such as initial priming of the tumor with a sensitizing drug before
administering conventional chemotherapy or ionizing radiation therapy, leads to
considerably amplified antitumor effects [6,244]. Manipulation of NK cell receptors such as
by the use of chimeric NKG2D receptors on NK cell surface [245] also holds promise for
the future. Humanized mAbs to block the inhibitory receptors on NK cells are worth
pursuing in view of the recent findings. NK cell transfer protocols with optimized treatment
conditions represent attractive possibilities to be translated in the clinic.

The emerging role of immune cross-talk in the activation and proliferation of NK cells needs
to be delved in deeper so as to fully exploit the vast potential of NK cells in cancer and other
pathologies.

Keeping in view the promising aspects of immune cooperativity in effector functions and the
combinatorial trend of recent therapeutic approaches, it seems inevitable that an interactive
immunotherapeutic cell transfer regimen would emerge that would benefit from the existing
immunostimulatory and tumor cell-death-sensitizing treatments. Activation of the innate and
adaptive components of the immune system simultaneously with molecular targeting and
sensitization of target cells can potentially lead to successful and effective therapeutic
strategies in cancer and other pathological conditions.
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Executive summary

• Immunosurveillance mechanisms of NK cells rely on a fine balance of NK cell
activating and inhibitory receptor signaling. NK cell activation is under
dominant control of inhibitory receptors that bind with MHC-I molecules.
Several models have been postulated to explain how NK cells function upon
MHC-I recognition, namely, licensing/arming, disarming, cis-interaction and
rheostat.

• Activating receptors expressed by most or all NK cells are NKp46, NK1.1,
NKG2D, CD16 and CD244 (which has both an activating and an inhibitory
role), whereas others, such as KIRs, LY49D, Ly49H, CD226 and NKG2C are
only expressed by some NK cells. The receptors trigger signaling pathways
mediated by a immunoreceptor tyrosine-based activation motif or a
transmembrane adaptor polypeptide DAP10 or DAP12 or the receptor CD244.

• NK cell inhibitory receptors primarily consist of the signaling motif called
immunoreceptor tyrosine-based inhibitory motif, which inhibits activating
receptor signaling by dephosphorylating the Vav factors in the activation
pathway, by phosphorylation of Crk leading to disruption of the activation
complex, or by inhibition of phosphorylation of Vav by Cbl which counteracts
activation signals.

• NK cells interact with different immune cells like dendritic cells, macrophages
and T cells, leading to mutual regulation and enhanced production of cytokines
and effector molecules.

• For tumor immunotherapy purposes, endogenous activation of NK cells by
using appropriate cytokine cocktails, allogeneic NK cell transfer for increasing
graft-versus-tumor and reducing graft-versus-host disease, donor hematopoietic
stem cell transplantation for greater NK cell proliferation and drug modulation
are the approaches under exploration.

• NK cells help control viral infections by upregulating the expression of
NKG2D, IFN signaling and cytokine and chemokine secretion, which bring
about cytolysis of the virally infected cells.

• In certain conditions, NK cells contribute to pathology and chronic
inflammation by their secretion of proinflammatory cytokines or crosstalk with
other immune cells. Results thus far also indicate a disease-promoting role of
NK cells in autoimmune disease.

• A combinatorial therapeutic regimen comprising of conventional,
immunostimulatory and cell-death-sensitizing treatments holds the most
promise to overcome the drawbacks associated with NK cell therapy and to
provide a successful stimulant to the current clinical approaches.
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Figure 1. NKG2D signaling
NKG2D is a disulfide-bonded hexameric homodimer, which is associated with the adaptors
DAP10 at the cell membrane in humans, or with both DAP10 and/or DAP12 in mice. In
mice, NKG2D exists as two isoforms: NKG2D-L contains 13 more amino acids in its
cytoplasmic tail than the NKG2D-S isoform. An arginine residue within the transmembrane
region of NKG2D associates with the aspartate residue within the transmembrane domain of
the homodimeric DAP10 signaling adaptor. NKG2D-S can pair with either DAP10 or
DAP12, while NKG2D-L can pair only with DAP10 as the extra 13 amino acids in its tail
prevent its binding with DAP12. The phosphorylation of the signal motif present in the
cytoplasmic domain of DAP10, enables it to bind either the p85 subunit of PI3K or the
adaptor Grb2. The binding of Grb2 induces downstream phosphorylation of Vav1 and PLC-
γ2. The adaptor protein CrkL, the small GTPase Rap1 and the scaffolding protein IQGAP1
play important roles downstream of PI3K. Such signaling leads to calcium influx, actin
reorganization and degranulation. DAP12 triggers immunoreceptor tyrosine-based activation
motif-mediated PI3K signaling via Syk and ZAP70 protein tyrosine kinases and can activate
cytokine secretion as well as cytotoxicity.
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Figure 2. NK signaling cross-talk
Upon engagement of a ligand by the inhibitory receptor, the tyrosine residue of inhibitory
motif ITIM is phosphorylated so as to recruit the lipid phosphatase SHIP or the tyrosine
phosphatase SHP-1 or SHP-2. These dephosphorylate Vav of the activation pathway and
block the subsequent signaling for activation. Alternatively, phosphorylation of the adaptor
protein Crk by Abl1 disrupts the activation complex. Cbl may also inhibit phosphorylation
of Vav leading to a blockade of the activation pathways. The ITAM-containing residues are
phosphorylated by the Src family protein tyrosine kinases to bind Syk and ZAP tyrosine
kinases. At this point, intracellular signaling molecules such as PLC-γ and the nucleotide
exchange factors of the Vav family are recruited by NK cells depending on their stage of
maturation. A cascade of reactions follows which induces degranulation using Ca2+ ions,
NF-κB for transcription of cytokine and chemokine genes or LAT-mediated actin
reorganization and degranulation. The recruitment of Grb to the DAP10 signaling motif
triggers the downstream phosphorylation of Vav1, ultimately leading to actin reorganization
and degranulation through a series of reactions. The ITSM of the CD244 receptor molecules
is recognized by SAP (SH2D1A), which is a cytoplasmic SH2 domain-containing adaptor
protein. Tyrosine phosphorylation of the ITSM by SAP leads to the activation of NK cells
via a series of reactions.
ITAM: Immunoreceptor tyrosine-based activation motif; ITIM: Immunoreceptor tyrosine-
based inhibitory motif; ITSM: Immunoreceptor tyrosine-based switch motif; LAT: Linker of
activated T cell.
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Figure 3. NK–dendritic cell cross-talk
The TLR ligands secreted by an infected cell are captured by the DCs, the professional
antigen-presenting cells. This stimulates the DCs to produce type I interferon through the
IRF-3 and IRF-7-mediated JAK–STAT pathway. IL-2, IL-15 and other cytokines presented
by the DC to naive NK cells, together with type I interferons, activate the naive NK cells
and stimulate their activation and proliferation. NK cells, in turn, regulate the functioning of
DCs by eliminating immature DCs with low MHC expression through various effector
pathways. Mature DCs with an upregulated expression of MHC are not affected by such
pathways; instead, they undergo further activation.
DC: Dendritic cell; DNAM: DNAX accessory molecule; TLR: Toll-like receptor; TRAIL:
TNF-related apoptosis-inducing ligand.
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Figure 4. NK–macrophage cross-talk
Following microbial infection macrophages secrete proinflammatory cytokines IL-12,
IL-18, TNF-α, type I interferon and CCR7, which activate NK cells. Polarization of M0 and
M2 macrophages to M1 leads to enhanced NK activation. Activated NK cells eliminate M0
and M2 macrophages as they have low levels of MHC expression on their surface. M1s
escape this attack owing to upregulated MHC on their surface, but in certain situations can
be inhibited by NK cell-secreted IL-10. However, in most cases macrophage activation
factors secreted by activated NK cells lead to further activation of macrophages.
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Figure 5. NK–T cell cross-talk
T cells secrete IL-2 and IL-15, whose roles in NK activation are well established. IFN-γ and
IL-12 secreted by NK cells help in T cell activation and their proliferation into CTL and Th.
IL-10 and DNAM-1 secreted by NK cells inhibit T-cell response. NK cells can also
contribute to the resolution of T-cell response via the deletion of CTL.
CTL: Cytolytic T lymphocytes; DNAM: DNAX accessory molecule; Th: Helper T cells.
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Figure 6. NK cell-based strategies for cancer therapy
Allogeneic NK cell transfers are considered advantageous for cancer therapy owing to the
better graft-versus-tumor effects and lower graft-versus-host disease effects encountered in
patients undergoing such transplants. The lymphocytes harvested from the donor are
purified to obtain NK cells while removing the T cells that usually bring about the graft-
versus-host disease. Purified NK cells, when transplanted into the recipient, provide long-
term remission. Hematopoietic stem cells (HSC) are preferred over bone marrow stem cells
as they can bring the cells of the immune system to prechemotherapy levels. Such a strategy
provides a good clinical outcome, especially with haploidentical HSC transfers. The rate of
graft-versus-tumor, however, is better with allogeneic NK cell transfers as compared with
HSC transfers. External administration of NK cell-stimulatory cytokines enhances
endogenous NK cell activation. While IFN-γ and GM-CSF have been approved for
administration in cancer patients, studies are underway for IL-12, IL-18, IL-21 and IL-23, as
well as for genetically modified NK cells. The combined effects of IL-2 and IL-21 have
shown promising results by improving immune cross-talk, but the individual administration
of these cytokines as well as IL-12 has been shown to produce toxic effects. Various drugs
that increase tumor cell expression of ligands for NK cell-activating receptors are currently
under investigation currently. The different modes by which these act mostly involve
upregulation of NKG2D ligands on tumor cells or the induction of immunostimulatory
cytokines. Some drugs such as thalidomide have direct antitumor effects, while others such
as bortezomib, a proteasome inhibitor, sensitize tumors to apoptosis and upregulate TRAIL
receptors, as well as increasing the expression of NKG2D ligands on tumor cells. Clinical
trial with a blocking killer cell immunoglobulin like receptors monoclonal antibody, 1-7F9,
which recognizes KIR2DL1, 2 and 3 and thus blocks the inhibitory signaling by almost all
MHC class I alleles, is under development. Mild hyperthermal stress brings about increased
apoptosis of tumor cells and leads to an increase in NKG2D-mediated cytotoxic killing by
NK cells. Heat treatment of NK cells close to the physiological range brings about cellular
changes that lead to NK cell activation.
HSCT: Hematopoietic stem cell transplantation.
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