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Abstract: Innate and adaptive immune systems are evolutionarily divergent. Primary signaling
in T and B cells depends on somatically rearranged clonotypic receptors. In contrast, NK cells
use germline-encoded non-clonotypic receptors such as NCRs, NKG2D, and Ly49H. Proliferation
and effector functions of T and B cells are dictated by unique peptide epitopes presented on MHC
or soluble humoral antigens. However, in NK cells, the primary signals are mediated by self
or viral proteins. Secondary signaling mediated by various cytokines is involved in metabolic
reprogramming, proliferation, terminal maturation, or memory formation in both innate and adaptive
lymphocytes. The family of common gamma (γc) cytokine receptors, including IL-2Rα/β/γ, IL-
7Rα/γ, IL-15Rα/β/γ, and IL-21Rα/γ are the prime examples of these secondary signals. A distinct
set of cytokine receptors mediate a ‘third’ set of signaling. These include IL-12Rβ1/β2, IL-18Rα/β,
IL-23R, IL-27R (WSX-1/gp130), IL-35R (IL-12Rβ2/gp130), and IL-39R (IL-23Rα/gp130) that can
prime, activate, and mediate effector functions in lymphocytes. The existence of the ‘third’ signal is
known in both innate and adaptive lymphocytes. However, the necessity, context, and functional
relevance of this ‘third signal’ in NK cells are elusive. Here, we define the current paradigm of the
‘third’ signal in NK cells and enumerate its clinical implications.

Keywords: NK cells; Natural Killer cells; NCR—Natural killer cell receptor; IL—interleukin; IFN-γ—
interferon gamma; MHC—major histocompatibility complex

1. Introduction

Natural Killer (NK) cells protect hosts by eliminating pathogens and transformed
malignant cells. NK cells are the major subgroup of innate lymphoid cells (ILCs) [1]. The
existence of this non-T cell subset was observed in the early 1960s [2,3]. NK cells were
formally characterized as an independent lymphocytic lineage in the mid-1970s [4–7].
NK cells differentiate ‘self ’ healthy cells against the infected or transformed cells through
unique mechanisms. The healthy cells, by virtue of expressing host MHC class I molecules
on the cell surface are defined as ‘immunological self ’, which are recognized by inhibitory
human killer cell immunoglobulin-like receptors (KIRs) or murine Ly49 receptors initiating
negative signaling that trigger membrane-proximal phosphatases to block any activation
effectively. Virus-infected cells often down-regulate MHC class I molecules to avoid the
attack from CD8+ T cells [8]. Nevertheless, those cells are particularly vulnerable to NK
cell-mediated clearance and are considered the immunological ‘missing-self ’ [9]. Viral
infections often lead to the expression of ligands that are typically absent on healthy
cells [10]. These stress-induced ligands serve as the ‘danger signals’ and interact with
activating receptors on NK cells to overrule the negative signaling initiated by MHC class I
molecules, the immunological ‘induced-self ’ [10]. In recent years significant progress has
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been made in understanding the molecular basis for these distinct mechanisms operated
by NK cells. Recent discoveries have also started to reveal the critical role of NK cells in
anti-inflammatory responses, tissue repair, and autoimmunity [11]. Irrespective of this
progress, a critical knowledge gap exists in defining the basic biology of NK cells that
is essential to realize their clinical advantages. One of these gaps relates to distinctive
mechanisms of NK cell activation.

NK cells possess strong functional similarities to their distant CD8+ T cell cousins. NK
cells mediate granzyme/perforin, FasL, and antibody-dependent cell cytotoxicity (ADCC).
They also produce significant quantities of pro-inflammatory cytokines or chemokines such
as IFN-γ, GM-CSF, TNF-α, CCL3, CCL4, and CCL5. However, unlike CD8+ T cells, NK
cells can mediate cytotoxicity without prior exposure to antigens, termed ‘priming’ [4,7].
In addition, NK cells use non-clonotypic receptors as their primary signal conduits for
activation. This inherent ability of NK cells to utilize non-clonotypic receptors to recognize
protein ligands on target cells requires tightly balanced activating and inhibitory signaling
pathways. However, we have yet to define how NK cells diverge from T cells in signaling
requirements in this context. Additionally, NK cells communicate with dendritic cells
(DCs), macrophages, neutrophils, and T cells through direct cell-cell interactions or soluble
factors (Figure 1).
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Figure 1. Bi-directional interaction of NK cells with other immune cells. A brief representation
of NK cells’ significant interactions and the innate (myeloid-derived) and adaptive (T and B cell)
immune system. Myeloid-derived cells (dendritic cells, macrophages, and neutrophils) secrete
various cytokines and chemokines, regulating NK cell effector functions. NK cells secrete cytokines
and chemokines (IFN-γ, TNF-a, GM-CSF, CCL-3, CCL-4, and CCL-5) to regulate lymphoid-derived
cells (T and B cells).

Activation via TCR, BCR, or non-clonotypic receptors such as NCRs, NKG2D, and
Ly49H is ‘primary signaling’ that depends on Src kinases and PLC-γ-based pathways.
Costimulatory signals via cytokine receptors (IL-2, IL-15) and immune-checkpoint proteins
(CD19, CD28, NKG2D) form the basis for the ‘second signal’, which is essential to recruit
and activate PI(3)K-based signaling. Other modes of NK cell activation may involve
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soluble factors such as PDGF-D [12] that binds to NCR2 or cell-free ligands of NKG2D [13].
Activation through the receptors for Type I IFN-α/β, IL-12, IL-18, IL-21, IL-23, IL-27,
IL-35, and IL-39 form a distinct set of signaling that constitutes a ‘third signal’. This
distinct activation set largely depends on STATs and TRAFs as the conduits of signal
transduction [14]. STAT4 downstream of IL-12 is involved in chromatin remodeling,
thus providing a distinct definition and necessity for the ‘third signal’ [15]. While the
requirement for the ‘third signal’ is established in NK cells, its molecular basis is yet to be
fully understood. Here, we describe the molecular mechanism and the clinical relevance of
‘primary’, ‘secondary’, and ‘third signal’ that independently operate on NK cells.

2. Germline-Encoded Receptors form the Conduits of ‘Primary Signal’ in NK Cells

NK cells are the major member of the innate lymphocytes and are essential in the early
immune response against viral infections and tumor clearance [16–19]. NK cells require
‘primary signals’ through their non-clonotypic germline-encoded activating receptors such
as NKG2D, Ly49H, and NCR1 to execute their effector functions. Compared to clono-
typic receptors, the ‘primary signals’ received through these NK receptors are distinctive
because they can initiate a high threshold immune response without prior stimulation
upon recognizing virus-infected and stress-induced cells. NKG2D, Ly49H, NCR1, and
NCR3 initiate ‘primary signaling’ when interacting with stress-induced self-ligands on
tumor cells or viral proteins expressed on infected cell surfaces. Figure 2A,B present the
major cell surface receptors expressed on murine and human NK cells, respectively. The
‘primary signal’ and its functional outcomes, including the release of cytokines and cyto-
toxic granules, are determined by the delicate balance between activating and inhibitory
signaling pathways [20]. The inhibitory receptors tightly regulate the progressive threshold
of ‘primary signals’, thereby avoiding a catastrophic autoimmune response. In a practical
sense, the inhibitory signaling pathways augments the threshold of activating ‘primary
signals’ required for gene transcriptions and mediating effector functions. Apart from
the germline-encoded receptors, integrins play an essential role in executing the effector
functions of NK cells [21]. Integrins, including LFA-1 and its ligand ICAM-1, are integral
parts of the NK cell immunological synapse (NKIS) and their absence leads to impaired
cell-cell interaction and significantly reduced target cell lysis [22]. Importantly, activation
via NKG2D initiates an ‘inside-out’ signaling that activates resting LFA-1 and increases its
quantity in the plasma membrane by exporting them from the intracellular stores [23,24].
Thus, the intimate cooperation between activation receptors and integrins is crucial for the
successful execution of ‘primary signals’ in NK cells.

2.1. Stress-Induced Ligands Provide ‘Primary Signals’ via NKG2D

NKG2D is a homodimeric C-type lectin-like type II transmembrane glycoprotein
expressed on most murine and human NK cells, recognizing stress-induced ligands struc-
turally related to MHC class 1 (Figure 3) [25]. NKG2D is expressed by NK cells, CD8+ T
cells [26], γδ T cells [27], and NKT cells [28]. ‘Primary signaling’ mediated via NKG2D
requires the adapter proteins DAP10 and DAP12 in mice and DAP10 in humans. DAP10
activates the PI(3)K-p85α subunit, while DAP12 recruits ZAP70 and Syk leading to PLC-g2
activation (Figure 3) [29]. Stimulation via NKG2D and other activation receptors require
a threshold that need to overcome the inhibitory signals mediated by KIR2DL1/2/3 and
NKG2A. Ligation of NKG2A or NKG2B to HLA-E induces tyrosine phosphorylation of
immunoreceptor tyrosine-based inhibitory motif (ITIM) to suppress human NK cell activa-
tion [30]. Thus, an ‘altered balance’ between the activating and inhibitory receptors forms
the basis for NK cell-mediated cytotoxicity and cytokine production [31].
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Figure 2. Major cell surface receptors expressed in (A) murine and (B) human NK cells. NK cells express activating receptors,
inhibitory receptors, integrins, and others. HA, influenza virus-derived hemagglutinin; MCMV, murine cytomegalovirus;
MHC, major histocompatibility complex; MICs. Major histocompatibility-related chains (MIC-A/B); HS-GAGs, Heparan
sulfate glucosaminoglycans.

NKG2D ligands are expressed in both malignant and infected cells. Murine NKG2D
ligands belong to non-classical MHC Class-I and fall into three sub-families, Rae1 [32],
H60 [33], and Mult1 [34]. All three sub-families are clustered on Chromosome #10 [35].
The H60 sub-family has three members (a, b, and c), and the first identified member,
Histocompatibility antigen 60a (H60a), is a minor histocompatibility antigen [36,37]. H60a
and H60b possess transmembrane and cytoplasmic domains, while H60c uses a GPI anchor.
Retinoic acid-induced early transcript (Rae-1) has five members (α-ε), and they were
identified as responders to retinoic acid [38]. All five members of the Rae-1 sub-family are
attached to the plasma membrane through GPI anchors. The murine ULBP-like transcript
(Mult1) has a single member and is distantly related to the other two sub-families [39].
Mult1 possesses the most extended cytoplasmic domain. All nine members of the murine
NKG2D ligands have an α2 extracellular domain but do not contain the canonical α3
domain, thus lack the ability to bind to b-2 microglobulin and present antigenic peptides.
In humans, NKG2D ligands are in chromosome 6, which are grouped into two families,
MHC class I chain-related protein (MIC) and UL16-binding protein (ULBP). MIC has two
members, MICA [40] and MICB [41]. The ULBP family has ten genes, of which five are
transcribed. Cellular stress conditions such as oncogenic proliferation, viral infection, or
hypoxic microenvironment upregulate ligands for NKG2D [42].
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Figure 3. Germline-encoded Ly49H mediate viral antigen-specific recognition. During mouse
cytomegalovirus (MCMV) infection, NK cells expressing the Ly49H receptor recognize MCMV-
infected cells via the MCMV-derived glycoprotein m157. Stimulation of the Ly49H leads to the
activation of the DAP12-mediated signaling pathway, driving NK cell degranulation and secretion of
perforins and granzymes. DNAX accessory molecule-1 (DNAM-1) and pro-inflammatory cytokines
(IFN-α/β and IL-1) partially drive the clonal-like expansion of NK cells. Inhibitory KIR2DL2/3 in
humans and Ly49A/C/G2 in mice can block the membrane proximal activation events upon the
recognition of MHC class I.

2.2. Primary Signals’ from Viral Ligands Activate via NCR1 and Ly49 Receptors

Three NK cell receptors (NCR1, NCR2, and NCR3) are the main activating receptors
of human NK cells [43–45]. The stimulatory receptor NKp46/NCR1 was the first identi-
fied NCR [46,47]. It efficiently triggers the release of cytotoxic granules, cytokines, and
chemokines upon binding ligands of viral [48], bacterial [49], and cellular origin [50]. Mice
express only NCR1, which is an ortholog of NKp46 (also termed MAR-1) [51]. NCRs are
natural cytotoxic receptors and type 1 transmembrane glycoproteins characterized by C2-
type immunoglobulin-like domains and are a major activator in human NK cells [44,52,53].
Upon activation of NCRs, there is increased Ca2+ mobilization, increased NK cell cytotoxic-
ity, and augmented cytokine production [54].

In mice, like NKG2D, Ly49 is a group of homodimeric receptors that are C-type
lectin-like type II transmembrane glycoprotein that binds to MHC Class-I molecules in a
peptide-dependent but not peptide-specific manner [55]. Unlike NKG2D, this group of
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receptors in mice can be activating or inhibitory, and it is the summation of signals from
activating and inhibitory Ly49 receptors that ultimately determine the development and
function of NK cells. Tyrosine phosphorylation of an ITIM is restricted to inhibitory Ly49
receptors leading to Src homology 2 domain-containing protein tyrosine phosphatases
recruitment [56].

NK cells mediate essential anti-viral immunity, especially to the herpesvirus fam-
ily [57]. Cytomegalovirus (CMV) represents a well-studied viral infection model for
both human and murine NK cells. NK cell depletion and adoptive transfer experiments
have established the anti-viral function of NK cells against CMV in mice [58]. Murine
CMV (MCMV) infection leads to the expression of the ligand m157, which is an MCMV-
encoded glycoprotein recognized by the activating Ly49H receptor on murine NK cells
(Figure 4) [59]. Recent works have demonstrated a unique adaptive feature of this antigen-
specific germline-encoded receptor [60], allowing for cytolytic killing and clonal expansion
of Ly49H+ NK cells (Figure 4). Unlike inhibitory receptors, activating Ly49 receptors are
not phosphorylated upon activation. The Ly49H receptor is expressed on a subset of NK
cells and utilizes the DAP12 adapter protein. This receptor recognizes the MHC Class-I-like
viral protein, m157, expressed by the MCMV [61]. NK1.1 is similar to Ly49H, and instead
of signaling via DAP12, it signals FcRe1-gamma through immunoreceptor tyrosine-based
activation motif bearing [62]. Multiple other activation receptors are known to mediate
‘primary signaling’ in NK cells that are described in detail elsewhere [52].
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Figure 4. NK cells receive primary signaling through germline-encoded receptors. NKG2D en-
gagement with MHC class I chain related-proteins A (MICA) induces activation of either DAP10
or DAP12 signaling. DAP10 signaling leads to tyrosine phosphorylation of the YINM motif and
stimulation of Vav1/Cdc42/Grb2/PI(3)K signaling cascade and nuclear translocation of c-Fos/Elk
transcription factors. DAP12 signaling leads to phosphorylation of the ITAM, which allows for
Syk/Zap70 signaling cascade to proceed (cytotoxicity and cytokine production).
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This ‘primary signal’ activates NK cells and initiates the production of large amounts of
pro-inflammatory cytokines and direct cytolytic clearance of the virus-infected cells [63,64].
Murine strains which lack Ly49H-expressing NK cells are susceptible to a more severe
MCMV infection [65]. NKG2C recognizing the HLA-E loaded with an HCMV viral peptide
is presumably the human counterpart of the m157-Ly49H axis [66,67]. A similar immuno-
surveillance mechanism has been found in influenza infections where the virus-encoded
hemagglutinin is recognized by another NK cell activating receptor, NCR1 [68]. Besides
direct control of viral infections, NK cells also shape the adaptive immune response [69].
The pro-inflammatory cytokines, especially IFN-γ produced by NK cells, regulate the
differentiation of Th1 cells, a critical T cell subset that controls viral infections [70].

2.3. Fc Receptors and NK Cell Activation

ADCC represents a classical example of cell-cell collaboration between NK and B cells.
ADCC is an Fc-dependent effector function of IgG that plays an essential role in anti-viral
and anti-tumor immunity. Immunoglobulins (Igs) are the most efficient soluble factors of
the humoral immunity. In addition, Igs also facilitate cell-mediated cytotoxicity through
ADCC. The ‘Fraction absorbable’ (Fab) recognize either free pathogens or antigens on the
surface of the infected or malignant cells. The ‘Fraction crystallizable’ (Fc) possess the
ability to bind to several receptors (FcR). The low-affinity FcγRIIIA (CD16A) expressed
by human CD56dim NK cells has an extracellular domain recognizing the Fc region of
antigen-specific antibodies, which binds to ligands expressed on malignant cells [71].

ADCC by NK cells is mainly mediated by IgG-subclasses IgG1 and IgG3 through
CD16A. Upon activation of CD16A, immunoreceptor tyrosine-based activation motifs
(ITAM) are phosphorylated by tyrosine kinases (ZAP-70 and Syk), which initiates murine
NK cell effector cytokine production and granule exocytosis [72]. In both humans and mice,
NK cell-mediated ADCC occurs through three pathways, (1) proinflammatory cytokine
release (IFN-γ); (2) exocytosis of cytotoxic granules, and (3) TNF family death receptor
signaling. One mouse study revealed co-administration of tumor-specific monoclonal
antibodies and IL-15 led to enhanced NK cell-mediated ADCC [73]. In humans, multiple
studies have demonstrated the significant clinical potential of NK cell-mediated ADCC in
clearing tumors [74]. These studies emphasize ways clinicians can better utilize NK cells
for effective cancer immunotherapies.

2.4. Innate Receptors and NK Cell Activation

The last set of receptors capable of mediating ‘primary signals’ are the pattern recog-
nition receptors (PRRs) [75,76]. The mechanism of TLR-mediated activation in NK cells
remains elusive [45,77]. Adaptor protein MyD88 associates with all TLRs except TLR3.
TLR2 expressed on human NK cells recognize cell wall components of Mycobacterium
tuberculosis [78] and Mycobacterium bovis [79]. The absence of TLR3 in NK cells resulted in
augmented experimental B16F10 lung metastasis in mice [80]. Activation of human NK
cells via TLR4 with lipopolysaccharide resulted in IFN-γ production [81]. TLR5 expressed
on human NK cells recognizes bacterial flagellin [82]. TLR7 and TLR8 expressed on human
NK cells recognize uridine-rich ssRNA derived from the HIV-1 long terminal repeat [83].
Stimulation of human NK cells via TLR9 by baculovirus resulted in IFN-γ production
and upregulation of CD69 [84]. NK cell-mediated direct killing of bacteria-infected cells
relies on delivering granzymes and initiation of cell death program in the target cells [85].
IFN-γ production from NK cells is critical for the early control of Listeria monocytogenes
infection [86,87]. Moreover, NK cells are involved in several other microbial infections,
including Staphylococcus aureus, Lactobacillus johnsonii, Mycobacterium tuberculosis, and My-
cobacterium bovis bacille Calmette-Guérin (BCG) [85,88]. In addition to bacterial infections,
NK cells also contribute to the anti-fungi immune response through various mechanisms,
including perforin-mediated destruction of fungal membranes, direct phagocytosis, and
production of pro-inflammatory cytokines [89,90]. The essential role played by NK cells
was demonstrated in both human NK cell deficiency and genetically-modified mouse mod-
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els [57,58]. Individuals with loss of NK cells’ functions suffer from reoccurring herpes viral
infections [57]. The two effector functions of NK cells are the production of inflammatory
cytokines and cytotoxicity, both of which profoundly impact immune responses against
pathogens [52,91].

Costimulatory molecules form another set of receptors that can mediate secondary sig-
nals, which display remarkable diversity in expression, function, and structures. NKR-P1 is
a type II glycoprotein receptor of the C-type lectin family and acts as both a costimulatory
and co-inhibitory receptor [92]. Like the Ly49 family, the inhibitory signaling is mediated
via ITIM while the activating signaling is via ITAM [93]. TIGIT family receptors include a
cluster of immunoglobulin superfamily receptors that interact with Nectin and nectin-like
molecules and have recently received notable recognition as potential cancer immunother-
apy targets [94]. These receptors include TIGIT (T-cell immunoglobulin and ITIM domain),
DNAX accessory molecule-1 (DNAM-1, also known as CD226), T cell activated increase
late expression (TACTILE, also known as CD96), and PVR-related Ig domain (PVRIG
also known as CD112R). DNAM1 is a cell surface glycoprotein functioning as an adhesion
molecule synergizing with activating receptors to trigger NK cell-mediated cytotoxicity [95].
DNAM-1 recognizes the poliovirus receptor or CD155 and CD112 (nectin-2) on tumor cells
which induce NK cell-mediated lysis [96]. Additionally, costimulatory molecules CD80,
CD86, and CD40 assist in NK cell-mediated tumor cell lysis [97,98].

2.5. Molecules Associated with ‘Primary Signals’ in NK Cells

Recent studies revealed two distinct primary signaling pathways downstream of acti-
vation receptors [99–103]. These two pathways formed the basis for signaling requirements
for cytotoxicity and inflammatory cytokine production in NK cells. Lck/Fyn→PI3K-
p85α/p110δ→Itk→PLC-γ2 results in the activation of ERK1/2 and JNK1/2, which is
primarily responsible for NK cell-mediated anti-tumor cytotoxicity. In contrast, the
Lck/Fyn→ADAP→Carma1→Bcl10→TAK1 pathway that regulates the activation of NF-
κB and AP1 is responsible for inflammatory cytokines production. Fyn and Lck are the
two non-receptor pleiotropic tyrosine kinases (SFKs) that are essential to initiate signaling
downstream of activating receptors. SFK family contains nine members (Src, Fyn, Lyn, Lck,
Fgr, Yes, Hck, Blk, and Frk) [104]. SFKs participate in a myriad of cellular functions [105] in-
cluding growth, differentiation, migration, adhesion, and in lymphocytes, cytotoxicity, and
cytokine production [106]. In NK cells, following activation, Fyn is trans-phosphorylated
by Lck and recruits signaling partners PI(3)K-p85α [107] and the lymphocyte-specific
scaffold protein Adhesion and Degranulation-promoting Adaptor Protein (ADAP) [108].
Recruitment of these two substrates through Src-homology (SH) domains allows Fyn to
initiate and propagate distinct effector functions. A lack of Lck did not alter the NK cells
development, stimulation with poly (I:C), or IL-2 [109]. However, knockdown of Lck in
NK cells resulted in significant reductions in NKG2D- and CD137-mediated cytotoxicity
and cytokine production [101]. Primary signaling in NK cells utilizes PLC-γ2 to gener-
ate second messengers [110]. PLC-γ is the major regulator of intracellular calcium and
works by hydrolyzing phosphatidylinositols (PIP2) into diacylglycerol (DAG) and inositol
1,4,5-triphosphate (IP3) [111].

A signaling cascade involving ADAP is obligatory for the production of proinflam-
matory cytokines. Fyn using its SH2 domain recruits ADAP [112]. Lack of ADAP did
not affect the NK cell-mediated anti-tumor cytotoxicity; however, was essential for the
production of IFN-γ, GM-CSF, TNF-α, MIP-1α, MIP-1β, and RANTES. Membrane-bound
Fyn/ADAP complex recruits downstream signaling proteins Carma1 and TAK1, which
leads to phosphorylation and degradation of IκBα and nuclear translocation of NF-κB [113].
Independently, ADAP also recruits TAK1, which facilitates the phosphorylation of IKKα
and IKKβ [113], components of the NF-κB signaling pathway. Thus, ADAP contributes to
CBM complex formation in response to ITAM-containing receptors [100,114,115].
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3. Common-Gamma Receptors Transmit ‘Second Signals’ in NK Cells

Most NK cells develop and terminally mature in the BM [116]. Common lymphoid
progenitors (CLPs) develop into early innate lymphoid progenitors (EILPs). T, B, three ILC
lineages, and the conventional NK cells originate from EILPs [117]. NK cell development
depends on multiple common-gamma chain-containing cytokine (γc, CD132) receptors
(IL-2, IL-4, IL-7, IL-15, and IL-21) that utilize PI(3)K-based signaling pathway [118]. The
lineage-committed NKPs express IL-15/IL-2 receptor β chain (CD122) [119]. The signaling
divergence among the γc chain receptor family has not been fully defined; however, it
depends on the unique α-chain utilization and the differential activation of unique STATs.

Common γ cytokines are required to regulate the initiation, amplification, and mainte-
nance of transcriptional memory following immune responses [120]. These cytokines also
play a crucial role in establishing ‘immunological priming’. This phenomenon has been
well-documented for B and T cells and forms the basis for adaptive immunity [121]. The
critical effects of γc cytokines in modulating NK cell responses are studied intensively. The
common gamma receptor (γcR)-interacting cytokines IL-2, IL-7, IL-15, and IL-21 are being
extensively used to stimulate and expand NK cells for adoptive transfer in the clinical
setting [122]. Unique α-chains define the receptors for these cytokines (Figure 5). IL-2
and IL-15 share a β-chain and the γcR along with cytokine-specific IL-2Rα and IL-15Rα,
respectively [123,124], and transduce the signals primarily via PI(3)K [125]. Historically,
IL-2 has been extensively used in vitro to expand murine and human NK cells [126]. IL-15
activates the PI(3)K-mediated mTORC1 pathway (Figure 5) [127]. In contrast to the defined
functions of IL-4 in skewing T cells to a Th2 functional phenotype, it augments [128]. Also,
the addition of IL-12 and IL-2 along with IL-4 increased the production of IFN-g in NK
cells [129]. The role of IL-9 in NK cell development and function is currently not known.
Although IL-2, IL-15, IL-12, and IL-18 are widely used to expand and activate NK cells,
their in vivo role in coordinating the activation via receptors such as NKG2D or NCR1 is
not understood.

Cells 2021, 10, 1955  10  of  29 
 

 

IL‐21 are being extensively used to stimulate and expand NK cells for adoptive transfer 

in the clinical setting [122]. Unique α‐chains define the receptors for these cytokines (Fig‐

ure 5). IL‐2 and IL‐15 share a β‐chain and the γcR along with cytokine‐specific IL‐2Rα and 

IL‐15Rα, respectively [123,124], and transduce the signals primarily via PI(3)K [125]. His‐

torically, IL‐2 has been extensively used in vitro to expand murine and human NK cells 

[126]. IL‐15 activates the PI(3)K‐mediated mTORC1 pathway (Figure 5) [127]. In contrast 

to the defined functions of IL‐4 in skewing T cells to a Th2 functional phenotype, it aug‐

ments [128]. Also, the addition of IL‐12 and IL‐2 along with IL‐4 increased the production 

of IFN‐g in NK cells [129]. The role of IL‐9 in NK cell development and function is cur‐

rently not known. Although IL‐2, IL‐15, IL‐12, and IL‐18 are widely used to expand and 

activate NK cells, their  in vivo role in coordinating the activation via receptors such as 

NKG2D or NCR1 is not understood. 

 
Figure 5. Activation via common γcR constitutes ‘secondary signaling’. Downstream signaling of the common gamma 

receptor (γcR) family  is shown. IL‐2, IL‐4, IL‐7, IL‐9, IL‐21, and IL‐15 activate Janus Kinases 1/3 (JAK), which undergo 

receptor‐mediated phosphorylation. Signal transducer activating transcripts (STAT) are recruited and phosphorylated. 

Dimerization of phosphorylated STAT translocates to the nucleus to promote various functional outcomes. Also, IL‐15 

can signal via PI(3)K promoting the conversion of phosphatidylinositol 4,5‐bisphosphate (PIP2) to phosphatidylinositol 3, 

4,5‐bisphosphate (PIP3), which activates the mammalian target of rapamycin complex 1 (mTORC1) signaling cascade. 

3.1. IL‐2: Context Unknown 

IL‐2 is primarily produced by CD4+ T cells. In the spleen, the majority of the NK cells 

are located within the red pulp area and not inside the germinal centers where CD4+ T 

and B cells organize [23]. NK cells are predominantly present in the subcapsular region 

during Toxoplasma gondii infections in lymph nodes, where they interact with DCs or mac‐

rophages [130]. Thus, a context in which NK cells are proximal to CD4+ T cells in these 

secondary lymphoidal organs appears unlikely. However, this may still occur at the site 

Figure 5. Activation via common γcR constitutes ‘secondary signaling’. Downstream signaling of the common gamma receptor
(γcR) family is shown. IL-2, IL-4, IL-7, IL-9, IL-21, and IL-15 activate Janus Kinases 1/3 (JAK), which undergo receptor-mediated



Cells 2021, 10, 1955 10 of 27

phosphorylation. Signal transducer activating transcripts (STAT) are recruited and phosphorylated. Dimerization of
phosphorylated STAT translocates to the nucleus to promote various functional outcomes. Also, IL-15 can signal via PI(3)K
promoting the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3, 4,5-bisphosphate
(PIP3), which activates the mammalian target of rapamycin complex 1 (mTORC1) signaling cascade.

3.1. IL-2: Context Unknown

IL-2 is primarily produced by CD4+ T cells. In the spleen, the majority of the NK
cells are located within the red pulp area and not inside the germinal centers where CD4+

T and B cells organize [23]. NK cells are predominantly present in the subcapsular re-
gion during Toxoplasma gondii infections in lymph nodes, where they interact with DCs
or macrophages [130]. Thus, a context in which NK cells are proximal to CD4+ T cells
in these secondary lymphoidal organs appears unlikely. However, this may still occur
at the site of infection or inflammation. In humans, γc chain mutations result in severe
immunodeficiency with nearly complete loss of NK cells [131]. IL-2-deficient mice have
expected NK cell numbers and development [132] with minimal effect on their functional
capabilities [133]. This demonstrates that IL-2 does not play an obligatory role in the devel-
opment and functions of NK cells. IL-2 binds to the IL-2 receptor alpha chain, CD25 [134],
or the IL-2 receptor beta chain, CD122, with relatively low affinity (Kd between 10−8 and
10−6 M), and binds with a higher affinity to a CD25/CD122 complex. However, the highest
affinity receptor for IL-2 is a trimeric complex of IL-2Rαβγ [135]. IL-2R signaling is depen-
dent on receptor composition. JAK1 associates with IL-2Rβ and JAK2 with γc [136,137].
The binding of IL-2 to the IL-2R complex activates the PI(3)K-mTOR axis and the MAPK
pathways, and phosphorylation of STAT1, STAT3, and STAT5 (mostly STAT5) [138], result-
ing in activation signaling [139]. In NK cells, IL-2 is a potent driver of proliferation [140]
and primes them for IL-12-mediated stimulation [141]. Combined stimulation with IL-2
and IL-12 increased tumor cell lysis and NK cell perforin production [142]. In human NK
cells, IL-2 and other pro-inflammatory cytokines alter the repertoire of NK cell surface
receptors [143].

3.2. IL-15: A Metabolic Re-Programmer

IL-15 is a crucial cytokine required for NK cell development, survival, and prolifer-
ation. IL-15R consists of three subunits, and the absence of any of its subunits results in
failed NK cell development in mice [144,145]. IL-15 binds to IL-15Rα (CD215) alone with a
high affinity [146]. In contrast to IL-2, IL-15 is obligatory for NK cell lineage commitment
and maturation [147]. Also, a low dose of IL-15 is sufficient to sustain survival signaling
in NK cells, while a high dose of IL-15 promotes NK cell proliferation and augments the
expression of effector molecules such as perforin and granzymes [148]. Knocking out
genes encoding cytokines, or the common g receptors strongly supports the notion that
IL-15 is essential for the development of NK cells. For example, a lack of CD132 in mice
results in the complete absence of mature NK cells [149]. Deletion of Il15 or Il15ra genes
but not Il2 results in a similar loss of mature NK cells seen in the γc chain-deficient mice,
establishing the central role of IL-15 in the development of NK cells [145]. Both IL-15 and
IL-15Rα can be expressed in the same cell leading to the loading of IL-15 onto IL-15Rα in
the ER of the cell. This high-affinity interaction results in membrane-bound IL-15/IL-15Rα
complexes [146]. Thus, the IL-15 is trans-presented by cells such as DCs to the neighboring
NK cells expressing the IL-2/15Rβ/γc complexes [150]. It is also interesting to note that the
IL-15/IL-15Rα complex has the ability to trans-interact with DAP10 and utilize novel syn-
chronized trans-signaling pathways linking Jak3/Stat5 to DAP10/PI(3)K-p85α/Grb2 [151].
This observation provides credence to the argument that the ‘primary’ and ‘second’ signals
can be temporally integrated during the activation of NK cells.

The IL-15R activates multiple intracellular signaling pathways, including JAK1/3
dependent phosphorylation of STAT5 and PI-3K-Akt-mTOR-dependent phosphorylation
of the ribosomal protein S6 by the p70-S6 kinase (Figure 5) [152,153]. The role of mTOR
in the IL-15-dependent developmental progression and priming of NK cells are well-
established [154,155]. IL-15R-mediated signaling includes Jak1/3-Stat5a/b, the PI(3)K-



Cells 2021, 10, 1955 11 of 27

mTOR, and the MAPK pathways [156]. Cytoplasmic tails of the IL-2/15Rb/γc complex
recruits Jak1 and Jak3 [157]. Jak1 and Jak3 phosphorylate Tyr392 and Tyr510 at the H-region
serve as critical docking sites for Stat5a and Stat5b [158]. The absence of Jak3 significantly
impairs the development and maturation of murine NK cells [159]. Also. Stat5a and Stat5b
are essential for maintaining the homeostasis of NK cell numbers and complexity. In mice,
Stat5b deficiency results in a significant loss of NK cells [160].

mTOR-mediated metabolic reprogramming and initiation of unique protein transla-
tion is the second major pathway downstream of the IL-15R that operates via the PI(3)K-axis.
The regulatory subunit PI(3)K-p85α and its spliced smaller isoforms p55α and p50α recruit
catalytic subunits p110α, p110β, and p110δ [161]. Both p110β and p110δ are obligatory for
the development and functions of NK cells [162,163]. The PI(3)K-mTOR axis is essential
for the development and functions of NK cells [148]. mTORC2 acts as a link between
PI(3)K and mTORC1. The PtdIns(3,4,5)P3 generated by PI(3)K interacts with the pleck-
strin homology (PH) domain of mSin1 and releases its inhibition of the kinase domain
of mTORC2 [164]. Thus, PIP3 plays an essential role in activating mTORC2. Importantly,
Akt, recruited by the membrane-bound PIP3, phosphorylates mSin1 at the Thr86 site
and promotes the activation of mTORC2 [165]. Akt is also a well-characterized target of
mTORC2 [166], and the phosphorylated form of Akt is the major link to the activation of
mTORC1 [166].

3.3. IL-21: Is It More than Additive?

Modulation by the pro-inflammatory type I cytokine, IL-21, mediates NK cell activa-
tion via similar receptor complexes. TfH and Th17 cells produce IL-21 [167]. IL-21 binds
a heterodimer of IL-21R and γc [168]. Similar to signaling via IL-12R, JAK1 is associated
with the IL-21R, and JAK3 associates with γc [169]. This signaling cascade results in the
proliferation of NK cells and the transcription of IFN-γ. Costimulation with IL-2 and IL-15
increases NK cell cytotoxicity [170]. In human NK cells, adding IL-21 to cells co-cultured
with antibody-coated breast cancer cells resulted in pro-inflammatory cytokine production
through reverse ADCC [171]. Alternatively, treatment of NK cells with IL-21 combined
with IL-15 reduced NK cell expansion and viability [172]. Regulation of NK cell functions
by IL-21 remains an active research area for potential use in combination cancer therapies.

4. Why Are ‘Third Signals’ Unique for NK Cells?

Pro-inflammatory cytokines produced by myeloid-derived cells promote NK and T
cell activation. Myeloid cell-derived cytokines such as IL-12, IL-15, IL-18, IL-23, IL-27, IL-35,
and IL-39 help coordinate the receptor-mediated activation of NK cells [173]. The intricate
temporal relationship between these cytokines and activation receptor-mediated stimu-
lation of NK cells, in vivo, remains a paradox. An operational ‘third signal’ mechanism
has been shown for T cells [174]. However, recent work has shown that IL-12 and IL-23
are differentially activating T and NK cells, implicating that the ‘third signal’ for these two
major cell types is mechanistically distinct and divergent [175]. Yet another complexity
is the unique ‘third signals’ that are required by the tissue-resident NK cells. NK cells
in murine thymi depend on IL-7 and not IL-15 or IL-2 [176]. In mice, these Gata-3/IL-
7-dependent NK cells express a lower level of inhibitory Ly49 receptors and potentially
play an essential role in the T cell ontogeny, including the elimination of negatively se-
lected T cells. The IL-7Ra+ (CD127) thymus-derived NK cells in mice (and CD56hiCD16−

in humans) in the LN produce a higher amount of IFN-g and were unable to mediate
optimal levels of cytotoxicity compared to peripheral NK cells [176]. Human liver-resident
CD56bright/CCR5+/CXCR6+/CD69+ NK cells constitutes 50 % of total hepatic lympho-
cytes [177]. These unique NK cells express CXCR3, CXCR6, and CCR5 and depend on the
respective chemokines for their liver residency and functions [178]. Human lung-resident
CD56dimCD16+ NK cells are predominantly terminally differentiated. In mice, a subset of
innate-like NK cells express IL-23R and produce IL-22 that is needed for the regeneration
of tracheal epithelial cells [179]. Similarly, NK cells in the uterine tissue are involved in
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placental vascular remodeling via the production of the IL-23/IL-22 axis [180,181]. These
studies demonstrate the cytokine-mediated second part of ‘third signals’ in NK cells are
divergent and tissue-specific.

4.1. DC-NK Interactions Set a Foundation for ‘Third Signal’

NK cells can be primed by a number of inflammatory stimuli. The context and the
molecular basis of priming of NK cells are different from that of adaptive lymphocytes.
Myeloid cells provide the predominant priming signals to NK cells. Among these, dendritic
cells (DC) play a central role [182]. A complex interplay between DCs and NK cells is an
obligatory step for the NK cells’ sensitization [183]. Given DC generates critical cytokines
such as IL-12, IL-15, IL-18, IL-23, IL-27, and IL-35, the crosstalk with NK cells determines
the pathophysiological outcome of an ongoing immune response [184]. Priming with Type-
1 IFN-α/β results in the expression of IL-15Rα and generation of IL-15 from plasmacytoid
DCs- a specialized subset of DCs that use toll-like receptors to recognize intracellular viral
DNA/RNA [183]. Multiple cell types, including NK cells, produce Type-1 IFNs by which
they can prime DCs [185]. The trans-presentation of IL-15 by IL-15Rα to IL-15Rα/IL-
2Rβ/IL-2Rγ complex on NK cells initiates multiple cellular and functional outcomes,
including proliferation and transcriptional reprogramming [186].

4.2. IL-12 Cytokine Family, Prime Mediators of ‘Third Signal’

Members of the IL-12 family consist of heterodimeric cytokines such as IL-12, IL-23,
IL-27, IL-35, and IL-39 (Figure 6) [187]. IL-12 is made up of p35 and p40 subunits, and it
binds to the IL-12 receptor (IL-12Rβ1 and IL-12Rβ2) [188]. IL-12R signaling is propagated
by Tyrosine kinase 2 (Tyk-2)/JAK-2 and activates STAT4 [189]. Activation by IL-12 is
significantly influenced by IL-18R, which does not belong to the IL-12R family. Both IL-12
and IL-18 can be concurrently produced by the DCs. Therefore, they together exert an
influence on the activation of NK and other adaptive lymphocytes. IL-18 belongs to an
IL-1 family that interacts with a heterodimeric receptor composed of IL-18Rα and IL-18Rβ
(Figure 6) [190]. IL-12 and IL-18 enhance NK cell effector functions, including IFN-γ
production [191]. However, the IL-12 and IL-18 response is acute and independent of
NK cell activating and inhibitory receptors [192]. IL-23 is another heterodimeric cytokine
composed of p19 and p40 subunits, and its receptor is the heterodimeric complex of IL-23Rα
and IL-12Rβ1 [193]. IL-23 activates NK cells to produce IL-22 [194]. IL-12 and IL-23 are
produced by pathogen-activated macrophages and DCs and share a common component
of their heterodimeric receptors, IL-12Rβ1 [187]. Although the function of IL-23 in NK
cells remains under debate, the role of IL-12 in NK cell activation is well-established [187].
IL-35 contains p35 and EBI3 (Epstein-Barr virus-induced gene 3) subunits, and its recently
defined receptor consists of IL-12Rβ2 and gp130 [195]. gp130 is the shared receptor subunit
of an IL-6 family of cytokine receptors [196]. IL-27 is another heterodimeric cytokine
that belongs to the IL-12 family and consists of p28 and EBI3 [197]. The receptor for
IL-27 is composed of gp130 and WSX1 [198]. IL-27 has both activating and inhibitory
functions [199,200], and IL-35 is an immunosuppressive cytokine produced exclusively by
regulatory T cells (Tregs) [201].

Is the ‘third signal’ susceptible to inhibition? While an activation receptor-independent
and cytokine-dependent ‘third signal’ elicits effector functions in NK cells, the regulatory
network that is needed to curtail this activation is unknown. In particular, the role of
inhibitory KIR in human and Ly49 receptors in mice in containing the activation mediated
by the IL-12R family is novel but unexplored. Stromal cells or DCs that generate the
IL-12 family cytokines may also provide a regulatory signal via their MHC Class I. In this
context, it is important to note that inhibitory KIRs in humans and Ly49 in mice recruit and
activate PTP or SHP-1 that dephosphorylate multiple membrane-proximal substrates and
transcription factors such as STAT4. Therefore, the framework has been established for
the possibility that the ‘third signal’ mediated by the IL-12R family could be subjected to
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Thus, the IL-12R family mediated signal in NK cells may vary depending on the presence
or absence of cell-cell contact-based interaction.
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the IL-12 receptor leading to JAK2/Tyk2 phosphorylation and phosphorylation of Stat4, which can then dimerize and enter
the nucleus. IL-23 is composed of p19 and p40 subunits, which activate the IL-23 receptor leading to phosphorylation
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Apart from IL-18, signaling by IL-12 also synergizes with IL-2, and IL-15, to sig-
nificantly enhance IFN-γ production by NK cells [202]. IL-18R uses signaling adaptors,
myeloid differentiation primary response 88 (MyD88), and IL-1R-associated kinase (IRAK)
to propagate and complement IL-12R-mediated activation [203,204]. IL-18 alone is not
sufficient to induce IFN-γ production. Moreover, the expression of IL-18R is induced by IL-
12-mediated activation in lymphocytes [205]. Specifically, STAT4 activation by IL-12 poises
the Ifng locus and enhances Ifng gene transcription while IL-18R signaling simultaneously
induces the promoter binding activity of AP-1 and activates p38 MAPK promoting Ifng
transcript stability and IFN-γ protein translation [206,207].

IL-12 transcriptionally primes both T and NK cells [208,209]. In T cells, cytokines
function as a ‘third signal’ along with the activation receptor ‘primary signal’ and costim-
ulation ‘second signal’ [210,211]. The functionality of a ‘third signal’ on T cells has been
demonstrated. IL-12 and IFNα/β are the major sources of the ‘third signal’ for CD8+ T
cells [212], which elicit a common regulatory program involving the expression of more
than 350 genes [213]. IL-12 and IL-23 are pro-inflammatory, while IL-27 and IL-35 are
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inhibitory. APCs such as DCs, monocytes, and macrophages produce IL-23 following
activation. NK cells express the IL-23R, composed of two subunits, IL-23R and the IL-
12Rβ1 [193,214]. The binding of IL-23 to the receptors initiates signals through JAK2 and
STAT3 or STAT4 [215]. Both IL-12 and IL-23 are required for NK cell responses when re-
challenging mice with Toxoplasma gondii, implying a role for both cytokines in the clearance
of infection [216]. Other ways IL-23 may impact NK cell functions and whether the IL-12
family of cytokines plays an essential role in transcriptional-priming of NK cells are areas
of active investigation [217].

IL-12R signaling in NK cells is crucial for NK cell responses to virus and bacterial
infections. IL-12 is central for NK cell effector functions and was initially named NK
cell-stimulating factor (NKSF) [218]. IL-12 has two subunits, IL-12p35 and IL-12p40, which
form disulfide bonds to become IL-12p70 [219]. The IL-12 receptor (IL-12R) is a heterodimer
of IL-12Rβ1 and IL-12Rβ2 and is highly expressed in NK cells [220,221]. Production of
IL-12 is primarily by APCs such as DCs, monocytes, and macrophages [222,223]. It is
one of the early responses to viral and bacterial detection. Binding of IL-12p70 to the
IL-12R activates IL-12Rβ1-associated tyrosine kinase 2 (TYK2) and IL-12Rβ-associated
Janus Kinase 2 (JAK2) [224,225], resulting in phosphorylation of STAT4 [226], and to a
lesser extent, STAT1 and STAT3. STAT4 is required for IL-12-mediated production of
IFN-γ and cytotoxicity in human and mouse NK cells [141,227]. The function of STAT1
and STAT3 downstream of the IL-12R remains unclear. The phosphorylation of STAT4
allows it to homodimerize and translocate to the nucleus [228,229]. Within the nucleus,
STAT4 is a transcription factor stimulating the expression of IFN-γ [189], IL-10 [230], and
perforin [231], and induction of T-bet [227]. In the absence of common γ cytokines, IL-12
can drive the expansion of a large number of NK cells (lymphopoiesis) [232]. There is some
evidence that IL-12R signaling may play a role in the development of memory NK cells.
IL-12-mediated STAT4 activation is necessary for the generation of MCMV-specific memory
NK cells [233]. Treating NK cells with IL-12, IL-18, and low-dose IL-15 induced memory-
like, long-lived NK cells [234]. With human NK cells, IL-12 promotes the maturation of
NK cells. Low-dose IL-12 decreases the expression of CD56 and can lead to an increased
number of CD56dimCD16+ NK cells [235].

The ability of IL-12, IL-18, and IL-27 to function as the ‘third signal’ to prime
NK cells has been explored [213,236]. IL-12 increases Ifng gene expression through
chromatin remodeling, relieving gene repression and allowing continued transcription
by promoting augmented histone acetylation [213]. Thus, IL-12 and IL-18 promote
pro-inflammatory cytokines and chemokines generation in NK and T cells [237]. Tran-
scriptional priming of effector lymphocytes by cytokines leads to genomic imprinting,
resulting in unique cell fate decisions and distinct functional outcomes. IL-12 medi-
ates such prototypical chromatin modifications on signature cytokine genes such as
Ifng and Il4 in T cells primarily via signal transducer and activator of transcription 4
(STAT4)-dependent chromatin remodeling [238,239].

IL-12, in combination with IL-18, is a potent activator of NK cells. IL-18 is a member of
the IL-1 cytokine family and has a regulated production. IL-18 is produced as pro-IL-18 and
activated upon cleavage of the N-terminal tail by caspase-1 [240]. IL-18 is produced by DCs,
macrophages, and neutrophils [241], and microglia and epithelial cells [242]. The binding
of IL-18 to the IL-18R expressed on NK cells augments IFN-γ the production via signaling
via MyD88. MyD88 recruits IRAK4, resulting in phosphorylation of TRAF6 and activation
of NF-κB and the MAPK pathway [203]. These pathways both promote the transcription
and stabilization of the Ifng mRNA [206]. Specifically, in NK cells, IL-18 with IL-12 is
critical for IFN-γ production and protection against fungal [243], viral [244], and bacterial
infections [245]. Treatment of NK cells with IL-18 increases surface expression of the high-
affinity IL-2R and CD25 (IL-2Rα), making NK cells more sensitive to IL-2 signaling during
infection [246]. In vivo, IL-18 stimulation of human NK cells promoted IFN-γ generation
and antibody-dependent cell-mediated cytotoxicity (ADCC) to the lymphoblast-like tumor
cell line Raji following treatment with rituximab, making IL-18 a potential cytokine for
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combination cancer therapy [247]. Overall, IL-18 is an essential cytokine in potentiating
IL-12-mediated NK cell effector functions.

4.3. IL-23 and IL-27 Diversify ‘Third Signal’

IL-23 belongs to the IL-12 family and is composed of p40 and p19 subunits and signals
through a heterodimeric IL-12Rβ1 and IL-23 receptor complex [214,248]. Like IL-12, IL-
23 is secreted by monocytes, macrophages, and DC in response to viral, bacterial, and
fungal antigens [249]. IL-23 binds to IL-23R and IL-12Rβ1 but not IL-12Rβ-2 and creates an
autocrine loop that mediates various inflammatory mediators’ production (Figure 6) [250].

The signaling pathway of IL-23 comprises various signaling proteins and receptor
chains, including Janus kinase 2 (JAK2), tyrosine kinase 2 (Tyk2), STAT1, STAT3, STAT4,
and STAT5. JAK2 and Tyk2 phosphorylate and activate STAT3 and STAT4 [251]. STATs
dimerize and translocate to the nucleus, resulting in the activation of target genes. IL-23
activation of NK cells contributes to their development and anti-tumor responses [252].
Additionally, IL-23 also inhibits NK cell responses and thus can act as an inhibitor [253].

IL-27 is an inhibitory member of the IL-12 cytokine family. However, there is mounting
evidence that when NK cells are stimulated with IL-27, they upregulate activation markers
like CD25 and CD69 and become more sensitive for IL-18 activation. Additionally, IL-
27-stimulated NK cells exhibit increased cytotoxic potential against tumors in vivo and
upregulated perforin and granzyme B [254]. Murine NK cells treated with IL-27 induced
phosphorylation of STAT1 and STAT3, enhancing NK cell cytotoxicity in head and neck
squamous cell carcinoma mouse models [255]. Other studies have demonstrated the ability
of IL-27 to modulate the NK cells’ anti-tumor cytotoxicity responses [255]. Therefore, it may
be beneficial to investigate further the role of IL-27 in enhancing NK cell effector functions
because these studies demonstrate that IL-27 augments NK cells cytotoxic responses to a
variety of tumor cell lines, including perforin, granzyme, TRAIL, and Fc-γR-III-dependent
mechanisms [255]. The role of IL-27 in NK cell-mediated anti-tumor immunity has been
defined [217]. However, the underlying molecular mechanism is not well-defined. Notably,
the mechanism by which IL-27 regulates NK cell effector functions during viral infections
is yet to be fully understood.

An additive effect was not observed when NK cells were stimulated with IL-27 and
IL-12 or IL-18, suggesting a unique transcriptional and functional role of IL-27. Similarly,
pro-inflammatory cytokine IL-6, which shares its receptor subunit with the IL-27 receptor,
did not augment IFN-γ production either alone or along with anti-NKG2D mAb-mediated
activation of NK cells. Thus, it is possible that during acute viral infection, neutrophils
and monocytes/macrophages may provide the ‘third signal’ to NK cells at the site of
infection through the production of IL-27. This function may be distinct from the role of
dendritic cells that produce both IL-12 and IL-18 within the secondary lymphoid organs
(draining lymph nodes), which provide a full-fledged activation of NK cells to mediate
effector functions. Interestingly, earlier reports have suggested that IL-27 can selectively
regulate NK cell subsets, suggesting the cytokines’ vital role in managing human NK
cells [256]. Regardless, detailed transcriptomic and genomic analyses are required to define
the temporal and independent roles of these cytokines and their producers.

The last and most recently discovered members of the IL-12 cytokine family are IL-35
and IL-39. IL-35 plays an important role in immune regulation via inhibition. The IL-35R is
composed of the IL-12Rα chain p35 and IL-27β chain Ebi3. IL-35 is produced by Tregs [257]
and Bregs [258] and has been shown to dampen the effector functions of Th17 cells [259].
Unlike other members of the IL-12 cytokine family (IL-12, IL-23, IL-27, and IL-39) inducing
IFN-γ production by T-helper cells, IL-35 seems to function solely as an anti-inflammatory
cytokine inhibiting effector T-cell proliferation and activation [195]. This same study has
demonstrated that a loss of IL-35 expression leads to the less suppressive capacity of Tregs.
While IL-35 plays an important role in dampening immune responses, the role of IL-35
on NK cell signaling has not been well established. The IL-39 heterodimer comprises the
IL-23R chain p19 and IL-27β chain Ebi3 and is secreted by lipopolysaccharide-stimulated
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B-cells [260]. Like other members of the IL-12 cytokine family (IL-12, IL-23, IL-27, and
IL-35), IL-39 activates STAT signaling. The role of IL-39 on NK cell signaling and activation
remains unclear.

5. Summary and Future Outlook

Our understanding of cytokines’ roles in shaping both innate and adaptive immune
systems has profoundly evolved in the past three decades. Cytokines not only act as
mediators for our immune system (both positive and negative feedback), but they also
work in fine-tuning the immune responses in clearing infections, tumors, and regeneration
of damaged tissues. The role of cytokines in the early lineage commitment, development,
and maturation of NK cells is well-established. The common gamma chain-bearing cy-
tokine receptors primarily mediate these. The primary stimulation via activating receptors
constitutes the first line of signaling reception by the mature NK cells. However, this alone
does not lead to an optimal immune response from NK cells. Mature NK cells require the
adjunct role of cytokines to promote expansion, reprogram metabolic pathways, and set
genes poised for transcription. Apart from these, recent evidence suggests the presence
of a ‘third signal’ that can initiate, promote, and sustain the effector functions of NK cells.
This ‘third signal’ can mediate cytokine production and cytotoxicity independent of major
activating receptors (Figure 7). The functionality of the ‘third signal’ is further augmented
when combined with ‘secondary signals’ mediated by common gamma chain-bearing
cytokine receptors.
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as H60, provides primary activation via NKG2D in murine NK cells. (1b) Similarly, recognition of viral proteins including
MCMV-derived m157 mediates stimulation of murine NK cells via ly49H. These two activation receptors mediate their
signals utilizing DAP10 and DAP12. (1c) NK cells also mediate target cell recognition using antibodies bound to its receptor
CD16a. The downstream signaling cascades lead to cytokine production and cytotoxicity against target cells. (2a) IL-15
produced by DCs is trans-presented to NK cells to proliferate. (2b) IL-2 from CD4+ T cells plays a similar role in the
expansion of NK cells. However, the context where DCs or CD4+ T cells play this role is yet fully defined. (3a) IL-12 and
IL-18 generated by DCs can activate NK cells utilizing a distinct signaling cascade. However, this is thought to occur
primarily during viral or bacterial infections. The in vivo context where IL-12 functions, along with NK cell-activating
receptors is not known. Irrespective of this, given that Stat4 mediates chromatin remodeling and histone acetylation
following IL-12 stimulation indicates that the primary mechanism is to keep the poised genes in the open conformation and,
therefore, the parallel stimulation with activating receptors or IL-18 can promote the production of cytokines or cytotoxicity
associated proteins. (3b) IL-27 and IL-35 produced by DCs also activate NK cells. Signaling by Il-27 is context-dependent
and can both activate or inhibit the production of IFN-γ. (4) NK cells can activate CD8+ T cells via IFN-γ, GM-CSF, or
TNF-α. (5) IL-7 may play an essential role in promoting NK cells to differentiate into adaptive NK cells.

While these findings provide an exciting basis for novel immunotherapeutic ap-
proaches, the reasons for their existence and the molecular basis are elusive. Are IL-12
family cytokines the only ones capable of mediating the ‘third signal’? How is the ‘third
signal’ regulated by the developmental rules such as ‘licensing’ or ‘arming’? Do MHC-
Class I-KIR interactions inhibit the IL-12 family-mediated activation of NK cells? Do other
checkpoint proteins such as PD1, CTLA4, TIM3, LAG3, or VISTA regulate IL-12 cytokine
family-mediated NK cell activation? Under what circumstances do NK cells require the
‘third signal’? Future investigations in answering these questions will provide important
insight into ways we can harness the full potentials of NK cells in the clinic.

Author Contributions: M.K. conceived and wrote the manuscript and generated all the figures for
the manuscript; D.W., E.H. and S.S.T. contributed to the writing; S.M. conceived, wrote, and edited
the text and the figures. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by Ann’s Hope Melanoma Foundation (S.M.); NIH
R01 AI102893 (S.M.) and NCI R01 CA179363 (S.M.); HRHM Program of MACC Fund/Children’s
Hospital of Wisconsin (S.M.), Nicholas Family Foundation (S.M.); Gardetto Family (S.M.); and MACC
Fund/Children’s Hospital of Wisconsin (S.M.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No data presented in this review article.

Acknowledgments: We dedicate this work to our inspiring colleague Mathew Riese, who passed
away young.

Conflicts of Interest: All authors declare no conflict of interest.

References
1. Oldham, R.K. Natural killer cells: Artifact to reality: An odyssey in biology. Cancer Metastasis Rev. 1983, 2, 323–336. [CrossRef]
2. Rosenau, W.; Moon, H.D. Lysis of homologous cells by sensitized lymphocytes in tissue culture. J Natl. Cancer Inst. 1961, 27,

471–483.
3. Smith, H.J. Antigenicity of carcinogen-induced and spontaneous tumours in inbred mice. Br. J. Cancer 1966, 20, 831–837.

[CrossRef]
4. Kiessling, R.; Klein, E.; Pross, H.; Wigzell, H. “Natural” killer cells in the mouse. II. Cytotoxic cells with specificity for mouse

Moloney leukemia cells. Characteristics of the killer cell. Eur. J. Immunol. 1975, 5, 117–121. [CrossRef]
5. Herberman, R.B.; Nunn, M.E.; Holden, H.T.; Lavrin, D.H. Natural cytotoxic reactivity of mouse lymphoid cells against syngeneic

and allogeneic tumors. II. Characterization of effector cells. Int. J. Cancer 1975, 16, 230–239. [CrossRef] [PubMed]
6. Herberman, R.B.; Nunn, M.E.; Lavrin, D.H. Natural cytotoxic reactivity of mouse lymphoid cells against syngeneic acid allogeneic

tumors. I. Distribution of reactivity and specificity. Int. J. Cancer 1975, 16, 216–229. [CrossRef]

http://doi.org/10.1007/BF00048565
http://doi.org/10.1038/bjc.1966.95
http://doi.org/10.1002/eji.1830050209
http://doi.org/10.1002/ijc.2910160205
http://www.ncbi.nlm.nih.gov/pubmed/1080480
http://doi.org/10.1002/ijc.2910160204


Cells 2021, 10, 1955 18 of 27

7. Kiessling, R.; Klein, E.; Wigzell, H. “Natural” killer cells in the mouse. I. Cytotoxic cells with specificity for mouse Moloney
leukemia cells. Specificity and distribution according to genotype. Eur. J. Immunol. 1975, 5, 112–117. [CrossRef]

8. Antoniou, A.N.; Powis, S.J. Pathogen evasion strategies for the major histocompatibility complex class I assembly pathway.
Immunology 2008, 124, 1–12. [CrossRef] [PubMed]

9. Ljunggren, H.G.; Karre, K. In search of the ‘missing self’: MHC molecules and NK cell recognition. Immunol. Today 1990, 11,
237–244. [CrossRef]

10. Long, E.O.; Rajagopalan, S. Stress signals activate natural killer cells. J. Exp. Med. 2002, 196, 1399–1402. [CrossRef]
11. Jewett, A.; Man, Y.G.; Tseng, H.C. Dual functions of natural killer cells in selection and differentiation of stem cells; role in

regulation of inflammation and regeneration of tissues. J. Cancer 2013, 4, 12–24. [CrossRef]
12. Barrow, A.D.; Edeling, M.A.; Trifonov, V.; Luo, J.; Goyal, P.; Bohl, B.; Bando, J.K.; Kim, A.H.; Walker, J.; Andahazy, M.; et al.

Natural Killer Cells Control Tumor Growth by Sensing a Growth Factor. Cell 2018, 172, 534–548.e519. [CrossRef]
13. Deng, W.; Gowen, B.G.; Zhang, L.; Wang, L.; Lau, S.; Iannello, A.; Xu, J.; Rovis, T.L.; Xiong, N.; Raulet, D.H. Antitumor immunity.

A shed NKG2D ligand that promotes natural killer cell activation and tumor rejection. Science 2015, 348, 136–139. [CrossRef]
14. Urban, S.L.; Welsh, R.M. Out-of-sequence signal 3 as a mechanism for virus-induced immune suppression of CD8 T cell responses.

PLoS. Pathog. 2014, 10, e1004357. [CrossRef] [PubMed]
15. Rapp, M.; Lau, C.M.; Adams, N.M.; Weizman, O.E.; O’Sullivan, T.E.; Geary, C.D.; Sun, J.C. Core-binding factor beta and Runx

transcription factors promote adaptive natural killer cell responses. Sci. Immunol. 2017, 2. [CrossRef] [PubMed]
16. Stein-Streilein, J.; Bennett, M.; Mann, D.; Kumar, V. Natural killer cells in mouse lung: Surface phenotype, target preference, and

response to local influenza virus infection. J. Immunol. 1983, 131, 2699–2704.
17. Jordan, S.; Ruzsics, Z.; Mitrovic, M.; Baranek, T.; Arapovic, J.; Krmpotic, A.; Vivier, E.; Dalod, M.; Jonjic, S.; Dolken, L.; et al.

Natural killer cells are required for extramedullary hematopoiesis following murine cytomegalovirus infection. Cell Host Microbe
2013, 13, 535–545. [CrossRef]

18. Kumar, P.; Thakar, M.S.; Ouyang, W.; Malarkannan, S. IL-22 from conventional NK cells is epithelial regenerative and inflammation
protective during influenza infection. Mucosal Immunol. 2013, 6, 69–82. [CrossRef]

19. Hashemi, E.; Malarkannan, S. Tissue-Resident NK Cells: Development, Maturation, and Clinical Relevance. Cancers 2020, 12,
1553. [CrossRef]

20. Long, E.O.; Kim, H.S.; Liu, D.; Peterson, M.E.; Rajagopalan, S. Controlling natural killer cell responses: Integration of signals for
activation and inhibition. Annu. Rev. Immunol. 2013, 31, 227–258. [CrossRef] [PubMed]

21. Bryceson, Y.T.; Ljunggren, H.G.; Long, E.O. Minimal requirement for induction of natural cytotoxicity and intersection of
activation signals by inhibitory receptors. Blood 2009, 114, 2657–2666. [CrossRef] [PubMed]

22. Orange, J.S.; Harris, K.E.; Andzelm, M.M.; Valter, M.M.; Geha, R.S.; Strominger, J.L. The mature activating natural killer cell
immunologic synapse is formed in distinct stages. Proc. Natl. Acad. Sci. USA 2003, 100, 14151–14156. [CrossRef]

23. Awasthi, A.; Samarakoon, A.; Chu, H.; Kamalakannan, R.; Quilliam, L.A.; Chrzanowska-Wodnicka, M.; White, G.C., 2nd;
Malarkannan, S. Rap1b facilitates NK cell functions via IQGAP1-mediated signalosomes. J. Exp. Med. 2010, 207, 1923–1938.
[CrossRef] [PubMed]

24. Abel, A.M.; Tiwari, A.A.; Gerbec, Z.J.; Siebert, J.R.; Yang, C.; Schloemer, N.J.; Dixon, K.J.; Thakar, M.S.; Malarkannan, S. IQ
Domain-Containing GTPase-Activating Protein 1 Regulates Cytoskeletal Reorganization and Facilitates NKG2D-Mediated
Mechanistic Target of Rapamycin Complex 1 Activation and Cytokine Gene Translation in Natural Killer Cells. Front. Immunol.
2018, 9, 1168. [CrossRef]

25. Lopez-Soto, A.; Huergo-Zapico, L.; Acebes-Huerta, A.; Villa-Alvarez, M.; Gonzalez, S. NKG2D signaling in cancer immuno-
surveillance. Int. J. Cancer 2015, 136, 1741–1750. [CrossRef]

26. Groh, V.; Rhinehart, R.; Randolph-Habecker, J.; Topp, M.S.; Riddell, S.R.; Spies, T. Costimulation of CD8alphabeta T cells by
NKG2D via engagement by MIC induced on virus-infected cells. Nat. Immuno.l 2001, 2, 255–260. [CrossRef]

27. Bauer, S.; Groh, V.; Wu, J.; Steinle, A.; Phillips, J.H.; Lanier, L.L.; Spies, T. Activation of NK cells and T cells by NKG2D, a receptor
for stress-inducible MICA. Science 1999, 285, 727–729. [CrossRef]

28. Pende, D.; Cantoni, C.; Rivera, P.; Vitale, M.; Castriconi, R.; Marcenaro, S.; Nanni, M.; Biassoni, R.; Bottino, C.; Moretta, A.; et al.
Role of NKG2D in tumor cell lysis mediated by human NK cells: Cooperation with natural cytotoxicity receptors and capability
of recognizing tumors of nonepithelial origin. Eur. J. Immunol. 2001, 31, 1076–1086. [CrossRef]

29. Billadeau, D.D.; Upshaw, J.L.; Schoon, R.A.; Dick, C.J.; Leibson, P.J. NKG2D-DAP10 triggers human NK cell-mediated killing via
a Syk-independent regulatory pathway. Nat. Immunol. 2003, 4, 557–564. [CrossRef]

30. Creelan, B.C.; Antonia, S.J. The NKG2A immune checkpoint - a new direction in cancer immunotherapy. Nat Rev. Clin. Oncol.
2019, 16, 277–278. [CrossRef]

31. Malarkannan, S. The balancing act: Inhibitory Ly49 regulate NKG2D-mediated NK cell functions. Semin. Immunol. 2006, 18,
186–192. [CrossRef]

32. Diefenbach, A.; Jamieson, A.M.; Liu, S.D.; Shastri, N.; Raulet, D.H. Ligands for the murine NKG2D receptor: Expression by tumor
cells and activation of NK cells and macrophages. Nat. Immunol. 2000, 1, 119–126. [CrossRef] [PubMed]

33. Malarkannan, S.; Shih, P.P.; Eden, P.A.; Horng, T.; Zuberi, A.R.; Christianson, G.; Roopenian, D.; Shastri, N. The molecular and
functional characterization of a dominant minor H antigen, H60. J. Immunol. 1998, 161, 3501–3509.

http://doi.org/10.1002/eji.1830050208
http://doi.org/10.1111/j.1365-2567.2008.02804.x
http://www.ncbi.nlm.nih.gov/pubmed/18284468
http://doi.org/10.1016/0167-5699(90)90097-S
http://doi.org/10.1084/jem.20021747
http://doi.org/10.7150/jca.5519
http://doi.org/10.1016/j.cell.2017.11.037
http://doi.org/10.1126/science.1258867
http://doi.org/10.1371/journal.ppat.1004357
http://www.ncbi.nlm.nih.gov/pubmed/25255454
http://doi.org/10.1126/sciimmunol.aan3796
http://www.ncbi.nlm.nih.gov/pubmed/29222089
http://doi.org/10.1016/j.chom.2013.04.007
http://doi.org/10.1038/mi.2012.49
http://doi.org/10.3390/cancers12061553
http://doi.org/10.1146/annurev-immunol-020711-075005
http://www.ncbi.nlm.nih.gov/pubmed/23516982
http://doi.org/10.1182/blood-2009-01-201632
http://www.ncbi.nlm.nih.gov/pubmed/19628705
http://doi.org/10.1073/pnas.1835830100
http://doi.org/10.1084/jem.20100040
http://www.ncbi.nlm.nih.gov/pubmed/20733035
http://doi.org/10.3389/fimmu.2018.01168
http://doi.org/10.1002/ijc.28775
http://doi.org/10.1038/85321
http://doi.org/10.1126/science.285.5428.727
http://doi.org/10.1002/1521-4141(200104)31:4&lt;1076::AID-IMMU1076&gt;3.0.CO;2-Y
http://doi.org/10.1038/ni929
http://doi.org/10.1038/s41571-019-0182-8
http://doi.org/10.1016/j.smim.2006.04.002
http://doi.org/10.1038/77793
http://www.ncbi.nlm.nih.gov/pubmed/11248803


Cells 2021, 10, 1955 19 of 27

34. Carayannopoulos, L.N.; Naidenko, O.V.; Fremont, D.H.; Yokoyama, W.M. Cutting edge: Murine UL16-binding protein-like
transcript 1: A newly described transcript encoding a high-affinity ligand for murine NKG2D. J. Immunol. 2002, 169, 4079–4083.
[CrossRef]

35. Samarakoon, A.; Chu, H.; Malarkannan, S. Murine NKG2D ligands: “double, double toil and trouble”. Mol. Immunol. 2009, 46,
1011–1019. [CrossRef]

36. Takada, A.; Yoshida, S.; Kajikawa, M.; Miyatake, Y.; Tomaru, U.; Sakai, M.; Chiba, H.; Maenaka, K.; Kohda, D.; Fugo, K.; et al. Two
novel NKG2D ligands of the mouse H60 family with differential expression patterns and binding affinities to NKG2D. J. Immunol.
2008, 180, 1678–1685. [CrossRef] [PubMed]

37. Malarkannan, S.; Horng, T.; Eden, P.; Gonzalez, F.; Shih, P.; Brouwenstijn, N.; Klinge, H.; Christianson, G.; Roopenian, D.; Shastri,
N. Differences that matter: Major cytotoxic T cell-stimulating minor histocompatibility antigens. Immunity 2000, 13, 333–344.
[CrossRef]

38. Zou, Z.; Nomura, M.; Takihara, Y.; Yasunaga, T.; Shimada, K. Isolation and characterization of retinoic acid-inducible cDNA
clones in F9 cells: A novel cDNA family encodes cell surface proteins sharing partial homology with MHC class I molecules. J.
Biochem. 1996, 119, 319–328. [CrossRef] [PubMed]

39. Nice, T.J.; Coscoy, L.; Raulet, D.H. Posttranslational regulation of the NKG2D ligand Mult1 in response to cell stress. J. Cell Biol.
2009, 184, i7. [CrossRef]

40. Bauer, S.; Willie, S.T.; Spies, T.; Strong, R.K. Expression, purification, crystallization and crystallographic characterization of the
human MHC class I related protein MICA. Acta Crystallogr. D. Biol. Crystallogr. 1998, 54 Pt 3, 451–453. [CrossRef]

41. Groh, V.; Steinle, A.; Bauer, S.; Spies, T. Recognition of stress-induced MHC molecules by intestinal epithelial gammadelta T cells.
Science 1998, 279, 1737–1740. [CrossRef] [PubMed]

42. Gasser, S.; Orsulic, S.; Brown, E.J.; Raulet, D.H. The DNA damage pathway regulates innate immune system ligands of the
NKG2D receptor. Nature 2005, 436, 1186–1190. [CrossRef]

43. De Maria, A.; Biassoni, R.; Fogli, M.; Rizzi, M.; Cantoni, C.; Costa, P.; Conte, R.; Mavilio, D.; Ensoli, B.; Cafaro, A.; et al.
Identification, molecular cloning and functional characterization of NKp46 and NKp30 natural cytotoxicity receptors in Macaca
fascicularis NK cells. Eur. J. Immunol. 2001, 31, 3546–3556. [CrossRef]

44. Moretta, A.; Bottino, C.; Vitale, M.; Pende, D.; Cantoni, C.; Mingari, M.C.; Biassoni, R.; Moretta, L. Activating receptors and
coreceptors involved in human natural killer cell-mediated cytolysis. Annu. Rev. Immunol. 2001, 19, 197–223. [CrossRef] [PubMed]

45. Vitale, M.; Cantoni, C.; Della Chiesa, M.; Ferlazzo, G.; Carlomagno, S.; Pende, D.; Falco, M.; Pessino, A.; Muccio, L.; De Maria,
A.; et al. An Historical Overview: The Discovery of How NK Cells Can Kill Enemies, Recruit Defense Troops, and More. Front.
Immunol. 2019, 10, 1415. [CrossRef]

46. Sivori, S.; Vitale, M.; Morelli, L.; Sanseverino, L.; Augugliaro, R.; Bottino, C.; Moretta, L.; Moretta, A. p46, a novel natural killer
cell-specific surface molecule that mediates cell activation. J. Exp. Med. 1997, 186, 1129–1136. [CrossRef]

47. Pessino, A.; Sivori, S.; Bottino, C.; Malaspina, A.; Morelli, L.; Moretta, L.; Biassoni, R.; Moretta, A. Molecular cloning of NKp46: A
novel member of the immunoglobulin superfamily involved in triggering of natural cytotoxicity. J. Exp. Med. 1998, 188, 953–960.
[CrossRef]

48. Mandelboim, O.; Lieberman, N.; Lev, M.; Paul, L.; Arnon, T.I.; Bushkin, Y.; Davis, D.M.; Strominger, J.L.; Yewdell, J.W.; Porgador,
A. Recognition of haemagglutinins on virus-infected cells by NKp46 activates lysis by human NK cells. Nature 2001, 409,
1055–1060. [CrossRef]

49. Vankayalapati, R.; Wizel, B.; Weis, S.E.; Safi, H.; Lakey, D.L.; Mandelboim, O.; Samten, B.; Porgador, A.; Barnes, P.F. The NKp46
receptor contributes to NK cell lysis of mononuclear phagocytes infected with an intracellular bacterium. J. Immunol. 2002, 168,
3451–3457. [CrossRef]

50. Narni-Mancinelli, E.; Gauthier, L.; Baratin, M.; Guia, S.; Fenis, A.; Deghmane, A.E.; Rossi, B.; Fourquet, P.; Escaliere, B.; Kerdiles,
Y.M.; et al. Complement factor P is a ligand for the natural killer cell-activating receptor NKp46. Sci. Immunol. 2017, 2. [CrossRef]

51. Biassoni, R.; Pessino, A.; Bottino, C.; Pende, D.; Moretta, L.; Moretta, A. The murine homologue of the human NKp46, a triggering
receptor involved in the induction of natural cytotoxicity. Eur. J. Immunol. 1999, 29, 1014–1020. [CrossRef]

52. Abel, A.M.; Yang, C.; Thakar, M.S.; Malarkannan, S. Natural Killer Cells: Development, Maturation, and Clinical Utilization.
Front. Immunol. 2018, 9, 1869. [CrossRef]

53. Mandelboim, O.; Porgador, A. NKp46. Int. J. Biochem. Cell Biol. 2001, 33, 1147–1150. [CrossRef]
54. Gregoire, C.; Chasson, L.; Luci, C.; Tomasello, E.; Geissmann, F.; Vivier, E.; Walzer, T. The trafficking of natural killer cells.

Immunol. Rev. 2007, 220, 169–182. [CrossRef]
55. Hanke, T.; Takizawa, H.; McMahon, C.W.; Busch, D.H.; Pamer, E.G.; Miller, J.D.; Altman, J.D.; Liu, Y.; Cado, D.; Lemonnier, F.A.;

et al. Direct assessment of MHC class I binding by seven Ly49 inhibitory NK cell receptors. Immunity 1999, 11, 67–77. [CrossRef]
56. Mason, L.H.; Gosselin, P.; Anderson, S.K.; Fogler, W.E.; Ortaldo, J.R.; McVicar, D.W. Differential tyrosine phosphorylation of

inhibitory versus activating Ly-49 receptor proteins and their recruitment of SHP-1 phosphatase. J. Immunol. 1997, 159, 4187–4196.
57. Orange, J.S. Natural killer cell deficiency. J. Allergy Clin. Immunol. 2013, 132, 515–525. [CrossRef] [PubMed]
58. Zamora, A.E.; Grossenbacher, S.K.; Aguilar, E.G.; Murphy, W.J. Models to Study NK Cell Biology and Possible Clinical Application.

Curr. Protoc. Immunol. 2015, 110, 14–37. [CrossRef]

http://doi.org/10.4049/jimmunol.169.8.4079
http://doi.org/10.1016/j.molimm.2008.09.035
http://doi.org/10.4049/jimmunol.180.3.1678
http://www.ncbi.nlm.nih.gov/pubmed/18209064
http://doi.org/10.1016/S1074-7613(00)00033-9
http://doi.org/10.1093/oxfordjournals.jbchem.a021242
http://www.ncbi.nlm.nih.gov/pubmed/8882725
http://doi.org/10.1083/JCB1843OIA7
http://doi.org/10.1107/S0907444997015229
http://doi.org/10.1126/science.279.5357.1737
http://www.ncbi.nlm.nih.gov/pubmed/9497295
http://doi.org/10.1038/nature03884
http://doi.org/10.1002/1521-4141(200112)31:12&lt;3546::AID-IMMU3546&gt;3.0.CO;2-W
http://doi.org/10.1146/annurev.immunol.19.1.197
http://www.ncbi.nlm.nih.gov/pubmed/11244035
http://doi.org/10.3389/fimmu.2019.01415
http://doi.org/10.1084/jem.186.7.1129
http://doi.org/10.1084/jem.188.5.953
http://doi.org/10.1038/35059110
http://doi.org/10.4049/jimmunol.168.7.3451
http://doi.org/10.1126/sciimmunol.aam9628
http://doi.org/10.1002/(SICI)1521-4141(199903)29:03&lt;1014::AID-IMMU1014&gt;3.0.CO;2-O
http://doi.org/10.3389/fimmu.2018.01869
http://doi.org/10.1016/S1357-2725(01)00078-4
http://doi.org/10.1111/j.1600-065X.2007.00563.x
http://doi.org/10.1016/S1074-7613(00)80082-5
http://doi.org/10.1016/j.jaci.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23993353
http://doi.org/10.1002/0471142735.im1437s110


Cells 2021, 10, 1955 20 of 27

59. Adams, E.J.; Juo, Z.S.; Venook, R.T.; Boulanger, M.J.; Arase, H.; Lanier, L.L.; Garcia, K.C. Structural elucidation of the m157 mouse
cytomegalovirus ligand for Ly49 natural killer cell receptors. Proc. Natl. Acad. Sci. USA 2007, 104, 10128–10133. [CrossRef]
[PubMed]

60. Lam, V.C.; Lanier, L.L. NK cells in host responses to viral infections. Curr. Opin. Immunol. 2017, 44, 43–51. [CrossRef]
61. Brown, M.G.; Dokun, A.O.; Heusel, J.W.; Smith, H.R.; Beckman, D.L.; Blattenberger, E.A.; Dubbelde, C.E.; Stone, L.R.; Scalzo,

A.A.; Yokoyama, W.M. Vital involvement of a natural killer cell activation receptor in resistance to viral infection. Science 2001,
292, 934–937. [CrossRef]

62. Watzl, C.; Long, E.O. Signal transduction during activation and inhibition of natural killer cells. Curr. Protoc. Immunol. 2010, 90,
11–19. [CrossRef]

63. Dorner, B.G.; Smith, H.R.; French, A.R.; Kim, S.; Poursine-Laurent, J.; Beckman, D.L.; Pingel, J.T.; Kroczek, R.A.; Yokoyama, W.M.
Coordinate expression of cytokines and chemokines by NK cells during murine cytomegalovirus infection. J. Immunol. 2004, 172,
3119–3131. [CrossRef]

64. Cheng, T.P.; French, A.R.; Plougastel, B.F.; Pingel, J.T.; Orihuela, M.M.; Buller, M.L.; Yokoyama, W.M. Ly49h is necessary for
genetic resistance to murine cytomegalovirus. Immunogenetics 2008, 60, 565–573. [CrossRef] [PubMed]

65. Fodil-Cornu, N.; Lee, S.H.; Belanger, S.; Makrigiannis, A.P.; Biron, C.A.; Buller, R.M.; Vidal, S.M. Ly49h-deficient C57BL/6 mice:
A new mouse cytomegalovirus-susceptible model remains resistant to unrelated pathogens controlled by the NK gene complex. J.
Immunol. 2008, 181, 6394–6405. [CrossRef]

66. Guma, M.; Angulo, A.; Vilches, C.; Gomez-Lozano, N.; Malats, N.; Lopez-Botet, M. Imprint of human cytomegalovirus infection
on the NK cell receptor repertoire. Blood 2004, 104, 3664–3671. [CrossRef] [PubMed]

67. Hammer, Q.; Ruckert, T.; Borst, E.M.; Dunst, J.; Haubner, A.; Durek, P.; Heinrich, F.; Gasparoni, G.; Babic, M.; Tomic, A.; et al.
Peptide-specific recognition of human cytomegalovirus strains controls adaptive natural killer cells. Nat. Immunol. 2018, 19,
453–463. [CrossRef] [PubMed]

68. Gazit, R.; Gruda, R.; Elboim, M.; Arnon, T.I.; Katz, G.; Achdout, H.; Hanna, J.; Qimron, U.; Landau, G.; Greenbaum, E.; et al.
Lethal influenza infection in the absence of the natural killer cell receptor gene Ncr1. Nat. Immunol. 2006, 7, 517–523. [CrossRef]
[PubMed]

69. Jonjic, S.; Babic, M.; Polic, B.; Krmpotic, A. Immune evasion of natural killer cells by viruses. Curr. Opin. Immunol. 2008, 20, 30–38.
[CrossRef]

70. Scharton, T.M.; Scott, P. Natural killer cells are a source of interferon gamma that drives differentiation of CD4+ T cell subsets and
induces early resistance to Leishmania major in mice. J. Exp. Med. 1993, 178, 567–577. [CrossRef]

71. Lanier, L.L. Up on the tightrope: Natural killer cell activation and inhibition. Nat. Immunol. 2008, 9, 495–502. [CrossRef]
72. Lanier, L.L.; Yu, G.; Phillips, J.H. Analysis of Fc gamma RIII (CD16) membrane expression and association with CD3 zeta and Fc

epsilon RI-gamma by site-directed mutation. J. Immunol. 1991, 146, 1571–1576. [PubMed]
73. Zhang, M.; Wen, B.; Anton, O.M.; Yao, Z.; Dubois, S.; Ju, W.; Sato, N.; DiLillo, D.J.; Bamford, R.N.; Ravetch, J.V.; et al. IL-15

enhanced antibody-dependent cellular cytotoxicity mediated by NK cells and macrophages. Proc. Natl. Acad. Sci. USA 2018, 115,
E10915–E10924. [CrossRef]

74. Wang, W.; Erbe, A.K.; Hank, J.A.; Morris, Z.S.; Sondel, P.M. NK Cell-Mediated Antibody-Dependent Cellular Cytotoxicity in
Cancer Immunotherapy. Front. Immunol. 2015, 6, 368. [CrossRef]

75. Souza-Fonseca-Guimaraes, F.; Adib-Conquy, M.; Cavaillon, J.M. Natural killer (NK) cells in antibacterial innate immunity: Angels
or devils? Mol. Med. 2012, 18, 270–285. [CrossRef]

76. Horowitz, A.; Stegmann, K.A.; Riley, E.M. Activation of natural killer cells during microbial infections. Front. Immunol. 2011, 2,
88. [CrossRef] [PubMed]

77. Sivori, S.; Carlomagno, S.; Pesce, S.; Moretta, A.; Vitale, M.; Marcenaro, E. TLR/NCR/KIR: Which One to Use and When? Front.
Immunol. 2014, 5, 105. [CrossRef] [PubMed]

78. Esin, S.; Counoupas, C.; Aulicino, A.; Brancatisano, F.L.; Maisetta, G.; Bottai, D.; Di Luca, M.; Florio, W.; Campa, M.; Batoni, G.
Interaction of Mycobacterium tuberculosis cell wall components with the human natural killer cell receptors NKp44 and Toll-like
receptor 2. Scand. J. Immunol. 2013, 77, 460–469. [CrossRef] [PubMed]

79. Marcenaro, E.; Ferranti, B.; Falco, M.; Moretta, L.; Moretta, A. Human NK cells directly recognize Mycobacterium bovis via TLR2
and acquire the ability to kill monocyte-derived DC. Int. Immunol. 2008, 20, 1155–1167. [CrossRef] [PubMed]

80. Guillerey, C.; Chow, M.T.; Miles, K.; Olver, S.; Sceneay, J.; Takeda, K.; Moller, A.; Smyth, M.J. Toll-like receptor 3 regulates NK cell
responses to cytokines and controls experimental metastasis. Oncoimmunology 2015, 4, e1027468. [CrossRef]

81. Kanevskiy, L.M.; Telford, W.G.; Sapozhnikov, A.M.; Kovalenko, E.I. Lipopolysaccharide induces IFN-gamma production in
human NK cells. Front. Immunol. 2013, 4, 11. [CrossRef]

82. Brackett, C.M.; Kojouharov, B.; Veith, J.; Greene, K.F.; Burdelya, L.G.; Gollnick, S.O.; Abrams, S.I.; Gudkov, A.V. Toll-like receptor-5
agonist, entolimod, suppresses metastasis and induces immunity by stimulating an NK-dendritic-CD8+ T-cell axis. Proc. Natl.
Acad. Sci. USA 2016, 113, E874–E883. [CrossRef]

83. Alter, G.; Suscovich, T.J.; Teigen, N.; Meier, A.; Streeck, H.; Brander, C.; Altfeld, M. Single-stranded RNA derived from HIV-1
serves as a potent activator of NK cells. J. Immunol. 2007, 178, 7658–7666. [CrossRef] [PubMed]

84. Moriyama, T.; Suzuki, T.; Chang, M.O.; Kitajima, M.; Takaku, H. Baculovirus directly activates murine NK cells via TLR9. Cancer
Gene Ther. 2017, 24, 175–179. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0703735104
http://www.ncbi.nlm.nih.gov/pubmed/17537914
http://doi.org/10.1016/j.coi.2016.11.003
http://doi.org/10.1126/science.1060042
http://doi.org/10.1002/0471142735.im1109bs90
http://doi.org/10.4049/jimmunol.172.5.3119
http://doi.org/10.1007/s00251-008-0313-3
http://www.ncbi.nlm.nih.gov/pubmed/18668236
http://doi.org/10.4049/jimmunol.181.9.6394
http://doi.org/10.1182/blood-2004-05-2058
http://www.ncbi.nlm.nih.gov/pubmed/15304389
http://doi.org/10.1038/s41590-018-0082-6
http://www.ncbi.nlm.nih.gov/pubmed/29632329
http://doi.org/10.1038/ni1322
http://www.ncbi.nlm.nih.gov/pubmed/16565719
http://doi.org/10.1016/j.coi.2007.11.002
http://doi.org/10.1084/jem.178.2.567
http://doi.org/10.1038/ni1581
http://www.ncbi.nlm.nih.gov/pubmed/1825220
http://doi.org/10.1073/pnas.1811615115
http://doi.org/10.3389/fimmu.2015.00368
http://doi.org/10.2119/molmed.2011.00201
http://doi.org/10.3389/fimmu.2011.00088
http://www.ncbi.nlm.nih.gov/pubmed/22566877
http://doi.org/10.3389/fimmu.2014.00105
http://www.ncbi.nlm.nih.gov/pubmed/24678311
http://doi.org/10.1111/sji.12052
http://www.ncbi.nlm.nih.gov/pubmed/23578092
http://doi.org/10.1093/intimm/dxn073
http://www.ncbi.nlm.nih.gov/pubmed/18596023
http://doi.org/10.1080/2162402X.2015.1027468
http://doi.org/10.3389/fimmu.2013.00011
http://doi.org/10.1073/pnas.1521359113
http://doi.org/10.4049/jimmunol.178.12.7658
http://www.ncbi.nlm.nih.gov/pubmed/17548602
http://doi.org/10.1038/cgt.2017.2
http://www.ncbi.nlm.nih.gov/pubmed/28186087


Cells 2021, 10, 1955 21 of 27

85. Walch, M.; Dotiwala, F.; Mulik, S.; Thiery, J.; Kirchhausen, T.; Clayberger, C.; Krensky, A.M.; Martinvalet, D.; Lieberman,
J. Cytotoxic cells kill intracellular bacteria through granulysin-mediated delivery of granzymes. Cell 2014, 157, 1309–1323.
[CrossRef]

86. Teixeira, H.C.; Kaufmann, S.H. Role of NK1.1+ cells in experimental listeriosis. NK1+ cells are early IFN-gamma producers but
impair resistance to Listeria monocytogenes infection. J. Immunol. 1994, 152, 1873–1882.

87. Thale, C.; Kiderlen, A.F. Sources of interferon-gamma (IFN-gamma) in early immune response to Listeria monocytogenes.
Immunobiology 2005, 210, 673–683. [CrossRef] [PubMed]

88. Esin, S.; Batoni, G.; Pardini, M.; Favilli, F.; Bottai, D.; Maisetta, G.; Florio, W.; Vanacore, R.; Wigzell, H.; Campa, M. Functional
characterization of human natural killer cells responding to Mycobacterium bovis bacille Calmette-Guerin. Immunology 2004, 112,
143–152. [CrossRef]

89. Schmidt, S.; Zimmermann, S.Y.; Tramsen, L.; Koehl, U.; Lehrnbecher, T. Natural killer cells and antifungal host response. Clin.
Vaccine Immunol. 2013, 20, 452–458. [CrossRef]

90. Ma, L.L.; Wang, C.L.; Neely, G.G.; Epelman, S.; Krensky, A.M.; Mody, C.H. NK cells use perforin rather than granulysin for
anticryptococcal activity. J. Immunol. 2004, 173, 3357–3365. [CrossRef]

91. Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of natural killer cells. Nat. Immunol. 2008, 9, 503–510.
[CrossRef]

92. Drickamer, K. Evolution of Ca(2+)-dependent animal lectins. Prog. Nucleic Acid Res. Mol. Biol. 1993, 45, 207–232.
93. Ljutic, B.; Carlyle, J.R.; Filipp, D.; Nakagawa, R.; Julius, M.; Zuniga-Pflucker, J.C. Functional requirements for signaling through

the stimulatory and inhibitory mouse NKR-P1 (CD161) NK cell receptors. J. Immunol. 2005, 174, 4789–4796. [CrossRef]
94. Sanchez-Correa, B.; Valhondo, I.; Hassouneh, F.; Lopez-Sejas, N.; Pera, A.; Bergua, J.M.; Arcos, M.J.; Banas, H.; Casas-Aviles, I.;

Duran, E.; et al. DNAM-1 and the TIGIT/PVRIG/TACTILE Axis: Novel Immune Checkpoints for Natural Killer Cell-Based
Cancer Immunotherapy. Cancers 2019, 11, 887. [CrossRef]

95. Martinet, L.; Smyth, M.J. Balancing natural killer cell activation through paired receptors. Nat. Rev. Immunol. 2015, 15, 243–254.
[CrossRef]

96. Bottino, C.; Castriconi, R.; Pende, D.; Rivera, P.; Nanni, M.; Carnemolla, B.; Cantoni, C.; Grassi, J.; Marcenaro, S.; Reymond, N.;
et al. Identification of PVR (CD155) and Nectin-2 (CD112) as cell surface ligands for the human DNAM-1 (CD226) activating
molecule. J. Exp. Med. 2003, 198, 557–567. [CrossRef]

97. Chambers, B.J.; Salcedo, M.; Ljunggren, H.G. Triggering of natural killer cells by the costimulatory molecule CD80 (B7-1).
Immunity 1996, 5, 311–317. [CrossRef]

98. Martin-Fontecha, A.; Assarsson, E.; Carbone, E.; Karre, K.; Ljunggren, H.G. Triggering of murine NK cells by CD40 and CD86
(B7-2). J. Immunol. 1999, 162, 5910–5916.

99. Rajasekaran, K.; Chu, H.; Kumar, P.; Xiao, Y.; Tinguely, M.; Samarakoon, A.; Kim, T.W.; Li, X.; Thakar, M.S.; Zhang, J.;
et al. Transforming Growth Factor-{beta}-activated Kinase 1 Regulates Natural Killer Cell-mediated Cytotoxicity and Cytokine
Production. J. Biol. Chem. 2011, 286, 31213–31224. [CrossRef]

100. Rajasekaran, K.; Kumar, P.; Schuldt, K.M.; Peterson, E.J.; Vanhaesebroeck, B.; Dixit, V.; Thakar, M.S.; Malarkannan, S. Signaling by
Fyn-ADAP via the Carma1-Bcl-10-MAP3K7 signalosome exclusively regulates inflammatory cytokine production in NK cells.
Nat. Immunol. 2013, 14, 1127–1136. [CrossRef]

101. Gerbec, Z.J.; Thakar, M.S.; Malarkannan, S. The Fyn-ADAP Axis: Cytotoxicity Versus Cytokine Production in Killer Cells. Front.
Immunol. 2015, 6, 472. [CrossRef]

102. Rajasekaran, K.; Riese, M.J.; Rao, S.; Wang, L.; Thakar, M.S.; Sentman, C.L.; Malarkannan, S. Signaling in Effector Lymphocytes:
Insights toward Safer Immunotherapy. Front. Immunol. 2016, 7, 176. [CrossRef] [PubMed]

103. Malarkannan, S. Molecular mechanisms of FasL-mediated ‘reverse-signaling’. Mol. Immunol. 2020, 127, 31–37. [CrossRef]
104. Parsons, S.J.; Parsons, J.T. Src family kinases, key regulators of signal transduction. Oncogene 2004, 23, 7906–7909. [CrossRef]
105. Parsons, J.T.; Wilkerson, V.; Parsons, S.J. Structural and functional motifs of the Rous sarcoma virus src protein. Gene Amplif. Anal.

1986, 4, 1–19. [PubMed]
106. Thomas, S.M.; Brugge, J.S. Cellular functions regulated by Src family kinases. Annu. Rev. Cell Dev. Biol. 1997, 13, 513–609.

[CrossRef] [PubMed]
107. Raab, M.; Cai, Y.C.; Bunnell, S.C.; Heyeck, S.D.; Berg, L.J.; Rudd, C.E. p56Lck and p59Fyn regulate CD28 binding to phosphatidyli-

nositol 3-kinase, growth factor receptor-bound protein GRB-2, and T cell-specific protein-tyrosine kinase ITK: Implications for
T-cell costimulation. Proc. Natl. Acad. Sci. USA 1995, 92, 8891–8895. [CrossRef]

108. da Silva, A.J.; Li, Z.; de Vera, C.; Canto, E.; Findell, P.; Rudd, C.E. Cloning of a novel T-cell protein FYB that binds FYN and
SH2-domain-containing leukocyte protein 76 and modulates interleukin 2 production. Proc. Natl. Acad. Sci. USA 1997, 94,
7493–7498. [CrossRef]

109. Wen, T.; Zhang, L.; Kung, S.K.; Molina, T.J.; Miller, R.G.; Mak, T.W. Allo-skin graft rejection, tumor rejection and natural killer
activity in mice lacking p56lck. Eur. J. Immunol. 1995, 25, 3155–3159. [CrossRef]

110. McVicar, D.W.; Taylor, L.S.; Gosselin, P.; Willette-Brown, J.; Mikhael, A.I.; Geahlen, R.L.; Nakamura, M.C.; Linnemeyer, P.;
Seaman, W.E.; Anderson, S.K.; et al. DAP12-mediated signal transduction in natural killer cells. A dominant role for the Syk
protein-tyrosine kinase. J. Biol. Chem. 1998, 273, 32934–32942. [CrossRef]

http://doi.org/10.1016/j.cell.2014.03.062
http://doi.org/10.1016/j.imbio.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16323704
http://doi.org/10.1111/j.1365-2567.2004.01858.x
http://doi.org/10.1128/CVI.00606-12
http://doi.org/10.4049/jimmunol.173.5.3357
http://doi.org/10.1038/ni1582
http://doi.org/10.4049/jimmunol.174.8.4789
http://doi.org/10.3390/cancers11060877
http://doi.org/10.1038/nri3799
http://doi.org/10.1084/jem.20030788
http://doi.org/10.1016/S1074-7613(00)80257-5
http://doi.org/10.1074/jbc.M111.261917
http://doi.org/10.1038/ni.2708
http://doi.org/10.3389/fimmu.2015.00472
http://doi.org/10.3389/fimmu.2016.00176
http://www.ncbi.nlm.nih.gov/pubmed/27242783
http://doi.org/10.1016/j.molimm.2020.08.010
http://doi.org/10.1038/sj.onc.1208160
http://www.ncbi.nlm.nih.gov/pubmed/2851527
http://doi.org/10.1146/annurev.cellbio.13.1.513
http://www.ncbi.nlm.nih.gov/pubmed/9442882
http://doi.org/10.1073/pnas.92.19.8891
http://doi.org/10.1073/pnas.94.14.7493
http://doi.org/10.1002/eji.1830251125
http://doi.org/10.1074/jbc.273.49.32934


Cells 2021, 10, 1955 22 of 27

111. Scharenberg, A.M.; El-Hillal, O.; Fruman, D.A.; Beitz, L.O.; Li, Z.; Lin, S.; Gout, I.; Cantley, L.C.; Rawlings, D.J.; Kinet, J.P.
Phosphatidylinositol-3,4,5-trisphosphate (PtdIns-3,4,5-P3)/Tec kinase-dependent calcium signaling pathway: A target for SHIP-
mediated inhibitory signals. EMBO J. 1998, 17, 1961–1972. [CrossRef] [PubMed]

112. da Silva, A.J.; Janssen, O.; Rudd, C.E. T cell receptor zeta/CD3-p59fyn(T)-associated p120/130 binds to the SH2 domain of
p59fyn(T). J. Exp. Med. 1993, 178, 2107–2113. [CrossRef] [PubMed]

113. Srivastava, R.; Burbach, B.J.; Shimizu, Y. NF-kappaB activation in T cells requires discrete control of IkappaB kinase alpha/beta
(IKKalpha/beta) phosphorylation and IKKgamma ubiquitination by the ADAP adapter protein. J. Biol. Chem. 2010, 285,
11100–11105. [CrossRef] [PubMed]

114. Medeiros, R.B.; Burbach, B.J.; Mueller, K.L.; Srivastava, R.; Moon, J.J.; Highfill, S.; Peterson, E.J.; Shimizu, Y. Regulation of
NF-kappaB activation in T cells via association of the adapter proteins ADAP and CARMA1. Science 2007, 316, 754–758. [CrossRef]

115. Wegener, E.; Oeckinghaus, A.; Papadopoulou, N.; Lavitas, L.; Schmidt-Supprian, M.; Ferch, U.; Mak, T.W.; Ruland, J.; Heissmeyer,
V.; Krappmann, D. Essential role for IkappaB kinase beta in remodeling Carma1-Bcl10-Malt1 complexes upon T cell activation.
Mol. Cell 2006, 23, 13–23. [CrossRef]

116. Kondo, M.; Weissman, I.L.; Akashi, K. Identification of clonogenic common lymphoid progenitors in mouse bone marrow. Cell
1997, 91, 661–672. [CrossRef]

117. Yang, Q.; Li, F.; Harly, C.; Xing, S.; Ye, L.; Xia, X.; Wang, H.; Wang, X.; Yu, S.; Zhou, X.; et al. TCF-1 upregulation identifies early
innate lymphoid progenitors in the bone marrow. Nat. Immunol. 2015, 16, 1044–1050. [CrossRef]

118. Boulanger, M.J.; Garcia, K.C. Shared cytokine signaling receptors: Structural insights from the gp130 system. Adv. Protein. Chem.
2004, 68, 107–146. [CrossRef]

119. Rosmaraki, E.E.; Douagi, I.; Roth, C.; Colucci, F.; Cumano, A.; Di Santo, J.P. Identification of committed NK cell progenitors in
adult murine bone marrow. Eur. J. Immunol. 2001, 31, 1900–1909. [CrossRef]

120. Bevington, S.L.; Cauchy, P.; Withers, D.R.; Lane, P.J.; Cockerill, P.N. T Cell Receptor and Cytokine Signaling Can Function at
Different Stages to Establish and Maintain Transcriptional Memory and Enable T Helper Cell Differentiation. Front. Immunol.
2017, 8, 204. [CrossRef]

121. Bradley, L.M.; Croft, M.; Swain, S.L. T-cell memory: New perspectives. Immunol. Today 1993, 14, 197–199. [CrossRef]
122. Dunne, J.; Lynch, S.; O’Farrelly, C.; Todryk, S.; Hegarty, J.E.; Feighery, C.; Doherty, D.G. Selective expansion and partial activation

of human NK cells and NK receptor-positive T cells by IL-2 and IL-15. J. Immunol. 2001, 167, 3129–3138. [CrossRef]
123. Carson, W.E.; Giri, J.G.; Lindemann, M.J.; Linett, M.L.; Ahdieh, M.; Paxton, R.; Anderson, D.; Eisenmann, J.; Grabstein, K.;

Caligiuri, M.A. Interleukin (IL) 15 is a novel cytokine that activates human natural killer cells via components of the IL-2 receptor.
J. Exp. Med. 1994, 180, 1395–1403. [CrossRef] [PubMed]

124. Giri, J.G.; Ahdieh, M.; Eisenman, J.; Shanebeck, K.; Grabstein, K.; Kumaki, S.; Namen, A.; Park, L.S.; Cosman, D.; Anderson, D.
Utilization of the beta and gamma chains of the IL-2 receptor by the novel cytokine IL-15. EMBO J. 1994, 13, 2822–2830. [CrossRef]
[PubMed]

125. Grabstein, K.H.; Eisenman, J.; Shanebeck, K.; Rauch, C.; Srinivasan, S.; Fung, V.; Beers, C.; Richardson, J.; Schoenborn, M.A.;
Ahdieh, M.; et al. Cloning of a T cell growth factor that interacts with the beta chain of the interleukin-2 receptor. Science 1994,
264, 965–968. [CrossRef] [PubMed]

126. Kuribayashi, K.; Gillis, S.; Kern, D.E.; Henney, C.S. Murine NK cell cultures: Effects of interleukin-2 and interferon on cell growth
and cytotoxic reactivity. J. Immunol. 1981, 126, 2321–2327.

127. Marcais, A.; Cherfils-Vicini, J.; Viant, C.; Degouve, S.; Viel, S.; Fenis, A.; Rabilloud, J.; Mayol, K.; Tavares, A.; Bienvenu, J.; et al.
The metabolic checkpoint kinase mTOR is essential for IL-15 signaling during the development and activation of NK cells. Nat.
Immunol. 2014, 15, 749–757. [CrossRef]

128. Morris, S.C.; Orekhova, T.; Meadows, M.J.; Heidorn, S.M.; Yang, J.; Finkelman, F.D. IL-4 induces in vivo production of IFN-gamma
by NK and NKT cells. J. Immunol. 2006, 176, 5299–5305. [CrossRef] [PubMed]

129. Bream, J.H.; Curiel, R.E.; Yu, C.R.; Egwuagu, C.E.; Grusby, M.J.; Aune, T.M.; Young, H.A. IL-4 synergistically enhances both IL-2-
and IL-12-induced IFN-gamma expression in murine NK cells. Blood 2003, 102, 207–214. [CrossRef]

130. Coombes, J.L.; Han, S.J.; van Rooijen, N.; Raulet, D.H.; Robey, E.A. Infection-induced regulation of natural killer cells by
macrophages and collagen at the lymph node subcapsular sinus. Cell Rep. 2012, 2, 124–135. [CrossRef]

131. Noguchi, M.; Yi, H.; Rosenblatt, H.M.; Filipovich, A.H.; Adelstein, S.; Modi, W.S.; McBride, O.W.; Leonard, W.J. Interleukin-2
receptor gamma chain mutation results in X-linked severe combined immunodeficiency in humans. Cell 1993, 73, 147–157.
[CrossRef]

132. Kundig, T.M.; Schorle, H.; Bachmann, M.F.; Hengartner, H.; Zinkernagel, R.M.; Horak, I. Immune responses in interleukin-2-
deficient mice. Science 1993, 262, 1059–1061. [CrossRef]

133. Fehniger, T.A.; Cooper, M.A.; Nuovo, G.J.; Cella, M.; Facchetti, F.; Colonna, M.; Caligiuri, M.A. CD56bright natural killer cells
are present in human lymph nodes and are activated by T cell-derived IL-2: A potential new link between adaptive and innate
immunity. Blood 2003, 101, 3052–3057. [CrossRef]

134. Rickert, M.; Wang, X.; Boulanger, M.J.; Goriatcheva, N.; Garcia, K.C. The structure of interleukin-2 complexed with its alpha
receptor. Science 2005, 308, 1477–1480. [CrossRef] [PubMed]

135. Takeshita, T.; Asao, H.; Ohtani, K.; Ishii, N.; Kumaki, S.; Tanaka, N.; Munakata, H.; Nakamura, M.; Sugamura, K. Cloning of the
gamma chain of the human IL-2 receptor. Science 1992, 257, 379–382. [CrossRef] [PubMed]

http://doi.org/10.1093/emboj/17.7.1961
http://www.ncbi.nlm.nih.gov/pubmed/9524119
http://doi.org/10.1084/jem.178.6.2107
http://www.ncbi.nlm.nih.gov/pubmed/7504057
http://doi.org/10.1074/jbc.M109.068999
http://www.ncbi.nlm.nih.gov/pubmed/20164171
http://doi.org/10.1126/science.1137895
http://doi.org/10.1016/j.molcel.2006.05.027
http://doi.org/10.1016/S0092-8674(00)80453-5
http://doi.org/10.1038/ni.3248
http://doi.org/10.1016/S0065-3233(04)68004-1
http://doi.org/10.1002/1521-4141(200106)31:6&lt;1900::AID-IMMU1900&gt;3.0.CO;2-M
http://doi.org/10.3389/fimmu.2017.00204
http://doi.org/10.1016/0167-5699(93)90161-D
http://doi.org/10.4049/jimmunol.167.6.3129
http://doi.org/10.1084/jem.180.4.1395
http://www.ncbi.nlm.nih.gov/pubmed/7523571
http://doi.org/10.1002/j.1460-2075.1994.tb06576.x
http://www.ncbi.nlm.nih.gov/pubmed/8026467
http://doi.org/10.1126/science.8178155
http://www.ncbi.nlm.nih.gov/pubmed/8178155
http://doi.org/10.1038/ni.2936
http://doi.org/10.4049/jimmunol.176.9.5299
http://www.ncbi.nlm.nih.gov/pubmed/16621996
http://doi.org/10.1182/blood-2002-08-2602
http://doi.org/10.1016/j.celrep.2012.06.001
http://doi.org/10.1016/0092-8674(93)90167-O
http://doi.org/10.1126/science.8235625
http://doi.org/10.1182/blood-2002-09-2876
http://doi.org/10.1126/science.1109745
http://www.ncbi.nlm.nih.gov/pubmed/15933202
http://doi.org/10.1126/science.1631559
http://www.ncbi.nlm.nih.gov/pubmed/1631559


Cells 2021, 10, 1955 23 of 27

136. Hemar, A.; Subtil, A.; Lieb, M.; Morelon, E.; Hellio, R.; Dautry-Varsat, A. Endocytosis of interleukin 2 receptors in human T
lymphocytes: Distinct intracellular localization and fate of the receptor alpha, beta, and gamma chains. J. Cell. Biol. 1995, 129,
55–64. [CrossRef] [PubMed]

137. Nelson, B.H.; Willerford, D.M. Biology of the interleukin-2 receptor. Adv Immunol 1998, 70, 1–81. [PubMed]
138. Lockyer, H.M.; Tran, E.; Nelson, B.H. STAT5 is essential for Akt/p70S6 kinase activity during IL-2-induced lymphocyte

proliferation. J. Immunol. 2007, 179, 5301–5308. [CrossRef] [PubMed]
139. Gaffen, S.L. Signaling domains of the interleukin 2 receptor. Cytokine 2001, 14, 63–77. [CrossRef] [PubMed]
140. Sharma, R.; Das, A. IL-2 mediates NK cell proliferation but not hyperactivity. Immunol. Res. 2018, 66, 151–157. [CrossRef]

[PubMed]
141. Wang, K.S.; Frank, D.A.; Ritz, J. Interleukin-2 enhances the response of natural killer cells to interleukin-12 through up-regulation

of the interleukin-12 receptor and STAT4. Blood 2000, 95, 3183–3190. [CrossRef]
142. Lehmann, C.; Zeis, M.; Uharek, L. Activation of natural killer cells with interleukin 2 (IL-2) and IL-12 increases perforin binding

and subsequent lysis of tumour cells. Br. J. Haematol. 2001, 114, 660–665. [CrossRef]
143. de Rham, C.; Ferrari-Lacraz, S.; Jendly, S.; Schneiter, G.; Dayer, J.M.; Villard, J. The proinflammatory cytokines IL-2, IL-15 and

IL-21 modulate the repertoire of mature human natural killer cell receptors. Arthritis Res. Ther. 2007, 9, R125. [CrossRef]
144. Kawamura, T.; Koka, R.; Ma, A.; Kumar, V. Differential roles for IL-15R alpha-chain in NK cell development and Ly-49 induction.

J. Immunol. 2003, 171, 5085–5090. [CrossRef]
145. Kennedy, M.K.; Glaccum, M.; Brown, S.N.; Butz, E.A.; Viney, J.L.; Embers, M.; Matsuki, N.; Charrier, K.; Sedger, L.; Willis, C.R.;

et al. Reversible defects in natural killer and memory CD8 T cell lineages in interleukin 15-deficient mice. J. Exp. Med. 2000, 191,
771–780. [CrossRef] [PubMed]

146. Giri, J.G.; Kumaki, S.; Ahdieh, M.; Friend, D.J.; Loomis, A.; Shanebeck, K.; DuBose, R.; Cosman, D.; Park, L.S.; Anderson, D.M.
Identification and cloning of a novel IL-15 binding protein that is structurally related to the alpha chain of the IL-2 receptor.
EMBO J. 1995, 14, 3654–3663. [CrossRef] [PubMed]

147. Marcais, A.; Viel, S.; Grau, M.; Henry, T.; Marvel, J.; Walzer, T. Regulation of mouse NK cell development and function by
cytokines. Front. Immunol. 2013, 4, 450. [CrossRef] [PubMed]

148. DiSanto, J.P.; Muller, W.; Guy-Grand, D.; Fischer, A.; Rajewsky, K. Lymphoid development in mice with a targeted deletion of the
interleukin 2 receptor gamma chain. Proc. Natl. Acad. Sci. USA 1995, 92, 377–381. [CrossRef]

149. Dubois, S.; Mariner, J.; Waldmann, T.A.; Tagaya, Y. IL-15Ralpha recycles and presents IL-15 In trans to neighboring cells. Immunity
2002, 17, 537–547. [CrossRef]

150. Horng, T.; Bezbradica, J.S.; Medzhitov, R. NKG2D signaling is coupled to the interleukin 15 receptor signaling pathway. Nat.
Immunol. 2007, 8, 1345–1352. [CrossRef] [PubMed]

151. Eckelhart, E.; Warsch, W.; Zebedin, E.; Simma, O.; Stoiber, D.; Kolbe, T.; Rulicke, T.; Mueller, M.; Casanova, E.; Sexl, V. A novel
Ncr1-Cre mouse reveals the essential role of STAT5 for NK-cell survival and development. Blood 2011, 117, 1565–1573. [CrossRef]
[PubMed]

152. Marcais, A.; Walzer, T. mTOR: A gate to NK cell maturation and activation. Cell Cycle 2014, 13, 3315–3316. [CrossRef] [PubMed]
153. Nandagopal, N.; Ali, A.K.; Komal, A.K.; Lee, S.H. The Critical Role of IL-15-PI3K-mTOR Pathway in Natural Killer Cell Effector

Functions. Front. Immunol. 2014, 5, 187. [CrossRef]
154. Mah, A.Y.; Rashidi, A.; Keppel, M.P.; Saucier, N.; Moore, E.K.; Alinger, J.B.; Tripathy, S.K.; Agarwal, S.K.; Jeng, E.K.; Wong, H.C.;

et al. Glycolytic requirement for NK cell cytotoxicity and cytomegalovirus control. JCI Insight 2017, 2. [CrossRef] [PubMed]
155. Boyman, O.; Sprent, J. The role of interleukin-2 during homeostasis and activation of the immune system. Nat. Rev. Immunol.

2012, 12, 180–190. [CrossRef] [PubMed]
156. Boussiotis, V.A.; Barber, D.L.; Nakarai, T.; Freeman, G.J.; Gribben, J.G.; Bernstein, G.M.; D’Andrea, A.D.; Ritz, J.; Nadler, L.M.

Prevention of T cell anergy by signaling through the gamma c chain of the IL-2 receptor. Science 1994, 266, 1039–1042. [CrossRef]
157. Fujii, H.; Ogasawara, K.; Otsuka, H.; Suzuki, M.; Yamamura, K.; Yokochi, T.; Miyazaki, T.; Suzuki, H.; Mak, T.W.; Taki, S.; et al.

Functional dissection of the cytoplasmic subregions of the IL-2 receptor betac chain in primary lymphocyte populations. EMBO J.
1998, 17, 6551–6557. [CrossRef]

158. Park, S.Y.; Saijo, K.; Takahashi, T.; Osawa, M.; Arase, H.; Hirayama, N.; Miyake, K.; Nakauchi, H.; Shirasawa, T.; Saito, T.
Developmental defects of lymphoid cells in Jak3 kinase-deficient mice. Immunity 1995, 3, 771–782. [CrossRef]

159. Imada, K.; Bloom, E.T.; Nakajima, H.; Horvath-Arcidiacono, J.A.; Udy, G.B.; Davey, H.W.; Leonard, W.J. Stat5b is essential for
natural killer cell-mediated proliferation and cytolytic activity. J. Exp. Med. 1998, 188, 2067–2074. [CrossRef]

160. Okkenhaug, K. Signaling by the phosphoinositide 3-kinase family in immune cells. Annu. Rev. Immunol. 2013, 31, 675–704.
[CrossRef]

161. Guo, H.; Samarakoon, A.; Vanhaesebroeck, B.; Malarkannan, S. The p110 delta of PI3K plays a critical role in NK cell terminal
maturation and cytokine/chemokine generation. J. Exp. Med. 2008, 205, 2419–2435. [CrossRef]

162. Kim, N.; Saudemont, A.; Webb, L.; Camps, M.; Ruckle, T.; Hirsch, E.; Turner, M.; Colucci, F. The p110delta catalytic isoform of
PI3K is a key player in NK-cell development and cytokine secretion. Blood 2007, 110, 3202–3208. [CrossRef]

163. Viel, S.; Besson, L.; Marotel, M.; Walzer, T.; Marcais, A. Regulation of mTOR, Metabolic Fitness, and Effector Functions by
Cytokines in Natural Killer Cells. Cancers 2017, 9, 132. [CrossRef] [PubMed]

http://doi.org/10.1083/jcb.129.1.55
http://www.ncbi.nlm.nih.gov/pubmed/7698995
http://www.ncbi.nlm.nih.gov/pubmed/9755337
http://doi.org/10.4049/jimmunol.179.8.5301
http://www.ncbi.nlm.nih.gov/pubmed/17911616
http://doi.org/10.1006/cyto.2001.0862
http://www.ncbi.nlm.nih.gov/pubmed/11356007
http://doi.org/10.1007/s12026-017-8982-3
http://www.ncbi.nlm.nih.gov/pubmed/29256180
http://doi.org/10.1182/blood.V95.10.3183
http://doi.org/10.1046/j.1365-2141.2001.02995.x
http://doi.org/10.1186/ar2336
http://doi.org/10.4049/jimmunol.171.10.5085
http://doi.org/10.1084/jem.191.5.771
http://www.ncbi.nlm.nih.gov/pubmed/10704459
http://doi.org/10.1002/j.1460-2075.1995.tb00035.x
http://www.ncbi.nlm.nih.gov/pubmed/7641685
http://doi.org/10.3389/fimmu.2013.00450
http://www.ncbi.nlm.nih.gov/pubmed/24376448
http://doi.org/10.1073/pnas.92.2.377
http://doi.org/10.1016/S1074-7613(02)00429-6
http://doi.org/10.1038/ni1524
http://www.ncbi.nlm.nih.gov/pubmed/17952078
http://doi.org/10.1182/blood-2010-06-291633
http://www.ncbi.nlm.nih.gov/pubmed/21127177
http://doi.org/10.4161/15384101.2014.972919
http://www.ncbi.nlm.nih.gov/pubmed/25485573
http://doi.org/10.3389/fimmu.2014.00187
http://doi.org/10.1172/jci.insight.95128
http://www.ncbi.nlm.nih.gov/pubmed/29212951
http://doi.org/10.1038/nri3156
http://www.ncbi.nlm.nih.gov/pubmed/22343569
http://doi.org/10.1126/science.7973657
http://doi.org/10.1093/emboj/17.22.6551
http://doi.org/10.1016/1074-7613(95)90066-7
http://doi.org/10.1084/jem.188.11.2067
http://doi.org/10.1146/annurev-immunol-032712-095946
http://doi.org/10.1084/jem.20072327
http://doi.org/10.1182/blood-2007-02-075366
http://doi.org/10.3390/cancers9100132
http://www.ncbi.nlm.nih.gov/pubmed/28956813


Cells 2021, 10, 1955 24 of 27

164. Liu, P.; Gan, W.; Chin, Y.R.; Ogura, K.; Guo, J.; Zhang, J.; Wang, B.; Blenis, J.; Cantley, L.C.; Toker, A.; et al. PtdIns(3,4,5)P3-
Dependent Activation of the mTORC2 Kinase Complex. Cancer Discov. 2015, 5, 1194–1209. [CrossRef]

165. Yang, G.; Murashige, D.S.; Humphrey, S.J.; James, D.E. A Positive Feedback Loop between Akt and mTORC2 via SIN1 Phospho-
rylation. Cell Rep. 2015, 12, 937–943. [CrossRef] [PubMed]

166. Guertin, D.A.; Stevens, D.M.; Thoreen, C.C.; Burds, A.A.; Kalaany, N.Y.; Moffat, J.; Brown, M.; Fitzgerald, K.J.; Sabatini, D.M.
Ablation in mice of the mTORC components raptor, rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO
and PKCalpha, but not S6K1. Dev. Cell 2006, 11, 859–871. [CrossRef] [PubMed]

167. Liu, S.M.; King, C. IL-21-producing Th cells in immunity and autoimmunity. J. Immunol. 2013, 191, 3501–3506. [CrossRef]
168. Hamming, O.J.; Kang, L.; Svensson, A.; Karlsen, J.L.; Rahbek-Nielsen, H.; Paludan, S.R.; Hjorth, S.A.; Bondensgaard, K.;

Hartmann, R. Crystal structure of interleukin-21 receptor (IL-21R) bound to IL-21 reveals that sugar chain interacting with
WSXWS motif is integral part of IL-21R. J. Biol. Chem. 2012, 287, 9454–9460. [CrossRef] [PubMed]

169. Schindler, C.; Levy, D.E.; Decker, T. JAK-STAT signaling: From interferons to cytokines. J. Biol. Chem. 2007, 282, 20059–20063.
[CrossRef]

170. Brady, J.; Hayakawa, Y.; Smyth, M.J.; Nutt, S.L. IL-21 induces the functional maturation of murine NK cells. J. Immunol. 2004, 172,
2048–2058. [CrossRef] [PubMed]

171. Roda, J.M.; Parihar, R.; Lehman, A.; Mani, A.; Tridandapani, S.; Carson, W.E., 3rd. Interleukin-21 enhances NK cell activation in
response to antibody-coated targets. J. Immunol. 2006, 177, 120–129. [CrossRef]

172. Kasaian, M.T.; Whitters, M.J.; Carter, L.L.; Lowe, L.D.; Jussif, J.M.; Deng, B.; Johnson, K.A.; Witek, J.S.; Senices, M.; Konz, R.F.;
et al. IL-21 limits NK cell responses and promotes antigen-specific T cell activation: A mediator of the transition from innate to
adaptive immunity. Immunity 2002, 16, 559–569. [CrossRef]

173. Trinchieri, G.; Pflanz, S.; Kastelein, R.A. The IL-12 family of heterodimeric cytokines: New players in the regulation of T cell
responses. Immunity 2003, 19, 641–644. [CrossRef]

174. Curtsinger, J.M.; Lins, D.C.; Johnson, C.M.; Mescher, M.F. Signal 3 tolerant CD8 T cells degranulate in response to antigen but
lack granzyme B to mediate cytolysis. J. Immunol. 2005, 175, 4392–4399. [CrossRef]

175. Glassman, C.R.; Mathiharan, Y.K.; Jude, K.M.; Su, L.; Panova, O.; Lupardus, P.J.; Spangler, J.B.; Ely, L.K.; Thomas, C.; Skiniotis, G.;
et al. Structural basis for IL-12 and IL-23 receptor sharing reveals a gateway for shaping actions on T versus NK cells. Cell 2021,
184, 983–999.e4. [CrossRef]

176. Vosshenrich, C.A.; Garcia-Ojeda, M.E.; Samson-Villeger, S.I.; Pasqualetto, V.; Enault, L.; Richard-Le, G.O.; Corcuff, E.; Guy-Grand,
D.; Rocha, B.; Cumano, A.; et al. A thymic pathway of mouse natural killer cell development characterized by expression of
GATA-3 and CD127. Nat. Immunol. 2006, 7, 1217–1224. [CrossRef]

177. Mikulak, J.; Bruni, E.; Oriolo, F.; Di Vito, C.; Mavilio, D. Hepatic Natural Killer Cells: Organ-Specific Sentinels of Liver Immune
Homeostasis and Physiopathology. Front. Immunol. 2019, 10, 946. [CrossRef] [PubMed]

178. Hudspeth, K.; Donadon, M.; Cimino, M.; Pontarini, E.; Tentorio, P.; Preti, M.; Hong, M.; Bertoletti, A.; Bicciato, S.; Invernizzi, P.;
et al. Human liver-resident CD56(bright)/CD16(neg) NK cells are retained within hepatic sinusoids via the engagement of CCR5
and CXCR6 pathways. J. Autoimmun. 2016, 66, 40–50. [CrossRef] [PubMed]

179. Kumar, P.; Rajasekaran, K.; Palmer, J.M.; Thakar, M.S.; Malarkannan, S. IL-22: An Evolutionary Missing-Link Authenticating the
Role of the Immune System in Tissue Regeneration. J. Cancer 2013, 4, 57–65. [CrossRef]

180. Cross, J.C.; Hemberger, M.; Lu, Y.; Nozaki, T.; Whiteley, K.; Masutani, M.; Adamson, S.L. Trophoblast functions, angiogenesis and
remodeling of the maternal vasculature in the placenta. Mol. Cell. Endocrinol. 2002, 187, 207–212. [CrossRef]

181. Sojka, D.K.; Yang, L.; Yokoyama, W.M. Uterine Natural Killer Cells. Front. Immunol. 2019, 10, 960. [CrossRef] [PubMed]
182. Long, E.O. Ready for prime time: NK cell priming by dendritic cells. Immunity 2007, 26, 385–387. [CrossRef] [PubMed]
183. Lucas, M.; Schachterle, W.; Oberle, K.; Aichele, P.; Diefenbach, A. Dendritic cells prime natural killer cells by trans-presenting

interleukin 15. Immunity 2007, 26, 503–517. [CrossRef]
184. Degli-Esposti, M.A.; Smyth, M.J. Close encounters of different kinds: Dendritic cells and NK cells take centre stage. Nat. Rev.

Immunol. 2005, 5, 112–124. [CrossRef]
185. Biron, C.A.; Nguyen, K.B.; Pien, G.C.; Cousens, L.P.; Salazar-Mather, T.P. Natural killer cells in antiviral defense: Function and

regulation by innate cytokines. Annu. Rev. Immunol. 1999, 17, 189–220. [CrossRef] [PubMed]
186. Koka, R.; Burkett, P.R.; Chien, M.; Chai, S.; Chan, F.; Lodolce, J.P.; Boone, D.L.; Ma, A. Interleukin (IL)-15R[alpha]-deficient natural

killer cells survive in normal but not IL-15R[alpha]-deficient mice. J. Exp. Med. 2003, 197, 977–984. [CrossRef]
187. Vignali, D.A.; Kuchroo, V.K. IL-12 family cytokines: Immunological playmakers. Nat. Immunol. 2012, 13, 722–728. [CrossRef]
188. Chizzonite, R.; Truitt, T.; Podlaski, F.J.; Wolitzky, A.G.; Quinn, P.M.; Nunes, P.; Stern, A.S.; Gately, M.K. IL-12: Monoclonal

antibodies specific for the 40-kDa subunit block receptor binding and biologic activity on activated human lymphoblasts. J.
Immunol. 1991, 147, 1548–1556.

189. Thierfelder, W.E.; van Deursen, J.M.; Yamamoto, K.; Tripp, R.A.; Sarawar, S.R.; Carson, R.T.; Sangster, M.Y.; Vignali, D.A.; Doherty,
P.C.; Grosveld, G.C.; et al. Requirement for Stat4 in interleukin-12-mediated responses of natural killer and T cells. Nature 1996,
382, 171–174. [CrossRef]

190. Torigoe, K.; Ushio, S.; Okura, T.; Kobayashi, S.; Taniai, M.; Kunikata, T.; Murakami, T.; Sanou, O.; Kojima, H.; Fujii, M.; et al.
Purification and characterization of the human interleukin-18 receptor. J. Biol. Chem. 1997, 272, 25737–25742. [CrossRef]

http://doi.org/10.1158/2159-8290.CD-15-0460
http://doi.org/10.1016/j.celrep.2015.07.016
http://www.ncbi.nlm.nih.gov/pubmed/26235620
http://doi.org/10.1016/j.devcel.2006.10.007
http://www.ncbi.nlm.nih.gov/pubmed/17141160
http://doi.org/10.4049/jimmunol.1301454
http://doi.org/10.1074/jbc.M111.311084
http://www.ncbi.nlm.nih.gov/pubmed/22235133
http://doi.org/10.1074/jbc.R700016200
http://doi.org/10.4049/jimmunol.172.4.2048
http://www.ncbi.nlm.nih.gov/pubmed/14764669
http://doi.org/10.4049/jimmunol.177.1.120
http://doi.org/10.1016/S1074-7613(02)00295-9
http://doi.org/10.1016/S1074-7613(03)00296-6
http://doi.org/10.4049/jimmunol.175.7.4392
http://doi.org/10.1016/j.cell.2021.01.018
http://doi.org/10.1038/ni1395
http://doi.org/10.3389/fimmu.2019.00946
http://www.ncbi.nlm.nih.gov/pubmed/31114585
http://doi.org/10.1016/j.jaut.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26330348
http://doi.org/10.7150/jca.5048
http://doi.org/10.1016/S0303-7207(01)00703-1
http://doi.org/10.3389/fimmu.2019.00960
http://www.ncbi.nlm.nih.gov/pubmed/31118936
http://doi.org/10.1016/j.immuni.2007.04.001
http://www.ncbi.nlm.nih.gov/pubmed/17459805
http://doi.org/10.1016/j.immuni.2007.03.006
http://doi.org/10.1038/nri1549
http://doi.org/10.1146/annurev.immunol.17.1.189
http://www.ncbi.nlm.nih.gov/pubmed/10358757
http://doi.org/10.1084/jem.20021836
http://doi.org/10.1038/ni.2366
http://doi.org/10.1038/382171a0
http://doi.org/10.1074/jbc.272.41.25737


Cells 2021, 10, 1955 25 of 27

191. Parihar, R.; Dierksheide, J.; Hu, Y.; Carson, W.E. IL-12 enhances the natural killer cell cytokine response to Ab-coated tumor cells.
J. Clin. Invest. 2002, 110, 983–992. [CrossRef] [PubMed]

192. Agarwal, P.; Raghavan, A.; Nandiwada, S.L.; Curtsinger, J.M.; Bohjanen, P.R.; Mueller, D.L.; Mescher, M.F. Gene regulation and
chromatin remodeling by IL-12 and type I IFN in programming for CD8 T cell effector function and memory. J. Immunol. 2009,
183, 1695–1704. [CrossRef]

193. Parham, C.; Chirica, M.; Timans, J.; Vaisberg, E.; Travis, M.; Cheung, J.; Pflanz, S.; Zhang, R.; Singh, K.P.; Vega, F.; et al. A receptor
for the heterodimeric cytokine IL-23 is composed of IL-12Rbeta1 and a novel cytokine receptor subunit, IL-23R. J. Immunol. 2002,
168, 5699–5708. [CrossRef]

194. Cella, M.; Fuchs, A.; Vermi, W.; Facchetti, F.; Otero, K.; Lennerz, J.K.; Doherty, J.M.; Mills, J.C.; Colonna, M. A human natural
killer cell subset provides an innate source of IL-22 for mucosal immunity. Nature 2009, 457, 722–725. [CrossRef]

195. Collison, L.W.; Workman, C.J.; Kuo, T.T.; Boyd, K.; Wang, Y.; Vignali, K.M.; Cross, R.; Sehy, D.; Blumberg, R.S.; Vignali, D.A. The
inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 2007, 450, 566–569. [CrossRef] [PubMed]

196. Presky, D.H.; Yang, H.; Minetti, L.J.; Chua, A.O.; Nabavi, N.; Wu, C.Y.; Gately, M.K.; Gubler, U. A functional interleukin 12
receptor complex is composed of two beta-type cytokine receptor subunits. Proc. Natl. Acad. Sci. USA 1996, 93, 14002–14007.
[CrossRef]

197. Pflanz, S.; Timans, J.C.; Cheung, J.; Rosales, R.; Kanzler, H.; Gilbert, J.; Hibbert, L.; Churakova, T.; Travis, M.; Vaisberg, E.; et al.
IL-27, a heterodimeric cytokine composed of EBI3 and p28 protein, induces proliferation of naive CD4(+) T cells. Immunity 2002,
16, 779–790. [CrossRef]

198. Villarino, A.; Hibbert, L.; Lieberman, L.; Wilson, E.; Mak, T.; Yoshida, H.; Kastelein, R.A.; Saris, C.; Hunter, C.A. The IL-27R
(WSX-1) is required to suppress T cell hyperactivity during infection. Immunity 2003, 19, 645–655. [CrossRef]

199. Cox, J.H.; Kljavin, N.M.; Ramamoorthi, N.; Diehl, L.; Batten, M.; Ghilardi, N. IL-27 promotes T cell-dependent colitis through
multiple mechanisms. J. Exp. Med. 2011, 208, 115–123. [CrossRef] [PubMed]

200. Hunter, C.A. New IL-12-family members: IL-23 and IL-27, cytokines with divergent functions. Nat. Rev. Immunol. 2005, 5,
521–531. [CrossRef] [PubMed]

201. Collison, L.W.; Vignali, D.A. Interleukin-35: Odd one out or part of the family? Immunol. Rev. 2008, 226, 248–262. [CrossRef]
[PubMed]

202. Lusty, E.; Poznanski, S.M.; Kwofie, K.; Mandur, T.S.; Lee, D.A.; Richards, C.D.; Ashkar, A.A. IL-18/IL-15/IL-12 synergy induces
elevated and prolonged IFN-gamma production by ex vivo expanded NK cells which is not due to enhanced STAT4 activation.
Mol. Immunol. 2017, 88, 138–147. [CrossRef] [PubMed]

203. Lee, J.K.; Kim, S.H.; Lewis, E.C.; Azam, T.; Reznikov, L.L.; Dinarello, C.A. Differences in signaling pathways by IL-1beta and
IL-18. Proc. Natl. Acad. Sci. USA 2004, 101, 8815–8820. [CrossRef] [PubMed]

204. Klekotka, P.A.; Yang, L.; Yokoyama, W.M. Contrasting roles of the IL-1 and IL-18 receptors in MyD88-dependent contact
hypersensitivity. J. Invest. Dermatol. 2010, 130, 184–191. [CrossRef] [PubMed]

205. Yoshimoto, T.; Takeda, K.; Tanaka, T.; Ohkusu, K.; Kashiwamura, S.; Okamura, H.; Akira, S.; Nakanishi, K. IL-12 up-regulates
IL-18 receptor expression on T cells, Th1 cells, and B cells: Synergism with IL-18 for IFN-gamma production. J. Immunol. 1998,
161, 3400–3407.

206. Mavropoulos, A.; Sully, G.; Cope, A.P.; Clark, A.R. Stabilization of IFN-gamma mRNA by MAPK p38 in IL-12- and IL-18-
stimulated human NK cells. Blood 2005, 105, 282–288. [CrossRef]

207. Nakahira, M.; Ahn, H.J.; Park, W.R.; Gao, P.; Tomura, M.; Park, C.S.; Hamaoka, T.; Ohta, T.; Kurimoto, M.; Fujiwara, H. Synergy
of IL-12 and IL-18 for IFN-gamma gene expression: IL-12-induced STAT4 contributes to IFN-gamma promoter activation by
up-regulating the binding activity of IL-18-induced activator protein 1. J. Immunol. 2002, 168, 1146–1153. [CrossRef]

208. Azzoni, L.; Kanakaraj, P.; Zatsepina, O.; Perussia, B. IL-12-induced activation of NK and T cells occurs in the absence of
immediate-early activation gene expression. J. Immunol. 1996, 157, 3235–3241.

209. Yu, Q.; Sharma, A.; Oh, S.Y.; Moon, H.G.; Hossain, M.Z.; Salay, T.M.; Leeds, K.E.; Du, H.; Wu, B.; Waterman, M.L.; et al. T cell
factor 1 initiates the T helper type 2 fate by inducing the transcription factor GATA-3 and repressing interferon-gamma. Nat.
Immunol. 2009, 10, 992–999. [CrossRef]

210. Curtsinger, J.M.; Schmidt, C.S.; Mondino, A.; Lins, D.C.; Kedl, R.M.; Jenkins, M.K.; Mescher, M.F. Inflammatory cytokines provide
a third signal for activation of naive CD4+ and CD8+ T cells. J. Immunol. 1999, 162, 3256–3262.

211. Curtsinger, J.M.; Mescher, M.F. Inflammatory cytokines as a third signal for T cell activation. Curr. Opin. Immunol. 2010, 22,
333–340. [CrossRef] [PubMed]

212. Tominaga, K.; Yoshimoto, T.; Torigoe, K.; Kurimoto, M.; Matsui, K.; Hada, T.; Okamura, H.; Nakanishi, K. IL-12 synergizes with
IL-18 or IL-1beta for IFN-gamma production from human T cells. Int. Immunol. 2000, 12, 151–160. [CrossRef] [PubMed]

213. Sckisel, G.D.; Bouchlaka, M.N.; Monjazeb, A.M.; Crittenden, M.; Curti, B.D.; Wilkins, D.E.; Alderson, K.A.; Sungur, C.M.; Ames,
E.; Mirsoian, A.; et al. Out-of-Sequence Signal 3 Paralyzes Primary CD4(+) T-Cell-Dependent Immunity. Immunity 2015, 43,
240–250. [CrossRef]

214. van de Wetering, D.; De Paus, R.A.; van Dissel, J.T.; van de Vosse, E. IL-23 modulates CD56+/CD3- NK cell and CD56+/CD3+
NK-like T cell function differentially from IL-12. Int. Immunol. 2009, 21, 145–153. [CrossRef]

215. Floss, D.M.; Schroder, J.; Franke, M.; Scheller, J. Insights into IL-23 biology: From structure to function. Cytokine Growth Factor Rev.
2015, 26, 569–578. [CrossRef]

http://doi.org/10.1172/JCI0215950
http://www.ncbi.nlm.nih.gov/pubmed/12370276
http://doi.org/10.4049/jimmunol.0900592
http://doi.org/10.4049/jimmunol.168.11.5699
http://doi.org/10.1038/nature07537
http://doi.org/10.1038/nature06306
http://www.ncbi.nlm.nih.gov/pubmed/18033300
http://doi.org/10.1073/pnas.93.24.14002
http://doi.org/10.1016/S1074-7613(02)00324-2
http://doi.org/10.1016/S1074-7613(03)00300-5
http://doi.org/10.1084/jem.20100410
http://www.ncbi.nlm.nih.gov/pubmed/21173106
http://doi.org/10.1038/nri1648
http://www.ncbi.nlm.nih.gov/pubmed/15999093
http://doi.org/10.1111/j.1600-065X.2008.00704.x
http://www.ncbi.nlm.nih.gov/pubmed/19161429
http://doi.org/10.1016/j.molimm.2017.06.025
http://www.ncbi.nlm.nih.gov/pubmed/28644973
http://doi.org/10.1073/pnas.0402800101
http://www.ncbi.nlm.nih.gov/pubmed/15161979
http://doi.org/10.1038/jid.2009.242
http://www.ncbi.nlm.nih.gov/pubmed/19657352
http://doi.org/10.1182/blood-2004-07-2782
http://doi.org/10.4049/jimmunol.168.3.1146
http://doi.org/10.1038/ni.1762
http://doi.org/10.1016/j.coi.2010.02.013
http://www.ncbi.nlm.nih.gov/pubmed/20363604
http://doi.org/10.1093/intimm/12.2.151
http://www.ncbi.nlm.nih.gov/pubmed/10653850
http://doi.org/10.1016/j.immuni.2015.06.023
http://doi.org/10.1093/intimm/dxn132
http://doi.org/10.1016/j.cytogfr.2015.07.005


Cells 2021, 10, 1955 26 of 27

216. Ivanova, D.L.; Mundhenke, T.M.; Gigley, J.P. The IL-12- and IL-23-Dependent NK Cell Response Is Essential for Protective
Immunity against Secondary Toxoplasma gondii Infection. J. Immunol. 2019, 203, 2944–2958. [CrossRef] [PubMed]

217. Zwirner, N.W.; Ziblat, A. Regulation of NK Cell Activation and Effector Functions by the IL-12 Family of Cytokines: The Case of
IL-27. Front. Immunol. 2017, 8, 25. [CrossRef] [PubMed]

218. Kobayashi, M.; Fitz, L.; Ryan, M.; Hewick, R.M.; Clark, S.C.; Chan, S.; Loudon, R.; Sherman, F.; Perussia, B.; Trinchieri, G.
Identification and purification of natural killer cell stimulatory factor (NKSF), a cytokine with multiple biologic effects on human
lymphocytes. J. Exp. Med. 1989, 170, 827–845. [CrossRef]

219. Jalah, R.; Rosati, M.; Ganneru, B.; Pilkington, G.R.; Valentin, A.; Kulkarni, V.; Bergamaschi, C.; Chowdhury, B.; Zhang, G.M.;
Beach, R.K.; et al. The p40 subunit of interleukin (IL)-12 promotes stabilization and export of the p35 subunit: Implications for
improved IL-12 cytokine production. J. Biol. Chem. 2013, 288, 6763–6776. [CrossRef]

220. Chizzonite, R.; Truitt, T.; Desai, B.B.; Nunes, P.; Podlaski, F.J.; Stern, A.S.; Gately, M.K. IL-12 receptor. I. Characterization of the
receptor on phytohemagglutinin-activated human lymphoblasts. J. Immunol. 1992, 148, 3117–3124. [PubMed]

221. Desai, B.B.; Quinn, P.M.; Wolitzky, A.G.; Mongini, P.K.; Chizzonite, R.; Gately, M.K. IL-12 receptor. II. Distribution and regulation
of receptor expression. J. Immunol. 1992, 148, 3125–3132. [PubMed]

222. Cella, M.; Scheidegger, D.; Palmer-Lehmann, K.; Lane, P.; Lanzavecchia, A.; Alber, G. Ligation of CD40 on dendritic cells triggers
production of high levels of interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC activation. J. Exp. Med.
1996, 184, 747–752. [CrossRef] [PubMed]

223. Macatonia, S.E.; Hosken, N.A.; Litton, M.; Vieira, P.; Hsieh, C.S.; Culpepper, J.A.; Wysocka, M.; Trinchieri, G.; Murphy, K.M.;
O’Garra, A. Dendritic cells produce IL-12 and direct the development of Th1 cells from naive CD4+ T cells. J. Immunol. 1995, 154,
5071–5079.

224. Zou, J.; Presky, D.H.; Wu, C.Y.; Gubler, U. Differential associations between the cytoplasmic regions of the interleukin-12 receptor
subunits beta1 and beta2 and JAK kinases. J. Biol. Chem. 1997, 272, 6073–6077. [CrossRef]

225. Yamamoto, K.; Shibata, F.; Miura, O.; Kamiyama, R.; Hirosawa, S.; Miyasaka, N. Physical interaction between interleukin-12
receptor beta 2 subunit and Jak2 tyrosine kinase: Jak2 associates with cytoplasmic membrane-proximal region of interleukin-12
receptor beta 2 via amino-terminus. Biochem. Biophys. Res. Commun. 1999, 257, 400–404. [CrossRef] [PubMed]

226. Ota, N.; Brett, T.J.; Murphy, T.L.; Fremont, D.H.; Murphy, K.M. N-domain-dependent nonphosphorylated STAT4 dimers required
for cytokine-driven activation. Nat. Immunol. 2004, 5, 208–215. [CrossRef] [PubMed]

227. Townsend, M.J.; Weinmann, A.S.; Matsuda, J.L.; Salomon, R.; Farnham, P.J.; Biron, C.A.; Gapin, L.; Glimcher, L.H. T-bet regulates
the terminal maturation and homeostasis of NK and Valpha14i NKT cells. Immunity 2004, 20, 477–494. [CrossRef]

228. Hamza, T.; Barnett, J.B.; Li, B. Interleukin 12 a key immunoregulatory cytokine in infection applications. Int. J. Mol. Sci. 2010, 11,
789–806. [CrossRef] [PubMed]

229. Baden, H.A.; Sarma, S.P.; Kapust, R.B.; Byrd, R.A.; Waugh, D.S. The amino-terminal domain of human STAT4. Overproduction,
purification, and biophysical characterization. J. Biol. Chem. 1998, 273, 17109–17114. [CrossRef] [PubMed]

230. Grant, L.R.; Yao, Z.J.; Hedrich, C.M.; Wang, F.; Moorthy, A.; Wilson, K.; Ranatunga, D.; Bream, J.H. Stat4-dependent, T-bet-
independent regulation of IL-10 in NK cells. Genes Immun. 2008, 9, 316–327. [CrossRef] [PubMed]

231. Yamamoto, K.; Shibata, F.; Miyasaka, N.; Miura, O. The human perforin gene is a direct target of STAT4 activated by IL-12 in NK
cells. Biochem. Biophys. Res. Commun. 2002, 297, 1245–1252. [CrossRef]

232. Ohs, I.; van den Broek, M.; Nussbaum, K.; Munz, C.; Arnold, S.J.; Quezada, S.A.; Tugues, S.; Becher, B. Interleukin-12 bypasses
common gamma-chain signalling in emergency natural killer cell lymphopoiesis. Nat. Commun. 2016, 7, 13708. [CrossRef]
[PubMed]

233. Sun, J.C.; Madera, S.; Bezman, N.A.; Beilke, J.N.; Kaplan, M.H.; Lanier, L.L. Proinflammatory cytokine signaling required for the
generation of natural killer cell memory. J. Exp. Med. 2012, 209, 947–954. [CrossRef]

234. Cooper, M.A.; Elliott, J.M.; Keyel, P.A.; Yang, L.; Carrero, J.A.; Yokoyama, W.M. Cytokine-induced memory-like natural killer
cells. Proc. Natl. Acad. Sci. USA 2009, 106, 1915–1919. [CrossRef] [PubMed]

235. Lehmann, D.; Spanholtz, J.; Sturtzel, C.; Tordoir, M.; Schlechta, B.; Groenewegen, D.; Hofer, E. IL-12 directs further maturation of
ex vivo differentiated NK cells with improved therapeutic potential. PLoS ONE 2014, 9, e87131. [CrossRef]

236. Agnello, D.; Lankford, C.S.; Bream, J.; Morinobu, A.; Gadina, M.; O’Shea, J.J.; Frucht, D.M. Cytokines and transcription factors
that regulate T helper cell differentiation: New players and new insights. J. Clin. Immunol. 2003, 23, 147–161. [CrossRef]

237. Takeda, K.; Tsutsui, H.; Yoshimoto, T.; Adachi, O.; Yoshida, N.; Kishimoto, T.; Okamura, H.; Nakanishi, K.; Akira, S. Defective NK
cell activity and Th1 response in IL-18-deficient mice. Immunity 1998, 8, 383–390. [CrossRef]

238. Berenson, L.S.; Farrar, J.D.; Murphy, T.L.; Murphy, K.M. Frontline: Absence of functional STAT4 activation despite detectable
tyrosine phosphorylation induced by murine IFN-alpha. Eur. J. Immunol. 2004, 34, 2365–2374. [CrossRef]

239. Watford, W.T.; Hissong, B.D.; Bream, J.H.; Kanno, Y.; Muul, L.; O’Shea, J.J. Signaling by IL-12 and IL-23 and the immunoregulatory
roles of STAT4. Immunol. Rev. 2004, 202, 139–156. [CrossRef] [PubMed]

240. Ghayur, T.; Banerjee, S.; Hugunin, M.; Butler, D.; Herzog, L.; Carter, A.; Quintal, L.; Sekut, L.; Talanian, R.; Paskind, M.; et al.
Caspase-1 processes IFN-gamma-inducing factor and regulates LPS-induced IFN-gamma production. Nature 1997, 386, 619–623.
[CrossRef]

241. Sporri, R.; Joller, N.; Hilbi, H.; Oxenius, A. A novel role for neutrophils as critical activators of NK cells. J. Immunol. 2008, 181,
7121–7130. [CrossRef]

http://doi.org/10.4049/jimmunol.1801525
http://www.ncbi.nlm.nih.gov/pubmed/31604804
http://doi.org/10.3389/fimmu.2017.00025
http://www.ncbi.nlm.nih.gov/pubmed/28154569
http://doi.org/10.1084/jem.170.3.827
http://doi.org/10.1074/jbc.M112.436675
http://www.ncbi.nlm.nih.gov/pubmed/1578138
http://www.ncbi.nlm.nih.gov/pubmed/1578139
http://doi.org/10.1084/jem.184.2.747
http://www.ncbi.nlm.nih.gov/pubmed/8760829
http://doi.org/10.1074/jbc.272.9.6073
http://doi.org/10.1006/bbrc.1999.0479
http://www.ncbi.nlm.nih.gov/pubmed/10198225
http://doi.org/10.1038/ni1032
http://www.ncbi.nlm.nih.gov/pubmed/14704793
http://doi.org/10.1016/S1074-7613(04)00076-7
http://doi.org/10.3390/ijms11030789
http://www.ncbi.nlm.nih.gov/pubmed/20479986
http://doi.org/10.1074/jbc.273.27.17109
http://www.ncbi.nlm.nih.gov/pubmed/9642277
http://doi.org/10.1038/gene.2008.20
http://www.ncbi.nlm.nih.gov/pubmed/18401353
http://doi.org/10.1016/S0006-291X(02)02378-1
http://doi.org/10.1038/ncomms13708
http://www.ncbi.nlm.nih.gov/pubmed/27982126
http://doi.org/10.1084/jem.20111760
http://doi.org/10.1073/pnas.0813192106
http://www.ncbi.nlm.nih.gov/pubmed/19181844
http://doi.org/10.1371/journal.pone.0087131
http://doi.org/10.1023/A:1023381027062
http://doi.org/10.1016/S1074-7613(00)80543-9
http://doi.org/10.1002/eji.200324829
http://doi.org/10.1111/j.0105-2896.2004.00211.x
http://www.ncbi.nlm.nih.gov/pubmed/15546391
http://doi.org/10.1038/386619a0
http://doi.org/10.4049/jimmunol.181.10.7121


Cells 2021, 10, 1955 27 of 27

242. Pizarro, T.T.; Michie, M.H.; Bentz, M.; Woraratanadharm, J.; Smith, M.F., Jr.; Foley, E.; Moskaluk, C.A.; Bickston, S.J.; Cominelli, F.
IL-18, a novel immunoregulatory cytokine, is up-regulated in Crohn’s disease: Expression and localization in intestinal mucosal
cells. J. Immunol. 1999, 162, 6829–6835.

243. Kawakami, K.; Koguchi, Y.; Qureshi, M.H.; Miyazato, A.; Yara, S.; Kinjo, Y.; Iwakura, Y.; Takeda, K.; Akira, S.; Kurimoto, M.;
et al. IL-18 contributes to host resistance against infection with Cryptococcus neoformans in mice with defective IL-12 synthesis
through induction of IFN-gamma production by NK cells. J. Immunol. 2000, 165, 941–947. [CrossRef] [PubMed]

244. Pien, G.C.; Satoskar, A.R.; Takeda, K.; Akira, S.; Biron, C.A. Cutting edge: Selective IL-18 requirements for induction of
compartmental IFN-gamma responses during viral infection. J. Immunol. 2000, 165, 4787–4791. [CrossRef] [PubMed]

245. Rowland, C.A.; Lertmemongkolchai, G.; Bancroft, A.; Haque, A.; Lever, M.S.; Griffin, K.F.; Jackson, M.C.; Nelson, M.; O’Garra, A.;
Grencis, R.; et al. Critical role of type 1 cytokines in controlling initial infection with Burkholderia mallei. Infect. Immun. 2006, 74,
5333–5340. [CrossRef]

246. Stegmann, K.A.; De Souza, J.B.; Riley, E.M. IL-18-induced expression of high-affinity IL-2R on murine NK cells is essential for
NK-cell IFN-gamma production during murine Plasmodium yoelii infection. Eur. J. Immunol. 2015, 45, 3431–3440. [CrossRef]

247. Srivastava, S.; Pelloso, D.; Feng, H.; Voiles, L.; Lewis, D.; Haskova, Z.; Whitacre, M.; Trulli, S.; Chen, Y.J.; Toso, J.; et al. Effects of
interleukin-18 on natural killer cells: Costimulation of activation through Fc receptors for immunoglobulin. Cancer Immunol.
Immunother. 2013, 62, 1073–1082. [CrossRef] [PubMed]

248. Oppmann, B.; Lesley, R.; Blom, B.; Timans, J.C.; Xu, Y.; Hunte, B.; Vega, F.; Yu, N.; Wang, J.; Singh, K.; et al. Novel p19 protein
engages IL-12p40 to form a cytokine, IL-23, with biological activities similar as well as distinct from IL-12. Immunity 2000, 13,
715–725. [CrossRef]

249. Sieve, A.N.; Meeks, K.D.; Lee, S.; Berg, R.E. A novel immunoregulatory function for IL-23: Inhibition of IL-12-dependent
IFN-gamma production. Eur. J. Immunol. 2010, 40, 2236–2247. [CrossRef]

250. Geremia, A.; Arancibia-Carcamo, C.V.; Fleming, M.P.; Rust, N.; Singh, B.; Mortensen, N.J.; Travis, S.P.; Powrie, F. IL-23-responsive
innate lymphoid cells are increased in inflammatory bowel disease. J. Exp. Med. 2011, 208, 1127–1133. [CrossRef] [PubMed]

251. McKenzie, B.S.; Kastelein, R.A.; Cua, D.J. Understanding the IL-23-IL-17 immune pathway. Trends Immunol. 2006, 27, 17–23.
[CrossRef]

252. Hu, J.; Yuan, X.; Belladonna, M.L.; Ong, J.M.; Wachsmann-Hogiu, S.; Farkas, D.L.; Black, K.L.; Yu, J.S. Induction of potent
antitumor immunity by intratumoral injection of interleukin 23-transduced dendritic cells. Cancer Res. 2006, 66, 8887–8896.
[CrossRef] [PubMed]

253. Teng, M.W.; Andrews, D.M.; McLaughlin, N.; von Scheidt, B.; Ngiow, S.F.; Moller, A.; Hill, G.R.; Iwakura, Y.; Oft, M.; Smyth, M.J.
IL-23 suppresses innate immune response independently of IL-17A during carcinogenesis and metastasis. Proc. Natl. Acad. Sci.
USA 2010, 107, 8328–8333. [CrossRef] [PubMed]

254. Ziblat, A.; Domaica, C.I.; Spallanzani, R.G.; Iraolagoitia, X.L.; Rossi, L.E.; Avila, D.E.; Torres, N.I.; Fuertes, M.B.; Zwirner, N.W.
IL-27 stimulates human NK-cell effector functions and primes NK cells for IL-18 responsiveness. Eur. J. Immunol. 2015, 45,
192–202. [CrossRef]

255. Matsui, M.; Kishida, T.; Nakano, H.; Yoshimoto, K.; Shin-Ya, M.; Shimada, T.; Nakai, S.; Imanishi, J.; Yoshimoto, T.; Hisa, Y.;
et al. Interleukin-27 activates natural killer cells and suppresses NK-resistant head and neck squamous cell carcinoma through
inducing antibody-dependent cellular cytotoxicity. Cancer Res. 2009, 69, 2523–2530. [CrossRef]

256. Laroni, A.; Gandhi, R.; Beynon, V.; Weiner, H.L. IL-27 imparts immunoregulatory function to human NK cell subsets. PLoS ONE
2011, 6, e26173. [CrossRef]

257. Pandiyan, P.; Zhu, J. Origin and functions of pro-inflammatory cytokine producing Foxp3+ regulatory T cells. Cytokine 2015, 76,
13–24. [CrossRef]

258. Egwuagu, C.E.; Yu, C.R. Interleukin 35-Producing B Cells (i35-Breg): A New Mediator of Regulatory B-Cell Functions in CNS
Autoimmune Diseases. Crit. Rev. Immunol. 2015, 35, 49–57. [CrossRef]

259. Okada, K.; Fujimura, T.; Kikuchi, T.; Aino, M.; Kamiya, Y.; Izawa, A.; Iwamura, Y.; Goto, H.; Okabe, I.; Miyake, E.; et al. Effect of
interleukin (IL)-35 on IL-17 expression and production by human CD4(+) T cells. PeerJ 2017, 5, e2999. [CrossRef]

260. Wang, X.; Wei, Y.; Xiao, H.; Liu, X.; Zhang, Y.; Han, G.; Chen, G.; Hou, C.; Ma, N.; Shen, B.; et al. A novel IL-23p19/Ebi3 (IL-39)
cytokine mediates inflammation in Lupus-like mice. Eur. J. Immunol. 2016, 46, 1343–1350. [CrossRef]

http://doi.org/10.4049/jimmunol.165.2.941
http://www.ncbi.nlm.nih.gov/pubmed/10878369
http://doi.org/10.4049/jimmunol.165.9.4787
http://www.ncbi.nlm.nih.gov/pubmed/11046000
http://doi.org/10.1128/IAI.02046-05
http://doi.org/10.1002/eji.201546018
http://doi.org/10.1007/s00262-013-1403-0
http://www.ncbi.nlm.nih.gov/pubmed/23604103
http://doi.org/10.1016/S1074-7613(00)00070-4
http://doi.org/10.1002/eji.200939759
http://doi.org/10.1084/jem.20101712
http://www.ncbi.nlm.nih.gov/pubmed/21576383
http://doi.org/10.1016/j.it.2005.10.003
http://doi.org/10.1158/0008-5472.CAN-05-3448
http://www.ncbi.nlm.nih.gov/pubmed/16951206
http://doi.org/10.1073/pnas.1003251107
http://www.ncbi.nlm.nih.gov/pubmed/20404142
http://doi.org/10.1002/eji.201444699
http://doi.org/10.1158/0008-5472.CAN-08-2793
http://doi.org/10.1371/journal.pone.0026173
http://doi.org/10.1016/j.cyto.2015.07.005
http://doi.org/10.1615/CritRevImmunol.2015012558
http://doi.org/10.7717/peerj.2999
http://doi.org/10.1002/eji.201546095

	Introduction 
	Germline-Encoded Receptors form the Conduits of ‘Primary Signal’ in NK Cells 
	Stress-Induced Ligands Provide ‘Primary Signals’ via NKG2D 
	Primary Signals’ from Viral Ligands Activate via NCR1 and Ly49 Receptors 
	Fc Receptors and NK Cell Activation 
	Innate Receptors and NK Cell Activation 
	Molecules Associated with ‘Primary Signals’ in NK Cells 

	Common-Gamma Receptors Transmit ‘Second Signals’ in NK Cells 
	IL-2: Context Unknown 
	IL-15: A Metabolic Re-Programmer 
	IL-21: Is It More than Additive? 

	Why Are ‘Third Signals’ Unique for NK Cells? 
	DC-NK Interactions Set a Foundation for ‘Third Signal’ 
	IL-12 Cytokine Family, Prime Mediators of ‘Third Signal’ 
	IL-23 and IL-27 Diversify ‘Third Signal’ 

	Summary and Future Outlook 
	References

