Review

NK Cell-Based Immunotherapy in Renal Cell
Carcinoma

Tiiigo Terrén 10, Ane Orrantia 117, Idoia Mikelez-Alonso 1'?, Joana Vitallé !,
Olatz Zenarruzabeitia 10 and Francisco Borrego 1/3*

1 Immunopathology Group, Biocruces Bizkaia Health Research Institute, 48903 Barakaldo, Spain;

inigo.terrenmartinez@osakidetza.eus (1.T.); ane.orrantiarobles@osakidetza.eus (A.O.);
imikelez@cicbiomagune.es (I.M.-A.); joana.vitalleandrade@osakidetza.eus (J.V.);
olatz.zenarruzabeitiabelaustegui@osakidetza.eus (O.Z.)

2 CIC biomaGUNE, 20014 Donostia-San Sebastian, Spain

Ikerbasque, Basque Foundation for Science, 48013 Bilbao, Spain

Correspondence: francisco.borregorabasco@osakidetza.eus; Tel.: +34-94-600-6000 (ext. 7079)

check for
Received: 4 December 2019; Accepted: 23 January 2020; Published: 29 January 2020 updates

Abstract: Natural killer (NK) cells are cytotoxic lymphocytes that are able to kill tumor cells without
prior sensitization. It has been shown that NK cells play a pivotal role in a variety of cancers,
highlighting their relevance in tumor immunosurveillance. NK cell infiltration has been reported
in renal cell carcinoma (RCC), the most frequent kidney cancer in adults, and their presence has
been associated with patients” survival. However, the role of NK cells in this disease is not yet fully
understood. In this review, we summarize the biology of NK cells and the mechanisms through
which they are able to recognize and kill tumor cells. Furthermore, we discuss the role that NK cells
play in renal cell carcinoma, and review current strategies that are being used to boost and exploit
their cytotoxic capabilities.

Keywords: NK cells; kidney cancer; renal cell carcinoma; IL-2; cancer immunotherapy; tumor
microenvironment

1. Introduction

Natural killer (NK) cells are large granular lymphocytes that were described more than 40 years
ago [1,2]. They were initially characterized by their ability to kill cancer cells through, among others,
an exocytosis mechanism of cytotoxic granules containing perforin and granzymes. Unlike cytotoxic
CD8+ T cells, NK cells can directly induce cell death in the absence of prior sensitization. Over time,
it has been described that besides killing tumor cells, they also kill virus-infected cells, and they have
important cytotoxic activity against some healthy immune cells, such as activated T cells. In addition
to their direct cytotoxic capacity, NK cells also produce cytokines as, for example, interferon gamma
(IFNvy) and chemokines, such as the C-C motif chemokine ligand 3 (CCL3) and CCL4, after the ligation
of activating receptors that are expressed on their surface and/or following the stimulation with several
cytokines [3-10]. While NK cells are better known for their defense against viral infections and for
surveillance against tumors, they are also appreciated for their participation in the generation of more
efficient T helper type 1 (Th1l) immunity, in the modulation of self-reactivity and of immune responses,
in which their cytotoxic, as well as cytokine- and chemokine-producing capabilities have an important
role [11-13]. Therefore, NK cells are currently considered to have a critical role in the maintenance of
homeostasis and in the control of the immune response, promoting inflammation on the one hand,
and restricting the adaptive immune response that could lead to excessive inflammation, and even
autoimmunity, on the other. Furthermore, although NK cells have long been considered a part of the
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innate immune system, more recently have been described subpopulations of long-lived NK cells with
effector functions characteristic of adaptive immunity [14-18].

2. NK Cell Development, Subsets, and Diversity

NK cells constitute 5-15% of circulating lymphocytes and represent one of the three main human
lymphocyte lineages, including T cells and B cells. There are resemblances between NK cells and T
cells, mostly with CD8+ T cells [4]. Nevertheless, the developmental pathways of T cells and NK
cells, how they detect tumor and infected cells, and the way they get activated are different. T cells
develop in the thymus and are specifically activated when their T-cell receptor (TCR) recognizes foreign
antigens in the context of major histocompatibility complex (MHC) molecules, called human leukocyte
antigens (HLA) in humans [4]. In contrast, NK cells mainly develop outside the thymus, and do
not express specific antigen receptors resulting from gene recombination, such as the TCR and B-cell
receptor (BCR). NK cells’ effector functions are regulated by various types of activating and inhibitory
receptors [10,14,19,20].

Currently, NK cells are classified as one of the main members of the family of innate lymphoid cells
(ILCs), which are very important effector cells of the innate immune response [21,22]. ILCs respond
immediately to infection and cellular damage, and also exert a very relevant influence on the
development of the adaptive immune response through cytokine secretion and their cytotoxic activity.
ILCs are classified into five subpopulations that could be considered the counterpart of effector T cells.
Thus, ILC1 cells would be the counterpart of Th1l lymphocytes, ILC2 of Th2 lymphocytes, and ILC3 of
Th17/Th22 lymphocytes. On the other hand, NK cells would be the counterpart of cytotoxic CD8+
T cells. ILCs also include the lymphoid tissue-inducer or LTi cells [21,22]. NK and ILC1 cells have a
very similar phenotype, as well as similar effector functions, especially in relation to the pattern of
cytokines that they secrete, which is mainly IFNy. However, they differ in that ILC1 exhibits very
little or no cytotoxic activity due to the low or zero levels of perforin and granzymes they express.
In addition, they have a different expression pattern of transcription factors. NK cells require and
express Eomes and T-bet transcription factors for their development, while ILC1 only express and
require T-bet [21,22]. Moreover, with the exception of NK cells, many of which circulate, ILCs are
primarily located in tissues.

Human NK cells are classically identified by the absence of TCR/CD3 and the presence of the
CD56 molecule. Based on the intensity of CD56 receptor expression, NK cells are basically divided into
two subpopulations: CD564™ and CD56P"8M [3,23,24]. The CD564™ subset expresses low levels of the
receptor, constitutes 90-95% of circulating NK cells, and is characterized by increased cytotoxic activity
against targets and a lower capacity for cytokine production, such as IFNY, in response to stimulation
with interleukins such as IL-2, IL-12, IL-15, and IL-18. In addition, CD56%™ cells express the low affinity
receptor for the Fc portion of immunoglobulin G (IgG) or FcyRIIL also called CD16, which is responsible
for the antibody-dependent cellular cytotoxicity (ADCC). In contrast, CD56P"8" cells express high
levels of CD56, are the majority in secondary lymphoid tissues (SLT), have a lower cytotoxic capacity,
and due to the low or null expression of CD16, also have less ADCC. On the contrary, they secrete
higher levels of cytokines in response to the stimulation with interleukins [3,23,24]. In addition to the
CD56%M and CD56Pr8Mt NK cells, two more subsets have been described: CD56"8 and unconventional
CD56%™ (unCD569™) NK cells, the latter are characterized by the absence of CD16 expression [25].
These two subsets are present at very low frequencies in healthy donors and under homeostatic
conditions. However, they are expanded in certain situations. For example, CD56"°¢ NK cells are
expanded in human immunodeficiency virus (HIV)-infected patients with high viremia [26,27], and the
unCD56%™ subset significantly increases in lymphopenic environments of patients after haploidentical
hematopoietic stem cell transplantation (haplo-HSCT) [28,29]. Lastly, considering that CD56 is also
expressed on ILC1 cells, more precise markers, such as NKp80, are also necessary to unequivocally
identify NK cells [23].
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Human NK cells develop from CD34+ hematopoietic stem cells (HSC) in the bone marrow [30].
These HSC differentiate first into lymphoid-primed multipotential progenitors (LMPP), which then
become a common lymphoid progenitor (CLP). These CLPs further differentiate into NK cell progenitors
(NKP) that are classified into three sequential stages of maturation, named NK cell progenitors (stage 1),
pre-NK cells (stage 2), and immature NK cells (stage 3). The early stages of NK cell development and
differentiation have been characterized in the context of the bone marrow niche, but pre-NK cells can be
detected in the circulation, and other data have shown that they are enriched in extramedullary tissues
where subpopulations of mature NK cells reside, suggesting that they have developed locally [3,25,31].
It is known that some NKPs are selectively enriched in SLT, such as lymph nodes and tonsils, as well as
in the gastrointestinal tract, liver, and uterus [32-37]. The most accepted model of NK cell development
occurs in the linear fashion just described above, in which the expression of CD94 marks the commitment
to the CD56Pight stage (stage 4), that next differentiate into CD56%m NK cells (stages 5 and 6) [25,31].
The differentiation into adaptive (also called memory) CD569™ NK cells could subsequently occur
after viral infection, as, for example, the human cytomegalovirus [25]. The CD56"¢8 cells are probably
exhausted CD56%™ NK cells, although this has not been well-proven yet [25]. Related to the unCD564™
NK cells, it has been suggested that they are an intermediate stage of differentiation between CD56Pr8ht
and CD56%™ NK cells [25]. The support for the linear model comes from analysis of NK cells in SLT
and in vitro studies. However, more recent evidence also suggests the existence of a branched model
in which different precursor populations can develop independently in distinct subsets of mature NK
cells, that is, CD56Pright CD564im and adaptive NK cells [38].

Activating receptors Inhibitory receptors
CD16 CD94/NKG2C Inhibitory KIR CD94/NKG2A
NKG2D DNAM1 TIGIT CD96
NKp30 2B4 (CD244) CEACAM-1 LAG-3
NKp44 Activating KIR TIM-3 PD-1
NKp46 CD300c LAIR-1 LILRB1
NKp80 KLRG-1 CD300a

Death receptors
ligands
FasL
: TRAIL
Cytokine receptors
IL-1R IL-18R
IL-2R IL-21R
IL-12R IFNAR Homing receptors and adhesion
molecules
CCR2 CXCR3 S1P5
CCR5 CXCR4 LFA-1
CCR7 CXCR6 CcD2

CXCR1 CX5CR1 CD62L

Figure 1. Surface receptor repertoire of human natural killer (NK) cells. DNAM1: DNAX accessory
molecule 1. KIR: Killer-cell immunoglobulin-like receptors. TIGIT: T-cell immunoreceptor with
Ig and ITIM domains. CEACAM-1: Carcinoembryonic antigen-related cell adhesion molecule 1.
TIM-3: T-cell immunoglobulin and mucin-domain containing 3. LAIR-1: Leukocyte-associated
immunoglobulin-like receptor 1. KLRG-1: Killer cell lectin-like receptor subfamily G member 1.
LAG-3: Lymphocyte activation gene 3. PD-1: Programmed cell death protein 1. LILRB1: Leukocyte
immunoglobulin-like receptor subfamily B member 1. FasL: First apoptosis signal ligand. TRAIL:
Tumor necrosis factor-related apoptosis-inducing ligand. CCR: C-C chemokine receptor. CXCR: C-X-C
chemokine receptor. CX3CR: CX3C chemokine receptor. SIP5: Sphingosine-1-Phosphate receptor 5.
LFA-1: Lymphocyte function-associated antigen 1.
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NK cells express a wide range of receptors on their surface, some of which are quite cell-specific
in their expression [3,14,19,20,23]. Among them, NK cells express activating and inhibitory receptors,
death receptor ligands, cytokine receptors, and homing and adhesion molecules (Figure 1). Some of
the cell surface receptors are associated with developmental stages. For example, CD94/NKG2A
is expressed on all CD56"8h* NK cells (stage 4) and in a subset of CD56%™ NK cells in stage 5,
while CD57 is a surface marker of replicative senescence and terminally differentiated CD569™ NK
cells in stage 6 [23,25]. Here, it is very important to note that research performed in recent years
have established that in each individual and in any tissue, the population of NK cells is much more
diverse than previously appreciated in terms of developmental, phenotypic, and functional parameters.
In fact, it is clear that the traditional view of the NK cell lineage as a population of cells with very
few subsets (i.e., CD56Pright and CD56dim), and relatively similar functions, is not entirely accurate.
On the contrary, the NK cell lineage is remarkably diverse [23,39]. New technological approaches
are helping the scientific community to characterize the NK cell lineage in depth. For example,
by simultaneously analyzing 37 parameters on peripheral blood NK cells, an extraordinary degree of
diversity was revealed, with there being an estimated 6,000 to 30,000 NK cell subsets within a given
individual [40]. Also, single cell transcriptomics studies have revealed tissue-specific gene signatures
that allow identification of NK cell populations that differ between tissues [41,42].

3. Cell Surface Receptors and Cytotoxic Mechanisms

NK cells induce cell death primarily through two different mechanisms. The most-studied route
is degranulation, through which they release cytotoxic granules containing the pore-forming molecule
perforin and death-inducing enzymes, such as granzymes, when activated against the target cell [43-45].
This pathway is triggered by activation signals from cell surface receptors. Other routes by which NK
cells can kill target cells are the death receptors’ pathways: the tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL)-TRAIL receptor (TRAILR), and the first apoptosis signal (FAS)-FAS
ligand (FASL), also known as the CD95-CD95L pathway. Instead of triggering the release of cytotoxic
granules, death receptor pathways induce apoptosis through the activation of caspases within the
target cell leading to cytotoxicity regardless of activating receptor-mediated signals that control NK
cell degranulation [46—48].

NK cell degranulation and the subsequent killing of the target cell is a very well-regulated
process, so that the lytic granules are transported to the interface formed with the target cell and their
contents (perforin and granzymes) are secreted in it. To carry this out, it is required for the NK cell
to be in contact with the target cell, forming an immunological synapse [49-52]. This is a complex
and very dynamic three-dimensional structure with intense activity of biochemical signals between
the cells. Numerous molecules that participate in the immunological synapse have been identified,
including surface receptors, signaling molecules, cytoskeleton elements, and cellular organelles [49-51].
The formation of a lytic immunological synapse of NK cells involves many stages that occur in a linear
manner, in order to guarantee the secretion of perforin and granzymes present in the lytic granules
towards the place of contact between the target cell and the NK cell, thus avoiding possible damage to
the healthy cells that may be in the vicinity [49,50].

Moreover, NK cells can detect antibody-coated cells through CD16, thereby exerting ADCC and
cytokine secretion. CD16 is coupled to the signal transduction polypeptides, also called adaptor
proteins, CD3( and FcRy, that contain ITAMs (immunoreceptor tyrosine-based activation motifs) [53,54].
In addition to ADCC, NK cells exert natural (direct) cytotoxicity against target cells in the absence
of antibodies. Natural cytotoxicity receptors, or NCRs (NKp46, NKp44, and NKp30) are also potent
activating receptors linked to the adaptor proteins CD3(, FcRy, or DAP12 [55]. Other activation
receptors include the NKG2D homodimer (which is associated with DAP10), DNAM1, 2B4 (CD244),
CD94/NKG2C, CD300c, and so forth [14,56-58]. A characteristic of several NK cell-activating receptors
lies in their ability to detect molecules induced under conditions of cellular stress [59,60]. This is
the case of the NKG2D receptor, which interacts with several ligands (MICA, MICB, and ULBP1-6),
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which are not expressed or do so at very low levels in most tissues, but which are overexpressed as a
consequence of cellular stress, such as during the DNA damage response [61]. Another example is the
B7-H6, an NKp30 receptor ligand, which is not detected in healthy cells but is expressed in certain
tumor cells [62].

In the mid-1980s, Kédrre and his colleagues pioneered the “missing self” hypothesis, which describes
the lack of expression of MHC class I molecules (self) in target cells as the common element that
determines their susceptibility to NK cell-mediated lysis [10,63]. Loss of expression of MHC class I
molecules can occur when cells are altered by viral infection or malignant transformation, thus being
susceptible to NK cell killing. In contrast, healthy cells, by expressing MHC class I molecules,
are protected from NK cells’ lysis. The recognition of the "missing self" is explained by the expression
on the NK cell surface of a variety of specific inhibitory receptors for MHC class I molecules.
These receptors include the polygenic and highly polymorphic family of inhibitory KIRs (killer-cell
immunoglobulin-like receptors) in humans, Ly49 lectin molecules in mice, and CD94/NKG2A in
both species [10,14,19,64,65]. In humans, while the CD94/NKG2A heterodimeric receptor binds to
the HLA-E molecule, a non-classical HLA class I molecule, KIRs do bind to the classic HLA-A, -B,
and -C molecules [19]. These MHC class I specific inhibitory receptors possess a long intracellular tail
with one or more immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that are responsible for
the transmission of the inhibitory signal [66,67]. Certain subpopulations of NK cells also express the
LILRBI inhibitor receptor, also known as ILT2 and CD85j, whose ligands are a subgroup of HLA class I
molecules [14]. In addition to these MHC class I specific receptors, there are other inhibitory receptors
expressed by NK cells, such as TIGIT, LAIR-1, CD300a, and so forth [14,27,68].

The preservation or elimination of target cells with the consequent production of cytokines and
chemokines will therefore depend on the result of the integration of activating and inhibitory signals
originating from the NK cell surface receptors [20]. NK cells do not lyse healthy cells expressing
MHC class I molecules and/or low or null expression of stress-induced molecules and other activating
receptor ligands. On the contrary, they selectively kill target cells that have low levels of MHC class I
expression and/or are expressing adequate levels of stress-induced molecules, such as NKG2D ligands,
and other ligands for activating receptors [57,62] (Figure 2).

In addition to the important role of NK cells in the development of an adequate immune response
against tumors and pathogens, it is also essential to maintain tolerance towards the host. This is
achieved through a process called education or licensing, which is governed by the interaction of
inhibitory receptors (KIR, Ly49, and CD94/NKG2A) with their ligands, the MHC class I molecules,
during NK cell development [69-73]. Education could be defined as the process through which a NK
cell is programmed to exert its effector functions and is calibrated to be inhibited by its own MHC class I
molecules. In general terms, the education of a NK cell by a specific MHC class I molecule is defined by
its ability to detect the decrease of that MHC class I molecule in a target cell that can be lysed [69,70,73].
In humans, up to 15 genes on chromosome 19 encode for KIR receptors. KIR genes are grouped
into haplotypes and expressed in a stochastic manner, so that in a given individual there are various
subpopulations of NK cells according to the number of KIR receptors they express [74,75]. Therefore,
within a given repertoire, an individual can have educated NK cells, that is, those that during their
development have interacted with their own MHC class I molecules, as well as uneducated NK cells,
which are those that during their development have not interacted with MHC class I molecules [69,70].
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Figure 2. Activating and inhibitory signaling balance determines NK cell killing and cytokine
production. Target cells expressing ligands for activating receptors trigger NK activation. When target
cells also express ligands for inhibitory receptors, NK cell activation will depend on the signal balance.

4. NK Cells in Cancer Immunotherapy

More than 15 years have passed since the introduction of the pioneering works that established
the potential of NK cells to mediate tumor regression. These studies demonstrated that NK cells from
a haploidentical donor can prevent relapse after haplo-HSCT and also are able to induce remission
after infusion of mature NK cells in patients with acute myeloid leukemia (AML) [76,77].

Several cytokines are currently being used in humans in terms of their ability to stimulate NK cell
activity, at least partially, against tumors. Recombinant IL-2 was the first cytokine tested to stimulate
the immune response in cancer patients [78-80]. Although early studies established the proof of
concept of the therapeutic anti-tumor potential of IL-2, the responses were limited and its toxicity was
substantial when used at high doses [81]. Later on, it was shown that a low dose of IL-2 had a lower
toxicity profile, and it has been incorporated into an increasing number of assays to induce in vivo
expansion and persistence of effector cells, such as NK cells, during adoptive cell therapy [77,82].
However, it should be noted that the use of low doses of IL-2 can also stimulate and expand regulatory
T (Treg) cells, which suppress, among others, the proliferation and cytotoxicity of NK cells [83].
New variants of IL-2, such as those that selectively bind to the 3-subunit of the IL-2 receptor (IL-2R{3)
expressed on NK cells, rather than the IL-2Rx subunit expressed in Treg cells, could provide better
results [79,84,85]. IL-15 selectively stimulates CD8+ T cells and NK cells and prevents undesirable
mobilization of Treg cells [86,87]. The first clinical trial with single-chain IL-15 (scIL-15) in cancer
patients exhibited high dose-dependent toxicity [88]. Nevertheless, when used after the adoptive
infusion of NK cells in patients with AML, scIL-15 promoted the persistence and proliferation of NK
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cells [80,89]. Importantly, IL-15 superagonists are being developed. An example is ALT-803, a complex
consisting of a homodimer of mutated IL-15 linked to a fusion protein formed by the x-chain of IL-15R
(IL-15R«x) and the Fc fragment of IgG1 [90,91]. ALT-803 has better pharmacokinetic properties, a longer
half-life in lymphoid tissues, and importantly, has greater anti-tumor activity compared to scIL-15 [92].
Other than cytokines, there are several drugs that can directly and/or indirectly increase NK cell
function in vivo. For example, lenalidomide indirectly increases the cytotoxicity and proliferation of
NK cells through the release of IL-2 and IFNYy from surrounding T cells and the production of cytokines
by dendritic cells [80,93].

Immune checkpoint inhibitors provide a blockade of inhibitory receptors [94]. PD-1 (programmed
cell death protein 1) is expressed in activated T cells and NK cells [95], and along with its ligand
PD-L1, has a central role in tumor recurrence and progression, since signaling through this pathway
suppresses lymphocytes, including NK cells [80,95]. In vitro and in vivo experiments have shown
that PD-1 and PD-L1 blockades elicit a strong NK cell response that is required for the full effect
of the immunotherapy [80,96,97]. PD-1 blockade also increases ADCC mediated by NK cells and
improves their traffic to tumors [80,97]. In addition, NK cells are able to express PD-L1, and it has
been shown that the anti-PD-L1 monoclonal antibody (mAb) acts on PD-L1+ NK cells against PD-L1-
tumor cells [98]. Other checkpoints that are mostly expressed in NK cells include, among others,
KIR, CD94/NKG2A, and TIGIT [14,19,64,99,100]. Preclinical studies and clinical trials are currently
studying the efficacy of the blockade of these checkpoints [94]. For example, anti-KIR mAbs increase
tumor cell lysis mediated by NK cells and enhance ADCC in vitro [101,102]. Also, there are several
clinical trials in phase I/II that have been completed or are still recruiting patients with anti-KIR mAbs,
alone or in combination with other checkpoint inhibitors [94,103-106]. Related to CD94/NKG2A, it has
been demonstrated that blocking its expression by means of a single-chain variable fragment derived
from an anti-NKG2A Ab linked to endoplasmic reticulum retention domains overcomes (HLA-E+)
tumor resistance to NK cells [107]. Furthermore, it has been demonstrated that the anti-NKG2A
mAb monalizumab stimulates anti-tumor immunity by promoting NK cells and CD8+ T cells effector
functions [108]. Tumor-associated NK cells also exhibit high expression levels of the checkpoint
inhibitory receptor TIGIT, and mAb-mediated blockade of this receptor prevents NK cell exhaustion
and elicits potent anti-tumor immunity [109]. Several clinical trials are going on, testing the safety and
efficacy of anti-TIGIT mAbs alone or in combination with other mAbs [94].

Antibodies have also been used to direct NK cells to kill tumors. Monoclonal antibodies induce
the death of tumor cells through several mechanisms, including growth receptor blockade, complement
activation, and ADCC [110]. Also, the impact of polymorphisms on the gene encoding CD16 in
response to mAb treatment has demonstrated the importance of NK cells in mediating the anti-tumor
responses through ADCC. There is a single nucleotide polymorphism in CD16 that results in an
amino acid substitution at position 158 (CD16-F158V), and NK cells with the CD16-158V genotype
have a higher affinity for IgG1 and IgG3 than those with the CD16-158F genotype, and perform
ADCC more efficiently. This polymorphism reinforces ADCC in vivo, such that, for example, patients
with lymphoma that are homozygous for CD16-158V show substantially higher response rates after
treatment with rituximab than those with CD16-158F polymorphism [111-113].

BiKEs and TriKEs (bi- and tri-specific killer engagers) are molecules that act through ADCC by
cross-linking epitopes in tumor cells with the CD16 receptor in NK cells [7,80,114]. These molecules
have advantages over mAbs because they bind to a different epitope of the CD16 molecule, and results
in an NK cell with a more potent ADCC [115,116]. In vitro, the CD16xCD33 BiKE is even capable of
overcoming the KIR-mediated inhibitory signal, leading to robust cytokine production and the death of
myeloid malignant cells [115,116]. In vivo, treatment with the CD16xCD33 BiKE successfully reversed
myeloid-derived suppressor cells’” (MDSCs) immunosuppression of NK cells and induced killing of
CD33+ MDSCs and CD33+ myelodysplastic syndrome (MDS) targets [116]. More recently, it has
been shown that NK cells treated with a CD16xCD33xIL-15 TriKE proliferate and became activated
to overcome dysfunctional NK cells found in MDS [117]. Moreover, IL-15 treatment alone induces
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the expression of TIGIT, but not when IL-15 is presented in the context of the TriKE [117]. The design
of a trifunctional NK cell engager consisting of mAb fragments targeting the activating receptor
NKp46 together with a tumor antigen and an Fc fragment to promote ADCC via CD16 has also been
described [118]. The authors showed that this trifunctional NK cell engager exhibited superior killing
capacity compared with the available therapeutic mAbs in vitro and in vivo [118].

Another strategy is to make tumor cells more susceptible to NK cell-mediated lysis. In this sense,
TRAIL, which is expressed in NK cells, triggers apoptosis in TRAILR-positive tumor cells by initiating
excision of caspase 8 [119], and it occurs independently of the signals from inhibitory receptors such
as CD94/NKG2A and KIR. Exposing tumor cells to proteasome inhibitors such as bortezomib and
carfilzomib, which simultaneously positively regulate the expression of TRAILR, make tumor cells
more sensitive to NK cell-mediated lysis [120]. Proteasome inhibitors can also sensitize tumor cells to
NK cells through positive regulation of NKG2D ligands on the surface of the tumor cells [121].

Other therapeutic strategies consist in the infusion of NK cells into cancer patients. This allows the
possibility of manipulating them before infusion. The adoptive transfer of ex vivo activated allogeneic
NK cells in the short term can induce clinical responses in patients with AML and in patients with
multiple myeloma [77,122]. Many of these clinical trials involve chemotherapy with fludarabine and
cyclophosphamide, with or without irradiation as a preparatory regimen to prevent rejection of infused
cells, to provide space for persistence and expansion of infused cells and eradicate suppressor cell
populations that inhibit NK cell function. Haploidentical NK cells stimulated for a short period of
time with high doses of IL-2 before infusion have been used. In addition, the administration of IL-2
after the transfer of adoptive cells is able to further promote the in vivo expansion of infused NK cells,
improving objective response rates [77]. More recently, the efficacy and safety of cytokine-induced
memory-like (CIML) NK cells have been explored [123]. These CIML NK cells are generated after their
exposure for 16-18 hours to a cocktail of IL-12, IL-15, and IL-18. CIML NK cells have increased effector
functions (cytotoxicity and cytokine production) after a resting period and a longer half-life [124-128].
Clinical trials have shown its effectiveness in the treatment of patients with an AML refractory to
standard treatments [123]. Other methods of adoptive cell therapy involve the ex vivo expansion of NK
cells. In contrast to cytokine stimulation for a short period of time, ex vivo expansion allows the use of
multiple infusions of highly activated NK cells [80,129-132]. The development of efficient methods
to genetically manipulate NK cells has been seen as a necessity to optimize their persistence in vivo,
as well as their location and cytotoxicity against the tumor cells after the adoptive transfer [133-135].
Finally, clinical trials are being conducted in which NK cells expressing CAR (chimeric antigen receptor)
are administered to patients, after having proven their efficacy in preclinical models [134-138].

5. NK Cells and Renal Cell Carcinoma

Renal cell carcinoma (RCC) is the most common type of kidney cancer in adults, representing
about 85% of diagnoses. This type of cancer develops in the proximal renal tubules, and about 70%
of RCCs are made up of clear cells. Other less common kidney cancers include urothelial carcinoma,
sarcoma, lymphoma, and the Wilms tumor, where the latter is the most common kidney cancer
in children.

Several works have reported the presence of NK cells in RCC [139-143] where they may represent
a critical component of the anti-tumor response as shown by the association of the NK cell infiltrate with
patients’ survival [140,141,144-148]. NK cells also infiltrate RCC lung metastasis, and high NK numbers
have been associated with improved survival [145]. Nevertheless, despite the NK cell infiltration,
tumors are able to grow, indicating that the tumor microenvironment (TME) negatively affects NK cell
functionality. It is well-known that there is an immunosuppressive state in the TME that affects, among
others, NK cells [149-152]. Thus, NK cells infiltrated in clear cell RCC have an altered phenotype
and poor degranulation activity compared with circulating NK cells and with those from non-tumor
kidney cortices [139,141]. The deficient NK cells are characterized by dampened mitogen-activated
protein kinase pathway activation that was dependent on high levels of diacylglycerol kinase (DGK)-«.
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Restoring NK cell activity was achieved by inhibiting DGK-« and with a brief exposure to IL-2 [141].
Other authors have also shown that NK cells infiltrating clear cell RCC exhibited poor cytotoxic
activity against the classical K562 cell target when compared with NK cells from tumor margins and
non-tumor tissues. Interestingly, these authors also found that primary tumor cells induced NK cell
dysfunction in an exosome-dependent manner [153]. The exosomes were enriched in transforming
growth factor (TGF)-f31, which is a well-known mediator that diminishes NK cell-mediated activity in
the TME [152-154].

A majority of the RCCs have the von Hippel-Lindau (VHL) gene mutated or functionally
inactivated [155]. VHL targets the hypoxia-inducible factor (HIF) family of transcription factors,
particularly HIFlx and HIF2«x, for ubiquitin-mediated degradation in the proteasome [156-158].
Therefore, inactivation of VHL leads to an increased expression of HIF. Furthermore, HIF2« has been
reported to regulate the expression of a unique set of genes and to be involved in the development of
RCC [158,159]. In fact, it has been demonstrated that the human 786-0 RCC cell line with mutated
VHL was resistant to the NK cells’ lysis, while the VHL-corrected cell line was susceptible. The NK
cell resistance was due to the HIF2x-induced expression of ITPR1 (inositol triphosphate receptor 1),
which inhibited NK cell-mediated lysis through a mechanism that involves the induction of autophagy
in the target cell after the interaction with NK cells, resulting in granzyme B degradation and target
cell survival [156,160]. Nevertheless, the effect of VHL gene mutations on NK cell effector functions
is controversial. In this sense, other authors have described that mutations of the VHL gene confer
increased susceptibility to NK cell lysis of RCC cell lines and that overexpression of the wild-type VHL
gene decreased it, in a mechanism involving the augmented expression of HLA class I molecules [161].
More recently, Trotta et al. have shown that mutated VHL RCC promotes patients’ specific NK cell
cytotoxicity. Specifically, they found that IL-2-activated circulating NK cells from RCC patients with
mutated VHL exhibited higher degranulation levels and IFNy production toward a mutated VHL RCC
cell line than against a cell line with wild type VHL. Moreover, IL-2-activated NK cells from patients
with VHL-mutated RCC displayed higher degranulation levels against autologous RCC cells and a
VHL-mutated RCC cell line than against a cell line with wild type VHL [162].

There are several therapeutic approaches to treat renal cancer, including surgery, radiofrequency
ablation and cryoablation, radiation therapy, targeted therapy, chemotherapy, and immunotherapy
(Table 1). Targeted therapy includes anti-angiogenesis therapy aimed to block the vascular endothelial
growth factor (VEGF) by means of antibodies (i.e., bevacizumab) and tyrosine kinase inhibitors (TKI),
such as axitinib, sunitinib, sorafenib, and so forth. Targeted therapies also include the mTOR inhibitors,
everolimus and temsirolimus. Within immunotherapies in renal cancer, some of the current approved
treatments include IL-2, IFN«, and immune checkpoint inhibitors (e.g., nivolumab, ipilimumab,
pembrolizumab). It is important to note that there are several approved combination therapies.
For example, the FDA has approved the combination of TKI axitinib and the checkpoint inhibitor
pembrolizumab for the treatment of advanced RCC.
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Table 1. Selected clinical trials on Renal Cell Carcinoma and NK cells (ClinicalTrials.gov).

NCT number Treatment NK cell-related analysis  Title of the clinical trial
Combination of Cryosurgery and
NCTO02843607 Cryosurgery + NK cell infusion Not specified NK Immunotherapy for Advanced
Kidney Cancer
Natural Killer Cells Plus IL-2
Chemotherapy + IL-2 (Aldesleukin) - Following Chemotherapy to Treat
NCT00328861 + NK cell infE:};,ion Not specified Advanceg Melanoma of}llﬁdney
Cancer
Group 1: activated NK cell infusion
(FATE-NK100)
Group 2: activated NK cell infusion FATE-NK100 as Monotherapy and
(FATE-NK100) + anti-HER-2 o in Combination With Monoclonal
NCT03319459 (Trastuzumab) o NK cells Antibody in Subjects With
Group 3: activated NK cell infusion Advanced Solid Tumors
(FATE-NK100) + anti-EGFR
(Cetuximab)
Group 1: Lympho-conditioning
chemotherapy + iPSC-derived NK
cell infusion (FT500) FT500 as Monotherapy and in
NCT03841110 Group 2: Lympho-conditioning iPSC-derived NK cell Combination With Immune
chemotherapy + iPSC-derived NK  persistence Checkpoint Inhibitors in Subjects
cell infusion (FT500) + anti-PD-1 With Advanced Solid Tumors
(Nivolumab or Pembrolizumab) or
anti-PD-L1 (Atezolizumab)
Long-term, Non-interventional,
iPSC-derived NK cell infusion o Observational Study Followin
NCT04106167 (FT500) Not specified Treatment With Fatz Therapeu%ics
FT500 Cellular Immunotherapy
Recombinant Interleukin-15 in
Treating Patients With Advanced
NK cell effector functions Melanoma, Kidney Cancer,
NCT01727076  IL-15 % NK cells Non-small Cell Lung Cancer, or
Squamous Cell Head and Neck
Cancer
. Study of Interleukin-2,
NCTO01274273 IL_? (Aldesleukm)‘ - IFNoc+ NK cell assessment Inter},eron-alpha and Bevacizumab
anti-VEGF (Bevacizumab) . L
in Metastatic Kidney Cancer
. Study of Hydroxychloroquine and
NCT01550367 ﬁ‘f;"(%zgezlle’ﬁﬁ?;g therapy (HC) + o, NK cells Aldesleukin in Renal Cell
Carcinoma Patients (RCC)
Nivolumab in mRCC Patients: Treg
NCT03891485 anti-PD-1 (Nivolumab) NK cell effector functions FunCtloTl’ T-cell Acc.ess and NK
Interactions to Predict and Improve
Efficacy
Group 1: anti-PD-1 (Nivolumab)
Group 2: TKI (Axitinib or NK cell effector functions ~ BIOREN (Predictive BIOmarkers in
NCT03628859  Cabozantinib) NK cell phenotype Metastatic RENal Cancer)
Group 3: mTOR inhibitor phenotyp
(Everolimus)
. NK cell effector functions ~ Study of Hydroxychloroquine
NCTO01144169 slzlrtoeprhagy blocking therapy (HC) + NK cell phenotype Before Surgery in Patients With
sery % NK cells Primary Renal Cell Carcinoma

Abbreviations: TKI: tyrosine kinase inhibitor; HC: Hydroxychloroquine; iPSC: induced pluripotent stem cell.

Both TKI and mTOR inhibitors exert antiangiogenic and immunomodulatory functions [163].
In addition to their action on tumor cells, these inhibitors may also inhibit signaling pathways in
immune effector cells, such as NK cells. For example, resting and IL-2 activated NK cells exhibited less
degranulation and cytokine production when exposed to pharmacological doses of sorafenib, but not
sunitinib, in a mechanism involving impaired PI3K and ERK phosphorylation [164]. Other studies have
also shown that sunitinib does not impair NK cell function in patients with RCC [165]. On the other
hand, sunitinib has been found to induce the expression of MICA, MICB, and ULBP1-3, all of them
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ligands of the activating NKG2D receptor, on nasopharyngeal cancer cell lines that lead to an increase
in their susceptibility to NK cell-mediated cytoxicity [166]. Axitinib is another TKI, which in addition
to its direct proapoptotic effect on renal carcinoma cells, is able to increase NKG2D ligands through
the DNA damage response (DDR) and, therefore, increasing NK cell recognition and degranulation
against a RCC cell line in a reactive oxygen species (ROS)-dependent manner [167]. The combination
of sunitinib and immunotherapy has been tested in mouse preclinical models. Specifically, in a mouse
model of metastatic RCC, a synergistic anti-tumor response with the combined treatment of sunitinib
and an agonistic mAb against the glucocorticoid-induced TNFR related protein (GITR) was shown [168].
Among others, this combined treatment induced a very significant increase in the infiltration and
activation of CD8+ T cells and NK cells in liver metastasis [168]. Moreover, cell depletion experiments
demonstrated that CD8+ T cells, macrophages, and NK cells infiltrating the metastatic liver contributed
to the anti-tumor effect of this combination therapy [168].

In search of prognostic markers that could be associated with the evolution of metastatic
RCC patients, levels of Eomes mRNA in peripheral blood were studied before the treatment with
sorafenib [169]. Multivariate analysis, including clinical features, identified Eomes mRNA expression
levels as a good prognostic marker for progression-free survival and overall survival in these patients
treated with sorafenib [169]. Moreover, at protein levels, Eomes was highly expressed on circulating
NK cells [169], suggesting that NK cells may play a role in the tumor response in RCC patients treated
with sorafenib. On the other hand, in patients with metastatic RCC, the systemic effect of the mTOR
inhibitor everolimus was shown to induce immunological alterations in circulating immune cells,
including NK cells [170]. Specifically, a significant decrease in the frequency of the CD56°"8"t NK cell
subset and the conventional DCs was found, along with an increase in Treg cells and monocyte MDSCs.
These data suggest that everolimus may favor immunosuppression and, therefore, that it should be
carefully considered in the treatment of these patients [170].

Targeting immune checkpoints, such as PD-1 and CTLA-4, is a success story in the fight against
cancer. For example, cancer immunotherapies targeting the PD-1/PD-L1 axis has shown remarkable
efficacy in the treatment of many cancers [171-176], including RCC [175-179]. Nevertheless, not all
patients respond to the therapy, and the identification of treatment response biomarkers is a real need.
More importantly, information about blood markers, rather than tumor markers, that are associated
with the response to checkpoint inhibition is very scarce. Recently, the changes in blood immune cell
subsets and soluble mediators after anti-PD-1 therapy were studied [180]. The authors found that
in blood samples from non-small cell lung cancer and RCC patients before treatment, an increased
frequency of central memory CD4+ T cells and leukocyte count was associated with a response,
while an increased percentage of PD-L1+ NK cells and naive CD4+ T cells was associated with a lack
of response [180]. Considering that it has been proposed that anti-PD-L1 antibodies activate PD-L1+
NK cells to control tumor growth [98] and that the mutated VHL gene induces PD-L1 expression in
RCC cells [181], treating patients that have a high frequency of PD-L1+ NK cells with anti-PD-L1 rather
than anti-PD-1 antibodies should be considered. Combination therapy of checkpoint inhibitors with
other drugs is another reality in the current arsenal for treating RCC patients, and more combination
therapies are being tested in preclinical models. For example, the combination of checkpoint inhibitor
(CTLA-4) and oncolytic virotherapy has been found to be very complex, and many factors, including
viral strains, are critical for the synergistic effects [182]. Once the best condition for the combined
administration of anti-CTLA4 antibodies and the oncolytic virus was identified in a mouse model of
RCC, it was shown that the synergistic effects of the combined therapy required the participation of
CD8+ T cells, NK cells, and IFNY for the anti-tumor response [182]. Interestingly, HLA-E expression
has been reported in RCC tumors [183,184]. However, whether the use of anti-NKG2A Abs could
benefit RCC patients remains unexplored.

Tumor-associated antigens are also a focus for the implementation of new therapeutic strategies.
Carbonic anhydrase IX (CAIX) is one of the best-characterized antigens associated to RCC [185,186].
Results have shown that human anti-CAIX mAbs induce NK cell-mediated ADCC against RCC cells.
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Furthermore, engineered anti-CAIX mAbs to enhance the binding affinity to Fc gamma receptors
(i.e., CD16) enhanced their ADCC effector function [187]. In an in vivo orthotopic RCC mouse model
using human peripheral blood mononuclear cells, it was shown that the anti-CAIX mAbs induced
human responses, including NK cell tumor infiltration [187]. Other mAbs are being tested in preclinical
models of RCC. In this context, CCR4 is highly expressed in human RCC biopsies and, in a mouse model
of RCC, anti-CCR4 mAb was shown to exhibit anti-tumor activity. Interestingly, this anti-CCR4 mAb
induced a modification of the immune cell infiltrate in the TME, leading, among others, to an increase in
NK cell numbers [188]. More specifically, anti-CCR4 mAb, among other effects, increased the numbers
of infiltrating NK cells [188], suggesting that these may participate in tumor elimination following
anti-CCR4 mAb administration. Also, it has been shown that SIRP« is highly expressed in human
RCC cells, and anti-SIRPx mAbs decreased tumor formation in syngeneic mice [189]. Interestingly, the
anti-tumor effect of anti-SIRPx mAbs required not only macrophages, but also NK cells and CD8+ T
cells [189].

IL-2 was the first cytokine to be molecularly cloned. The high-affinity IL-2 receptor (IL-2R)
is composed of three chains («, 3, and ), and it is highly expressed in Treg cells, while the
intermediate-affinity IL-2R is only composed of the 3 and y chains, and is expressed in the majority of T
and NK cells [190-192]. Soon after the discovery that this cytokine stimulates T and NK cell proliferation
and the generation of effector T cells, clinical trials were carried out to evaluate its ability to stimulate
anti-tumor responses in patients with renal cancer, melanoma, and other tumors [78,79,85,190]. In fact,
high doses of IL-2 were approved by the FDA in 1992 to treat patients with metastatic RCC [78,193].
Evaluating data from a cohort of patients treated with high doses of IL-2, it was found that when the
higher-affinity genotypes for FCGR2A, FCGR3A, and FCGR2C were considered together, they were
associated with increased tumor shrinkage and prolonged survival [194]. FCGR3A encodes for CD16
expressed on NK cells. On the other hand, in the same cohort of patients, an association of the
KIR/KIR-ligand genotype with patient outcomes was not found [195]. IL-2 has also been administered
to RCC patients in combination with IFN«, which has been proven to enhance NK cell cytotoxicity
and expansion [196,197]. However, several studies have also pointed out that insufficient activation of
RCC tumor-infiltrating NK cells contributed to the failure of IL-2 treatment alone or in combination
with other agents, such as IFN« [147,198,199].

IL-15is another cytokine that signals through the IL-2R3<y, and it is being tested in clinical trials for
cancer immunotherapy, including patients with metastatic RCC. A clinical trial has demonstrated acute
lymphocyte dynamics with a redistribution of NK cells and CD8+ T cells, followed by hyperproliferation
and increased numbers of NK cells (and T cells) after 2-3 days of the infusion. Cell numbers returned
to baseline levels around 6 weeks after IL-15 infusion [88]. Another trial using subcutaneous IL-15
administration induced a profound expansion of NK cells, especially the CD56"118"t subset. In this
trial, objective responses were not observed, although some patients had disease stabilization [200]
(NCTO01727076). Finally, a trial with ALT-803, a complex containing two molecules of mutated IL-15 and
two molecules of the IL-15R« “sushi” domain fused to human IgG1 Fc, also demonstrated expansion
and activation of NK cells [201].

Adoptive cell therapy has also been used for the treatment of metastatic RCC. Infusion of activated
NK cells in combination with IL-2 [81,202,203], and the adoptive transfer of allogeneic NK cells [77]
and NK cell lines, such as NK-92 [204], have been tested [142,205]. Infusions of NK cells have also
been combined with other therapeutic procedures. For example, combining allogeneic NK cell therapy
with percutaneous cryoablation had a synergistic effect, improving the quality of life of the patients,
and also exhibited clinical efficacy [206] (NCT02843607). Also, genetically modified NK cells are being
studied for their potential use in the clinic [142]. Given that there are higher concentrations of CXCR2
ligands in tumors compared with the plasma of RCC patients, the properties of NK cells engineered to
express CXCR2 were tested [207]. CXCR2 expressing NK cells were able to migrate along a chemokine
gradient of RCC tumor supernatants, and this enhanced trafficking resulted in an increased killing of
target cells [207]. CAR-engineered NK cells are also being tested in preclinical models. Some examples
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include the ability of NK-92 cells expressing an ErbB2 (Her2)-specific CAR to reduce lung metastasis in
a RCC model [208], how the combination of cabozantinib and NK-92 cells expressing an EGFR-specific
CAR exhibit synergistic therapeutic efficacy against the human RCC xenograft model [209], and how
bortezomib improves adoptive CAIX-specific CAR-modified NK-92 cell therapy in mouse models of
RCC as well [210].

6. Conclusions

As summarized in this review, NK cells present several features that make them suitable for
fighting against malignant pathologies, and RCC is not an exception. Multiple strategies have been
developed to enhance anti-tumor activities of NK cells, and some of them are currently being tested
in clinical trials with RCC patients. Therefore, based on current knowledge, we consider that NK
cell-based immunotherapies represent a promising tool in the treatment of renal cancers.

Author Contributions: All authors have made a substantial, direct and intellectual contribution to the work,
and approved it for publication. All authors have read and agreed to the published version of the manuscript.

Funding: Supported by the following grants: AECC-Spanish Association Against Cancer (PROYE16074BORR)
and Health Department, Basque Government (2018222038). Iiiigo Terrén is recipient of a fellowship from the
Jests de Gangoiti Barrera Foundation (FJGB18/002) and a predoctoral contract funded by the Department of
Education, Basque Government (PRE_2019_2_0109). Joana Vitallé is recipient of a predoctoral contract funded by
the Department of Education, Basque Government (PRE_2018_2_0211). Olatz Zenarruzabeitia is recipient of a
postdoctoral contract funded by “Instituto de Salud Carlos III-Contratos Sara Borrell 2017 (CD17/00128)” and
the European Social Fund (ESF)-The ESF invests in your future. Francisco Borrego is an Ikerbasque Research
Professor, Ikerbasque, Basque Foundation for Science.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.  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]

2. 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]

3.  Caligiuri, M.A. Human natural killer cells. Blood 2008, 112, 461-469. [CrossRef]

4. Sun, J.C.; Lanier, L.L. NK cell development, homeostasis and function: parallels with CD8+ T cells. Nat. Rev.
Immunol. 2011, 11, 645-657. [CrossRef] [PubMed]

5. Morvan, M.G.; Lanier, L.L. NK cells and cancer: you can teach innate cells new tricks. Nat. Rev. Cancer 2016,
16, 7-19. [CrossRef] [PubMed]

6. Cerwenka, A.; Lanier, L.L. Natural killer cell memory in infection, inflammation and cancer. Nat. Rev.
Immunol. 2016, 16, 112-123. [CrossRef] [PubMed]

7. Chiossone, L.; Dumas, P.-Y.; Vienne, M.; Vivier, E. Natural killer cells and other innate lymphoid cells in
cancer. Nat. Rev. Immunol. 2018, 18, 671-688. [CrossRef]

8.  Ali, A,; Gyurova, LE.; Waggoner, S.N. Mutually assured destruction: the cold war between viruses and
natural killer cells. Curr. Opin. Virol. 2019, 34, 130-139. [CrossRef]

9. Welsh, RM.; Waggoner, S.N. NK cells controlling virus-specific T cells: Rheostats for acute vs. persistent
infections. Virology 2013, 435, 37-45. [CrossRef]

10. 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]

11. Martin-Fontecha, A.; Thomsen, L.L.; Brett, S.; Gerard, C.; Lipp, M.; Lanzavecchia, A.; Sallusto, F. Induced
recruitment of NK cells to lymph nodes provides IFN-y for TH1 priming. Nat. Immunol. 2004, 5, 1260-1265.
[CrossRef]


http://dx.doi.org/10.1002/ijc.2910160205
http://dx.doi.org/10.1002/eji.1830050209
http://dx.doi.org/10.1182/blood-2007-09-077438
http://dx.doi.org/10.1038/nri3044
http://www.ncbi.nlm.nih.gov/pubmed/21869816
http://dx.doi.org/10.1038/nrc.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/26694935
http://dx.doi.org/10.1038/nri.2015.9
http://www.ncbi.nlm.nih.gov/pubmed/26806484
http://dx.doi.org/10.1038/s41577-018-0061-z
http://dx.doi.org/10.1016/j.coviro.2019.02.005
http://dx.doi.org/10.1016/j.virol.2012.10.005
http://dx.doi.org/10.3389/fimmu.2019.01415
http://dx.doi.org/10.1038/ni1138

Cancers 2020, 12, 316 14 of 24

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Van Kaer, L.; Postoak, ].L.; Wang, C.; Yang, G.; Wu, L. Innate, innate-like and adaptive lymphocytes in the
pathogenesis of MS and EAE. Cell. Mol. Immunol. 2019, 16, 531-539. [CrossRef]

Zitti, B.; Bryceson, Y.T. Natural killer cells in inflammation and autoimmunity. Cytokine Growth Factor Rev.
2018, 42, 37-46. [CrossRef]

Vivier, E.; Raulet, D.H.; Moretta, A.; Caligiuri, M.A.; Zitvogel, L.; Lanier, L.L.; Yokoyama, W.M.; Ugolini, S.
Innate or Adaptive Immunity? The Example of Natural Killer Cells. Science (80-. ). 2011, 331, 44-49.
[CrossRef] [PubMed]

O’Sullivan, T.E.; Sun, J.C.; Lanier, L.L. Natural Killer Cell Memory. Immunity 2015, 43, 634—645. [CrossRef]
Min-Oo, G.; Kamimura, Y.; Hendricks, D.W.; Nabekura, T.; Lanier, L.L. Natural killer cells: walking three
paths down memory lane. Trends Immunol. 2013, 34, 251-258. [CrossRef]

Muntasell, A.; Vilches, C.; Angulo, A.; Lopez-Botet, M. Adaptive reconfiguration of the human NK-cell
compartment in response to cytomegalovirus: A different perspective of the host-pathogen interaction. Eur.
J. Immunol. 2013, 43, 1133-1141. [CrossRef]

Holmes, T.D.; Bryceson, Y.T. Natural killer cell memory in context. Semin. Immunol. 2016, 28, 368-376.
[CrossRef]

Borrego, E; Kabat, J.; Kim, D.-K,; Lieto, L.; Maasho, K.; Pefia, J.; Solana, R.; Coligan, J.E. Structure and
function of major histocompatibility complex (MHC) class I specific receptors expressed on human natural
killer (NK) cells. Mol. Immunol. 2002, 38, 637-660. [CrossRef]

Long, E.O.; Sik Kim, H.; 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]
Vivier, E.; Artis, D.; Colonna, M.; Diefenbach, A.; Di Santo, J.P.,; Eberl, G.; Koyasu, S.; Locksley, RM.;
McKenzie, A.N.J.; Mebius, R.E.; et al. Innate Lymphoid Cells: 10 Years On. Cell 2018, 174, 1054-1066.
[CrossRef] [PubMed]

Colonna, M. Innate Lymphoid Cells: Diversity, Plasticity, and Unique Functions in Immunity. Immunity
2018, 48, 1104-1117. [CrossRef] [PubMed]

Freud, A.G.; Mundy-Bosse, B.L.; Yu, J.; Caligiuri, M.A. The Broad Spectrum of Human Natural Killer Cell
Diversity. Immunity 2017, 47, 820-833. [CrossRef] [PubMed]

Cooper, M.A.; Fehniger, T.A.; Caligiuri, M.A. The biology of human natural killer-cell subsets. Trends Immunol.
2001, 22, 633-640. [CrossRef]

Di Vito, C.; Mikulak, J.; Mavilio, D. On the Way to Become a Natural Killer Cell. Front. Immunol. 2019, 10,
1812. [CrossRef] [PubMed]

Mavilio, D.; Lombardo, G.; Benjamin, J.; Kim, D.; Follman, D.; Marcenaro, E.; O’Shea, M.A; Kinter, A.;
Kovacs, C.; Moretta, A.; et al. Characterization of CD56-/CD16+ natural killer (NK) cells: A highly
dysfunctional NK subset expanded in HIV-infected viremic individuals. Proc. Natl. Acad. Sci. 2005, 102,
2886-2891. [CrossRef]

Vitallé, J.; Terrén, I.; Orrantia, A.; Pérez-Garay, R.; Vidal, F; Iribarren, J.A.; Rodriguez, C.; Lirola, AM.L,;
Bernal, E.; Zenarruzabeitia, O.; et al. CD300a inhibits CD16-mediated NK cell effector functions in
HIV-1-infected patients. Cell. Mol. Immunol. 2019, 16, 940-942. [CrossRef]

Roberto, A.; Di Vito, C.; Zaghi, E.; Mazza, EM.C.; Capucetti, A.; Calvi, M.; Tentorio, P; Zanon, V.; Sarina, B.;
Mariotti, J.; et al. The early expansion of anergic NKG2A P /CD56 dim /CD16 "¢ natural killer represents
a therapeutic target in haploidentical hematopoietic stem cell transplantation. Haematologica 2018, 103,
1390-1402. [CrossRef]

Vulpis, E.; Stabile, H.; Soriani, A.; Fionda, C.; Petrucci, M.; Mariggio’, E.; Ricciardi, M.; Cippitelli, M.;
Gismondi, A.; Santoni, A.; et al. Key Role of the CD56lowCD16low Natural Killer Cell Subset in the
Recognition and Killing of Multiple Myeloma Cells. Cancers (Basel). 2018, 10, 473. [CrossRef]

Freud, A.G.; Caligiuri, M.A. Human natural killer cell development. Immunol. Rev. 2006, 214, 56-72.
[CrossRef]

Freud, A.G.; Yokohama, A.; Becknell, B.; Lee, M.T.; Mao, H.C.; Ferketich, A.K.; Caligiuri, M.A. Evidence
for discrete stages of human natural killer cell differentiation in vivo. J. Exp. Med. 2006, 203, 1033-1043.
[CrossRef] [PubMed]

Hughes, T.; Becknell, B.; Freud, A.G.; McClory, S.; Briercheck, E.; Yu, ].; Mao, C.; Giovenzana, C.; Nuovo, G.;
Wei, L.; et al. Interleukin-1§3 Selectively Expands and Sustains Interleukin-22+ Immature Human Natural
Killer Cells in Secondary Lymphoid Tissue. Immunity 2010, 32, 803-814. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41423-019-0221-5
http://dx.doi.org/10.1016/j.cytogfr.2018.08.001
http://dx.doi.org/10.1126/science.1198687
http://www.ncbi.nlm.nih.gov/pubmed/21212348
http://dx.doi.org/10.1016/j.immuni.2015.09.013
http://dx.doi.org/10.1016/j.it.2013.02.005
http://dx.doi.org/10.1002/eji.201243117
http://dx.doi.org/10.1016/j.smim.2016.05.008
http://dx.doi.org/10.1016/S0161-5890(01)00107-9
http://dx.doi.org/10.1146/annurev-immunol-020711-075005
http://dx.doi.org/10.1016/j.cell.2018.07.017
http://www.ncbi.nlm.nih.gov/pubmed/30142344
http://dx.doi.org/10.1016/j.immuni.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/29924976
http://dx.doi.org/10.1016/j.immuni.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/29166586
http://dx.doi.org/10.1016/S1471-4906(01)02060-9
http://dx.doi.org/10.3389/fimmu.2019.01812
http://www.ncbi.nlm.nih.gov/pubmed/31428098
http://dx.doi.org/10.1073/pnas.0409872102
http://dx.doi.org/10.1038/s41423-019-0275-4
http://dx.doi.org/10.3324/haematol.2017.186619
http://dx.doi.org/10.3390/cancers10120473
http://dx.doi.org/10.1111/j.1600-065X.2006.00451.x
http://dx.doi.org/10.1084/jem.20052507
http://www.ncbi.nlm.nih.gov/pubmed/16606675
http://dx.doi.org/10.1016/j.immuni.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20620944

Cancers 2020, 12, 316 15 of 24

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Chinen, H.; Matsuoka, K,; Sato, T.; Kamada, N.; Okamoto, S.; Hisamatsu, T.; Kobayashi, T.; Hasegawa, H.;
Sugita, A.; Kinjo, F; et al. Lamina propria c-kit+ immune precursors reside in human adult intestine and
differentiate into natural killer cells. Gastroenterology 2007, 133, 559-573. [CrossRef] [PubMed]

Moroso, V.; Famili, F.; Papazian, N.; Cupedo, T.; van der Laan, L.J.W.; Kazemier, G.; Metselaar, H.].;
Kwekkeboom, J. NK cells can generate from precursors in the adult human liver. Eur. J. Immunol. 2011, 41,
3340-3350. [CrossRef] [PubMed]

Vacca, P; Vitale, C.; Montaldo, E.; Conte, R.; Cantoni, C.; Fulcheri, E.; Darretta, V.; Moretta, L.; Mingari, M.C.
CD34+ hematopoietic precursors are present in human decidua and differentiate into natural killer cells
upon interaction with stromal cells. Proc. Natl. Acad. Sci. 2011, 108, 2402-2407. [CrossRef]

Freud, A.G.; Yu, J.; Caligiuri, M.A. Human natural killer cell development in secondary lymphoid tissues.
Semin. Immunol. 2014, 26, 132-137. [CrossRef]

Yu, J.; Freud, A.G.; Caligiuri, M.A. Location and cellular stages of natural killer cell development. Trends
Immunol. 2013, 34, 573-582. [CrossRef]

Cichocki, E; Grzywacz, B.; Miller, ].5. Human NK Cell Development: One Road or Many? Front. Immunol.
2019, 10, 2078. [CrossRef]

Wilk, A.J.; Blish, C.A. Diversification of human NK cells: Lessons from deep profiling. J. Leukoc. Biol. 2018,
103, 629-641. [CrossRef]

Horowitz, A.; Strauss-Albee, D.M.; Leipold, M.; Kubo, J.; Nemat-Gorgani, N.; Dogan, O.C.; Dekker, C.L.;
Mackey, S.; Maecker, H.; Swan, G.E.; et al. Genetic and Environmental Determinants of Human NK Cell
Diversity Revealed by Mass Cytometry. Sci. Transl. Med. 2013, 5, 208ra145. [CrossRef]

Crinier, A.; Milpied, P; Escaliére, B.; Piperoglou, C.; Galluso, J.; Balsamo, A.; Spinelli, L.; Cervera-Marzal, L;
Ebbo, M.; Girard-Madoux, M.; et al. High-Dimensional Single-Cell Analysis Identifies Organ-Specific
Signatures and Conserved NK Cell Subsets in Humans and Mice. Immunity 2018, 49, 971-986.e5. [CrossRef]
[PubMed]

Yang, C.; Siebert, ].R.; Burns, R.; Gerbec, Z.].; Bonacci, B.; Rymaszewski, A.; Rau, M.; Riese, M.].; Rao, S.;
Carlson, K.-S.; et al. Heterogeneity of human bone marrow and blood natural killer cells defined by single-cell
transcriptome. Nat. Commun. 2019, 10, 3931. [CrossRef] [PubMed]

Smyth, M.].; Thia, K.Y.T.; Street, S.E.A.; MacGregor, D.; Godfrey, D.I.; Trapani, J.A. Perforin-Mediated
Cytotoxicity Is Critical for Surveillance of Spontaneous Lymphoma. J. Exp. Med. 2000, 192, 755-760.
[CrossRef] [PubMed]

Voskoboinik, I.; Whisstock, J.C.; Trapani, J.A. Perforin and granzymes: function, dysfunction and human
pathology. Nat. Rev. Immunol. 2015, 15, 388-400. [CrossRef] [PubMed]

Krzewski, K.; Coligan, J.E. Human NK cell lytic granules and regulation of their exocytosis. Front. Immunol.
2012, 3, 335. [CrossRef]

Screpanti, V.; Wallin, RP.A.; Grandien, A.; Ljunggren, H.-G. Impact of FASL-induced apoptosis in the
elimination of tumor cells by NK cells. Mol. Immunol. 2005, 42, 495-499. [CrossRef]

Cretney, E.; Takeda, K.; Yagita, H.; Glaccum, M.; Peschon, J.J.; Smyth, M.]. Increased Susceptibility to Tumor
Initiation and Metastasis in TNF-Related Apoptosis-Inducing Ligand-Deficient Mice. J. Immunol. 2002, 168,
1356-1361. [CrossRef]

Finnberg, N.; Klein-Szanto, A.J.P.; El-Deiry, W.S. TRAIL-R deficiency in mice promotes susceptibility to
chronic inflammation and tumorigenesis. J. Clin. Invest. 2008, 118, 111-123. [CrossRef]

Orange, ].S. Formation and function of the lytic NK-cell immunological synapse. Nat. Rev. Immunol. 2008, 8,
713-725. [CrossRef]

Mace, E.M.; Dongre, P; Hsu, H.-T.; Sinha, P.; James, A.M.; Mann, S.S.; Forbes, L.R.; Watkin, L.B.; Orange, J.S.
Cell biological steps and checkpoints in accessing NK cell cytotoxicity. Immunol. Cell Biol. 2014, 92, 245-255.
[CrossRef]

Dustin, M.L.; Long, E.O. Cytotoxic immunological synapses. Immunol. Rev. 2010, 235, 24-34. [CrossRef]
[PubMed]

Lagrue, K.; Carisey, A.; Oszmiana, A.; Kennedy, P.R.; Williamson, D.J.; Cartwright, A.; Barthen, C.; Davis, D.M.
The central role of the cytoskeleton in mechanisms and functions of the NK cell immune synapse. Immunol.
Rev. 2013, 256, 203-221. [CrossRef] [PubMed]

Lanier, L.L.; Yu, G.; Phillips, ]. H. Co-association of CD3( with a receptor (CD16) for IgG Fc on human natural
killer cells. Nature 1989, 342, 803-805. [CrossRef] [PubMed]


http://dx.doi.org/10.1053/j.gastro.2007.05.017
http://www.ncbi.nlm.nih.gov/pubmed/17681176
http://dx.doi.org/10.1002/eji.201141760
http://www.ncbi.nlm.nih.gov/pubmed/21830211
http://dx.doi.org/10.1073/pnas.1016257108
http://dx.doi.org/10.1016/j.smim.2014.02.008
http://dx.doi.org/10.1016/j.it.2013.07.005
http://dx.doi.org/10.3389/fimmu.2019.02078
http://dx.doi.org/10.1002/JLB.6RI0917-390R
http://dx.doi.org/10.1126/scitranslmed.3006702
http://dx.doi.org/10.1016/j.immuni.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30413361
http://dx.doi.org/10.1038/s41467-019-11947-7
http://www.ncbi.nlm.nih.gov/pubmed/31477722
http://dx.doi.org/10.1084/jem.192.5.755
http://www.ncbi.nlm.nih.gov/pubmed/10974040
http://dx.doi.org/10.1038/nri3839
http://www.ncbi.nlm.nih.gov/pubmed/25998963
http://dx.doi.org/10.3389/fimmu.2012.00335
http://dx.doi.org/10.1016/j.molimm.2004.07.033
http://dx.doi.org/10.4049/jimmunol.168.3.1356
http://dx.doi.org/10.1172/JCI29900
http://dx.doi.org/10.1038/nri2381
http://dx.doi.org/10.1038/icb.2013.96
http://dx.doi.org/10.1111/j.0105-2896.2010.00904.x
http://www.ncbi.nlm.nih.gov/pubmed/20536553
http://dx.doi.org/10.1111/imr.12107
http://www.ncbi.nlm.nih.gov/pubmed/24117823
http://dx.doi.org/10.1038/342803a0
http://www.ncbi.nlm.nih.gov/pubmed/2532305

Cancers 2020, 12, 316 16 of 24

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Blazquez-Moreno, A.; Park, S.; Im, W.; Call, M.J.; Call, M.E;; Reyburn, H.T. Transmembrane features
governing Fc receptor CD16A assembly with CD16A signaling adaptor molecules. Proc. Natl. Acad. Sci.
USA 2017, 114, E5645-E5654. [CrossRef] [PubMed]

Kruse, P.H.; Matta, ]J.; Ugolini, S.; Vivier, E. Natural cytotoxicity receptors and their ligands. Immunol. Cell
Biol. 2014, 92, 221-229. [CrossRef]

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

Lanier, L.L. NKG2D Receptor and Its Ligands in Host Defense. Cancer Immunol. Res. 2015, 3, 575-582.
[CrossRef]

Dimitrova, M.; Zenarruzabeitia, O.; Borrego, F.; Simhadri, V.R. CD300c is uniquely expressed on CD56bright
Natural Killer Cells and differs from CD300a upon ligand recognition. Sci. Rep. 2016, 6, 23942. [CrossRef]
Raulet, D.H.; Gasser, S.; Gowen, B.G.; Deng, W.; Jung, H. Regulation of Ligands for the NKG2D Activating
Receptor. Annu. Rev. Immunol. 2013, 31, 413—441. [CrossRef]

Lam, A.R;; Le Bert, N.; Ho, S.5.W.; Shen, Y].; Tang, M.L.E,; Xiong, G.M.; Croxford, J.L.; Koo, C.X,; Ishii, K.].;
Akira, S.; et al. RAE1 Ligands for the NKG2D Receptor Are Regulated by STING-Dependent DNA Sensor
Pathways in Lymphoma. Cancer Res. 2014, 74, 2193-2203. [CrossRef]

Cerboni, C.; Fionda, C.; Soriani, A.; Zingoni, A.; Doria, M.; Cippitelli, M.; Santoni, A. The DNA Damage
Response: A Common Pathway in the Regulation of NKG2D and DNAM-1 Ligand Expression in Normal,
Infected, and Cancer Cells. Front. Immunol. 2014, 4, 508. [CrossRef] [PubMed]

Brandt, C.S.; Baratin, M; Yi, E.C.; Kennedy, J.; Gao, Z.; Fox, B.; Haldeman, B.; Ostrander, C.D.; Kaifu, T.;
Chabannon, C.; et al. The B7 family member B7-H6 is a tumor cell ligand for the activating natural killer cell
receptor NKp30 in humans. . Exp. Med. 2009, 206, 1495-1503. [CrossRef] [PubMed]

Ljunggren, H.G.; Kérre, K. In search of the “missing self”: MHC molecules and NK cell recognition. Immunol.
Today 1990, 11, 237-244. [CrossRef]

Long, E.O,; Barber, D.F; Burshtyn, D.N.; Faure, M.; Peterson, M.; Rajagopalan, S.; Renard, V.; Sandusky, M.;
Stebbins, C.C.; Wagtmann, N.; et al. Inhibition of natural killer cell activation signals by killer cell
immunoglobulin-like receptors (CD158). Immunol. Rev. 2001, 181, 223-233. [CrossRef]

Borrego, E; Ulbrecht, M.; Weiss, E.H.; Coligan, ]J.E.; Brooks, A.G. Recognition of Human Histocompatibility
Leukocyte Antigen (HLA)-E Complexed with HLA Class I Signal Sequence—derived Peptides by CD94/NKG2
Confers Protection from Natural Killer Cell-mediated Lysis. J. Exp. Med. 1998, 187, 813-818. [CrossRef]
Kabat, J.; Borrego, F.; Brooks, A.; Coligan, J.E. Role That Each NKG2A Immunoreceptor Tyrosine-Based
Inhibitory Motif Plays in Mediating the Human CD94/NKG2A Inhibitory Signal. J. Immunol. 2002, 169,
1948-1958. [CrossRef]

Burshtyn, D.N.; Lam, A.S.; Weston, M.; Gupta, N.; Warmerdam, P.A.; Long, E.O. Conserved residues
amino-terminal of cytoplasmic tyrosines contribute to the SHP-1-mediated inhibitory function of killer cell
Ig-like receptors. |. Immunol. 1999, 162, 897-902.

Lankry, D.; Rovis, T.L.; Jonjic, S.; Mandelboim, O. The interaction between CD300a and phosphatidylserine
inhibits tumor cell killing by NK cells. Eur. ]. Immunol. 2013, 43, 2151-2161. [CrossRef]

Kim, S.; Poursine-Laurent, J.; Truscott, S.M.; Lybarger, L.; Song, Y.-].; Yang, L.; French, A.R.; Sunwoo, ].B.;
Lemieux, S.; Hansen, T.H; et al. Licensing of natural killer cells by host major histocompatibility complex
class I molecules. Nature 2005, 436, 709-713. [CrossRef]

Anfossi, N.; André, P; Guia, S.; Falk, C.S.; Roetynck, S.; Stewart, C.A.; Breso, V.; Frassati, C.; Reviron, D.;
Middleton, D.; et al. Human NK Cell Education by Inhibitory Receptors for MHC Class I. Immunity 2006, 25,
331-342. [CrossRef]

Elliott, ].M.; Yokoyama, W.M. Unifying concepts of MHC-dependent natural killer cell education. Trends
Immunol. 2011, 32, 364-372. [CrossRef] [PubMed]

Boudreau, J.E.; Hsu, K.C. Natural Killer Cell Education and the Response to Infection and Cancer Therapy:
Stay Tuned. Trends Immunol. 2018, 39, 222-239. [CrossRef] [PubMed]

Boudreau, J.E.; Hsu, K.C. Natural killer cell education in human health and disease. Curr. Opin. Immunol.
2018, 50, 102-111. [CrossRef] [PubMed]

Hsu, K.C,; Chida, S.; Geraghty, D.E.; Dupont, B. The killer cell immunoglobulin-like receptor (KIR) genomic
region: gene-order, haplotypes and allelic polymorphism. Immunol. Rev. 2002, 190, 40-52. [CrossRef]
[PubMed]


http://dx.doi.org/10.1073/pnas.1706483114
http://www.ncbi.nlm.nih.gov/pubmed/28652325
http://dx.doi.org/10.1038/icb.2013.98
http://dx.doi.org/10.1038/nri3799
http://dx.doi.org/10.1158/2326-6066.CIR-15-0098
http://dx.doi.org/10.1038/srep23942
http://dx.doi.org/10.1146/annurev-immunol-032712-095951
http://dx.doi.org/10.1158/0008-5472.CAN-13-1703
http://dx.doi.org/10.3389/fimmu.2013.00508
http://www.ncbi.nlm.nih.gov/pubmed/24432022
http://dx.doi.org/10.1084/jem.20090681
http://www.ncbi.nlm.nih.gov/pubmed/19528259
http://dx.doi.org/10.1016/0167-5699(90)90097-S
http://dx.doi.org/10.1034/j.1600-065X.2001.1810119.x
http://dx.doi.org/10.1084/jem.187.5.813
http://dx.doi.org/10.4049/jimmunol.169.4.1948
http://dx.doi.org/10.1002/eji.201343433
http://dx.doi.org/10.1038/nature03847
http://dx.doi.org/10.1016/j.immuni.2006.06.013
http://dx.doi.org/10.1016/j.it.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21752715
http://dx.doi.org/10.1016/j.it.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29397297
http://dx.doi.org/10.1016/j.coi.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29413815
http://dx.doi.org/10.1034/j.1600-065X.2002.19004.x
http://www.ncbi.nlm.nih.gov/pubmed/12493005

Cancers 2020, 12, 316 17 of 24

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Valiante, N.M.; Uhrberg, M.; Shilling, H.G.; Lienert-Weidenbach, K.; Arnett, K.L.; D’Andrea, A.; Phillips, ] H.;
Lanier, L.L.; Parham, P. Functionally and structurally distinct NK cell receptor repertoires in the peripheral
blood of two human donors. Immunity 1997, 7, 739-751. [CrossRef]

Ruggeri, L.; Capanni, M.; Urbani, E.; Perruccio, K.; Shlomchik, W.D.; Tosti, A.; Posati, S.; Rogaia, D.;
Frassoni, F.; Aversa, F; et al. Effectiveness of Donor Natural Killer Cell Alloreactivity in Mismatched
Hematopoietic Transplants. Science (80-. ). 2002, 295, 2097-2100. [CrossRef]

Miller, J.S.; Soignier, Y.; Panoskaltsis-Mortari, A.; McNearney, S.A.; Yun, G.H.; Fautsch, S.K.; McKenna, D.;
Le, C.; Defor, TE.; Burns, L.J.; et al. Successful adoptive transfer and in vivo expansion of human
haploidentical NK cells in patients with cancer. Blood 2005, 105, 3051-3057. [CrossRef]

Rosenberg, S.A. IL-2: The First Effective Inmunotherapy for Human Cancer. J. Immunol. 2014, 192, 5451-5458.
[CrossRef]

Sim, G.C.; Radvanyi, L. The IL-2 cytokine family in cancer immunotherapy. Cytokine Growth Factor Rev. 2014,
25,377-390. [CrossRef]

Childs, R.W.; Carlsten, M. Therapeutic approaches to enhance natural killer cell cytotoxicity against cancer:
the force awakens. Nat. Rev. Drug Discov. 2015, 14, 487-498. [CrossRef]

Rosenberg, S.A.; Lotze, M.T.; Muul, L.M.; Leitman, S.; Chang, A.E.; Ettinghausen, S.E.; Matory, Y.L.;
Skibber, J.M.; Shiloni, E.; Vetto, ].T.; et al. Observations on the Systemic Administration of Autologous
Lymphokine-Activated Killer Cells and Recombinant Interleukin-2 to Patients with Metastatic Cancer. N.
Engl. J. Med. 1985, 313, 1485-1492. [CrossRef] [PubMed]

Curti, A.; Ruggeri, L.; D’Addio, A.; Bontadini, A.; Dan, E.; Motta, M.R.; Trabanelli, S.; Giudice, V.; Urbani, E.;
Martinelli, G.; et al. Successful transfer of alloreactive haploidentical KIR ligand-mismatched natural
killer cells after infusion in elderly high risk acute myeloid leukemia patients. Blood 2011, 118, 3273-3279.
[CrossRef] [PubMed]

Ito, S.; Bollard, C.M.; Carlsten, M.; Melenhorst, ].J.; Biancotto, A.; Wang, E.; Chen, ].; Kotliarov, Y.; Cheung, F;
Xie, Z.; et al. Ultra-low Dose Interleukin-2 Promotes Immune-modulating Function of Regulatory T Cells
and Natural Killer Cells in Healthy Volunteers. Mol. Ther. 2014, 22, 1388-1395. [CrossRef] [PubMed]
Levin, AM,; Bates, D.L.; Ring, A.M.; Krieg, C.; Lin, ].T,; Su, L.; Moraga, I.; Raeber, M.E.; Bowman, G.R,;
Novick, P; et al. Exploiting a natural conformational switch to engineer an interleukin-2 “superkine”. Nature
2012, 484, 529-533. [CrossRef]

Abbas, A K,; Trotta, E.; R Simeonov, D.; Marson, A.; Bluestone, J.A. Revisiting IL-2: Biology and therapeutic
prospects. Sci. Immunol. 2018, 3, eaat1482. [CrossRef]

Becknell, B.; Caligiuri, M.A. Interleukin-2, Interleukin-15, and Their Roles in Human Natural Killer Cells.
In Advances in Immunology; Academic Press: Cambridge, MA, USA, 2005; Volume 86, pp. 209-239.
Leclercq, G.; Debacker, V.; de Smedt, M.; Plum, J. Differential effects of interleukin-15 and interleukin-2 on
differentiation of bipotential T/natural killer progenitor cells. J. Exp. Med. 1996, 184, 325-336. [CrossRef]
Conlon, K.C.; Lugli, E.; Welles, H.C.; Rosenberg, S.A.; Fojo, A.T.; Morris, ].C.; Fleisher, T.A.; Dubois, S.P.;
Perera, L.P,; Stewart, D.M.; et al. Redistribution, hyperproliferation, activation of natural killer cells and CD8
T cells, and cytokine production during first-in-human clinical trial of recombinant human interleukin-15 in
patients with cancer. J. Clin. Oncol. 2015, 33, 74-82. [CrossRef]

Miller, ].S. Therapeutic applications: natural killer cells in the clinic. Hematology 2013, 2013, 247-253.
[CrossRef]

Rosario, M.; Liu, B.; Kong, L.; Collins, L.I.; Schneider, S.E.; Chen, X.; Han, K.; Jeng, EK.; Rhode, PR.;
Leong, ].W,; et al. The IL-15-Based ALT-803 Complex Enhances Fc Rllla-Triggered NK Cell Responses and In
Vivo Clearance of B Cell Lymphomas. Clin. Cancer Res. 2016, 22, 596—608. [CrossRef]

Xu, W,; Jones, M,; Liu, B.; Zhu, X.; Johnson, C.B.; Edwards, A.C.; Kong, L.; Jeng, EK.; Han, K.; Marcus, WD.;
et al. Efficacy and Mechanism-of-Action of a Novel Superagonist Interleukin-15: Interleukin-15 Receptor
Su/Fc Fusion Complex in Syngeneic Murine Models of Multiple Myeloma. Cancer Res. 2013, 73, 3075-3086.
[CrossRef] [PubMed]

Han, K.; Zhu, X; Liu, B; Jeng, E.; Kong, L.; Yovandich, J.L.; Vyas, V.V.; Marcus, W.D.; Chavaillaz, P-A.;
Romero, C.A; etal. IL-15:IL-15 receptor alpha superagonist complex: High-level co-expression in recombinant
mammalian cells, purification and characterization. Cytokine 2011, 56, 804-810. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1074-7613(00)80393-3
http://dx.doi.org/10.1126/science.1068440
http://dx.doi.org/10.1182/blood-2004-07-2974
http://dx.doi.org/10.4049/jimmunol.1490019
http://dx.doi.org/10.1016/j.cytogfr.2014.07.018
http://dx.doi.org/10.1038/nrd4506
http://dx.doi.org/10.1056/NEJM198512053132327
http://www.ncbi.nlm.nih.gov/pubmed/3903508
http://dx.doi.org/10.1182/blood-2011-01-329508
http://www.ncbi.nlm.nih.gov/pubmed/21791425
http://dx.doi.org/10.1038/mt.2014.50
http://www.ncbi.nlm.nih.gov/pubmed/24686272
http://dx.doi.org/10.1038/nature10975
http://dx.doi.org/10.1126/sciimmunol.aat1482
http://dx.doi.org/10.1084/jem.184.2.325
http://dx.doi.org/10.1200/JCO.2014.57.3329
http://dx.doi.org/10.1182/asheducation-2013.1.247
http://dx.doi.org/10.1158/1078-0432.CCR-15-1419
http://dx.doi.org/10.1158/0008-5472.CAN-12-2357
http://www.ncbi.nlm.nih.gov/pubmed/23644531
http://dx.doi.org/10.1016/j.cyto.2011.09.028
http://www.ncbi.nlm.nih.gov/pubmed/22019703

Cancers 2020, 12, 316 18 of 24

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Reddy, N.; Hernandez-Ilizaliturri, FJ.; Deeb, G.; Roth, M.; Vaughn, M.; Knight, J.; Wallace, P.; Czuczman, M.S.
Immunomodulatory drugs stimulate natural killer-cell function, alter cytokine production by dendritic cells,
and inhibit angiogenesis enhancing the anti-tumour activity of rituximab in vivo. Br. |. Haematol. 2008, 140,
36—45. [CrossRef] [PubMed]

Sun, H.; Sun, C. The Rise of NK Cell Checkpoints as Promising Therapeutic Targets in Cancer Inmunotherapy.
Front. Immunol. 2019, 10, 2354. [CrossRef]

Keir, M.E.; Butte, M.].; Freeman, G.J.; Sharpe, A.H. PD-1 and Its Ligands in Tolerance and Immunity. Annu.
Rev. Immunol. 2008, 26, 677-704. [CrossRef]

Hsu, J.; Hodgins, J.J.; Marathe, M.; Nicolai, C.J.; Bourgeois-Daigneault, M.-C.; Trevino, T.N.; Azimi, C.S.;
Scheer, A.K.; Randolph, H.E.; Thompson, TW.; et al. Contribution of NK cells to immunotherapy mediated
by PD-1/PD-L1 blockade. J. Clin. Invest. 2018, 128, 4654-4668. [CrossRef]

Benson, D.M.; Bakan, C.E.; Mishra, A.; Hofmeister, C.C.; Efebera, Y.; Becknell, B.; Baiocchi, R.A.; Zhang, J.;
Yu, J.; Smith, M.K.; et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple myeloma
effect: a therapeutic target for CT-011, a novel monoclonal anti-PD-1 antibody. Blood 2010, 116, 2286-2294.
[CrossRef]

Dong, W.; Wu, X,; Ma, S.; Wang, Y.; Nalin, A.P.; Zhu, Z.; Zhang, J.; Benson, D.M.; He, K.; Caligiuri, M.A.;
et al. The Mechanism of Anti-PD-L1 Antibody Efficacy against PD-L1-Negative Tumors Identifies NK Cells
Expressing PD-L1 as a Cytolytic Effector. Cancer Discov. 2019, 9, 1422-1437. [CrossRef]

Stanietsky, N.; Simic, H.; Arapovic, J.; Toporik, A.; Levy, O.; Novik, A.; Levine, Z.; Beiman, M.; Dassa, L.;
Achdout, H; et al. The interaction of TIGIT with PVR and PVRL2 inhibits human NK cell cytotoxicity. Proc.
Natl. Acad. Sci. 2009, 106, 17858-17863. [CrossRef]

Sanchez-Correa, B.; Valhondo, I.; Hassouneh, F.; Lopez-Sejas, N.; Pera, A.; Bergua, ].M.; Arcos, M.].; Bafias, H.;
Casas-Avilés, I.; Duran, E.; et al. DNAM-1 and the TIGIT/PVRIG/TACTILE Axis: Novel Immune Checkpoints
for Natural Killer Cell-Based Cancer Immunotherapy. Cancers (Basel). 2019, 11, 877. [CrossRef]

Benson, D.M,; Bakan, C.E.; Zhang, S.; Collins, S.M.; Liang, ].; Srivastava, S.; Hofmeister, C.C.; Efebera, Y.;
Andre, P; Romagne, E; et al. IPH2101, a novel anti-inhibitory KIR antibody, and lenalidomide combine
to enhance the natural killer cell versus multiple myeloma effect. Blood 2011, 118, 6387-6391. [CrossRef]
[PubMed]

Romagné, F.; André, P; Spee, P; Zahn, S.; Anfossi, N.; Gauthier, L.; Capanni, M.; Ruggeri, L.; Benson, D.M.;
Blaser, BW.; et al. Preclinical characterization of 1-7F9, a novel human anti—KIR receptor therapeutic
antibody that augments natural killer-mediated killing of tumor cells. Blood 2009, 114, 2667-2677. [CrossRef]
[PubMed]

Carlsten, M.; Korde, N.; Kotecha, R.; Reger, R.; Bor, S.; Kazandjian, D.; Landgren, O.; Childs, R.W. Checkpoint
Inhibition of KIR2D with the Monoclonal Antibody IPH2101 Induces Contraction and Hyporesponsiveness
of NK Cells in Patients with Myeloma. Clin. Cancer Res. 2016, 22, 5211-5222. [CrossRef] [PubMed]

Vey, N.; Bourhis, ]J.-H.; Boissel, N.; Bordessoule, D.; Prebet, T.; Charbonnier, A.; Etienne, A.; Andre, P;
Romagne, F.,; Benson, D.; et al. A phase 1 trial of the anti-inhibitory KIR mAb IPH2101 for AML in complete
remission. Blood 2012, 120, 4317-4323. [CrossRef]

Vey, N.; Karlin, L.; Sadot-Lebouvier, S.; Broussais, F.; Berton-Rigaud, D.; Rey, J.; Charbonnier, A.; Marie, D.;
André, P; Paturel, C.; et al. A phase 1 study of lirilumab (antibody against killer immunoglobulin-like
receptor antibody KIR2D; IPH2102) in patients with solid tumors and hematologic malignancies. Oncotarget
2018, 9, 17675-17688. [CrossRef]

Bagot, M.; Porcu, P.; Marie-Cardine, A.; Battistella, M.; William, B.M.; Vermeer, M.; Whittaker, S.; Rotolo, F.;
Ram-Wolff, C.; Khodadoust, M.S.; et al. IPH4102, a first-in-class anti-KIR3DL2 monoclonal antibody, in
patients with relapsed or refractory cutaneous T-cell lymphoma: an international, first-in-human, open-label,
phase 1 trial. Lancet Oncol. 2019, 20, 1160-1170. [CrossRef]

Kamiya, T.; Seow, S.V.; Wong, D.; Robinson, M.; Campana, D. Blocking expression of inhibitory receptor
NKG2A overcomes tumor resistance to NK cells. J. Clin. Invest. 2019, 129, 2094-2106. [CrossRef]

André, P; Denis, C.; Soulas, C.; Bourbon-Caillet, C.; Lopez, ].; Arnoux, T.; Bléry, M.; Bonnafous, C.; Gauthier, L.;
Morel, A.; et al. Anti-NKG2A mAb Is a Checkpoint Inhibitor that Promotes Anti-tumor Immunity by
Unleashing Both T and NK Cells. Cell 2018, 175, 1731-1743.e13. [CrossRef]


http://dx.doi.org/10.1111/j.1365-2141.2007.06841.x
http://www.ncbi.nlm.nih.gov/pubmed/17995965
http://dx.doi.org/10.3389/fimmu.2019.02354
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090331
http://dx.doi.org/10.1172/JCI99317
http://dx.doi.org/10.1182/blood-2010-02-271874
http://dx.doi.org/10.1158/2159-8290.CD-18-1259
http://dx.doi.org/10.1073/pnas.0903474106
http://dx.doi.org/10.3390/cancers11060877
http://dx.doi.org/10.1182/blood-2011-06-360255
http://www.ncbi.nlm.nih.gov/pubmed/22031859
http://dx.doi.org/10.1182/blood-2009-02-206532
http://www.ncbi.nlm.nih.gov/pubmed/19553639
http://dx.doi.org/10.1158/1078-0432.CCR-16-1108
http://www.ncbi.nlm.nih.gov/pubmed/27307594
http://dx.doi.org/10.1182/blood-2012-06-437558
http://dx.doi.org/10.18632/oncotarget.24832
http://dx.doi.org/10.1016/S1470-2045(19)30320-1
http://dx.doi.org/10.1172/JCI123955
http://dx.doi.org/10.1016/j.cell.2018.10.014

Cancers 2020, 12, 316 19 of 24

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Zhang, Q.; Bi, J.; Zheng, X; Chen, Y.; Wang, H.; Wu, W.; Wang, Z.; Wu, Q.; Peng, H.; Wei, H.; et al. Blockade
of the checkpoint receptor TIGIT prevents NK cell exhaustion and elicits potent anti-tumor immunity.
Nat. Immunol. 2018, 19, 723-732. [CrossRef]

Jiang, X.-R; Song, A.; Bergelson, S.; Arroll, T.; Parekh, B.; May, K.; Chung, S.; Strouse, R.; Mire-Sluis, A.;
Schenerman, M. Advances in the assessment and control of the effector functions of therapeutic antibodies.
Nat. Rev. Drug Discov. 2011, 10, 101-111. [CrossRef]

Cartron, G.; Dacheux, L.; Salles, G.; Solal-Celigny, P.; Bardos, P.; Colombat, P.; Watier, H. Therapeutic activity
of humanized anti-CD20 monoclonal antibody and polymorphism in IgG Fc receptor FcgammaRIIIa gene.
Blood 2002, 99, 754-758. [CrossRef] [PubMed]

Weng, W.-K.; Levy, R. Two Immunoglobulin G Fragment C Receptor Polymorphisms Independently Predict
Response to Rituximab in Patients With Follicular Lymphoma. J. Clin. Oncol. 2003, 21, 3940-3947. [CrossRef]
Pander, J.; Gelderblom, H.; Antonini, N.E,; Tol, J.; van Krieken, J.H.J.M.; van der Straaten, T.; Punt, C.J.A.;
Guchelaar, H.-J. Correlation of FCGR3A and EGFR germline polymorphisms with the efficacy of cetuximab
in KRAS wild-type metastatic colorectal cancer. Eur. J. Cancer 2010, 46, 1829-1834. [CrossRef] [PubMed]
Gleason, M.K,; Verneris, M.R.; Todhunter, D.A.; Zhang, B.; McCullar, V.; Zhou, S.X.; Panoskaltsis-Mortari, A.;
Weiner, L.M.; Vallera, D.A.; Miller, J.S. Bispecific and Trispecific Killer Cell Engagers Directly Activate Human
NK Cells through CD16 Signaling and Induce Cytotoxicity and Cytokine Production. Mol. Cancer Ther. 2012,
11, 2674-2684. [CrossRef] [PubMed]

Wiernik, A.; Foley, B.; Zhang, B.; Verneris, M.R.; Warlick, E.; Gleason, M.K,; Ross, J.A.; Luo, X.; Weisdorf, D.J.;
Walcheck, B.; et al. Targeting Natural Killer Cells to Acute Myeloid Leukemia In Vitro with a CD16 x 33
Bispecific Killer Cell Engager and ADAM17 Inhibition. Clin. Cancer Res. 2013, 19, 3844-3855. [CrossRef]
Gleason, M.K;; Ross, J.A.; Warlick, E.D.; Lund, T.C.; Verneris, M.R.; Wiernik, A.; Spellman, S.; Haagenson, M.D.;
Lenvik, AJ.; Litzow, M.R; et al. CD16xCD33 bispecific killer cell engager (BiKE) activates NK cells against
primary MDS and MDSC CD33+ targets. Blood 2014, 123, 3016-3026. [CrossRef]

Sarhan, D.; Brandt, L.; Felices, M.; Guldevall, K.; Lenvik, T.; Hinderlie, P.; Curtsinger, J.; Warlick, E.;
Spellman, S.R.; Blazar, B.R.; et al. 161533 TriKE stimulates NK-cell function to overcome myeloid-derived
suppressor cells in MDS. Blood Adv. 2018, 2, 1459-1469. [CrossRef]

Gauthier, L.; Morel, A.; Anceriz, N.; Rossi, B.; Blanchard-Alvarez, A.; Grondin, G.; Trichard, S.; Cesari, C.;
Sapet, M.; Bosco, F; et al. Multifunctional Natural Killer Cell Engagers Targeting NKp46 Trigger Protective
Tumor Immunity. Cell 2019, 177, 1701-1713.e16. [CrossRef]

Thorburn, A. Death receptor-induced cell killing. Cell. Signal. 2004, 16, 139-144. [CrossRef]

Lundqvist, A.; Yokoyama, H.; Smith, A.; Berg, M.; Childs, R. Bortezomib treatment and regulatory T-cell
depletion enhance the antitumor effects of adoptively infused NK cells. Blood 2009, 113, 6120-6127. [CrossRef]
Vales-Gomez, M.; Chisholm, S.E.; Cassady-Cain, R.L.; Roda-Navarro, P.; Reyburn, H.T. Selective Induction of
Expression of a Ligand for the NKG2D Receptor by Proteasome Inhibitors. Cancer Res. 2008, 68, 1546-1554.
[CrossRef]

Shi, J.; Tricot, G.; Szmania, S.; Rosen, N.; Garg, T.K.; Malaviarachchi, P.A.; Moreno, A.; Dupont, B.; Hsu, K.C,;
Baxter-Lowe, L.A ; et al. Infusion of haplo-identical killer immunoglobulin-like receptor ligand mismatched
NK cells for relapsed myeloma in the setting of autologous stem cell transplantation. Br. |. Haematol. 2008,
143, 641-653. [CrossRef] [PubMed]

Romee, R.; Rosario, M.; Berrien-Elliott, M.M.; Wagner, J.A.; Jewell, B.A.; Schappe, T.; Leong, JW.,;
Abdel-Latif, S.; Schneider, S.E.; Willey, S.; et al. Cytokine-induced memory-like natural killer cells exhibit
enhanced responses against myeloid leukemia. Sci. Transl. Med. 2016, 8, 357ral23. [CrossRef] [PubMed]
Cooper, M. A ; Elliott, ].M.; Keyel, P.A.; Yang, L.; Carrero, ].A.; Yokoyama, W.M. Cytokine-induced memory-like
natural killer cells. Proc. Natl. Acad. Sci. 2009, 106, 1915-1919. [CrossRef]

Romee, R.; Schneider, S.E.; Leong, ].W.; Chase, ]. M.; Keppel, C.R.; Sullivan, R.P.; Cooper, M.A.; Fehniger, T.A.
Cytokine activation induces human memory-like NK cells. Blood 2012, 120, 4751-4760. [CrossRef] [PubMed]
Simhadri, V.R.; Mariano, J.L.; Zenarruzabeitia, O.; Seroogy, C.M.; Holland, S.M.; Kuehn, H.S;
Rosenzweig, S.D.; Borrego, F. Intact IL-12 signaling is necessary for the generation of human natural
killer cells with enhanced effector function after restimulation. J. Allergy Clin. Immunol. 2014, 134,
1190-1193.e1. [CrossRef]


http://dx.doi.org/10.1038/s41590-018-0132-0
http://dx.doi.org/10.1038/nrd3365
http://dx.doi.org/10.1182/blood.V99.3.754
http://www.ncbi.nlm.nih.gov/pubmed/11806974
http://dx.doi.org/10.1200/JCO.2003.05.013
http://dx.doi.org/10.1016/j.ejca.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20418097
http://dx.doi.org/10.1158/1535-7163.MCT-12-0692
http://www.ncbi.nlm.nih.gov/pubmed/23075808
http://dx.doi.org/10.1158/1078-0432.CCR-13-0505
http://dx.doi.org/10.1182/blood-2013-10-533398
http://dx.doi.org/10.1182/bloodadvances.2017012369
http://dx.doi.org/10.1016/j.cell.2019.04.041
http://dx.doi.org/10.1016/j.cellsig.2003.08.007
http://dx.doi.org/10.1182/blood-2008-11-190421
http://dx.doi.org/10.1158/0008-5472.CAN-07-2973
http://dx.doi.org/10.1111/j.1365-2141.2008.07340.x
http://www.ncbi.nlm.nih.gov/pubmed/18950462
http://dx.doi.org/10.1126/scitranslmed.aaf2341
http://www.ncbi.nlm.nih.gov/pubmed/27655849
http://dx.doi.org/10.1073/pnas.0813192106
http://dx.doi.org/10.1182/blood-2012-04-419283
http://www.ncbi.nlm.nih.gov/pubmed/22983442
http://dx.doi.org/10.1016/j.jaci.2014.06.006

Cancers 2020, 12, 316 20 of 24

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Simhadri, V.R.; Dimitrova, M.; Mariano, J.L.; Zenarruzabeitia, O.; Zhong, W.; Ozawa, T.; Muraguchi, A.;
Kishi, H.; Eichelberger, M.C.; Borrego, F. A Human Anti-M2 Antibody Mediates Antibody-Dependent
Cell-Mediated Cytotoxicity (ADCC) and Cytokine Secretion by Resting and Cytokine-Preactivated Natural
Killer (NK) Cells. PLoS One 2015, 10, e0124677. [CrossRef]

Terrén, I.; Mikelez, 1.; Odriozola, I.; Gredilla, A.; Gonzélez, J.; Orrantia, A.; Vitallé, ].; Zenarruzabeitia, O.;
Borrego, F. Implication of Interleukin-12/15/18 and Ruxolitinib in the Phenotype, Proliferation, and
Polyfunctionality of Human Cytokine-Preactivated Natural Killer Cells. Front. Immunol. 2018, 9, 737.
[CrossRef]

Mehta, R.S.; Rezvani, K.; Olson, A.; Oran, B.; Hosing, C.; Shah, N.; Parmar, S.; Armitage, S.; Shpall, E.J. Novel
Techniques for Ex Vivo Expansion of Cord Blood: Clinical Trials. Front. Med. 2015, 2, 89. [CrossRef]

Garg, TK.; Szmania, S.M.; Khan, J.A.; Hoering, A.; Malbrough, P.A.; Moreno-Bost, A.; Greenway, A.D.;
Lingo, J.D.; Li, X.; Yaccoby, S.; et al. Highly activated and expanded natural killer cells for multiple myeloma
immunotherapy. Haematologica 2012, 97, 1348-1356. [CrossRef]

Lapteva, N.; Durett, A.G.; Sun, J.; Rollins, L.A.; Huye, L.L.; Fang, ].; Dandekar, V.; Mei, Z.; Jackson, K.; Vera, J.;
et al. Large-scale ex vivo expansion and characterization of natural killer cells for clinical applications.
Cytotherapy 2012, 14, 1131-1143. [CrossRef] [PubMed]

Lapteva, N.; Parihar, R.; Rollins, L.A.; Gee, A.P.; Rooney, C.M. Large-Scale Culture and Genetic Modification
of Human Natural Killer Cells for Cellular Therapy. In Natural Killer Cells; Humana Press: New York, NY,
USA, 2016; Volume 1441, pp. 195-202.

Carlsten, M.; Childs, R.W. Genetic Manipulation of NK Cells for Cancer Immunotherapy: Techniques and
Clinical Implications. Front. Immunol. 2015, 6, 266. [CrossRef] [PubMed]

Daher, M.; Rezvani, K. Next generation natural killer cells for cancer immunotherapy: the promise of genetic
engineering. Curr. Opin. Immunol. 2018, 51, 146-153. [CrossRef]

Rezvani, K. Adoptive cell therapy using engineered natural killer cells. Bone Marrow Transplant. 2019, 54,
785-788. [CrossRef]

Mehta, R.S.; Rezvani, K. Chimeric Antigen Receptor Expressing Natural Killer Cells for the Immunotherapy
of Cancer. Front. Immunol. 2018, 9, 283. [CrossRef]

Quintarelli, C.; Sivori, S.; Caruso, S.; Carlomagno, S.; Falco, M.; Boffa, I.; Orlando, D.; Guercio, M.;
Abbaszadeh, Z.; Sinibaldi, M.; et al. Efficacy of third-party chimeric antigen receptor modified peripheral
blood natural killer cells for adoptive cell therapy of B-cell precursor acute lymphoblastic leukemia. Leukemia
2019. [CrossRef]

Zhang, C.; Oberoi, P; Oelsner, S.; Waldmann, A.; Lindner, A.; Tonn, T.; Wels, W.S. Chimeric Antigen
Receptor-Engineered NK-92 Cells: An Off-the-Shelf Cellular Therapeutic for Targeted Elimination of Cancer
Cells and Induction of Protective Antitumor Immunity. Front. Immunol. 2017, 8, 533. [CrossRef]
Schleypen, J.S.; von Geldern, M.; Weif8, E.H.; Kotzias, N.; Rohrmann, K_; Schendel, D.J.; Falk, C.S.; Pohla, H.
Renal cell carcinoma-infiltrating natural killer cells express differential repertoires of activating and inhibitory
receptors and are inhibited by specific HLA class I allotypes. Int. J. Cancer 2003, 106, 905-912. [CrossRef]
Schleypen, J.S. Cytotoxic Markers and Frequency Predict Functional Capacity of Natural Killer Cells
Infiltrating Renal Cell Carcinoma. Clin. Cancer Res. 2006, 12, 718-725. [CrossRef]

Prinz, PU.; Mendler, A.N.; Brech, D.; Masouris, I.; Oberneder, R.; Noessner, E. NK-cell dysfunction in human
renal carcinoma reveals diacylglycerol kinase as key regulator and target for therapeutic intervention. Int. J.
Cancer 2014, 135, 1832-1841. [CrossRef] [PubMed]

Murphy, K.A.; James, B.R.; Guan, Y.; Torry, D.S.; Wilber, A.; Griffith, T.S. Exploiting natural anti-tumor
immunity for metastatic renal cell carcinoma. Hum. Vaccin. Immunother. 2015, 11, 1612-1620. [CrossRef]
[PubMed]

Chevrier, S.; Levine, ].H.; Zanotelli, V.R.T.; Silina, K.; Schulz, D.; Bacac, M.; Ries, C.H.; Ailles, L.; Jewett, M.A.S.;
Moch, H.; et al. An Immune Atlas of Clear Cell Renal Cell Carcinoma. Cell 2017, 169, 736-749.e18. [CrossRef]
[PubMed]

Eckl, J.; Buchner, A.; Prinz, P.U.; Riesenberg, R.; Siegert, S.I.; Kammerer, R.; Nelson, P.J.; Noessner, E.
Transcript signature predicts tissue NK cell content and defines renal cell carcinoma subgroups independent
of TNM staging. J. Mol. Med. 2012, 90, 55-66. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0124677
http://dx.doi.org/10.3389/fimmu.2018.00737
http://dx.doi.org/10.3389/fmed.2015.00089
http://dx.doi.org/10.3324/haematol.2011.056747
http://dx.doi.org/10.3109/14653249.2012.700767
http://www.ncbi.nlm.nih.gov/pubmed/22900959
http://dx.doi.org/10.3389/fimmu.2015.00266
http://www.ncbi.nlm.nih.gov/pubmed/26113846
http://dx.doi.org/10.1016/j.coi.2018.03.013
http://dx.doi.org/10.1038/s41409-019-0601-6
http://dx.doi.org/10.3389/fimmu.2018.00283
http://dx.doi.org/10.1038/s41375-019-0613-7
http://dx.doi.org/10.3389/fimmu.2017.00533
http://dx.doi.org/10.1002/ijc.11321
http://dx.doi.org/10.1158/1078-0432.CCR-05-0857
http://dx.doi.org/10.1002/ijc.28837
http://www.ncbi.nlm.nih.gov/pubmed/24615391
http://dx.doi.org/10.1080/21645515.2015.1035849
http://www.ncbi.nlm.nih.gov/pubmed/25996049
http://dx.doi.org/10.1016/j.cell.2017.04.016
http://www.ncbi.nlm.nih.gov/pubmed/28475899
http://dx.doi.org/10.1007/s00109-011-0806-7
http://www.ncbi.nlm.nih.gov/pubmed/21870102

Cancers 2020, 12, 316 21 of 24

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Remark, R.; Alifano, M.; Cremer, I.; Lupo, A.; Dieu-Nosjean, M.-C.; Riquet, M.; Crozet, L.; Ouakrim, H.;
Gog, J.; Cazes, A,; et al. Characteristics and Clinical Impacts of the Immune Environments in Colorectal and
Renal Cell Carcinoma Lung Metastases: Influence of Tumor Origin. Clin. Cancer Res. 2013, 19, 4079-4091.
[CrossRef] [PubMed]

Cézar, ].M.,; Canton, J.; Tallada, M.; Concha, A.; Cabrera, T.; Garrido, F.; Ruiz-Cabello Osuna, F. Analysis
of NK cells and chemokine receptors in tumor infiltrating CD4 T lymphocytes in human renal carcinomas.
Cancer Immunol. Immunother. 2005, 54, 858-866. [CrossRef]

Donskov, E; von der Maase, H. Impact of Inmune Parameters on Long-Term Survival in Metastatic Renal
Cell Carcinoma. J. Clin. Oncol. 2006, 24, 1997-2005. [CrossRef]

Kowalczyk, D.; Skorupski, W.; Kwias, Z.; Nowak, J. Flow cytometric analysis of tumour-infiltrating
lymphocytes in patients with renal cell carcinoma. BJU Int. 1997, 80, 543-547. [CrossRef]

Terrén, I.; Orrantia, A.; Vitallé, J.; Zenarruzabeitia, O.; Borrego, F. NK Cell Metabolism and Tumor
Microenvironment. Front. Immunol. 2019, 10, 2278. [CrossRef]

Vitale, M.; Cantoni, C.; Pietra, G.; Mingari, M.C.; Moretta, L. Effect of tumor cells and tumor microenvironment
on NK-cell function. Eur. J. Immunol. 2014, 44, 1582-1592. [CrossRef]

Stojanovic, A.; Correia, M.P.; Cerwenka, A. Shaping of NK cell responses by the tumor microenvironment.
Cancer Microenviron. 2013, 6, 135-146. [CrossRef] [PubMed]

Zenarruzabeitia, O.; Vitallé, J.; Astigarraga, I.; Borrego, F. Natural Killer Cells to the Attack: Combination
Therapy against Neuroblastoma. Clin. Cancer Res. 2017, 23, 615-617. [CrossRef] [PubMed]

Xia, Y.; Zhang, Q.; Zhen, Q.; Zhao, Y,; Liu, N.; Li, T.; Hao, Y.; Zhang, Y.; Luo, C.; Wu, X. Negative regulation of
tumor-infiltrating NK cell in clear cell renal cell carcinoma patients through the exosomal pathway. Oncotarget
2017, 8, 37783-37795. [CrossRef] [PubMed]

Tran, H.C.; Wan, Z.; Sheard, M.A ; Sun, J.; Jackson, ].R.; Malvar, J.; Xu, Y.; Wang, L.; Sposto, R.; Kim, E.S.; et al.
TGFBR1 Blockade with Galunisertib (LY2157299) Enhances Anti-Neuroblastoma Activity of the Anti-GD2
Antibody Dinutuximab (ch14.18) with Natural Killer Cells. Clin. Cancer Res. 2017, 23, 804-813. [CrossRef]
Kaelin, W.G. The von Hippel-Lindau Tumor Suppressor Protein and Clear Cell Renal Carcinoma. Clin. Cancer
Res. 2007, 13, 680s—684s. [CrossRef] [PubMed]

Messai, Y.; Noman, M.Z.; Hasmim, M.; Escudier, B.; Chouaib, S. HIF-2¢o/ITPR1 axis: A new saboteur of
NK-mediated lysis. Oncoimmunology 2015, 4, €985951. [CrossRef] [PubMed]

Hiopoulos, O.; Kibel, A.; Gray, S.; Kaelin, W.G. Tumour suppression by the human von Hippel-Lindau gene
product. Nat. Med. 1995, 1, 822-826. [CrossRef]

Kaelin Jr, W.G. The von Hippel-Lindau tumour suppressor protein: O2 sensing and cancer. Nat. Rev. Cancer
2008, 8, 865-873. [CrossRef]

Kondo, K.; Kim, W.Y.; Lechpammer, M.; Kaelin, W.G. Inhibition of HIF2alpha is sufficient to suppress
pVHL-defective tumor growth. PLoS Biol. 2003, 1, E83. [CrossRef]

Messai, Y.; Noman, M.Z.; Hasmim, M.; Janji, B.; Tittarelli, A.; Boutet, M.; Baud, V.; Viry, E.; Billot, K,;
Nanbakhsh, A.; et al. ITPR1 Protects Renal Cancer Cells against Natural Killer Cells by Inducing Autophagy.
Cancer Res. 2014, 74, 6820-6832. [CrossRef]

Perier, A.; Fregni, G.; Wittnebel, S.; Gad, S.; Allard, M.; Gervois, N.; Escudier, B.; Azzarone, B.; Caignard, A.
Mutations of the von Hippel-Lindau gene confer increased susceptibility to natural killer cells of clear-cell
renal cell carcinoma. Oncogene 2011, 30, 2622-2632. [CrossRef] [PubMed]

Trotta, A.M.; Santagata, S.; Zanotta, S.; D"Alterio, C.; Napolitano, M.; Rea, G.; Camerlingo, R.; Esposito, F.;
Lamantia, E.; Anniciello, A.; et al. Mutated Von Hippel-Lindau-renal cell carcinoma (RCC) promotes patients
specific natural killer (NK) cytotoxicity. J. Exp. Clin. Cancer Res. 2018, 37, 297. [CrossRef] [PubMed]
Santoni, M.; Berardi, R.; Amantini, C.; Burattini, L.; Santini, D.; Santoni, G.; Cascinu, S. Role of natural and
adaptive immunity in renal cell carcinoma response to VEGFR-TKIs and mTOR inhibitor. Int. J. Cancer 2014,
134,2772-2777. [CrossRef] [PubMed]

Krusch, M,; Salih, J.; Schlicke, M.; Baessler, T.; Kampa, K.M.; Mayer, F; Salih, H.R. The Kinase Inhibitors
Sunitinib and Sorafenib Differentially Affect NK Cell Antitumor Reactivity In Vitro. J. Immunol. 2009, 183,
8286-8294. [CrossRef] [PubMed]

Moeckel, |.; Staiger, N.; Mackensen, A.; Meidenbauer, N.; Ullrich, E. Sunitinib does not impair natural killer
cell function in patients with renal cell carcinoma. Oncol. Lett. 2017, 14, 1089-1096. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/1078-0432.CCR-12-3847
http://www.ncbi.nlm.nih.gov/pubmed/23785047
http://dx.doi.org/10.1007/s00262-004-0646-1
http://dx.doi.org/10.1200/JCO.2005.03.9594
http://dx.doi.org/10.1046/j.1464-410X.1997.00408.x
http://dx.doi.org/10.3389/fimmu.2019.02278
http://dx.doi.org/10.1002/eji.201344272
http://dx.doi.org/10.1007/s12307-012-0125-8
http://www.ncbi.nlm.nih.gov/pubmed/23242671
http://dx.doi.org/10.1158/1078-0432.CCR-16-2478
http://www.ncbi.nlm.nih.gov/pubmed/27872101
http://dx.doi.org/10.18632/oncotarget.16354
http://www.ncbi.nlm.nih.gov/pubmed/28384121
http://dx.doi.org/10.1158/1078-0432.CCR-16-1743
http://dx.doi.org/10.1158/1078-0432.CCR-06-1865
http://www.ncbi.nlm.nih.gov/pubmed/17255293
http://dx.doi.org/10.4161/2162402X.2014.985951
http://www.ncbi.nlm.nih.gov/pubmed/25949883
http://dx.doi.org/10.1038/nm0895-822
http://dx.doi.org/10.1038/nrc2502
http://dx.doi.org/10.1371/journal.pbio.0000083
http://dx.doi.org/10.1158/0008-5472.CAN-14-0303
http://dx.doi.org/10.1038/onc.2010.638
http://www.ncbi.nlm.nih.gov/pubmed/21258414
http://dx.doi.org/10.1186/s13046-018-0952-7
http://www.ncbi.nlm.nih.gov/pubmed/30514329
http://dx.doi.org/10.1002/ijc.28503
http://www.ncbi.nlm.nih.gov/pubmed/24114790
http://dx.doi.org/10.4049/jimmunol.0902404
http://www.ncbi.nlm.nih.gov/pubmed/20007592
http://dx.doi.org/10.3892/ol.2017.6187
http://www.ncbi.nlm.nih.gov/pubmed/28693278

Cancers 2020, 12, 316 22 of 24

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Huang, Y.; Wang, Y,; Li, Y.; Guo, K.; He, Y. Role of sorafenib and sunitinib in the induction of expressions of
NKG2D ligands in nasopharyngeal carcinoma with high expression of ABCG2. J. Cancer Res. Clin. Oncol.
2011, 137, 829-837. [CrossRef] [PubMed]

Morelli, M.B.; Amantini, C.; Santoni, M.; Soriani, A.; Nabissi, M.; Cardinali, C.; Santoni, A.; Santoni, G.
Axitinib induces DNA damage response leading to senescence, mitotic catastrophe, and increased NK cell
recognition in human renal carcinoma cells. Oncotarget 2015, 6, 36245-36259. [CrossRef]

Yu, N.; Fu, S.;; Xu, Z,; Liu, Y.; Hao, J.; Zhang, A.; Wang, B. Synergistic antitumor responses by combined GITR
activation and sunitinib in metastatic renal cell carcinoma. Int. J. cancer 2016, 138, 451-462. [CrossRef]
Dielmann, A.; Letsch, A.; Nonnenmacher, A.; Miller, K.; Keilholz, U.; Busse, A. Favorable prognostic
influence of T-box transcription factor Eomesodermin in metastatic renal cell cancer patients. Cancer Immunol.
Immunother. 2016, 65, 181-192. [CrossRef]

Huijts, C.M.; Santegoets, 5.J.; de Jong, T.D.; Verheul, H.M.; de Gruijl, T.D.; van der Vliet, H.]. Immunological
effects of everolimus in patients with metastatic renal cell cancer. Int. J. Immunopathol. Pharmacol. 2017, 30,
341-352. [CrossRef]

Brahmer, J.; Reckamp, K.L.; Baas, P; Crino, L.; Eberhardt, W.E.E.; Poddubskaya, E.; Antonia, S.; Pluzanski, A.;
Vokes, E.E.; Holgado, E.; et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell
Lung Cancer. N. Engl. J. Med. 2015, 373, 123-135. [CrossRef] [PubMed]

Ferris, R.L.; Blumenschein, G.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.; Kasper, S.;
Vokes, E.E.; Even, C.; et al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck. N.
Engl. ]. Med. 2016, 375, 1856-1867. [CrossRef] [PubMed]

Hodji, ES.; Chesney, J.; Pavlick, A.C.; Robert, C.; Grossmann, K.F.; McDermott, D.F; Linette, G.P.; Meyer, N.;
Giguere, ] K.; Agarwala, S.S.; et al. Combined nivolumab and ipilimumab versus ipilimumab alone in
patients with advanced melanoma: 2-year overall survival outcomes in a multicentre, randomised, controlled,
phase 2 trial. Lancet Oncol. 2016, 17, 1558-1568. [CrossRef]

Robert, C.; Long, G.V,; Brady, B.; Dutriaux, C.; Maio, M.; Mortier, L.; Hassel, ].C.; Rutkowski, P.; McNeil, C.;
Kalinka-Warzocha, E.; et al. Nivolumab in Previously Untreated Melanoma without BRAF Mutation. N.
Engl. J. Med. 2015, 372, 320-330. [CrossRef]

Motzer, R.J.; Escudier, B.; McDermott, D.F.; George, S.; Hammers, H.].; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.;
Procopio, G.; Plimack, E.R.; et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N.
Engl. J. Med. 2015, 373, 1803-1813. [CrossRef]

Motzer, R.J.; Tannir, N.M.; McDermott, D.E; Arén Frontera, O.; Melichar, B.; Choueiri, T.K.; Plimack, E.R.;
Barthélémy, P.; Porta, C.; George, S.; et al. Nivolumab plus Ipilimumab versus Sunitinib in Advanced
Renal-Cell Carcinoma. N. Engl. |. Med. 2018, 378, 1277-1290. [CrossRef]

Brahmer, J.R.; Tykodj, S.S.; Chow, L.Q.M.; Hwu, W.-]; Topalian, S.L.; Hwu, P.; Drake, C.G.; Camacho, L.H.;
Kauh, J.; Odunsi, K.; et al. Safety and Activity of Anti-PD-L1 Antibody in Patients with Advanced Cancer.
N. Engl. J. Med. 2012, 366, 2455-2465. [CrossRef]

Motzer, R.J.; Rini, B.I.; McDermott, D.E; Redman, B.G.; Kuzel, T.M.; Harrison, M.R.; Vaishampayan, U.N.;
Drabkin, H.A.; George, S.; Logan, T.F; et al. Nivolumab for Metastatic Renal Cell Carcinoma: Results of a
Randomized Phase II Trial. J. Clin. Oncol. 2015, 33, 1430-1437. [CrossRef]

McDermott, D.E; Sosman, J.A.; Sznol, M.; Massard, C.; Gordon, M.S.; Hamid, O.; Powderly, ].D.; Infante, J.R.;
Fasso, M.; Wang, Y.V,; et al. Atezolizumab, an Anti-Programmed Death-Ligand 1 Antibody, in Metastatic
Renal Cell Carcinoma: Long-Term Safety, Clinical Activity, and Immune Correlates From a Phase Ia Study. J.
Clin. Oncol. 2016, 34, 833-842. [CrossRef]

Julia, E.P.; Mand¢, P.; Rizzo, M.M.; Cueto, G.R.; Tsou, F,; Luca, R.; Pupareli, C.; Bravo, A.I; Astorino, W.;
Mordoh, J.; et al. Peripheral changes in immune cell populations and soluble mediators after anti-PD-1
therapy in non-small cell lung cancer and renal cell carcinoma patients. Cancer Immunol. Immunother. 2019,
68, 1585-1596. [CrossRef]

Messai, Y.; Gad, S.; Noman, M.Z.; Le Teuff, G.; Couve, S.; Janji, B.; Kammerer, S.F,; Rioux-Leclerc, N.;
Hasmim, M.; Ferlicot, S.; et al. Renal Cell Carcinoma Programmed Death-ligand 1, a New Direct Target of
Hypoxia-inducible Factor-2 Alpha, is Regulated by von Hippel-Lindau Gene Mutation Status. Eur. Urol.
2016, 70, 623-632. [CrossRef] [PubMed]

Rojas, J.J.; Sampath, P.; Hou, W.; Thorne, S.H. Defining Effective Combinations of Immune Checkpoint
Blockade and Oncolytic Virotherapy. Clin. Cancer Res. 2015, 21, 5543-5551. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00432-010-0944-2
http://www.ncbi.nlm.nih.gov/pubmed/20809412
http://dx.doi.org/10.18632/oncotarget.5768
http://dx.doi.org/10.1002/ijc.29713
http://dx.doi.org/10.1007/s00262-015-1786-1
http://dx.doi.org/10.1177/0394632017734459
http://dx.doi.org/10.1056/NEJMoa1504627
http://www.ncbi.nlm.nih.gov/pubmed/26028407
http://dx.doi.org/10.1056/NEJMoa1602252
http://www.ncbi.nlm.nih.gov/pubmed/27718784
http://dx.doi.org/10.1016/S1470-2045(16)30366-7
http://dx.doi.org/10.1056/NEJMoa1412082
http://dx.doi.org/10.1056/NEJMoa1510665
http://dx.doi.org/10.1056/NEJMoa1712126
http://dx.doi.org/10.1056/NEJMoa1200694
http://dx.doi.org/10.1200/JCO.2014.59.0703
http://dx.doi.org/10.1200/JCO.2015.63.7421
http://dx.doi.org/10.1007/s00262-019-02391-z
http://dx.doi.org/10.1016/j.eururo.2015.11.029
http://www.ncbi.nlm.nih.gov/pubmed/26707870
http://dx.doi.org/10.1158/1078-0432.CCR-14-2009
http://www.ncbi.nlm.nih.gov/pubmed/26187615

Cancers 2020, 12, 316 23 of 24

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Seliger, B.; Jasinski-Bergner, S.; Quandt, D.; Stoehr, C.; Bukur, J.; Wach, S.; Legal, W.; Taubert, H.; Wullich, B.;
Hartmann, A. HLA-E expression and its clinical relevance in human renal cell carcinoma. Oncotarget 2016, 7,
67360-67372. [CrossRef] [PubMed]

Kren, L.; Valkovsky, I.; Dolezel, J.; Capak, I.; Pacik, D.; Poprach, A.; Lakomy, R.; Redova, M.; Fabian, P.;
Krenova, Z.; et al. HLA-G and HLA-E specific mRNAs connote opposite prognostic significance in renal cell
carcinoma. Diagn. Pathol. 2012, 7, 58. [CrossRef]

Genega, E.M.; Ghebremichael, M.; Najarian, R.; Fu, Y.; Wang, Y.; Argani, P.; Grisanzio, C.; Signoretti, S.
Carbonic Anhydrase IX Expression in Renal Neoplasms. Am. J. Clin. Pathol. 2010, 134, 873-879. [CrossRef]
Tostain, J.; Li, G.; Gentil-Perret, A.; Gigante, M. Carbonic anhydrase 9 in clear cell renal cell carcinoma:
A marker for diagnosis, prognosis and treatment. Eur. ]. Cancer 2010, 46, 3141-3148. [CrossRef]

Chang, D.-K.; Moniz, R.J.; Xu, Z.; Sun, J.; Signoretti, S.; Zhu, Q.; Marasco, W.A. Human anti-CAIX antibodies
mediate immune cell inhibition of renal cell carcinoma in vitro and in a humanized mouse model in vivo.
Mol. Cancer 2015, 14, 119. [CrossRef]

Berlato, C.; Khan, M.N.; Schioppa, T.; Thompson, R.; Maniati, E.; Montfort, A.; Jangani, M.; Canosa, M.;
Kulbe, H.; Hagemann, U.B.; et al. A CCR4 antagonist reverses the tumor-promoting microenvironment of
renal cancer. J. Clin. Invest. 2017, 127, 801-813. [CrossRef]

Yanagita, T.; Murata, Y.; Tanaka, D.; Motegi, S.; Arai, E.; Daniwijaya, E.W.; Hazama, D.; Washio, K ; Saito, Y.;
Kotani, T,; et al. Anti-SIRPx antibodies as a potential new tool for cancer immunotherapy. JCI Insight 2017, 2,
€89140. [CrossRef]

Wrangle, ].M.; Patterson, A.; Johnson, C.B.; Neitzke, D.]J.; Mehrotra, S.; Denlinger, C.E.; Paulos, C.M.; Li, Z,;
Cole, D.J.; Rubinstein, M.P. IL-2 and Beyond in Cancer Immunotherapy. J. Interferon Cytokine Res. 2018, 38,
45-68. [CrossRef]

Kovanen, PE.; Leonard, W.J. Cytokines and immunodeficiency diseases: critical roles of the gamma(c)-
dependent cytokines interleukins 2, 4, 7, 9, 15, and 21, and their signaling pathways. Immunol. Rev. 2004,
202, 67-83. [CrossRef] [PubMed]

Fehniger, T.A.; Cooper, M.A ; Caligiuri, M.A. Interleukin-2 and interleukin-15: immunotherapy for cancer.
Cytokine Growth Factor Rev. 2002, 13, 169-183. [CrossRef]

Bhatia, S.; Tykodi, S.S.; Thompson, J.A. Treatment of metastatic melanoma: an overview. Oncology (Williston
Park). 2009, 23, 488-496. [PubMed]

Erbe, A K,; Wang, W.; Goldberg, ]J.; Gallenberger, M.; Kim, K.; Carmichael, L.; Hess, D.; Mendonca, E.A.;
Song, Y.; Hank, J.A.; et al. FCGR Polymorphisms Influence Response to IL2 in Metastatic Renal Cell
Carcinoma. Clin. Cancer Res. 2017, 23, 2159-2168. [CrossRef]

Wang, W.; Erbe, A K.; Gallenberger, M.; Kim, K.; Carmichael, L.; Hess, D.; Mendonca, E.A.; Song, Y.;
Hank, J.A.; Cheng, S.-C.; et al. Killer immunoglobulin-like receptor (KIR) and KIR-ligand genotype do not
correlate with clinical outcome of renal cell carcinoma patients receiving high-dose IL2. Cancer Immunol.
Immunother. 2016, 65, 1523-1532. [CrossRef]

Pavone, L.; Andrulli, S.; Santi, R.; Majori, M.; Buzio, C. Long-term treatment with low doses of interleukin-2
and interferon-alpha: immunological effects in advanced renal cell cancer. Cancer Immunol. Immunother.
2001, 50, 82-86. [CrossRef]

Pavone, L.; Fanti, G.; Bongiovanni, C.; Goldoni, M.; Alberici, F.; Bonomini, S.; Cristinelli, L.; Buzio, C. Natural
killer cell cytotoxicity is enhanced by very low doses of rIL-2 and rIFN-alpha in patients with renal cell
carcinoma. Med. Oncol. 2009, 26, 38-44. [CrossRef]

Donskov, F.; Bennedsgaard, K.M.; von der Maase, H.; Marcussen, N.; Fisker, R.; Jensen, ].J.; Naredi, P.;
Hokland, M. Intratumoural and peripheral blood lymphocyte subsets in patients with metastatic renal cell
carcinoma undergoing interleukin-2 based immunotherapy: association to objective response and survival.
Br. J. Cancer 2002, 87, 194-201. [CrossRef]

Toliou, T.; Stravoravdi, P.; Polyzonis, M.; Vakalikos, J. Natural killer cell activation after interferon
administration in patients with metastatic renal cell carcinoma: an ultrastructural and immunohistochemical
study. Eur. Urol. 1996, 29, 252-256.

Miller, J.S.; Morishima, C.; McNeel, D.G.; Patel, M.R.; Kohrt, HE.K.,; Thompson, J.A.; Sondel, PM.;
Wakelee, H.A.; Disis, M.L.; Kaiser, ].C.; et al. A First-in-Human Phase I Study of Subcutaneous Outpatient
Recombinant Human IL15 (rhIL15) in Adults with Advanced Solid Tumors. Clin. Cancer Res. 2018, 24,
1525-1535. [CrossRef]


http://dx.doi.org/10.18632/oncotarget.11744
http://www.ncbi.nlm.nih.gov/pubmed/27589686
http://dx.doi.org/10.1186/1746-1596-7-58
http://dx.doi.org/10.1309/AJCPPPR57HNJMSLZ
http://dx.doi.org/10.1016/j.ejca.2010.07.020
http://dx.doi.org/10.1186/s12943-015-0384-3
http://dx.doi.org/10.1172/JCI82976
http://dx.doi.org/10.1172/jci.insight.89140
http://dx.doi.org/10.1089/jir.2017.0101
http://dx.doi.org/10.1111/j.0105-2896.2004.00203.x
http://www.ncbi.nlm.nih.gov/pubmed/15546386
http://dx.doi.org/10.1016/S1359-6101(01)00021-1
http://www.ncbi.nlm.nih.gov/pubmed/19544689
http://dx.doi.org/10.1158/1078-0432.CCR-16-1874
http://dx.doi.org/10.1007/s00262-016-1904-8
http://dx.doi.org/10.1007/s002620100175
http://dx.doi.org/10.1007/s12032-008-9078-7
http://dx.doi.org/10.1038/sj.bjc.6600437
http://dx.doi.org/10.1158/1078-0432.CCR-17-2451

Cancers 2020, 12, 316 24 of 24

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Margolin, K.; Morishima, C.; Velcheti, V.; Miller, J.S.; Lee, S.M.; Silk, A.W.; Holtan, S.G.; Lacroix, A.M.;
Fling, S.P; Kaiser, J.C.; et al. Phase I Trial of ALT-803, A Novel Recombinant IL15 Complex, in Patients with
Advanced Solid Tumors. Clin. Cancer Res. 2018, 24, 5552-5561. [CrossRef] [PubMed]

Law, T.M.; Motzer, R.J.; Mazumdar, M.; Sell, KW.; Walther, PJ.; O’Connell, M.; Khan, A.; Vlamis, V.;
Vogelzang, N.J.; Bajorin, D.F. Phase Ill randomized trial of interleukin-2 with or without lymphokine-activated
killer cells in the treatment of patients with advanced renal cell carcinoma. Cancer 1995, 76, 824-832. [CrossRef]
Rosenberg, S.A.; Yang, ].C.; Topalian, S.L.; Schwartzentruber, D.].; Weber, ].S.; Parkinson, D.R.; Seipp, C.A.;
Einhorn, J.H.; White, D.E. Treatment of 283 consecutive patients with metastatic melanoma or renal cell
cancer using high-dose bolus interleukin 2. JAMA 1994, 271, 907-913. [CrossRef] [PubMed]

Tam, Y.K.; Martinson, J.A.; Doligosa, K.; Klingemann, H.-G. Ex vivo expansion of the highly cytotoxic human
natural killer-92 cell-line under current good manufacturing practice conditions for clinical adoptive cellular
immunotherapy. Cytotherapy 2003, 5, 259-272.

Wong, YN.S; Joshi, K.; Pule, M.; Peggs, K.S.; Swanton, C.; Quezada, S.A.; Linch, M. Evolving adoptive
cellular therapies in urological malignancies. Lancet. Oncol. 2017, 18, e341-e353. [CrossRef]

Lin, M,; Xu, K;; Liang, S.; Wang, X,; Liang, Y.; Zhang, M.; Chen, J.; Niu, L. Prospective study of percutaneous
cryoablation combined with allogenic NK cell immunotherapy for advanced renal cell cancer. Immunol. Lett.
2017, 184, 98-104. [CrossRef]

Kremer, V.; Ligtenberg, M.A.; Zendehdel, R.; Seitz, C.; Duivenvoorden, A.; Wennerberg, E.; Colén, E.;
Scherman-Plogell, A.-H.; Lundqvist, A. Genetic engineering of human NK cells to express CXCR2 improves
migration to renal cell carcinoma. J. Immunother. Cancer 2017, 5, 73. [CrossRef]

Schonfeld, K.; Sahm, C.; Zhang, C.; Naundorf, S.; Brendel, C.; Odendahl, M.; Nowakowska, P.; Bonig, H.;
Kohl, U.; Kloess, S.; et al. Selective Inhibition of Tumor Growth by Clonal NK Cells Expressing an
ErbB2/HER2-Specific Chimeric Antigen Receptor. Mol. Ther. 2015, 23, 330-338. [CrossRef]

Zhang, Q.; Tian, K.; Xu, J.; Zhang, H.; Li, L.; Fu, Q.; Chai, D.; Li, H.; Zheng, J. Synergistic Effects of
Cabozantinib and EGFR-Specific CAR-NK-92 Cells in Renal Cell Carcinoma. J. Immunol. Res. 2017, 2017,
1-14. [CrossRef]

Zhang, Q.; Xu, J.; Ding, J.; Liu, H.; Li, H.; Li, H.; Lu, M.; Miao, Y.; Wang, Z.; Fu, Q.; et al. Bortezomib improves
adoptive carbonic anhydrase IX-specific chimeric antigen receptor-modified NK92 cell therapy in mouse
models of human renal cell carcinoma. Oncol. Rep. 2018, 40, 3714-3724. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1158/1078-0432.CCR-18-0945
http://www.ncbi.nlm.nih.gov/pubmed/30045932
http://dx.doi.org/10.1002/1097-0142(19950901)76:5&lt;824::AID-CNCR2820760517&gt;3.0.CO;2-N
http://dx.doi.org/10.1001/jama.1994.03510360033032
http://www.ncbi.nlm.nih.gov/pubmed/8120958
http://dx.doi.org/10.1016/S1470-2045(17)30327-3
http://dx.doi.org/10.1016/j.imlet.2017.03.004
http://dx.doi.org/10.1186/s40425-017-0275-9
http://dx.doi.org/10.1038/mt.2014.219
http://dx.doi.org/10.1155/2017/6915912
http://dx.doi.org/10.3892/or.2018.6731
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	NK Cell Development, Subsets, and Diversity 
	Cell Surface Receptors and Cytotoxic Mechanisms 
	NK Cells in Cancer Immunotherapy 
	NK Cells and Renal Cell Carcinoma 
	Conclusions 
	References

