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ABSTRACT

Natural killer (NK) cells have been shown to play
an important role in cancer, particularly hematologic
malignancies. In contrast to T cells, NK cells are
able to kill cancer cells without prior sensitization.
They recognize the lack or alteration of self-MHC
class I molecules as well the presence of stress
ligands, both of which have been shown to be
differentially altered in several cancers, making
NK-based immunotherapy a plausible therapy
against cancer as a single therapy or in combination
with current cancer therapies. Some NK-based
immunotherapies such as the adoptive transfer of
activated allogeneic NK cells after hematopoietic
stem cell transplantation (HSCT) in hematological
malignancies have demonstrated promising outcomes.
Moreover, differences in NK subsets are just
starting to be elucidated which are leading to the
optimization of therapies which selectively
expand those NK cells that would elicit the
greatest anti-tumor efficacy. In this review, we
will summarize our current understanding of NK
cell biology particularly as it relates to use in
cancer therapy as well as assess the different
mechanisms that tumor cells have evolved to
evade NK cells. We will also summarize the
NK-based therapies that have previously been
applied in cancer, those that are currently under
investigation, and possible future directions.
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1. INTRODUCTION

In recent decades, there have been significant
advances in the field of cancer immunotherapy.

Although current cancer treatments using
cytoreductive chemotherapeutic drugs and radiation
have significantly lengthened patient survival
after diagnosis, relapse remains a significant issue
in outcome. This failure in preventing relapse has
been linked to selective pressure aggravated by
the actual treatments which result in the escape of
a relatively small cancer population that become
resistant. The use of immunotherapy offers a
means to further attack these resistant tumor
cells. However, traditional cytoreductive cancer
treatments are also known to negatively impact
immune cells due to their high proliferation rate
which probably also accounts for the frequent
appearance of a more aggressive secondary cancer
after relapse. Therefore, treatments that promote
immune responses against cancer have become a
promising treatment strategy but must overcome
these hurdles. Due to the ability of natural killer
(NK) cells to initiate tumor killing without prior
sensitization, NK cell-based immunotherapies are
currently under consideration for the treatment of
a variety of cancers, particularly hematologic
malignancies. In this article, we will review the
current understanding of NK cell biology, the
different mechanisms that tumor cells have
acquired to escape from NK recognition, and NK-
mediated killing as well as the latest NK-based
therapies.

1.1. Definition of NK cells

NK cells are classically considered an innate arm
of immune responses against transformed and
virally infected cells. Human NK cells were first
described by Kiessling and Herberman in the
1970s due to their ability to naturally kill tumor
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cells in vitro without prior sensitization [1-4].
This in vitro activity was MHC-unrestricted,
unlike that seen with cytotoxic T cells (CTL) [5].
Interestingly, the first description of NK cell
activity was observed years earlier in mice in
which lethally irradiated hybrid F1 mice were able
to reject parental and allogeneic bone marrow
allografts. This was at variance with in vivo CTL
activity as well as the laws of transplantation in
which major histocompatibility complex (MHC)-
encoded transplantation antigens are expressed
co-dominantly [6].

Due to their morphological phenotype, NK cells
were described as large granular lymphocytes
(LGL) [7]. They share many characteristics with
T lymphocytes including common expression of
certain cell surface markers, origin through
common lymphoid progenitors (CLP) [8] and
some common effector pathways including the
release of interferon (IFN)-y, granzyme and
perforin upon activation as well as responding to
similar growth factors (Interleukin-2 (IL) and IL-
15) [9]. However, it was soon apparent that this
lymphocyte population required an alternative
classification because the differences with T cells
outweighed the similarities. NK cells recognize
target cells through the presence of germ line-
encoded pattern receptors which are not MHC
class I-restricted [10] and do not require somatic
gene rearrangement. This was supported by early
studies showing NK cells are present in mice
deficient in recombination activating genes
(RAG1/2) [11] and in humans that were T cell
deficient [12]. Other characteristics of NK cells
that differentiates them from T cells are that NK
cells do not undergo clonal expansion, do not
secrete IL-2 upon activation, and pre-synthesize
granzyme, perforin and IFNy which are stored in
granules [13]. NK cells also do not traditionally
appear to generate long-lived memory responses
although there has been recent evidence
suggesting this may indeed occur to some extent
[13, 14]. The identification of NK cells has been
difficult due to the lack of truly cell-specific
markers. NK cell characterization is based on the
presence of multiple NK-related antigens and the
lack of typical T cell markers, such as CD3 or
TCR. NK cells can be identified by the presence
of the C-type lectin NK-cell receptor protein 1 A

(NKR-P1A: NK1.1 in mice, CD161 in human),
integrin-a2 (CD49b) commonly recognized by the
DX5 antibody clone in mice, the neuronal cell
adhesion molecule CD56 in humans and asialo
ganglio-N-tetraosylceramide (asialo-GM1) in most
species [15]. However, many of these antigens
which are thought to be NK-specific can also be
found on T cells, mast cells and macrophages.
NK cells express low levels of CD11c, a typical
marker of dendritic cells (DCs), B220; a B cell
marker, and CD2; expressed in T and B cells as
well [15]. CD11b, which has been used to further
identify NK subsets, is also observed in monocytes,
macrophages and DCs [15]. In humans, CD56
expression is used to differentiate between two
populations of NK cells with functional and
compartmental differences. CD56™"™ are less
cytotoxic and represent the predominant NK
subset in the lymph nodes (LN), whereas CD56%™
are the predominant population in the peripheral
blood and display higher cytotoxic functions.
CD56 is not expressed by mouse NK cells.
Human and mouse NK cells also use different
recognition receptors that recognize MHC class |
molecules, the killer immunoglobulin like receptors
(KIR) in humans and the C-type lectin Ly49 in
mouse, which are critical for differentiation and
function. These differences make the direct
extrapolation of mouse NK studies to human
difficult. The differences between human and
mouse NK cells will be discussed later in this
section.

It is quite interesting the co-evolution that has
existed between mouse NK cells and mouse CMV
(MCMV). The presence of NK cells, and
particularly those that express the activating NK
receptor Ly49H, has shown to be essential for
the MCMV resistance of C57BL/6 mice due to
the recognition by Ly49H of m157, a viral
glycoprotein, which promotes NK expansion and
activation [16]. The structure of ml57 shares
some homology with MHC class | which explains
the ability of m157 to bind to Ly49l, an inhibitory
NK receptor. This suggests that m157 evolved to
inhibit NK activation by binding to Ly49l and
therefore evade NK-mediated killing. However,
NK cells evolved to resist MCMV as well by
expressing the activating NK receptor Ly49H.
Ly49H and Ly49l are structurally similar and
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mathematical models have suggested the
appearance of the activating receptors occurred
later than the inhibitory receptors [16]. MCMV
infection represents a model for human CMV
(HCMV) because both viruses shares similarities
regarding viral life cycle, genome structure and
host immune responses to the infection [17].
Moreover, half of the described MCMV genes
have HMCV homologues [17]. In humans, it has
been shown that HCMV proteins are structurally
similar to MCH class | and MCH class-I like
molecules. A HCMV-encoded protein that binds
to KIRs has not been identified yet. However,
the HCMV UL18 protein binds to leukocyte
immunoglobulin-like receptor-1 (LILR1), an
inhibitory receptor, with a higher affinity than
MHC class | and inhibits NK cell-mediated
cytotoxicity [18]. LIRs are related to KIRs,
therefore, it would not be surprising that some
proteins encoded by HCMV recognize inhibitory
KIRs in order to evade NK cell-mediated anti-
viral responses, similar to that of m157 with
Ly49l. Activating KIRs might, therefore, have
evolved to counteract NK inhibition.

1.2. NK development

Several stages have been identified in order to
distinguish mature NK cells that display
functional properties from immature progenitors.
NK development has been separated into three
or four stages [15, 19]. NK cells develop from
hematopoietic ~ precursors that have lost
pluripotency as hematopoietic stem cells (HSC)
differentiate to a more committed NK-lineage.
Early lymphoid progenitors (ELP) and common
lymphoid progenitors (CLP) are hematopoietic-
derived precursors that still retain the ability
to differentiate into B, T and NK cells. NK
precursors are defined as the first stage of NK
lineage commitment [15]. NK precursors express
IL-2 receptor beta (IL-2RB/CD122) and lack other
mature NK surface markers (Lin'NK1.1'DX5
CD122%). IL-15 is an essential cytokine that
regulates NK maturation and survival and requires
IL-2R[ expression, demonstrated by the lack of
mature NK cells in IL-15 deficient mice and the
inability of transferred mature NK cells to survive
in these mice [20-23]. However, IL-15 seems to
play a more important role later during NK

maturation rather than in the precursor stages as
IL-15Ro deficient mice do not have a defective
NK precursor population [24] and CD34"
progenitor cells from human umbilical cords
can be differentiated into NK precursors in an
IL-15 independent-manner [25]. Stem cell factor
(SCF/c-Kit-L), fetal liver kinase 2 ligand (FLK2),
fms-like tyrosine kinase 3 ligand (FIt3-L), and
IL-7 are responsible for the formation of NK
precursors [19, 25]. NKG2D, an NK cell
activating receptor, is also present in a small
population of NK precursors, although no lytic
function has been attributed to NK precursors
[26]. NK precursors evolve to an immature stage
by NKR-P1A expression in both humans (CD161)
and mice (NKZ1.1) followed by the acquisition
of DX5 (mouse) or CD56 (human) and the
NKG2/CD94 complex. MHC class | specific
receptors are the last to be acquired before
becoming mature NK cells [15, 19]. Once mature,
mouse NK cells have been further differentiated
in function by the expression of CD11b and CD27
to represent the progressive acquisition of NK
effector functions within the mature stage [27,
28]. Four maturation stages have been identified:
CD11b°"CD27"", CD11b°*CD27"", CD11b""
CD27"" and CD11b™"CD27"" [28]. CD11b™"
CD27"" cells are found in LN, spleen, liver and
BM whereas CD11b™"CD27"" are located in
the spleen and liver, and are the predominant
population in the peripheral blood and lung.

Although the BM is still considered the major site
for NK development, NK precursors can be found
in the blood, spleen, LN and liver [15, 29]. The
current model of NK development is that NK cells
initiate their maturation in the BM and as
precursors, leave the BM through the bloodstream
to reach other organs where they mature [15, 29].
Mature human NK cells are located in the blood,
spleen, liver, LN, BM, lung and in the uterus
during pregnancy [15]. A recent study has
suggested that fetal NK progenitor cells are
initially generated in the liver as early as day 13
of the embryo, whereas the spleen and BM
become hematopoietic organs later during
embryogenesis. Therefore, the liver is the main
hematopoietic organ before birth; followed by the
BM that becomes the primary site for NK
development after birth. In mice, NK function is
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impaired for the first several weeks despite being
present [30].

In humans, NK cells represent approximately
5-10% of total lymphocytes in the blood with
increased percentages present upon infection. Two
NK subsets have been characterized by varied
expression of CD56 and are differentiated by their
effector functions [31, 32]. CD56™ NK cells are
highly cytotoxic but poor cytokine producers and
represent approximately 90% of total NK cells
found in the blood. CD56"™ NK cells express
CD16, a low affinity Fc Receptor (FCRylll) which
binds to the Fc portion of 1gG antibodies and is
responsible for antibody dependent cellular
cytotoxic (ADCC) function [33]. CD16 binding
also triggers FceRlI signaling which induces IFNy
and GM-CSF release and granzyme degranulation
[10]. In contrast, the CD56°""™ subset is poorly
cytotoxic but a higher cytokine producer and
represents the main NK population in the LN [34].
CD56"" NK cells have low expression of CD16.
Due to this subset’s ability of secreting high
amounts of IFNy and its presence in the LNs,
it has been suggested that resting CD56"""
NK cells have a role during the early stages of
immune responses [35]. However, cytokine
production has also been attributed to the CD56™
subset which upon stimulation is able to produce
IFNy within the first 2-4 hours. IFNy production
by CD56"™ NK cells is undetectable after 16
hours of stimulation [36]. The lineage separation
between CD56”"" and CD56“™ NK cell subsets
is at the present unclear. An in vitro study has
demonstrated that human CD56”"" NK cells can
potentially differentiate into CD56_“”“ NK cells
[37]. The hypothesis is that CD56""9™ NK subset
is the developmental precursor of CD56"™ where
CD56""™ cells hypothetically leave the LN after
maturation and may explain why the presence of
CD56"™ NK cells is low in LNs [29, 37, 38].
However, it is still unclear whether CD56°""
and CD56"™ are two distinct populations with
different functions, as a recent study has
demonstrated that CD56“™CD16~ NK cells that
are stimulated with CD137L (4-1BBL) and IL-12
switch to a CD56™9"CD16™ phenotype [39].
Importantly, since mouse NK cells are not present
in comparable large numbers in the LN, it has
made definitive studies on the lineage of the two
subsets difficult.

1.3. Differences between human and mouse
NK cells

Mouse NK cells are normally defined by the
expression of NK1.1 or DX5 which are not
expressed on human NK cells; whereas human
NK cells are characterized by CD56 expression.
The lack of CD56 expression in mouse NK cells
makes the comparison between human and
mouse species difficult. There have been multiple
attempts to link mouse NK cells with human NK
cells through the use of markers that are shared
between both species such as the TNF receptor
family member CD27. Despite the higher
cytotoxic capabilities shown by the mouse
CD27"" NK subset, cytokine production has
also correlated CD11b""CD27"" and CD11b"%"
CD27"" with CD56" and CD56"™ respectively
[27, 28, 40]. Furthermore in humans, a small
population of CD27"%" belongs to CD56™"™ NK
cells, and the contrary is true for peripheral blood
CD56%™ NK cells [41].

The presence of mouse NK cells in LN during
steady-state conditions is low. However, upon
stimulation there is a recruitment of NK cells
to the LN. The production of high amounts of
IFNy by those NK cells has been involved in
the induction of Thl polarization at the LN
suggesting that NK cells have an important role
at early stages of an immune response [35]. Due
to the higher cytokine production and location
in secondary lymphoid organs, both mouse
CD11b"™CD27"" and human CD56""™ NK cells
similarly could be involved in the differentiation
of naive T cells toward a Th1 phenotype [35, 41].

As previously mentioned, another major
difference between human and mouse NK cells
is their ability to recognize MHC class I.
NKG2/CD94 family members are a group of
conserved inhibitory and activating receptors
present on both species. However, KIRs are only
found in humans, whereas Ly49 receptors are
only observed in mice [10, 42]. Despite the
structural differences between human KIRs and
mouse Ly49s, both families perform similar
functions: regulating NK activation. Human NK

cells also express activating and inhibitory
receptors that belong to the leukocyte
immunoglobulin-like receptor (LILR) family.
Two members of this family, LILRB1 and
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LILRB2 are inhibitory receptors that also bind
to MHC class I molecules. Nevertheless, CD94/
NKG2 and KIRs seems to play a more dominant
role [10]. Some of the different activating and
inhibitory NK receptors as well as the mechanism
to control NK activation will be described in the
next section.

Another difference between human and mouse
NK cells is in regard to their cytolytic activity.
Freshly isolated human NK cells from the
peripheral blood exhibit higher cytolytic activity
compared to resting splenic murine NK cells [43].
This necessitates the administration of exogenous
activation signals such as IL-2 to allow murine
NK cells to reach high cytotoxicity capabilities.
Another difference between mouse and human
NK cells resides in the ability to long-term ex vivo
culture the cells. In vitro culture of mouse NK
cells in the presence of IL-2 can only be
maintained for approximately two weeks, while
the culture of human NK cells can be sustained
for longer periods of times with stable KIR
expression [43]. The generation of human NK
cell lines, such as NK-92, is another evidence of
the capability of human NK cells to survive long
periods of culture. Despite the differences
between mouse and human NK cells, mouse
models are still the predominant model used to
study NK biology. Similarities between human
and mouse NK cells regarding activating and
inhibitory receptors mentioned earlier, mechanisms
of action, signaling, and developmental pathways
allow the use of mouse models as a bridge to
study human NK cells. Furthermore, their small
size, short lifespan, ease of accessibility to
reagents, and multiple transgenic and gene-
deficient models make the mouse a necessary
platform to further advance the clinical
application of NK-based immunotherapies.

2. NK activation

NK activation is achieved through a combination
of the following: lack of recognition of self-MHC
class | molecules displayed on the target cell
surface, the presence of activating signals
recognized by activating receptors, the cytokine
environment, and finally the interaction with
regulatory immune cells. All NK cells also have
inhibitory receptors which can result in potent
inhibitory signals that can over-ride activation.

2.1. Inhibitory receptors: NK licensing

The presence of inhibitory receptors on the NK
cell surface that recognize MHC class | molecules
on target cells play a very important role in NK
tolerance. It has been shown that even in the
presence of activating ligands, the inhibition of
NK cells by inhibitory receptor engagement
overrides the possible activating signals and a
much higher activation is needed to overcome
inhibition [44-46]. Initially it was suggested that
NK function was MHC unrestricted due to the
ability of NK cells to eliminate MHC class |
deficient or allogeneic tumors [10]. The concept
of “missing self ” also provided an explanation for
the hybrid resistance exhibited by F1 hybrid NK
cells after infusion of parental BM cells [47].
However Karre et al., demonstrated that NK
cells recognized MHC class | and were indeed
inhibited by the presence of self-MHC class |
[48]. The inhibitory receptors contain immuno-
receptor tyrosine-based inhibitory motifs (ITIMs)
in their cytoplasmic domain, in contrast to the
immunoreceptor tyrosine-based activating motifs
(ITAMs) of the activating receptors [49, 50]. After
MHC engagement, ITIMs recruit mainly SH2
domain-containing protein tyrosine phosphatase 1
(SHP-1) but also SHP-2 and SH2-domain-
containing inositol-5-phosphatase (SHIP). The
recruitment of SHP-1 has been associated with the
dephosphorylation of the nucleotide exchange
factor Vavl [51] and/or the complex adaptor
SLP-76 [52]; both are involved in NK activation.
Other tyrosine kinase substrates have been found
to be dephosphorylated after KIR engagement
such as TCRE, Syk, ZAP-70 or phospholipase Cy
[53]. Other studies suggest that the inhibitory
capabilities are induced by the disruption of co-
localization of different enzymes and substrates
within the membrane lipid raft after MHC
engagement thereby preventing further activation
signaling [54]. Although not necessary for NK
generation, the ability to lyse MHC class |
deficient target cells is impaired in transgenic
NK cells that express a dominant-negative form
of SHP-1 suggesting that the acquisition of
inhibitory receptors plays a role in gaining
functional properties at the last stages of NK
maturation [55, 56].

In mice, the inhibitory receptors belong to C-type
lectin-like receptor family members, Ly49, and
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the NKG2/CD94 family members, both of which
have also activating receptor members that we
will discuss later. Ly49s are type Il membrane
anchored glycoproteins that bind different MHC
class | H-2 alleles. The structure of Ly49s is
divided by a ligand-binding extracellular domain,
a transmembrane domain and a cytoplasmic
domain that contains the ITIM. Within the Ly49
family members, 13 inhibitory receptors (Ly49A,
B,C,E,FG 11 0, QS Tand V) have been
described. In humans, KIRs are the best
characterized family of NK receptors that belong
to the immunoglobulin superfamily. KIRs were
initially described as NK-associated transcripts
(NKAT) [57] and also included both inhibitory
and activating receptors. The inhibitory KIRs are
defined by the presence of long cytoplasmic
domains that also contain ITIMs and by the
number of immunoglobulin-like domains; two or
three (KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL4,
KIR3DL1 and KIRD3DL2). Interestingly,
KIR2DL4 contains both ITIM and ITAM, and
therefore both activating and inhibitory properties
have been attributed to this NK receptor [58].
CD94/NKG2 family is conserved in both species
and recognize the non-classical MHC class 1b
ligands; HLA-E in humans and Qalb in mouse.
The inhibitory receptors CD94/NKG2A and B
contain ITIM motifs as well [10].

The acquisition of the different inhibitory
receptors is not germ-line encoded. Therefore,
within an organism there are NK cells with
inhibitory receptors able to bind self-MHC as well
as non-self-MHC. In order to explain how it was
possible that NK cells with inhibitory receptors
that do not recognize self-cells do not target these
cells, several groups proposed what is known as
NK “licensing”, NK “arming”, or NK “education”
[59-61]. Initially licensing was demonstrated
in vitro in mouse NK cells by the ability of NK
cells that expressed inhibitory receptors for self-
MHC to produce higher amounts of IFNy
[59]. Later NK education was observed in human
NK cells where NK cells that expressed
inhibitory receptors for non-self-MHC exhibited
hyporesponsiveness after stimulation with MHC
class | deficient targets or cytokines compared to
“educated” NK cells [61]; illustrating another
similarity between mouse and human NK cells.

This hypothesis postulates that NK precursor cells
are required to go through a maturation process to
acquire self-tolerance where progenitor NK cells
contact/interact with stroma cells that display self-
MHC class I. During this process, an NK cell will
become licensed when its inhibitory receptor
recognizes self-MHC and unlicensed when it does
not. Several in vitro studies have suggested that
licensed NK cells are the main cytotoxic subset
because of the production of higher amounts of
IFNy after NKZ1.1 stimulation compared with
unlicensed NK cells [59]. In vivo evidence of the
importance of licensed NK cells in mice can be
found in studies where depletion of host licensed
NK subsets resulted in improvement of allogeneic
or MHC deficient BM cell engraftment after bone
marrow transplantation (BMT) [62]. In humans,
NK cells that display KIRs for non-self MHC
class | are found to be less cytotoxic compared
with NK cells expressing KIRs for self [61, 63].
The evidence of the existence of NK subsets with
differential functions defined by the expression of
inhibitory receptors represents a step forward in
NK-based immunotherapy as now it is possible
to preferentially select only those subsets that
display the greatest activity and tumor protection.

The proposal of the rheostat model provided an
additional explanation of how NK function is
highly regulated by inhibitory receptors. This
model suggests that as the amount of inhibitory
receptors that bind self-MHC increases, the NK
cells are more tightly regulated against self-attack
and therefore are “armed” to become stronger
killers [64, 65].

Despite advances in NK biology, the role of
unlicensed NK cells is still unclear. Although
they are known to be hyporesponsive in resting
stage, during inflammatory conditions stimulatory
signals are able to rescue unlicensed NK cells
from their hyporesponsive state and activate them.
Unlicensed NK cells have been shown to play a
major role in the control of MCMV in self-MHC
class I-expressed target cells [66]. Furthermore, a
recent study has also suggested that unlicensed
NK cells might have an important role against
target tumor cells that express self-MHC
molecules as well [67] and their presence seems
to have a correlation with anti-tumor efficacy
early after BMT [68]. Whether unlicensed NK
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cells do or do not play a protective role during
inflammatory conditions needs further investigation
as we have recently shown that a particular subset
of mouse NK cells, Ly49G2-positive NK cells,
expands after cytokine stimulation, Listeria
monocytogenes infection and early post-hematopoietic
stem cell transplantation (HSCT) regardless of the
H-2 haplotype [69]. Therefore, NK licensing may
not play a regulatory role during NK activation in
particular conditions.

2.2. Activating receptors

It is well-known that the signaling cascade
resulting from engagement of activating receptors
regulates NK activation, adhesion, and function.
Some of these receptors are NKG2D, DNAX
accessory molecule-1 (DNAM-1), CD16, 2B4,
NKp80, the natural cytotoxicity receptors (NCR)
NKp30, NKp44 and NKp46 and co-stimulatory
receptors (NTB-A, CRACC, CD2, CD59) [8, 59].
The CD94/NKG2, KIR and Ly49 family members
also contain activating receptors [10, 70]. In
general, these activating receptors contain ITAM
motifs or associate to ITAM-containing adaptor
proteins such as DAP10 and DAP12. In mouse,
activation of ITAMs results in tyrosine
phosphorylation and subsequent recruitment of
Syk and ZAP70 which results in degranulation
and transcription of chemokines and cytokines
required for NK effector functions [71].

The NKG2D activating receptor is involved
in both CD8 T cell and NK-mediated tumor
killing. Its role in tumor clearance was clearly
demonstrated by the increased tumorigenesis
observed in NKG2D deficient mice [72]. NKG2D
is a type Il transmembrane anchored C-type
lectin-like glycoprotein that binds MHC class |
related proteins [10]. NKG2D is not a specific NK
activating receptor and can be found in NKT cells,
CD8 T cells and some subsets of y5 T and CD4
T cells. NKG2D is expressed in all human CD8
T cells [73] but only found in activated mouse
CDS8 T cells [74]. It is not required to form dimers
with CD94 as do other NKG2 family members,
but associates with the adaptor proteins DAP10
(both human and mouse) or DAP12 (mouse only).
NKG2D stimulation triggers the PI3K and AKT
signaling pathways as well as phosphorylation of
Janus kinase 2 (JAK2), STAT5, ERK1/2 and

MEK1/2, resulting in NK activation and
cytotoxicity due to cytokine secretion such as
IFNy and granzyme degranulation [10]. NKG2D
ligands (NKG2DL) include the MHC class |
related proteins A and B (MICA/B) and UL16-
binding protein (ULBPS) in humans; retinoic acid
early inducible-1 (Rae-1), minor histocompatibility
antigen H60 and the murine UL16-binding protein
like transcript-1 (MULT-1) in mice. Although
NKG2D ligand expression has been observed
in healthy tissues and normal mouse embryos,
upregulation of these ligands is frequently
correlated with stress and high proliferation rates
[73, 75]. Gasser et al. suggested the activation of
DNA damage response pathways as a mechanism
for NKG2DL upregulation in tumor cells. In this
study, the induction of DNA damage by genotoxic
stress on non-tumor cell lines led to NKG2DL
upregulation mediated by ATM (ataxia telangiectasia
mutated) or ATR (ATM- and Rad3-rlated) protein
kinases. Silencing of these proteins in tumor cell
lines also abrogated NKG2DL expression suggesting
a chronic alteration of the DNA damage pathway
as a plausible internal mechanism to induce
immune responses and protect from uncontrolled
growth [76].

Natural cytotoxicity receptors (NCR) have also
been shown to play an important role in NK
function [77] as the use of blocking antibodies
results in reduction of tumor clearance [78-80].
Furthermore, higher expression of NCRs is
associated with enhanced NK-mediated cytolytic
functions [78, 79]. NKp30 and NKp44 are only
expressed in human cells whereas NKp46 can be
found in both human and mouse [77]. NKp46 and
NKp30 are constitutively expressed in NK cells
whereas NKp44 expression is only observed
after 1L-2 stimulation [81]. The human leukocyte
antigen-B associated transcript-3 (BAT-3) and
B7-H6 have been identified as NKp30 ligands
[82]. The cellular ligands for NKp46 and NKp44
remain unknown. Viral hemaglutinin has been
suggested as a possible ligand for NKp46
confirming its implication in the elimination of
viral infected cells [83]. In mouse models, the
infusion of melanoma [84] or lymphoma [85]
cells into NKp46 deficient mice resulted in
impaired tumor growth control demonstrating the
importance of NKp46.
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DNAM-1 is a transmembrane glycoprotein
constitutively expressed by NK cells, monocytes,
T cells, a subset of B cells and platelets [77].
DNAM-1 interaction on NK cells results in
activation, higher cytotoxicity, and cytokine
production [10]. Poliovirus receptor (PVR or
CD155) and nectin-2 (CD112), which in normal
tissues is expressed by endothelial and epithelial
cells, have been identified to bind DNAM-1. As
adhesion molecules, they are involved in trans-
epithelial migration, however, DNAM-1 is also
found in tumor cells [10, 86-88]. DNAM-1 has
been also involved in the regulation of NK
migration [10].

CD94/NKG2F in humans and CD94/NKG2-C
and -E are the activating receptors of the
CD94/NKG2 family that associates with DAP12.
Ly49H and Ly49D, the activating receptors of
Ly49 family, also associate to DAP12 and less
efficiently to DAP10 [71]. The activating
receptors of KIRs contain a short cytoplasmic
domain and associate with DAP12 (KIR2DS1-5
and KIR3DS1) [10].

2.3. NK activation regulated by cytokines

There are many cytokines that positively or
negatively regulate NK activation. The production
by DC, macrophages or T cells of type |
interferon (IFN), IL-12, IL-18 and/or IL-15 results
in NK activation [89]. IL-2 is a cytokine that
induces the activation and proliferation of NK
cells [7] and has been widely used to expand NK
cells in vivo and in vitro. IL-15 has been proposed
to be essential for NK maturation and survival as
IL-15 deficient mice showed a defect in the NK
cell population that was not observed in IL-2
knockout (KO) mice [22]. However, a robust
Ly49H" NK proliferation was observed in IL-15
and IL-15Ro-deficient mice after MCMV
infection suggesting that the need of IL-15 can be
overridden following infection due to IL-12 and
other signals [90].

As a negative regulator, transforming growth
factor beta (TGF-B) has been shown to be
involved in inhibition of NK cells [91]. TGF-B is
secreted by most cells in the body but is utilized
by regulatory T cells (Tregs) to control the
immune system [91]. The negative impact of
TGF-B in NK cells has been associated with

decreased IFNy production and diminished
degranulation and cytotoxic functions [92-94].
Exogenous administration of TGF-p resulted in
decreases of NKG2D and NKp30 expression in
NK cells in addition to lower IFNy production and
tumor lysis [94]. Furthermore, the presence of
TGF-pB in the serum of cancer patients has been
correlated with lower NK cytotoxic function
further demonstrating the immunosuppressive
role of this cytokine [95]. Blockade of TGF-j
signaling on NK cells results in NK accumulation
and restoration of NK functions such as IFNy
production [93].

IL-10, another cytokine that has been associated
with immunosuppressive functions, is produced
by many innate and adaptive immune cells [96].
IL-10 is known to play an important role in the
induction of antiviral and antibacterial immunity
during acute infection [97]. IL-10 can indirectly
inhibit immune responses through downregulation
of MHC class Il and immunocostimulatory
molecule (B7-1/B7-2) expression in monocytes
and macrophages which reduces the production of
proinflammatory cytokines important for NK and
T cell activation such as IL-12, IL-18, IFNy and
TNFo [98-100]. Moreover, IL-10 inhibits IL-2
and IFNy production on CD4" T cells [97], both
of which are involved in NK activation.

However, despite this immunosuppressive role,
IL-10 has been shown to be very important in
NK survival during early infection of MCMV
[101]. Blockade of IL-10R resulted in increased
viral load and reduced NK cell numbers and
cytotoxicity [101]. Similarly, in vitro studies have
demonstrated that 1L-10 improves NK proliferation,
cytotoxicity and IFNy production [102-105].
Biron et al. showed the importance of IL-10
production by NK cells to regulate CD8 T cell
responses during MCMV infection [106].
Blockade of IL-10 in perforin deficient mice,
although it did not suppress viral growth, resulted
in a significant production of proinflammatory
cytokines by CD8 T cells that resulted in the
death of the mice. These studies highlight
the significance of IL-10 in maintaining the NK
cell population early during infection in order to
regulate adaptive immune responses by suppressing
overactivation of CD8 T cells. In addition to the
molecules discussed, the tryptophan metabolizing
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enzyme indoleamine 2,3-dioxygenase (IDO),
prostaglandin E2 (PGE2), macrophage inhibitory
factor (MIF) and reactive oxygen species (ROS)
are also involved in NK suppression [94, 107-109].

3. Role of NK cells in cancer

There is a multitude of evidence implicating
NK cells in metastatic and hematologic tumor
clearance. In vitro studies demonstrated the ability
of NK cells to recognize and eliminate tumor cell
lines. The first in vivo correlation of number and
function of NK cells with anti-tumor effects was
published during the 1980°s [110]. Since then,
several groups have pointed out the relevance of
NK cells in eliminating mouse and human tumors
suggesting a role in cancer immunosurveillance
[111-113]. An 11 year follow up study established
an association of highly activated NK cells in
peripheral blood with a decreased cancer risk
[114]. The function and cytokine production
capabilities of NK cells from patients with acute
leukemia were also positively correlated with
complete tumor regression [115-117]. Additionally,
positive prognosis has been linked to the presence
of NK infiltrating cells in several carcinomas
[118] and CD56" cells were found in samples of
metastatic melanoma [84]. There is strong
evidence of the significant implication of NK cells
in the control of hematological cancers such as
leukemias and lymphomas as well as metastatic
cancers such as breast or ovarian cancers [119,
120]. However, the low representation of NK
infiltrating cells within the tumor site has
suggested a low contribution of NK cells in solid
tumors [121, 122].

An additional piece of evidence of the role of NK
cells in tumor surveillance is the correlation that
exists between tumor progression and defects in
NK function [89]. The expression of activating
receptors has been associated with improved
cytotoxic functions [123] and there are multiple
studies that have shown poor prognosis when NK
cells have impaired activating receptor expression
[123, 124]. For example, systemic NKG2D
downregulation, observed in multiple tumors,
has shown to negatively impact NK and CD8
responses [125]. In gastrointestinal sarcoma
(GIST) and AML patients, the level of NKp30

and NKp46 expression has been negatively
correlated with metastasis and cancer relapse,
respectively [123, 124].

Recently, three different isoforms of NKp30
have been identified: NKp30a, NKp30b and
NKp30c. NKp30c has been classified as an
immunosuppressive isoform because of the
production of IL-10 upon stimulation. In GIST
patients, the overall expression of NKp30 is low,
however within the small subset of NK cells
that still express NKp30, there is a higher
predominance of NKp30c [124]. Therefore,
despite the general downregulation of NCRs
observed in GIST patients, the preferential
presence of NKp30c receptor results not only in
lower NK-mediated cytolytic function but also in
the immunosuppressor environment that favors
tumor progression. These data indicate that NK
cells can play a potentially significant role in
human cancers but the various inhibitory and
activating receptors seem to be critical in the
responses to the particular cancers.

3.1. Tumor recognition and effector pathways

The identification of molecules expressed on
tumor cells and their recognition by NK cells has
allowed a better understanding of how NK cells
and cancer cells interact [10, 126] as well as
the application of this knowledge to improve
NK-based immunotherapies. NK cells recognize
tumor cells in a similar fashion to virally infected
cells: through their modulation of MHC
expression and expression of stress ligands.
Downregulation of MHC class | has been
observed in many tumors as a way to evade
T cell-dependent immune recognition which
further contributes to NK Kkilling [127]. In those
cases, the presence of NK activating ligands in
conjunction with the lack of inhibitory receptor
engagement led towards NK activation allowing
for better recognition and attack of those tumors.
Furthermore, it is likely that multiple activating
receptors are responsible for the recognition of
different ligands upregulated in tumor cells and
coexpression of several activating receptors
within a NK cell allows for a better cytotoxic
function. This also limits the possibility of tumor
evasion by downregulation of NK activating
receptor ligands.
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NKG2D ligands, such as MICA, MICB, ULBPs,
have been found to be frequently upregulated
in several mouse and human tumors [128-131].
Heinemann et al. recently demonstrated the
role of microRNA in controlling NKG2DL
expression by tumor cells. miR-34a and miR-34c
were responsible for the degradation of UBLP2 on
human melanoma cell lines, and therefore
silencing this microRNA resulted in increased
levels of ULBP2. It has been suggested that the
loss of miR-34 expression, frequently observed in
cancer cells, possibly regulates the levels of
ULBPs on those cells allowing for tumor
clearance [132].

An example of the consequences of NKG2DL
expression in tumor cells arose from the NK
resistance observed in RMA cells, which lack
NKG2D ligands. The transfection of Rae-1 in
those cells resulted in NK cell-mediated
cytotoxicity [128, 133, 134]. The role of NKG2D
in tumor immunosurveillance was confirmed
by the development of NKG2D deficient mice.
Lack of NKG2D allowed for the earlier and more
aggressive appearance of spontaneous prostate
tumors in the transgenic adenocarcinoma of mouse
prostate (TRAMP) model of autochthonous
prostate cancer development, but interestingly not
greater numbers of metastasis [72]. This increased
tumor growth was particularly correlated with
NKG2D-dependent function, as other NK
functions remained untouched in those mice.
Moreover, Guerra et al. also suggested a possible
selection of tumor cells with lower NKG2DL
expression due to the selective pressure imparted
by NKG2D" NK or T cells because the tumors
arising from mice lacking NKG2D expressed
significantly higher levels of NKG2DL [72].

Similar to NKG2D, DNAM-1 has also been
involved in tumor surveillance. Iguchi-Manaka
et al., demonstrated that DNAM-1 defect results
in accelerated tumor growth and those tumor cells
displayed higher amounts of DNAM-1 ligands
compared to wild type mice suggesting a selection
of DNAM-1 ligand negative cells to override
NK and T cell responses in a normal scenario
and confirming the role of DNAM-1 in anti-tumor
responses [123]. Although, Nectin-2 is ubiquitously
expressed in many cells such as epithelial cells,
neurons and fibroblasts, its expression has been

linked to tumor metastasis. Myeloid leukemias
and metastatic neuroblastomas are tumors where
Nectin-2 is commonly found [86]. Additionally,
PVR is expressed in ovarian carcinoma and has
been shown to have an important role in the tumor
recognition by DNAM-1/CD96 positive NK cells
[135]. CD96, which also recognizes PVR and
Nectin-2, has been show to regulate, along with
DNAM-1, NK adhesion and activation [10].
However, it remains difficult to establish its
implication in tumor recognition as blockade of
CD96 did not abrogate NK-mediated killing of
ovarian carcinoma cells through DNAM-1
inhibition [135].

The release of perforin and granzymes is the
major cytotoxic pathway utilized by NK cells to
eliminate target cells [136]. This pathway is
predominant when NK Kkilling capabilities are
tested in short term assays [137]. However, in
long term assays, NK cells have shown to also
eliminate tumor cells through the expression of
death receptors TRAIL and FasL that recognize
DR5, DR4, and Fas on tumor cells respectively
resulting in the induction of apoptosis [138].

3.2. Tumor evasion of NK cells

The multiple mechanisms that tumor cells have
evolved to escape from NK recognition and
killing serve as indirect evidence for the role of
NK cells in tumor clearance. Abnormal NK
cytotoxic function has been observed in multiple
cancers [139]. This decrease of NK function may
be due to several reasons. In some tumors,
decreased NK Kkilling has been linked to lower
expression of NK activating receptors which also
correlates with disease progression [123, 124,
138]. Overexpression of inhibitory receptors has
been observed as well in cancer patients such as
CD158a (KIR2DL1) in metastatic melanoma
[140] or NKG2A in tongue cancer [141].
Combination of both downregulation of activating
receptors and overexpression of inhibitory receptors
has been observed in metastatic melanoma [140].
The release of immunosuppressive cytokines such
as TGF-B or IL-10 by tumor cells and/or the
recruitment of immunoregulatory cells such as
Tregs, MDSC and M2 macrophages are further
mechanisms that tumor cells have evolved to
evade immune responses that directly impact NK
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functions due to the creation of an immuno-
suppressive environment. Tumor location can also
limit NK accessibility as for example solid tumors
have low number of infiltrated NK cells.

3.2.1. Decreased NK activating receptors

NKG2D, NKG2C, NKp30, NKp44 and NKp46
activating receptors have been found to be
downregulated in NK cells from AML patients
compared with healthy donors [118]. The loss of
NKp30 has correlated with impaired NK function
and shorter survival in AML patients [123].
NKG2D downregulation has also been observed
in  metastatic melanoma and hepatocellular
carcinoma [142]. In GIST and melanoma patients,
NKp46 and NKp30 are downregulated [124],
whereas DNAM-1 expression is reduced in ovarian
cancer patients [77]. Continuous stimulation with
IL15/IL15Ra. complex has shown to result in
impaired NK function due to, in part,
downregulation of NKG2D, 2B4, NKp46 and
DNAM-1 [143]. Therefore, NK exhaustion due to
sustained stimulation by tumor cells could also
lead to the downregulation of activating receptors
as well as lower functional capabilities.

Direct influence by cell-cell interactions with
tumor cells has been suggested as the mechanism
for the downregulation of NK activating receptors.
For example, Fauriat et al. demonstrated the
negative impact of leukemia cells in NK-mediated
cytolytic functions. The co-culture of NK cells
from healthy donors that expressed NKp30 and
NKp46 with leukemia cells resulted in
downregulation of these receptors. In this study,
it was suggested that leukemia cells have a
profound impact on NCR expression during NK
differentiation but also in mature NK cells as co-
culture of leukemia cells with NCR™"™ NK cells
downregulated NKp30, but not NKp46 whereas
co-culture with CD34-derived NK cells resulted
in defects of both NCRs [123]. Downregulation of
NKG2D and NCRs impairs NK and CDS8-
mediated cytotoxic responses [125].

Similarly, melanoma cell lines were able to
downregulate the expression of NKG2D, NKp30
and NKp44 on NK cells resulting in impaired
NK-mediated cytolysis. In this study, the negative
impact of melanoma cells on NK function
was mediated by indoleamine 2, 3-dioxygenan
(IDO) and prostaglandin E2 (PGE2) [82]. IDO is

upregulated in mature DCs and is involved in the
activation of Tregs having an important role
during immune tolerance. Overexpression of 1IDO
has been observed in tumor cells and antigen
presenting cells (APC) located in the tumor
draining LNs which acted as a tumor evasion
mechanism. The production of the proinflammatory
molecule PGE2 by cyclooxygenase 2 (COX-2)
induces IDO. COX-2 is upregulated in activated
macrophages and other cells at the site of
inflammation. Elevated COX-2 has been associated
with increased cancer progression [144]. It is of
interest that IDO1 mRNA was only upregulated
on melanoma cells after IFNy treatment. One
could speculate that IDO1 mRNA upregulation
could be a response against immune activation
and tumor cells could actively suppress in
response to the cytokines produced by NK cells
[82].

3.2.2. Alteration of activating receptor ligands

The liberation of soluble NKG2DL by many
tumors has also been shown to have an important
suppressive impact on NK cytotoxic function.
In vitro studies that used soluble MICA (sMICA)
demonstrated that the binding of sMICA led to
endocytosis and degradation of NKG2D [145].
Moreover, CD8 T cells and NK cells isolated
from PBMC from cancer patients with high
levels of sMICA in the serum have NKG2D
downregulation favoring immunoevasion. Sustained
and localized stimulation of NKG2D by
NKG2DL has also been shown to impair NK
function [146]. In B-cell chronic lymphocytic
leukemia and melanoma patients, the serum level
of shed ULBP2 has also been associated with
poor survival [147].

It has been suggested that membrane and soluble
carcinoembryonic antigen (CEA)-related cell
adhesion molecule 1 (CEACAM1) can also
negatively regulate NKG2DL expression by
tumor cells. Initially, it was thought that
CEACAML directly inhibited NK cell function in
an MHC-independent manner [148]. However,
using human and mouse tumor cell lines, Chen
et al. demonstrated that levels of CEACAM1
were inversely correlated with the expression of
MICA/B and RAE-1 respectively which resulted
in poor NK and T cell cytotoxic function [149].
In this study, post-translational regulation of
NKG2DL by CEACAM1 was demonstrated in the
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murine colon carcinoma cell line MC38;
CEACAM1 was responsible for retaining RAE1
intracellularly [149]. Although CEACAM1 was
initially defined as a tumor suppressor because
the loss of CEACAM1 expression in human
colorectal and prostate cancers results in enhanced
tumor growth [150], the expression of CEACAML1
by melanoma, lung, pancreas, colon, bladder and
thyroid cancer cells has been correlated with poor
prognosis and tumor metastasis as well [149].
A recent study showed high levels of CEACAM1
in the serum of malignant melanoma patients
and reduced levels of serum CEACAML1 after
treatments was correlated with improved survival
[151].

NK cells promote tumor lysis predominantly
through a perforin-dependent manner [136].
However, NK cells can mediate apoptosis of
tumor cells by the recognition of DR5, DR4 or
Fas on the surface of tumor cells that can be
relevant in the case of impairment of perforin
release [138]. Diminished expression of DR4 or
DR5 has been observed in multiple malignancies
such as ovarian cancer, colon cancer, squamous
cell carcinoma, breast cancer and non-Hodgkin’s
lymphoma. These differences can be the result
of reduced transportation of the ligands to the
cell surface, intracellular retention, mutations
that led to loss of function, or the release of
decoy molecules that block DR4/DR5-TRAIL
interaction among others and account for TRAIL-
mediated Killing resistance [152]. Some tumors
have shown upregulation of anti-apoptotic proteins
such as Bcl-2 in conjunction with downregulation
of FasL resulting in an enhanced resistance to
apoptosis [153]. The soluble forms of Fas (sFas)
and FasL (sFasL) have been found at high levels
in the serum of multiple cancers including
hepatocellular, gastric, bladder and pancreatic
carcinomas. These soluble forms promote tumor
evasion two-fold: through the suppression of
Fas-mediated killing; and the induction of CD8 or
NK apoptosis. sFas levels has been correlated
with tumor progression in breast cancer and other
malignancies as well [153].

3.2.3. Promotion of tumor progression

NKG2DL expression by tumor cells and its role
as a mechanism for immunosurveillance is well-
known. The additional observations of higher

levels of NKG2DL in NKG2D deficient mice also
supported this concept suggesting a selection of
NKG2DL negative tumors as an immune evasion
tactic via immunoediting [72]. However, recent
studies may have uncovered another function for
NKG2DL to exist in the tumors: the induction of
tumor proliferation and survival. It has been
shown that the NKG2D-DAP10 receptor complex
is expressed in breast, ovarian, cervical, prostate
and colon cancer cells [154, 155] and when
stimulated with NKG2DL, activation of MAP
kinase cascade was produced, leading to increased
cell proliferation within the tumor [154].
Therefore, sustained expression of NKG2DL can
not only decrease NK and CD8 T cell cytotoxic
function and mediate immunoevasion, but also
provide survival signaling within the tumor cell
facilitating tumor growth.

3.2.4. Alteration of NK population distribution

NK distribution is also altered in some cancer
patients and might affect anti-tumor capabilities.
Increased levels of CD16“™CD56™9" NK cells
have been found in the serum of patients with
metastatic melanoma [140] and GIST [124].
These NK cells have impaired ability to mediate
antibody dependent cellular cytotoxicity (ADCC)
and exhibit lower cytolytic ability. Downregulation
of CD16 is also observed in NK cells from
patients with ovarian cancer due to the expression
of cell membrane bound mucin 16 (MUC16), a
mucinous glycoprotein, or shed MUC16 resulting
in poor ADCC NK function [156]. Moreover,
MUC16 has shown to be a potent inhibitor of NK
cells through suppression of immune synapse
formation between NK and ovarian cancer cells
[156].

The development of NK cells has also been
shown to be affected by tumor cells. Comparison
of the different stages of NK development in the
BM between tumor-bearing mice and control
mice revealed an impairment of mature NK cells
that was correlated with defects in IL-15Ra
expression [157]. Although no differences in NK
cytotoxicity were found, those NK cells had
defective IFNy production [157]. The observation
of impairment in NK maturation may provide an
explanation for the presence of impaired NK cells
in multiple cancers.
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3.2.5. Induction of immunosuppression pathways
that affect NK cells

The dual role of TGF-B in promotion or
suppression of tumor growth has been the focus
of many reviews [91, 158, 159]. It has been
suggested that the secretion of TGF-p by tumor
cells as a mechanism for immune evasion results
in immune response inhibition by two means:
direct effects of TGF-B in immune effector cells
or indirectly through the recruitment of immuno-
suppressive cells. Overproduction of TGF-f is
frequently associated with tumor metastasis
because high levels of TGF-B enhance angiogenesis
and vasculogenesis while preventing immuno-
surveillance by inhibiting activation of effector
cells [91, 158]. In mouse models, overexpression
of TGF-B-1 or its receptors in mammary epithelial
cells increased lung metastasis confirming the
role of TGF-f in tumor metastasis. High levels of
TGF-B in the serum of cancer patients have been
correlated with poor prognosis [91, 159]. The
impact of TGF-B in the tumor microenvironment
is due to direct and indirect inhibition of cytolytic
functions of CD8 T cells and NK cells,
suppression of IgA secretion by B cells, and
promotion of the polarization towards tumor-
associated type 2 macrophages (M2), type 2
neutrophils (N2), regulatory T cells and myeloid
derived suppressor cells (MDSC). In NK cells,
TGF-B has been shown to downregulate NKG2D
and NKp30 expression correlating with reduced
degranulation and IFNy production and poor lytic
activity [91]. In some cases of lung and colorectal
cancer, the expression of NKG2D has been
inversely correlated with the serum levels of
TGF-p [95]. In glioma patients, NKG2D
downregulation has been observed in NK and
CD8 T cells [160] and resistance to tumor vaccines
has been linked with TGF-f levels [161]. TGF-$
can also affect NK activation by affecting the
production of TNF, type I IFN, and IL-12 by DCs
[91].

At the tumor site, there is an accumulation of
multiple immune cells including tumor infiltrating
lymphocytes (TILs), tumor-associated macrophages
(TAMs), tumor-associated neutrophils (TANS)
and myeloid derived suppressor cells (MDSC).
Prognosis and survival of cancer patients has been
associated with the presence of these immune

cells at the tumor site. However, good or bad
prognosis significantly depends on the type of
TILs, TAMs and TANSs localized within the
tumor. The level of TGF-p within the tumor
microenvironment has a profound impact on
the composition of these cells. Besides the
recruitment of natural Tregs, induced Tregs can be
differentiated from naive lymphocytes at the
tumor site due to TGF-B. Increased numbers of
Tregs at the tumor site, tumor draining LN
and/or peripheral blood are found in breast, lung,
ovary, pancreatic cancer [162] and hepatocellular
carcinoma patients [163]. Increased numbers of
Tregs have been correlated with poor survival in
hepatocellular carcinoma patients due to impaired
CD8 function [164]. An accumulation of Tregs
has been observed in mouse cancer models as
well [165]. We have previously shown that
depletion of Tregs using a monoclonal antibody
results in enhanced NK cell-mediated anti-tumor
response when combined with cytokine stimulation
[166]. NKG2D-mediated cytolysis is directly
inhibited by Tregs in a TGF-B-dependent manner
[27] and parental BM rejection mediated by F1
NK cells was also abrogated by the adoptive
transfer of Tregs [167]. These and other studies
confirmed the role of Tregs in inhibiting NK
in vitro and in vivo.

In some cancers, there is a poor prognosis
associated with the presence of TAMs and it has
been shown that they can promote tumor
progression and metastasis [158]. TGF-p can
promote the polarization of TAMs towards type
M2 while inhibiting type M1 differentiation
which results in suppression rather than activation
of immune responses [91]. In skin cancers, the
recruitment of macrophages mediated by TGF-p
has been shown to have an important role in
tumor escape [91]. Similarly, the composition of
TANs is also influenced by TGF-B as N2
polarization is favored by TGF-B resulting again
in an immunosuppressive effect [158]. Angiogenesis
and metastasis was also promoted by N2 [91].
Moreover, M2, N2, Tregs and MDSC collaborate
with the tumor cells in the production of TGF-$3
among other immunosuppressive molecules such
as 1L-10, MMPs (matrix metalloproteinase),
PGE2, IDO and ROS [82, 91] which further
promote tumor escape and abrogate immune
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activation. Additionally, the presence of inhibitory
NK cells, for example NK cells expressing the
inhibitory isoform NKp30c, could contribute to
the creation of an immunosuppressive environment
by the secretion of IL-10 [124].

It is also of interest to note the suppressive effect
mediated by CD137L (4-1BBL)-CD137 (4-1BB)
interactions. CD137L is expressed in carcinomas
and lymphoma cells [168]. CD137 was found to
be upregulated on human NK cells after IL-2
stimulation [168] and a genetically modified
K562 cell line that expresses membrane bound IL-
15 and CD137L was used to induce sustained and
specific proliferation of human NK cells [169].
However, despite activation of NK cells, the
bidirectional signaling of CD137L -CD137 caused
the production of IL-10 and TNF by acute
myeloid leukemia cells. These cytokines negatively
regulate. NK functions by reducing granule
mobilization and IFNy production [168].

4. NK-based immunotherapies

Throughout this review we have discussed the
role of NK cells in tumor surveillance and, more
importantly, their active role in tumor elimination.
Multiple immunotherapies have been developed
in order to exploit the anti-tumoral properties of
NK cells. Moreover, the fact that NK cells can
spontaneously induce cell death without prior
immunization makes NK-based immunotherapies
a very attractive and promising cancer therapy.
We next will describe some of the strategies
where NK cells are being utilized in cancer.

4.1. Modulation of NK function

As previously mentioned, NK activation can be
modulated by multiple cytokines such as IL-2,
IL-15, IL-12, and IL-21. Therefore, the use of
these cytokines as a means to expand and improve
cytotoxic functions of NK cells has been explored
by multiple researchers.

Different mouse models have demonstrated the
efficacy of IL-2 to expand and activate NK cells
yielding NK-dependent anti-tumor responses
[170, 171]. In advanced cancer patients, IL-2
treatment alone or in combination with lymphokine-
activated Kkiller cells (LAKs) resulted in anti-
tumor responses [172, 173]. Because of the
efficacy of IL-2 against tumors, it was approved

by the FDA in 1992 for the treatment of renal cell
carcinoma (RCC) [139] and in 1998 for metastatic
melanoma [172, 174]. Increased numbers of
circulating NK cells after in vivo treatment with
IL-2 has been found in breast cancer, lymphoma,
AIDS-associated lymphoma, metastatic melanoma,
and metastatic RCC patients [139]. IL-2 was also
able to improve NK cytotoxicity after autologous
transplantation [175]. Unfortunately, although
IL-2 was initially deemed as a promising cancer
immunotherapy, the overall response in survival
and cancer relapse has been rather limited [139,
176]. A meta-analysis of 14 clinical trials that
used IL-2 as a remission maintenance therapy in
patients with AML, found that ongoing complete
remission did not occur. This was attributed to
downregulation of NCR and NKG2D on NK cells
mediated by phagocyte-derived ROS [176, 177].

Additionally, the high and frequent doses
necessary to achieve positive results have limited
the usage of this therapy due to toxicity, which
is especially aggravated in aged patients. High
doses of IL-2 are associated with vascular leak
syndrome (VLS), myocardial infarction, and
cardiac arrhythmia. VLS occurs when there is an
abnormal increase in vascular permeability
resulting in extravasation of fluids and proteins
into tissues which in the most serious cases
induces pulmonary edema and cardiovascular
failure [178]. NK cells play an important role in
the toxicity induced by high-doses of IL-2 as early
studies demonstrated that depletion of NK cells in
C57BL/6 using anti-NK1.1 attenuated the lethal
toxicity associated to high-doses of IL-2 [179].

Another limitation of using IL-2 therapy is
associated with its critical role in the expansion
and maintenance of Tregs because of their
constitutive expression of the high affinity 1L-2
receptor (IL-2R) which is formed by the alpha
(CD25), beta (CD122) and common gamma
(CD132) chains in contrast to NK cells that
express intermediate affinity 1L-2R (CD122 and
CD132). As previously mentioned, the release of
TGF-p by Tregs has a profound impact on NK
activation and function. The high affinity IL-2R is
also found on CD56°"™ NK cells and activated
conventional CD4 and CD8 T cells [139]. The use
of low doses of IL-2 has been attempted to reduce
IL-2-associated toxicity. However, after autologous
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BMT, despite the increased number of total NK
cells found in lymphoma and breast cancer
patients after IL-2 treatment, the expansion was of
the less cytotoxic CD56™" NK subset which
may account for the lack of increased survival
[180]. Current approaches involve using IL-2 in
combinatorial therapies as a mean to improve
other chemotherapeutic drugs or autologous and
allogeneic BMT, which will be discussed in
subsequent sections.

IL-15 has become a feasible alternative to IL-2
because of its involvement in the development,
proliferation, survival and activation of NK cells
and memory CD8 T cells. In order to function,
IL-15, as opposed to IL-2, needs to be presented
to NK cells and memory CD8 T cells by DCs.
This trans-presentation is possible due to the
expression of the high-affinity IL15Ra by DCs
that will trans-present IL-15 to NK and memory
CD8 T cells that express the intermediate-affinity
IL2/15RByc [181]. IL-15 has also been shown to
accelerate NK reconstitution after BMT [182,
183]. Moreover, IL-15 does not regulate Treg
expansion and does not induce activation-induced
cell death of effector T cells as IL-2 does [184].
Combining of IL-15 with IL-6 resulted in rescue
of NK function after inhibition by TGF-p.
Upregulation of NKG2D expression was also
observed to be mediated by IL-15 resulting
in improved NK cytotoxicity [184]. Currently,
clinical trials are ongoing to demonstrate safety
and efficiency of IL-15 as a cancer treatment for
refractory metastatic melanoma and metastatic
RCC. However, IL-15 has also been shown to
upregulate inhibitory NK receptors, induce IL-10
secretion, and increase the expression of
programmed cell death-1 (PD-1) receptor and PD-
L1 on T cells [178, 184]. Additionally, a recent
study has shown that sustained stimulation of
NK cells with IL-15/IL-15Ra complexes results
in accumulation of NK cells with impaired
proliferation, activity and cytotoxic functions as
well as alterations in the levels of activating and
inhibitory receptors which has been correlated
with induction of NK anergy [143]. These
observations could explain the contradictory
results obtained from different experimental
tumor models. Similar to IL-2, it is believed that
the best application for IL-15 will occur when it

acts as an adjuvant with other cancer therapies
[184]. The multiple approaches that are currently
under investigation to improve IL-15-mediated
anti-tumor  responses have been reviewed
elsewhere [178, 184]. IL-21 could potentially also
be used to expand NK cells as it has been shown
to improve NK cytotoxicity and stimulate
CD56%™ NK cells [81].

Another strategy to improve NK function is to
modulate tumor cells to make them more
susceptible to NK-mediated cytolysis. Molecular
targeting agents typically used to eliminate highly
proliferating tumor cells have been shown to
upregulate death receptors (Fas, TNFR1, DR4,
DR5, DR6 and DR3) [152] and/or NK activating
receptor ligands. The proteasome inhibitor
bortezomib has been shown to increase FasL-
mediated NK cytolysis by increasing the
expression of DR5 [45, 138, 185] or prevention of
caspase 8 degradation in tumor cells [186].
HSP90 inhibitors (Celastrol) have been shown
to increase TRAIL-induced apoptosis by
downregulating c-FLIP or anti-apoptotic proteins
such as Bcl-2 and upregulate DR5 expression
[152]. Thalidomide and histone deacetylase
inhibitors (HDAC) enhance the levels of death
receptors on tumor cells facilitating tumor
clearance as well [187].

The induction of DNA damage has also proven to
be a mechanism for the increase of stress ligands
that are recognized by activating receptors on
NK cells [76, 188]. Doxorubicin, melphalan,
bortezomib, and HDACs are some of the
drugs that have shown to increase the levels of
DNAM-1L and/or NKG2DL in multiple cancers
improving NK-mediated killing [188-190]. Blockade
of shedded NKG2DL with metalloproteinase
inhibitors may also be used as a therapy to
improve NK function by restoring NKG2D-
dependent cytotoxicity [190]. Combinations of
myeloid growth factors and IFNy with 5-aza-2’-
deoxycytidine, trichostanti A, all-trans retinoic
acid (ATRA), or vitamin D3 have been shown to
increase the levels of UBLPs on AML cell lines
and ALL blasts as well. [104, 139].

Frequently, improving NK numbers, activation,
and function is not enough to observe clinical
benefits. An explanation for the limited results of
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NK-based immunotherapies may be found in the
presence of an immunosuppressive environment
that overrides NK activation. The use of therapies
to enhance NK function in combination with
strategies to inhibit immunosuppression might be
more efficient in achieving anti-tumor responses.
As previously explained, TGF-p is involved in
immune evasion in multiple cancers and TGF-$3
blockade has already been demonstrated to be
effective as a cancer therapy for glioblastoma
patients [191]. TGF-$ blockade could be also used
to modulate NK function by restoring NKG2DL
expression in tumor cells and enhancing NKG2D-
mediated NK Kkilling [160]. Amplification of
NKG2D-mediated Killing is also observed after
IFNa, IL-2, and IL-12 treatment [104]. Elimination
of Tregs can improve the NK population by
limiting immunosuppression. However, this
approach should be carefully analyzed as
autoimmune disorders and/or toxicity could emerge
because of exacerbated immune activation.

4.2. Hematopoietic stem cell transplantation

Hematopoietic stem cell transplantation (HSCT)
is a therapy frequently used to treat blood born
cancers, such as leukemia or lymphoma, as well
as other hematological diseases. HSCT can be
myeloid ablative or non-myeloid ablative. During

myeloid ablative HSCT, patients receive a
conditioning regimen of irradiation and/or
chemotherapy. Following this conditioning

regimen, hematopoietic stem cells (HSCs) are
then administered to repopulate the patient’s
immune system. HSCs can either be isolated from
the recipient prior to conditioning (autologous)
or from related or unrelated HLA-matched or
mismatched donors (allogeneic). Despite the
benefits that this therapy has shown in the battle
against cancer, there are several shortcomings that
need to be improved. Following HSCT the patient
is immunocompromised while the immune system
recovers making the patient susceptible to
opportunistic infections such as CMV which can
account for a significant portion of mortality and
morbidity of patients receiving this treatment
[191]. Given the lack of immune defense, in
addition to opportunistic infections, tumor cells
resistant to chemotherapy or radiotherapy
conditioning frequently lead to cancer relapse.
Lastly, another major problem associated with

HSCT, especially allogeneic HSCT, is graft
versus host disease (GvHD). In order to minimize
GvHD, T cell depleted grafts are frequently
used in HSCT which, unfortunately, are often
accompanied by reduced graft versus tumor
(GvT) effects. NK cells have shown to be the first
Ilymphoid population to recover after HSCT [192,
193]. Importantly, donor NK cells have been
demonstrated to suppress GvHD while maintain
GvT following allogeneic HSCT [194]. Therefore
strategies that accelerate NK reconstitution could
result in improved survival and reduced cancer
relapse by increasing the protection against
opportunistic infections, enhancing GvT, and
reducing GvHD.

Enhanced survival was correlated with rapid and
early recovery of NK cells after autologous HSCT
for patients with non-Hodgkin’s lymphoma,
Hodgkin’s disease, ALM, MM and metastatic
breast cancer [195-197]. CD56°'9"CD16"" NK
subset has shown to predominate early after
HLA-matched HSCT. This subset, a difference
from donor CD56""CD16'" NK cells shows
an intermediate mature phenotype with higher
IFNy production and degranulation properties and
upregulation of CD94/NKG2A, NKG2D and
NKp46. Despite the early reconstitution of this
immature NK subset, no defects were found in
their cytotoxic functions [198]. However, defects
on ADCC would be expected due to the lower
expression of CD16.

Studies carried out by Ruggeri et al., revealed an
association of improved disease-free survival and
reduced relapse rate in AML patients, but not
adult ALL, that underwent haploidentical HSCT
with donor NK cells that displayed KIRs for
MHC class | ligands not expressed by the hosts
[120, 199, 200]. The presence of alloreactive
NK cells showed decreased relapse rates in
pediatric ALL after haploidentical HSCT [201].
Alloreactive NK cells have also been correlated
with the suppression of GVHD by the elimination
of not only host T cells and granulocytes, but also
hosts DCs which are responsible for the activation
of donor T cells involved in GvHD [199].
Furthermore, in vitro studies suggest that the
production of TGF-p by NK cells ameliorate
GVHD by inhibiting T cell responses [194]. These
studies introduced the possible use of alloreactive



Cancer immunotherapy using natural killer (NK) cells

39

NK cells in less myeloid ablation condition
regimens and without the need of donor T cell
depletion which should result in a stronger GvT
effect.

However, KIR-mismatch has not always
correlated with better outcomes [202-204]. This
difference can be due to different transplantation
protocols: including conditioning regimens, doses
and source of HSC, presence of T cells in the
graft, and post-transplantation immunosuppression
protocols as cyclosporine A has been
demonstrated to suppress NK cell development
[81]. It has been suggested that the efficiency of
KIR-mismatched NK cells could better be
observed in T cell depleted grafts [127] as it has
been shown that T cells affect KIR expression
during NK' reconstitution after unrelated donor
transplantation [204]. When un-manipulated
hematopoietic stem cell transplants were used,
recovered NK cells showed reduced KIR
expression compared with their donors whereas T
cell depleted grafts were less affected.
Additionally, these NK cells also demonstrated
higher cytotoxic functions by increased IFNy
production. In this study, increased IFNy
production and reduced KIR expression were
correlated with more acute GvHD and inferior
survival respectively [204]. Thus, although the
presence of T cells during immune reconstitution
after HSCT seems to significantly improve NK
effector functions by reduced KIR expression and
increased IFNy production, the appearance of
acute GVHD negates the possible enhanced anti-
tumor responses resulting in an overall reduced
survival.

Alloreactive NK cells can also be found in
HLA-matched HSCT or autologous HSCT as by
definition, alloreactivity of NK cells could be
achieved when NK cells are lacking KIRs for host
HLA ligands independent of the HLA type of the
donor. This concept leads to the proposal of the
missing ligand model [202, 205, 206]. Several
studies have demonstrated better outcomes in
patients lacking the class | ligand for donor
alloreactive NK cells [63, 200, 201, 205, 207].
Survival rates have been strongly associated
with missing ligand in patients with stage 1V
neuroblastoma that went through autologous
HSCT. In this study, the presence of NK cells that

lack one or more KIRs for self-HLA resulted in a
46% lower risk of death and 34% lower risk of
cancer progression [67].

NK education or licensing can also play a role in
outcomes after HSCT. Mouse HSCT studies
showed that host licensed NK cells play a
predominant role in the rejection of allogeneic
or MHC class | deficient allografts [62]. In
humans and mice it has been demonstrated that
unlicensed NK cells, which by definition can
potentially be alloreactive NK cells, are normally
hyporesponsive [59, 61]. However, upon activation,
unlicensed host NK cells can efficiently eliminate
MHC class | deficient BM cells [62]. Moreover, a
mouse model showed that unlicensed NK cells
played a predominant role in the elimination of
MCMV-infected cells [66].

In unrelated HSCT it has been suggested that NK
education is driven by donor ligands and therefore
donor alloreactive NK cells can become licensed
which promotes sustained GvT after HLA-
mismatched HSCT [208]. Furthermore, unlicensed
NK cells with KIRs for other ligands than host
HLA could potentially have an important anti-
tumor role as well. Hsu et al. demonstrated that in
HLA-matched HSCT, NK cells devoid of KIRs
for host and donor HLA (unlicensed), exhibited
effector functions early post-HSCT and only
later (+200 post-HSCT) tolerance to self was
achieved [68]. According to this study, in HLA-
mismatched HSCT, alloreactive unlicensed NK
cells could cooperate with alloreactive licensed
NK cells in eliminating tumors early post-HSCT.
In autologous HSCT settings, unlicensed NK cells
could potentially promote anti-tumor responses
early post-HSCT as well.

4.2.1. NK adoptive transfer

Cancer relapse is a major problem for patients
that have undergone HSCT. NK cells have an
important role in HSCT outcomes, therefore NK
adoptive transfer may potentiate the benefits of
HSCT [209]. NK adoptive transfer therapy has
been used alone, as an adjuvant for allogeneic or
autologous HSCT to prevent cancer relapse, or
when cancer relapse has occurred after HSCT.

The adoptive transfer of autologous NK cells after
ex vivo activation has proven to be safe and well
tolerated in lymphomas, breast and lung cancer,
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CRC, and metastatic RCC patients resulting in
in vivo expansion of NK cells. Unfortunately,
clinical benefits from the adoptive transfer of
activated NK cells were not observed in all cases
[139, 180]. The requirements of additional
stimulation by cytokines for the survival and
function of ex vivo activated NK cells can account
for the unsuccessful effect of NK adoptive
transfer therapy. For example, the use of IL-2 in
some cases to expand and maintain the NK
repertoire post-infusion may have also negatively
affected the anti-tumor response by increasing
the Treg population or by preferentially
expanding the less cytotoxic CD56”""CD16'"
NK population due to its expression of the high
affinity IL-2R [180]. Moreover, sustained
cytokine stimulation of adoptive transfer NK cells
could result in NK anergy or NK exhaustion
similar to in vivo administration of IL-15/IL-15Ra
[143]. NK exhaustion has also been recently
observed during homeostatic proliferation and
tumor exposure of adoptively transferred NK cells
[210]. Additionally, it has been postulated that the
failure of autologous NK adoptive transfer lies in
the expression of inhibitory receptors that
recognize self-HLA displayed on tumor cells
overriding NK activation [139].

Because of the improved results obtained after
allogeneic HSCT [199], allogeneic NK adoptive
transfer may also become a promising alternative
to autologous NK adoptive transfer or donor
lymphocyte infusion because of the reduced
GVHD risk. Miller et al. were able to successfully
infuse haploidentical NK cells in advanced cancer
patients. In general, an expansion of NK cells
was observed after IL-2 administration due to
increased levels of endogenous IL-15 which
resulted in improved survival rates without
GvHD. More importantly, complete remission
was achieved in 5 of 19 AML patients [211]. Ina
recent phase | pilot study, the repetitive infusion
of allogeneic IL-15 activated NK cells in
combination with chemotherapy was safe and
clinically effective against non-small cell lung
cancer [212]. In another study where haploidentical
NK cells were transferred in AML patients after
relapse from haploidentical HSCT, a persistent
and massive expansion of allogeneic NK cells
was observed for weeks after infusion. However,

improved persistence of activated NK cells did
not translate into prolonged survival as patients
relapsed approximately 80 days post NK transfer
[213]. IL-2 (10" IU/week) was given in this
study to maintain the NK population. Although a
CD56"" expansion was not observed in the
treated patients, IL-2 administration could have
led to Treg expansion thereby inhibiting NK
function. In another phase Il clinical trial where
allogeneic NK therapy was used in patients with
recurrent ovarian and breast cancer, an expansion
of Tregs was also detected and correlated with the
limited benefit of the therapy despite the
transitory expansion of haploidentical NK cells
and increased IL-15 serum levels [214]. This
study illustrates the relevance of immunosuppression
in controlling immune activation.

To further improve allogeneic and autologous NK
alloreactivity, antibodies that block inhibitory
KIR have been developed with the goal of
enhancing cytotoxic functions. A novel human
anti-KIR, 1-7F9, has been shown to increase NK-
mediated cytotoxicity of HLA-matched AML
blasts in vitro and in vivo [145]. The combination
of this antibody with lenalidomide, which augments
NK function by increasing both activating NK
receptor expression on NK cells and activating
ligands on MM target cells, further improved NK
function of patient-derived NK cells against
autologous MM target cells [215]. In a mouse
HSCT model, the blockade of Ly49 inhibitory
receptors that recognized self-MHC displayed by
tumor cells improved anti-tumor responses [216].
An alternative to the use of blockade antibodies
against inhibitory receptors could rest on the
preferential expansion, activation and adoptive
transfer of those NK cells that do not express
inhibitory receptors for self-MHC.

The infusion of NK-92, an NK cell line, is also a
possible alternative to allogeneic or autologous
NK cells. NK-92, which lacks KIR expression,
can be grown in good manufacturing practice
(GMP) conditions and has been shown to
efficiently eliminate leukemia, lymphoma and
CML in vitro [139]. Clinical studies have
demonstrated the safety and possible clinical
benefit of using NK-92 infusions in advanced
RCC and melanoma [217].

One of the major limitations for NK adoptive
transfer lies in the generation of large numbers of
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NK cells to be used therapeutically. Short-term
activated NK cells have been obtained after
in vitro culture with IL-2 or IL-15. However, the
number reached after short-term activation is
limited. Therefore there have been multiple
attempts to generate a large-scale expansion of
highly purified, GMP grade NK cells by long term
in vitro expansion. Additionally, it is been
suggested that long term activated NK cells
express higher levels of IL-2Ra [79] making these
NK cells a better target for IL-2 in vivo expansion.
IL-2 and IL-15 have been used to expand NK
cells for long periods of time [218] as well.
However, the addition of feeder cells can further
augment NK expansion. The use of a genetically
modified K562 cell line that expresses a
membrane-bound form of IL-15 and 41BB ligand
(CD137L) for in vitro culture of NK cells resulted
in a major expansion compared with NK cells
stimulated with IL-2, IL-12, IL-15, or IL-21.
These NK cells were also more cytotoxic and
detectable for up to a month when injected into
immunodeficient mice [169]. Epstein-Barr virus-
transformed lymphoblastoid cells (EBV-LCL)
have also been used to expand NK cells. Co-
culture of isolated NK cells with EBV-LCL and
IL-2 for 21 days upregulated the expression of
TRAIL, FasL and NKG2D on NK cells [189].
Membrane-bound (mb) IL-21 has also demonstrated
to enhance ex vivo human NK expansion resulting
in NK cells with higher proliferative capabilities
and cytotoxic functions [219].

Other characteristics to take under consideration
when ex vivo expanded NK cells are used are the
phenotype and the activation status of these
NK cells. CD56°"" NK cells express the high
affinity IL-2Rafy making them more susceptible
to expansion by IL-2 administration [220].
Additionally, longer telomeres have been
observed in the CD56”"™ NK subset [38] which
can be correlated with their higher proliferative
capabilities. In contrast, CD56“™ NK cells show
low proliferative capabilities when stimulated
with IL-2 in vitro [221, 222]. CD62L expression,
however, has been recently identified to further
differentiate a CD56%™ subpopulation that
displays higher proliferation, cytokine production
and cytotoxicity [223]. A preferential expansion
of CD56™" NK cells after in vivo or in vitro

stimulation with IL-2 has been observed.
Stimulation with mblL-15, mblIL-21 or IL-12
and CD137L has also shown to preferentially
expand CD56”" [39, 219]. The effect of
activation in CD56™"™ NK cells and their
functional capabilities is still unclear as there is no
consensus regarding the expression of KIRs,
activating receptors and CD16. A predominance
of the CD56”""KIR'CD16™™ NK subset with
poor cytolytic activity was observed after in vivo
and in vitro NK stimulation [224]. However,
acquisition of KIR and CD16 expression has also
been associated to cytokine stimulated CD56""9"
NK cells [38, 225]. NCR, CD16 and NKG2D
upregulation on CD56""9™ NK cells was detected
after stimulation with mblL-21 [219]. These NK
cells also displayed superior cytokine production
and ADCC-dependent cytotoxicity [219]. Similarly,
NK stimulation with IL-12 and CD137L resulted
in a significant expansion of CD56°"™ NK cells
that display higher cytotoxic function and IFNy
production against K562 target cells [39].
Interestingly, Dowell et al. were able to promote
differentiation towards CD56°""™ CD16™ phenotype
after 1L-12 and CDI137L stimulation from
CD56%™CD16" peripheral blood sorted NK cells,
challenging the unidirectional differentiation of
CD56%™ NK cells from CD56""9" NK cells [39].

In summary, there seem to be major differences
regarding the NK phenotype and function of the
NK cells obtained from in vivo and ex vivo
expansion. These discrepancies can be the result
of using different stimulation strategies. However,
as Denman et al. have suggested, the NK
phenotype after activation may not correlate with
NK function in the same way that it does in resting
NK cells [219]. Nevertheless, characterization of
NK phenotype and especially NK function prior
to infusion of activated NK cells is necessary to
determine the potential NK anti-tumor responses.
Typically, to determine NK activation prior to
adoptive transfer a short-term lytic assay against
K562 targets is performed. This assay, although
possibly indicating NK function, might not
adequately represent the potential NK activity
post-transfer as NK cells can employ multiple
anti-tumor mediators (ie perforin, TRAIL, fas L,
interferon, TNF, etc). Additionally, multiple
parameters can suppress NK activity, such as
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MHC expression or immunosuppression by
tumor cells. Finally, toxicities that might arise
from adoptive NK transfer therapy on normal
hematopoietic cells or normal tissues need to be
carefully evaluated.

4.3. ADCC- combination of NK cells with
antibodies

NK-mediated ADCC can also be exploited to
improve antibody-dependent immunotherapies.
For example, ADCC is one of the most important
mechanisms of action for rituximab, a chimeric
mouse/human antibody that recognizes CD20
antigen expressed on mature B lymphocytes
[226]. NK-dependent ADCC is also part of the
effector mechanisms used by Herceptin, which
potentially could also benefit from therapies that
target NK activation. Therefore, improvement of
NK-dependent ADCC may further enhance anti-
tumor responses with these drugs. Combination
regimens such as rituximab with IL-2 with and
without short term activated NK cells resulted in
NK expansion and higher ADCC function [227].
The administration of IL-2 with rituximab
allowed for the rejection of rituximab-resistant
tumors in an ADCC-dependent manner
demonstrating the synergistic effect of using this
combinatorial therapy [213]. NK activation with
IL-15 was also shown to increase rituximab-
mediated ADCC against CLL in vitro [226].
Furthermore, this combination could override NK
inhibition mediated by TGF-B. Despite these
observations, however, no clinical benefits have
been reported [228].

Currently, bispecific antibodies are under
development to promote NK cell targeting of
tumor cells. Antibodies specific for CD16 to
induce NK activation in combination with CD19
for B-cell lymphoma, ERBB2 for breast cancer, or
CD30 for Hodgkin’s lymphoma have shown
promising results [81]. Recently, a bispecific NK
receptor fusion protein that targets both T cells
and tumor cells was shown to increase IFNy
production and cytotoxicity against NKG2DL-
positive tumor cells and increase tumor survival in
mouse models [229]. A single chain variable
fragment (scFv) of anti-CD3e was fused to the
extracellular domain of NKG2D receptor (scFv-
NKG2D antibody) creating a receptor able to bind
to NKG2DL-positive tumor cells and activate

T cells via CD3e cross-linking. A similar approach
could be employed to improve NK-mediated
cytotoxicity using anti-CD16 to activate NK cells.
The use of antibodies fused with NKG2D,
NKp46, NKp30 or NKp44 could be of particular
benefit in promotion of NK activation and NK-
mediated tumor recognition for cancer patients
whose NK cells have shown impaired function
due to downregulation of NKG2D or other NCRs.

CONCLUSIONS

While NK cell based immunotherapeutic
approaches may be of potential benefit in cancer,
it is clear that it is likely contingent on the type
of cancer being targeted with hematologic
malignancies being most promising. In addition,
there is still much to learn regarding the biology
of NK cells, their subsets as well as regulation and
subsequently how to exploit them in cancer.
Tumor evasion remains a significant hurdle that
must be overcome (Figure 1). Potential toxicities
that can arise by using cytokines that activate NK
cells are also an issue. Nevertheless the most
promising results have been obtained from the
combination of NK-based immunotherapies with
other cancer therapies and therefore the current
tendency is the use of combinatorial therapies that
attack cancer cells from multiple angles [139, 189,
230]. However, such an activating environment
could potentially result in high levels of
inflammatory cytokines resulting in autoimmunity
and/or toxicities, and therefore these types of
approaches should proceed cautiously.

Important questions remain regarding the use of
NK cells in cancer: What cancers should be
targeted? What NK cell subsets should be
employed? What is the optimal means of
activation that allows for sustained effects? How
can we get the NK cells to traffic where the tumor
is? How does the tumor evade NK cell attack? All
of these are important to address. In addition,
there is more and more evidence that NK cells
themselves can be immunosuppressive, in
particular to T cells and DCs and this may result
in mixed responses in cancer.

Strategies to further improve NK function can
also have an important impact on NK-based
immunotherapy outcomes. A clear example is
IL-2, which not only promotes Tregs resulting in
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B. Tumor-mediated NK Suppression
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2. Chronic NK exhaustion

1. Chronic proliferation
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apoptosis
. Release of sFasL
1. Decreased FasL
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a. Bcl-2
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a. Decreased NCR expression 3. Decreased Proliferation 7. NKexhaustion
b. Decreased NKG2D expression 4. Decreased NK numbers
c. Increased Inhibitory receptors 5. Impaired NK maturation

Figure 1. Mechanisms evolved by tumor cells to evade NK cells. A. Tumor cells can evade NK-mediated Killing
by: 1. Abrogation of NK recognition through downregulation of NK receptor ligands such as MICA/B or ULBPs,
ligands for NKG2D, or Nectin-2 and PVR (ligands for DNAM-1). 2. Induction of chronic NK exhaustion with low
NK cytotoxic functions due to sustained contact with tumor cells. 3. Resistance to NK-mediated apoptosis by the
release of soluble (s)FasL or reduction of surface expression of FasL or death ligands (DR5/DR4) to block Fas-
mediated or TRAIL-mediated NK killing. Resistance to apoptosis can occur by upregulating anti-apoptotic proteins
such as Bcl-2. B. Tumor cells can mediate direct NK suppression by: 1. Promotion of NK immunosuppresion due to
recruitment of tumor-associated regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSC), type 2
macrophages and type 2 neutrophils at the tumor site; and enhancement of IL-10, IL-18 and TGFf produced by

tumor cells or tumor-associated immunosuppressor cells. 2.

Reduction of NK cytotoxicity by the tumor release of

soluble NK activating receptor ligands such as sMICA/B which mediates NKG2D downregulation on NK cells. 3.

Induction of NK apoptosis by the expression of Fas or sFas.

4. Inhibition of NK maturation which alters NK subsets

and favors a more immature and less cytotoxic NK population. All together these mechanisms can lead to poor NK
cytotoxic functions due to downregulation of NCR and NKG2D activating receptors and upregulation of inhibitory
receptors, poor cytokine production, low proliferation and expansion, impaired NK maturation, and altered subset

distribution and/or NK exhaustion.

NK suppression, but also might promote a selective
expansion of the less cytotoxic CD56™"™ population
which might account for reduced tumor eradication.
Therefore the introduction of other cytokines
such as IL-15, IL-12, or IL-21, which do not
promote Tregs, could show benefits where IL-2
administration has failed. Another factor that

needs to be taken under consideration is the
impact of these cytokines in long term NK
activation because sustained NK activation by
IL-15 was demonstrated to induce NK exhaustion
in a similar way that chronic virus infections
promote immune exhaustion [143] thereby
limiting NK-dependent anti-tumor responses.
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NK adoptive transfer has demonstrated potential
promising benefits alone or in combination with
other cancer therapies such as chemotherapeutic
drugs or HSCT. A limitation for autologous NK
adoptive transfer could depend on the presence of
MHC class | on tumor cells that inhibit NK
function, but the development of strategies to
block inhibitory receptors could potentially
override this inhibition and allow autologous NK
cells to eliminate tumor cells that display self-
MHC and activating receptor ligands. Additionally,
the combination of autologous HSCT with
adoptive transfer of autologous unlicensed NK
cells could also be used to improve responses as
unlicensed NK cells have been shown to be
responsive early post-HSCT and play an
important role in the clearance of self-HLA
expressing tumor cells [68]. Regarding allogeneic
NK adoptive transfer, it would be important to
develop strategies to properly select, activate and
expand those donor NK cells that have shown the
highest alloreactivity against the patient’s tumor
yet not contribute to GvHD when used in
allogeneic HSCT.

Recently, several studies have suggested the
existence of NK cells displaying memory-like
properties. These NK cells are characterized by
longer survival and stronger secondary responses
upon rechallenge. Thus far, memory-like NK cells
have been identified after induction of hapten-
specific contact hypersensitivity [231, 232], virus
infection [14, 232] or cytokine stimulation [233].
The induction of memory NK cells in other
conditions, such as tumor elimination, is still
unknown. However, if an NK subset with memory
properties prevails after a first tumor encounter,
identifying those therapies that target and expand
this subset may aid in attacking the remaining
tumor cells and reduce tumor relapse. Clearly, NK
cells have come a long way from initially being
considered a rather simplistic cell of the innate
immune system.
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