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Preface

As a result of collective work, this book addresses in a clear and comprehensive way for readers
and through as many sensuous details as possible the most and various fundamental aspects of
natural killer (NK) cells, as well as their clinical applications in cancer immunotherapy. It consists
of nine chapters.

The introductory chapter provides a general overview on NK cells. It is mainly devoted for a
pedagogic and academic context.

Chapter 2 is mainly focused on the description of mechanisms of inhibition and activation of NK
cells, the mechanisms of immune evasion by tumors, and NK cell-based cancer immunotherapy.

Chapter 3 specifically explores the immunobiological and functional aspects of NK cells, especial-
ly in tumor immune surveillance.

Chapter 4 describes the substantial roles of NK cells in tumor immune surveillance and their ap-
plications for cancer immunotherapy.

The main purpose of Chapter 5 is to describe alterations in the expression of NK cell receptors,
particularly in cancer patients, which could be potential therapeutic targets.

Chapter 6 focuses more specifically on the therapeutic applications of NK cells. It first addresses
the fundamental aspects of such cells, in particular the various receptors, before treating their
therapeutic use.

In addition to the description of NK cell immunobiology and functions, as well as the induction of
memory-like NK cells and their education, Chapter 7 aims to review the present state of donor NK
cell therapy during allogeneic hematopoietic stem cell transplantation and its future direction.

Chapter 8 focuses on the impacts of carbon nanotubes on NK cell immune effector functions.

Chapter 9 provides a simple method for statistically evaluating the activity of NK cells in human
peripheral blood mononuclear cells.

My great desire is that this book will serve as an invaluable resource and pedagogical support
for clinicians, researchers, basic scientists, and immunology and immunopathology lecturers, as
well as for students in biology and medicine, especially the ones with an advanced understand-
ing of immunology.

I would like to take this opportunity to kindly thank all collaborators who contributed in this
book. I would also like to address a special word of thanks to Maja Bozicevic, Publishing Process
Manager, and all the team of InTechOpen Publishing House, for their trust, their patience, and
their help in making this book.

Prof. Mourad Aribi
Laboratory of Applied Molecular Biology and Immunology BIOMOLIM, W0414100
University of Tlemcen, Algeria






Chapter 1

Introductory Chapter: A Brief Overview on Natural
Killer Cells

Mourad Aribi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72328

1. Introduction

Natural killer (NK) cells represent about 5-15% of circulating lymphocytes [1] and belong to the
innate immune system, in particular due to their invariant antigen receptors. Morphologically,
as opposed to “small lymphocytes,” most of them are typically large azurophilic granules
containing lymphocytes (LGL) [2], characterized by high cytoplasmic:nuclear ratio. They have
initially been referred to as k or null lymphocytes (non-B and non-T cells), with the highest
cytotoxic capacity [3, 4], because they lack conventional T-cell membrane markers and the
surface membrane immunoglobulin (smlg) [5, 6]. NK cells mediate resistance against intra-
cellular pathogens, mainly viral-infected, bacteria-infected and protozoa-infected cells, and
have the potential to restrain cancer and metastasis. They are also able to contribute to the
activation and the regulation of the immune responses, as well as the orientation of adap-
tive immune responses [7, 8]. More recently, NK cells were recognized as a subtype of type 1
innate lymphoid cells (ILC1), which express the transcription factor T-box expressed in T cells
(T-bet), and defined by the production of the T helper cell type 1 (Thl)-associated cytokine
interferon gamma (IFN-y) and the inability to produce Th2 cell-associated and Th17 cell-asso-
ciated cytokines [9]. As a result of collective work, this book has therefore the ultimate purpose
to address the most fundamental aspects of NK cells, as well as their clinical applications for
cancer immunotherapy.

2. Lineage of NK cells

NK cells constitute a third lymphoid line derived from a common T-cell and B-cell bone marrow
precursor. Unlike T cells, NK cells do not have a specialized differentiating organ, are matured
inside of bone marrow, and can develop even in athymic mice. The acquisition of their functions

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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does not use recombination-activating gene (RAG) enzymes for rearrangement of their receptor
genes or complete V(D)J] recombination as is the case for T cells or B cells [10] and is considered
as the only lymphocytes without a clonally specific receptor [11]. Additionally, in contrast to
the conventional af3 T cells, the genesis of NK cells appears to be independent of the self-major
histocompatibility complex (MHC), although they have different recognition specificities of
allogeneic MHC molecules.

Mature NK cells are able to self-renew and possibly persist in the host for months or years.
Nevertheless, unlike long-lived CD8" and CD4" T cells that retain a “memory-like” phenotype
and function after homeostatic proliferation, expanded NK cells return to a quiescent phenotype
and respond with comparable kinetics against viral challenge [10].

3. Localization of NK cells

NK cells are present in the bloodstream and in the lymphatic vessels [12], as well as in pla-
centa, spleen, liver, lungs, tonsils, peripheral ganglia, and bone marrow where they act as
sentinels. Nevertheless, it appears that they have no access to other tissues apart from inflam-
matory responses. Of note, it has been reported that the homeostasis-driven NK cells can
reside in both lymphoid and nonlymphoid organs for a long time [13].

4, LGL surface markers

4.1. CD3- LGL markers

In human, the LGL population can be separated into CD3* and CD3" subtypes. The majority of
LGL TCR CD3 expresses CD16 (or FcyRIIIA, low-affinity receptor for the Fc portion of immu-
noglobulin G, 90%), CD56 (neural cell adhesion molecule [N-CAM], > 95%), and some markers
of T cells, such as CD7 (100%), CD11b (80-80%), CD2 (70-80%), CD4 (<5%), and CD8 (15-20%).

4.2, CD19-CD3- NK cell subsets

NK cells are CD3"CD19™ LGLs [14]. They thus lack two main markers of T cells (CD3") and
B cells (CD19"). In human peripheral blood, five NK cell subpopulations can be separated
depending on the relative presence and expression levels of CD16 and CD56 markers [15]:

1. CD56&" CD16™ (50-70% of CD56 ")

CD56bvish CD16%™ (30-50% of CD56°rs™)

CD56%m CD16™ (small proportion)

CD564m CD16" e (at least 90% of all peripheral blood NK cells)

N

CD56™ CD16" 8" (small proportion)
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NK cell subgroup
CD16"e"CD56%™* NK cells CD16%™-CD56"re" NK cells
Proportion 290% of PBNKCs <10% of PBNKCs
Cytotoxic/lytic granules ++ +
ADCC function +H +
LAK cell activity - +H
Natural cytotoxicity - +
Cytokine production + +H+
Immunoregulation + -
NK cell migration Migration to the sites of acute inflammation Migration to the SLOs

(arrive very early to the sites of inflammation)

ADCC, antibody-dependent cell-mediated cytotoxicity; LAK, lymphokine-activated killer; NK, natural killer; PBNKCs,
peripheral blood natural killer cells; SLO, secondary lymphoid organs.

Table 1. Key features of CD16"#MCD56%™/* and CD164™CD56s" NK cells.

The NK cells can also be separated into two subgroups according to the expression levels of
the CD16 and CD56 markers in healthy individuals (Table 1).

5. Immune roles of NK cells

After maturation, NK cells migrate to the blood to provide innate defense against tumor cells
and metastases, as well as infected cells by intracellular pathogens (such as viruses, bacteria,
and protozoan parasites). Additionally, NK cells are also involved in the acute rejection of
bone marrow transplants [16]. Finally, in addition to their ability to secrete various cytokines
and regulate the immune response, activated NK cells are also involved in tissue remodel-
ing through their ability to secrete matrix metalloproteinases (MMPs), in both physiological
and pathological abnormalities, within the tumor microenvironment, through the cleavage of
CD16 from the cell surface [17].

6. MHC I as molecular basis of target recognition by NK cells

The activation of NK cells does not require prior sensitization with an antigen. However, their
activities are inversely correlated with the density of MHC class I molecules (MHC I), which
are expressed on the surface of certain nucleated cell lines, with the exception of red blood
cells and certain tissues such as salivary glands, brain, cornea, anterior chamber of the eye,
liver, testis, fetotrophoblast, hair matrix, and proximal nail matrix [18].
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7. “Missing self” hypothesis

NK cells lack antigen-specific receptors, but their activation can be blocked by an inhibitory
signal generated by their recognition of MHC I alleles on host cells. However, the absence
of MHC molecules I triggers an activating signal [19]. Nevertheless, the recognition of MHC
I molecules would be one of the major causes of the tumor escape from NK cell immune
surveillance and activation. Therefore, among the current therapeutic strategies is the use of
monoclonal antibodies that target the NK cell inhibitory receptors.

8. NK cell-activating and inhibitory receptors

NK cells express two major types of receptors, inhibitory and activating receptors, that may
belong to one of the following receptor categories:

(i) Immunoglobulin superfamily (IgSF) - activating or inhibitory - receptors.
(if) C-type lectin family - activating or inhibitory - receptors.
(iii) Natural cytotoxicity - activating - receptors (NCRs).

NK cell receptors can be either MHC class I-dependent or MHC class I-independent receptors
(Table 2).

8.1. MHC class I-dependent receptors
8.1.1. Killer cell immunoglobulin-like receptors

Killer cell immunoglobulin-like receptors (KIRs) are a family of type I transmembrane glyco-
proteins belonging to the immunoglobulin superfamily (IgSF) receptors and grouped together
with other receptors of the same IgSF. KIR genes are found in a cluster on human chromosome
19q13.4 within the 1 Mb leukocyte receptor complex (LRC) [28].

KIR molecules are also expressed by some T-cell subtypes. The ligands for several KIRs are sub-
sets of MHC I molecules.

8.1.1.1. Dominant receptors on NK cells

NK cell functions are regulated by a balance between activating and inhibitory signals [29]. Their
receptors recognizing the same MHC I or other ligands are polymorphic and highly homologous
and can induce two opposite signals, but one of them dominates signal transduction. Usually, the
presence of MHC I molecules on a cell generates a dominant negative signal, but some ligands
induced by abnormal or virus-encoded cell damage can stimulate activating receptors and gen-
erate a dominant positive signal. Additionally, the absence of MHC I molecules is not sufficient
to induce a dominant activating signal, especially in normal cells. From the molecular point of
view, it is the length of the cytoplasmic domain that determines the function of NK cells. Thus,
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long-tailed receptors (L) are associated with an inhibitory function upon ligand binding via an
immune tyrosine-based inhibitory motif (ITIM), while short ones (S) lack the ITIM and instead
associate with the TYRO protein tyrosine kinase-binding protein to transduce activating signals.
In the rare situation where an NK cell co-expresses an inhibitory and an activating KIR (KAR)
with the same specificity, the inhibitory receptors block activation signals at an early step [30].

NK cell receptors Ligands
Inhibitory NK cell ~ MHC class IgSF KIR2DL (1) KIR2DL1/NKAT1 HLA-Cw2,
receptors I-dependent receptors (CD158a) HLA-Cw4,
receptors HLA-Cw5,
HLA-Cw6

(2) KIR2DL2/NKAT6 HLA-Cwl1,
(CD158b1) HLA-Cw3,
HLA-Cw?7,
HLA-Cw8

(3) KIR2DL3/NKAT2 HLA-Cw1,
(CD158b2) HLA-Cw3,
HLA-Cw?7,
HLA-Cw8

(4) KIR2DL5 (CD158f)  Unknown

KIR3DL (1) KIR3DL1/NKAT3 HLA-Bw4
(CD158e1)

(2) KIR3DL2 (CD158k)  HLA-A3/
HLA-A11

(3) KIR3DL3 (CD158z) Unknown

ILT 1) IL-T2 (CD85j) HLA-A, HLA-B,
HLA-C, CMV
UL-18

(2) IL-T5 (CD85a) Unknown

(3) IL-T8 (CD85c¢) Ligand still needs
to be identified

CTLRs CD%- CD15%a HLA-E loaded
NKG2A/B with HLA-A,
HLA-B, HLA-C,
or HLA-G leader
peptide

MHC class CTLRs KLRG1 E-cadherin
I-independent

receptors NKR-PIA  CDI161 LLT1

5
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NK cell receptors

Ligands

Activating NK cell
receptors/KARs

MHC class IgSF
I-dependent receptors
receptors

CTLRs

MHC class IgSF
I-independent  receptors
receptors

KIR2DL

KIR2DS

KIR3DS

CD9%4-
NKG2C

CD9%4-
NKG2E/H

NKG2D

NCR1

NCR2
NCR3

KIR2DL4/KIR103
(CD158d)

(1) KIR2DS1 (CD158h)

(2) KIR2DS2 (CD158;)

(3) KIR2DS3/NKAT7

(4) KIR2DS4 (CD158i)

(5) KIR2DS5 (CD158g)

KIR3DS1/NKB1 (CD158e2)

CD159¢

CD15%a

CD314

NKp46 (CD335)

NKp44 (CD336)
NKp30 (CD337)

HLA-G,
HLA-Bw4
HLA-Cw2,
HLA-Cw4,
HLA-Cw5,
HLA-Cw6
HLA-Cw1,
HLA-Cw3,
HLA-Cw?7,
HLA-Cw8

With no detectable
avidity for C1, C2,
or any other HLA
class I epitope
HLA-C (weak)
With no detectable
avidity for C1, C2,
or any other HLA
class I epitope

Ligand still needs
to be identified
(HLA-Bw4-180,
HLA-Bw4-T80,
allotype
HLA-B*2705?)
HLA-E loaded
with HLA-A,
HLA-B, HLA-C,
or HLA-G leader
peptide

HLA-E loaded
with HLA-A,
HLA-B, HLA-C,
or HLA-G leader
peptide

MICA, MICB,
ULBP1, ULBP2,
ULBP3, ULBP4

Viral HA and
NDHN

Viral HA

BAT3, B7-H6 on
human tumor cells

Adapted from Ref. [20] and completed from Refs. [21-26]. Costimulatory NK cell receptors are not presented here."An
unusual activating KIR with L cytoplasmic and hybrid D0-D2 structure domains, displaying very weak inhibitory
potential [27]. BAT3, B-associated transcript 3; B7-H6, B7 homolog 6; HLA, human leukocyte antigen; HLA-Bw4-180, HLA-
Bw4 molecules containing an isoleucine in position 80; ILTs, immunoglobulin-like transcripts; ILRs, immunoglobulin-
like receptors; HA, hemagglutinin; IgSF, immunoglobulin superfamily; KAR, killer cell-activating receptors; KIR, killer
cell immunoglobulin-like receptor; LLT1, lectin like transcript-1; CTLR, C-type lectin-like receptor; MICA/MICB, major
histocompatibility complex class I-related chain A/B; KLRGI, co-inhibitory receptor killer cell lectin like receptor G1;
NCR, natural cytotoxicity receptor; NK cell, natural killer cell; NDHN, Newcastle disease hemagglutinin-neuraminidase;
NKAT, natural killer-associated transcript; ULBP, UL-16-binding proteins.

Table 2. Inhibitory and activating human NK cell receptors.
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8.1.1.2. Classification of KIR molecules

KIR molecules are classified into two types according to the number of extracellular Ig-like
domains (D), 2D and 3D, and by whether they have a long (L) or short (S) cytoplasmic domain
(Figure 1) [31].

8.1.2. CD94-NKG2 C-type lectin receptor complex

C-type lectin receptors are characterized by calcium-dependent carbohydrate recognition
domain (CRD) and the presence of one or more C-type lectin-like (CTLD) domains. They play
a crucial role in enabling NK cells to discriminate between self and nonself [32, 33]. The CD9%4-
NKG?2 C-type lectin receptors have been found to be expressed predominantly on the surface
of a majority of NK cells and on subsets of CD8" T cells [34] and to be involved in NK cell-
mediated recognition of MHC I molecules [35]. They are encoded by the NK gene complex
(NKC) on human chromosome 12 (12p13.3-12p13.4). NKG2 receptors recognize the nonclas-
sical MHC class I HLA-E molecule and can provide either an activating signal through their
noncovalently association with the immunoreceptor tyrosine-based activation motif (ITAM)-
containing DNAX adaptor protein of 12 kDa (DAP12) or an inhibitory signal when they contain
an immunoreceptor tyrosine-based inhibitory motif (ITIM).

The cell surface molecule CD9%4 is a common invariant chain in five different disulfide-
linked heterodimeric transmembrane glycoprotein complexes, including CD94-NKG2A,
CD94-NKG2B, CD94-NKG2C, CD94-NKG2E, and CD94-NKG2H [36].

NKG2F is expressed in the cytosol and therefore does not form heterodimers with CD94. NKG2D
(apparently not belonging to the NKG2 family) is expressed on the cell surface of NK cells, y0
T cells, and subsets of CD4* and CD8" T cells as a homodimer. It lacks an ITIM sequence and is

; i -
) o)

) - = Focl
. | | . ) Ptk
DAP12 DAPIZ  ACTIVATING KIR

INHIBITORY KiRs ACTIVATING KiRs ey weak
inhibetory potential

Figure 1. Structure of inhibitory and activating KIRs. DAP12, DNAX adaptor protein of 12 kDa; FceRI-y, high-affinity
immunoglobulin epsilon receptor subunit gamma; ITAM, immunoreceptor tyrosine-based activation motif; ITIM,
immunoreceptor tyrosine-based inhibitory motif; KIR, killer cell immunoglobulin-like receptor. This Figure was
illustrated using image fragments from Servier Medical Art.
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not associated with CD94. Its signaling is achieved by association with two dimers of DAP10, a
transmembrane adaptor molecule containing a tyrosine-based signaling motif (YINM), carrying
phosphatidylinositol-3 kinase-binding sites in their cytoplasmic tails and recruiting growth fac-
tor receptor-bound protein 2 (Grb2) [37].

Both NKG2A and NKG2B are alternative spliced products from a single gene. They can dimer-
ize with CD94 to form inhibitory receptors through their cytoplasmic domains, which contain
two ITIMs. Conversely, CD94-NKG2C, CD94-NKG2E, and CD94-NKG2H dimers and homodi-
mer-forming NKG2D and the orphan receptor NKG2F activate NK cells [37-39].

8.2. MHC class I-independent receptors

There are at least three activating and two inhibitory MHC class I-independent receptors.

8.2.1. Natural cytotoxicity receptors

Natural cytotoxicity receptors (NCRs) are composed by a heterogeneous group of molecules
belonging to IgSF and include NKp46 (NCR1), NKp44 (NCR2), and NKp30 (NCR3) activating
receptors targeting most tumor cell lines. They are characterized by a type I transmembrane
domain containing a positively charged amino acid residue and a short cytoplasmic tail. All
these transmembrane type I receptors are expressed almost exclusively by NK cells. Binding
of one or more of these receptors with a specific ligand leads to the increased NK cell activa-
tion and cytotoxicity [40]. It has been reported that these receptors can initiate tumor targeting
by recognition of heparan sulfate on cancer cells [41].

8.2.2. C-type lectin receptors

C-type lectin receptors include mostly killer cell lectin-like receptor subfamily G member 1
(KLRG1) and KLRBI1 (also known as NK1.1, NKR-P1A, or CD161), which inhibit the cytotox-
icity of NK cells and therefore prevent tissue damage. NKR-P1A is encoded by the KLRB1
gene and recognizes lectin like transcript-1 (LLT1) as a functional ligand. Its signaling in NK
cells has previously been known to involve the activation of acid sphingomyelinase, which
represent the catabolic pathway for N-acyl-sphingosine generation as a second messenger
for the induction of apoptosis, proliferation, and differentiation [42]. KLRGI is expressed by
antigen-experienced (memory) CD4" and CD8* T cells and by a large proportion of NK cells
and naive phenotype CD4" and CD8" T cells in umbilical cord blood, as well as in a substantial
subset of Y0 T cells [43]. KLRG1 can bind three of the classical cadherins (E, N, and R), which
are ubiquitously expressed in vertebrates and mediate cell-cell adhesion by homotypic and
heterotypic interactions [44]. It has also been postulated to be a marker of senescence [45].

9. NK cells in alarming situations

Situations related to cellular stress resulting from the presence of intracellular infectious agents
and changes in self-elements (the presence of damaged-self [damage-associated molecular
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patterns (DAMPs)] or altered-self [tumor-associated molecular patterns (TAMPs)]) induce
an increase in the expression of ligands that can “exclusively” stimulate activating receptors
(major histocompatibility complex class I-related chain A [MICA], MICB, UL-16-binding pro-
teins [ULBP]1, ULBP2, ULBP3, ULBP4, viral hemagglutinin, Newcastle disease hemaggluti-
nin-neuraminidase, B7-H6, etc.) and consequently activate NK cell cytotoxicity.

10. NK cell-based immunotherapy in cancer

The main current therapeutic strategies, especially in allogeneic hematopoietic cell trans-
plantation (HCT), are based on the use of NK cells through their education to render them
alloreactive against tumor targets missing self-MHC ligand. In practice, autologous or haplo-
identical transplantation of NK cells requires obtaining of a very large number of pure and
cytotoxic cells. Additionally, a favorable mismatch of the human leukocyte antigen class I
(HLA I) molecules between donor and recipient tissues, or the absence of inhibitory KIR
ligands in the recipient’s HLA repertoire (KIR mismatch in the receptor-ligand model) allows
NK cells in the graft to reduce its rejection by the host and the attack of residual leukemia
cells, as well as the best prediction of the risk of relapse (Figure 2) [46, 47]. Finally, other
promising approaches aim to induce an increase in their cytotoxic activities in the treatment
of both hematopoietic and solid cancers by blocking inhibitory receptor signal transduction.

tolerance talerancs tolerance Killing
DONOR/RECIPIENT DONORRECIPIENT
KIR LIGAND MATCH _/ KIR LIGAND MISMATCH //.

Figure 2. Role of KIR ligand mismatch in killing leukemic targets. AR, activating receptor; AL, activating ligand; IR,
inhibitory receptor; KIR, killer cell immunoglobulin-like receptor. (Adapted from Ref. [26]. Images of cells are provided
from Servier Medical Art.).

11. Conclusions

The specific structural and functional features of NK cells describe them as major players in
innate antitumor immunosurveillance and in the fight against infection. Their availability at
the proximity of cellular stress signals allows them to effectively control both the process of
carcinogenesis and the development of infectious diseases. Nevertheless, their activities seem
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to be strongly immunomodulated by cell microenvironment factors. Therefore, one of the
best therapeutic strategies should create an ideal microenvironment for NK cell infiltration
within target tissues while decreasing functions of their inhibitory receptors and enhancing
their cytotoxic activities. Such a strategy should contribute not only to substantially increase
the efficacy of targeted immunotherapies but also to prevent relapse after transplantation.
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Abstract

NK cells play an important role in host immunity against cancer by exerting cytotoxicity
and secreting a wide variety of cytokines to inhibit tumour progression. Their effector
functions are regulated by the integration of opposing signals from activating and inhibi-
tory receptors, which determine NK cell activity against tumour targets. NK cell cytotox-
icity requires successful progression through discrete activation events that begin with
NK cell adhesion to a tumour target cell and culminate in the polarized release of cyto-
toxic granules into the immunological synapse. Tumour cells can evade NK cell attack
through numerous mechanisms such as shedding of activating ligands, upregulation of
inhibitory ligands, or stimulation of inhibitory regulatory T lymphocytes. A better under-
standing of specific NK cell responses to tumour targets can generate better NK cell-based
immunotherapeutic strategies for cancer. This chapter discusses NK cell immunosurveil-
lance of cancer, NK cell tumour recognition strategies, cancer immune evasion from NK
cells, and different approaches to NK cell modulation for cancer therapy.

Keywords: natural killer, cancer, cytokines, target recognition

1. Introduction: cancer immunosurveillance by NK cells

Natural killer (NK) cells were discovered more than four decades ago and were the focus of
some of the earliest trials of cancer immunotherapy. With our more sophisticated understand-
ing of their functional requirements, NK cells are once again attracting attention for their
potential in cancer therapy [1]. Initially thought to be an artefact in cytotoxicity assays, NK
cells are now known to play an important role in host immunity against tumourigenesis. The
theory of cancer immunosurveillance was proposed by Burnet and Thomas in 1957, postu-
lating that immune cells continuously monitor the body such that any threat to the immune
system is detected and eliminated [2]. In 1975, NK cells were discovered in mice as a subpopu-
lation of lymphocytes capable of killing tumour cells without prior sensitization [3-5]. This led
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to considerable enthusiasm over the possibility that they function as one of the main effector
cells of immunosurveillance. Several studies in the 1980s reported a higher cancer incidence
in individuals with genetic disorders such as Chediak-Higashi syndrome and X-linked lym-
phoproliferative syndrome, which lead to defective NK cell function [6, 7]. Subsequent mouse
studies showed increased tumour growth in mice with impaired NK cell activity or mice
treated with an NK cell-depleting agent [8, 9]. A long-term epidemiological study following
cancer patients reported that subjects with lower NK cell activity had a higher incidence of
several types of cancer [10]. Collectively, data from both mouse and human studies support
the theory of cancer immunosurveillance and the concept that NK cells play a critical role in
tumour control and eradication [11, 12]. The two main effector functions observed by NK cells
against tumour targets are target cell elimination and cytokine secretion [13]. Until recently,
these two effector functions were thought to follow similar mechanisms of activation, but now
it is recognized that cytokine secretion by NK cells is distinct from cytotoxicity [14].

1.1. Target cell elimination

NK cells kill tumour cells through granule exocytosis or death receptor ligation. Following
NK cell activation, NK cells release the contents of their granules for target cell elimination.
The membrane disrupting protein perforin, and a family of serine proteases termed gran-
zymes, are the critical effector molecules contained in their granules [15]. Perforin results in
the disruption of endosomal trafficking and binds in a calcium-dependent manner to phos-
pholipid components of the lipid bilayer to facilitate entry of granzymes into the target cell
cytosol [16]. Once granzymes enter the target cell, they induce apoptosis. In addition to gran-
ule exocytosis, NK cells can directly eliminate target cells through the engagement of cell sur-
face death receptors. NK cells express Fas ligand (FasL) and TNF-related apoptosis-inducing
ligand (TRAIL), which are both members of the TNF family and are shown to induce target
cell apoptosis once bound to their respective receptors on target cells [16].

1.2. Cytokine secretion

Resting NK cells secrete a plethora of cytokines that help eliminate target cells and amplify acti-
vation signals for a more efficient immune response. NK stimulation results in enhanced secre-
tion of cytokines, which in turn influence the activity of other immune cells. Pro-inflammatory
cytokines secreted by NK cells, which include interleukin (IL)-1, IL-6, IL-12, and the chemokine
CXCLS (also known as IL-8), can enhance the activation and proliferation of T cells, dendritic
cells (DCs) and macrophages [17]. By contrast, anti-inflammatory cytokines such as IL-4 and
IL-10 suppress T cell and macrophage function, but activate humoral responses. Chemokines,
which are chemotactic cytokines, play an important role in directing various immune cells to
target sites, such that more potent responses are achieved. Chemokines released by NK cells
include, in addition to CXCLS, the macrophage inflammatory protein (MIP)-1a and MIP-1(3;
chemokine (C-C motif) ligand 5 (CCL5), also known as “regulated on activation normal T cell
expressed and secreted” (RANTES); monocytes chemoattractant protein (MCP)-1; and eotaxin
[18, 19]. The signalling pathways and mechanisms required for cytokine secretion also appear
to be distinct from secretion of cytotoxic granules [14]. The localization and trafficking of IFN-y
and TNF-a were shown to take place in compartments and vesicles that do not overlap with
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perforin or other late endosome granule markers. Recycling endosomes (REs) are not needed
for release of perforin, but are required for cytokine secretion in NK cells. Although perforin
granules are released in a polarized fashion at lytic synapses, distinct carriers transport both
IFN-y and TNF-a to points all over the cell surface, including within the synapse, for non-
polarized release.

2. NK tumour recognition

Prior to the discovery of NK cell receptors, it was unclear how NK cells could identify tumour
targets for lysis. The ‘missing-self’ recognition model was initially proposed based on the
observation that NK cells kill targets with reduced or absent expression of major histocompat-
ibility complex class I (MHC I) molecules [20, 21]. This model explains why tumour or virally-
infected cells with deficient MHC class I expression are targeted by NK cells, whereas healthy
autologous cells remain protected. It also explains the hybrid resistance phenomenon, in which
F, hybrid mice reject parental bone marrow cells donated by either parent, despite the fact that
the transplant does not express foreign MHC molecules [22]. Early experiments supported the
‘missing-self’ model by demonstrating selective rejection of an MHC class I-deficient version
of the tumour cell line RMA in mouse models, in which the results were reversed after treating
mice with an NK-depleting agent [20]. The characterization of NK cell inhibitory receptors fur-
ther supported this recognition model by explaining the molecular mechanisms by which NK
cells sensed the downregulation of MHC class I expression [23-29]. NK cell-mediated killing
of MHC class I-deficient cells also provides a safeguard mechanism for MHC class I-restricted
elimination by cytotoxic T lymphocytes. However, the ‘missing-self’ hypothesis alone failed
to explain why NK cells spare autologous cells with absent MHC class I expression or kill
tumour cells with sufficient MHC class I expression [30, 31]. The discovery of a wide array of
activating NK cell receptors that detect stress-induced ligands on damaged or stressed cells
led to the proposition of the ‘induced-self’ model, by which NK cells kill targets with upregu-
lated expression of activating ligands. It is now understood that NK cell functions are tightly
regulated by the integration of opposing signals from activating and inhibitory receptors [32].
Together these models suggest that NK cells detect changes in self-ligands on the surface of
autologous cells. NK cells can also be activated through antibody-dependent cellular cytotoxic-
ity (ADCC) whereby the NK cells are triggered directly through ligation of CD16 to kill tumour
target cells to which the antibody has bound. The anti-CD20 antibody, Rituximab mediated
lysis of CD20+ve lymphoma cells through this mechanism. Figure 1 summarizes tumour rec-
ognition strategies by NK cells.

2.1. NK cell inhibitory receptors

Human NK cell inhibitory receptors fall into two groups: the killer immunoglobulin-like
receptors (KIRs), and the lectin-like receptor NKG2A, which forms a heterodimeric complex
with CD94. KIRs bind to human leukocyte antigen (HLA)-A, -B, or -C, whereas the NKG2/
CD9% complexes ligate HLA-E. Human KIRs contain either two (KIR2D) or three (KIR3D)
immunoglobulin (Ig)-like domains in their extracellular domain. KIR2D receptors recognize

17



18 Natural Killer Cells
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Figure 1. Tumour recognition strategies by NK cells. A) Balanced signals delivered by activating and inhibitory NK cells
receptors are recognized as healthy and spared from NK cell-mediated lysis. B) Tumour cells downregulate MHC class
I molecules, and are recognized by NK cells through “missing self’ for lysis. C) The upregulation of stress- or damage-
related ligands is recognized by activating NK cell receptors and can overcome inhibitory signals to result in tumour
lysis through the “induced-self’. D) Antigen-specific antibodies can bind CD16 on NK cells to result in ADCC. ADCC:
antibody-dependent cell-mediated cytotoxicity; MHC: major histocompatibility complex; NK: natural killer cell.

HLA-C alleles, whereas KIR3D receptors recognize HLA-A or HLA-B alleles. The common
pathway generated by ligation of inhibitory receptors is characterized by tyrosine phosphory-
lation of immune tyrosine-based inhibitory motifs (ITIM) that recruit tyrosine phosphatases
such as the Src homology 2 domain-containing phosphatase (SHP)-1 and SHP-2, which are
responsible for the inhibition of various NK cell effector functions [33].

2.2. NK cell education

NK cell education refers to the mechanisms through which inhibitory input by MHC class
I during development translates into functional responsiveness in mature NK cells [34].
Unlike the educational processes in T- or B-cell development, NK cell education remains
a topic of intense debate, with several models proposed to explain how NK cell respon-
siveness relates to inhibitory signalling. NK cells that lack ITIM-bearing inhibitory recep-
tors for self-MHC-I and NK cells from hosts that lack MHC-I ligands for ITIM-bearing
inhibitory receptors have a reduced responsiveness to activation signals, such as stimula-
tion by sensitive target cells or cross-linking of NK cell activating receptors [34-37]. These
results have led to the two main models in NK cell education. The first ‘disarming’ model
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proposes that in the absence of inhibition, continuous stimulation of NK cells leads to a
state of hyporesponsiveness [38]. The second model proposes that inhibitory receptors pro-
vide an ITIM-dependent signal to the NK cells that renders them responsive [39]. This
model is referred to as ‘arming’ or ‘licensing’, although the latter term is now understood
to include any process by which NK cells that receive signals through inhibitory receptors
for self-MHC-I gain responsiveness [40]. Studies reporting that NK cell responsiveness is
calibrated according to the strength of inhibitory signals received [36, 41, 42], have led to a
third ‘rheostat’ model that aimed to reconcile the two opposing models, and account for the
quantitative tuning of NK cell responsiveness [42-44]. The rheostat model postulates that
NK cell responsiveness is dynamically calibrated based on the strength of inhibitory signals
received. More recent data demonstrating that NK cell ‘tuning’ or ‘licensing’ may be set by
transient signals and can be reversible have led to an updated model known as the ‘revo-
cable license’ [45]. The revocable license model argues that NK cells can keep their license
as long as they are tightly regulated by inhibitory signals, but once this inhibitory input
is lost, their license is revoked. Many questions regarding the molecular basis of licens-
ing and the effect of subsequent activation signals on licensed vs. unlicensed cells remain
unanswered. In many cases, the original concept of ‘missing-self’ and the self-tolerance of
NK cells in an MHC-I-devoid environment cannot be explained without the involvement
of NK cell activating receptors.

2.3. NK cell activation receptors

NK cell activation receptors can be grouped into three categories: those that associate with
immunoreceptor tyrosine-based activation motif (ITAM)-containing subunits, the DAP10-
associated NK group 2 member D (NKG2D) receptor and a number of other receptors
including DNAX accessory molecule-1 (DNAM-1), CD2 and 2B4. Receptors that associate
with the ITAM-containing adapter proteins transmit signals through the recruitment of tyro-
sine kinases Syk or ZAP70, and include CD16, which mediates antibody-dependent cellu-
lar cytotoxicity, and the natural cytotoxicity receptors (NCRs) NKp30, NKp44, NKp46 and
NKp80, which are known to play an important role in NK-mediated cytotoxicity against
tumour cells [46]. NKp30 and NKp46 are constitutively expressed on all peripheral blood
NK cells, whereas NKp44 is expressed only on activated NK cells. NKp30 binds the nuclear
factor HLA-B-associated transcript (BAT)-3, NKp46 binds to influenza haemagglutinin and
the cellular ligand for NKp80 is the activation-induced C-type lectin (AICL) [47]. NKG2D
associates with the DAP10 adaptor protein and signals through a phosphoinositide 3-kinase
(PI3K)-binding motif. It binds several ligands associated with stress, infection or transforma-
tion including MHC I chain-related protein A and B (MICA/B) and the UL16-binding proteins
1-4 (UBLP1-4) [48].

2.4. NK cell activation

NK cells require the co-engagement of multiple activating receptors in order to exhibit natu-
ral cytotoxicity against tumour target cells [49]. Upon encounter with potential target cells, an
immunological synapse forms at the point of contact between the NK cell and the target cell,
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where NK cell receptors can interact with their respective ligands. Given sufficient activation
signals, NK cell cytoskeletal rearrangements are initiated, which result in the polarization
of NK cell lytic granules toward the immunological synapse, where they eventually fuse
and release their cytotoxic contents on to the target cell [50]. In contrast to CTLs, NK cells
have their cytotoxic granules preformed before target cell recognition, and so their release
is initially constrained until sufficient signalling is achieved. NK cells have also been shown
to establish cytoskeletal polarity more slowly than CTLs, and to have a unique sensitivity
to minor interference with cytoskeletal dynamics [51]. This stepwise progression in activa-
tion events with specific requirements for synergistic signalling may provide a mechanistic
explanation of how the spontaneous cytotoxic capacity of NK cells is regulated [52]. Figure 2
outlines NK cell activation events at the immunological synapse with a tumour target cell.

Contactand
adhesion

" Inhibitory
receptor £

Stable conjugate
formation

Granule
Polarization

Granule
Exocytosis

Figure 2. Activating immunological synapse between NK cell and tumour target. NK cell encounter with a tumour
cell target generates an immunological synapse at the point of contact. If the ligand combination on the tumour target
engages NK cell activating receptors sufficiently, cytoskeletal rearrangements take place resulting in granule polarization
and the eventual release of cytotoxic granules on to the target cell. NK: natural killer cell.
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3. Cancer immune evasion from NK cells

Although the development of any malignancy is under surveillance by immune cells, tumour
cells can still obtain means to escape from the immune system and proliferate. The recent
addition of immune evasion as an emerging ‘hallmark’ of cancer, sheds lights on growing
evidence in support of cancer evasion of immune cells [53]. Malignant cells acquire a set of
biological capabilities during their development, allowing them to overcome recognition
and elimination by the immune system. These capabilities are acquired with the assistance
of inflammatory cells and soluble factors in the tumour microenvironment, which play an
active role in the tumour development process. Kiessling et al. proposed that cancer evasion
from NK cells involves an early stage of tumour formation and growth, which is associated
with antigen-specific tolerance, and a later stage, which induces a state of immunodeficiency
[54]. Cancer immunoediting, as proposed by Dunn et al. argues that less immunogenic vari-
ants are positively selected during tumour formation as they have a better chance of sur-
vival in a normal immunological environment [55]. This led to the formulation of the three
Es of cancer immunoediting; elimination, equilibrium and escape [56]. The elimination phase
involves tumour eradication by immune cells. Any tumour cells that survive the elimination
phase enter the equilibrium phase. During this phase, immune cells and tumour cells are in a
dynamic equilibrium, with selective pressure exerted on tumour cells, such that only the less
immunogenic variants survive. In the escape phase, tumour cell variants which are positively
selected in the equilibrium phase continue to grow.

Tumours can evade NK cell attack directly by insufficient expression of ligands for NK
cell activation receptors, such that the activation threshold for NK cell granule exocytosis
is not met. Once successful evasion from NK cell attack is achieved, the tumour cells cre-
ate the microenvironment necessary for continued growth. There are several strategies for
direct evasion from NK cells by tumour targets. For example, tumours have been shown
to reduce expression or shed ligands for important NK cell receptors. The NKG2D ligands
UBLP2, MICA and MICB are commonly shed by tumour cells to evade NK cell attack through
NKG2D recognition. Alternatively, tumour cells can increase MHC class I, soluble MIC and
FasL expression in order to increase NK cell inhibitory signalling [30, 57, 58]. The secretion
of soluble factors such as IL-10, TGF- and indoleamine 2, 3-dioxygense (IDO) by tumour
targets suppresses the adaptive immune response to exhibit significantly less anti-tumour
capacity [59-63].

Tumour cells employ numerous cell types from the immune system for indirect NK cell eva-
sion mechanisms. Tumour cells have been reported to recruit, myeloid-derived suppressor
cells (MDSCs), regulatory T cells, which release immunosuppressive Th2 cytokines and
phagocytes, which release reactive oxygen species (ROS) to inhibit NK cell function [64].
Macrophages found in the tumour microenvironment can be classified as M1 or M2. The M1
subtype is associated with tumour control, through pro-inflammatory cytokine and ROS secre-
tion, whereas the M2 subtype promotes tumour growth and invasion through the production
of anti-inflammatory cytokines, upregulation of scavenging receptors and tissue remodelling
[65]. Excess ROS in the tumour microenvironment can lead to tumour cell lysis. The Warburg
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effect, by which tumour cells rely mostly on glycolysis for energy production, enables cancer
cells to resist ROS-related death and gain survival advantage for metastasis [66].

Tumour cells can also impair dendritic cell (DC) function to prevent NK cell priming, by
changing their expressions of IL-6, IL-10, vascular epithelial growth factor or GM-CSF. Finally,
tumour cells have also been shown to lower NK cell count by decreasing the numbers of lym-
phoid progenitor cells [67]. Figure 3 describes different tumour immune evasion strategies
from NK cells.

4. NK cell modulation for cancer therapy

The ability of NK cells to kill tumour cells has made them very attractive in immunotherapy.
NK cell impairments associated with tumour development and progression have been fre-
quently reported in cancer patients, including weakened effector functions and an altered
phenotype with downregulation of activating NK cell receptors [68]. Different strategies
have been employed to repair, replace or enhance the biological functions of autologous or

Lowering NK cell counts

Release of
c:. phagocyte-derived
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E ! " iDC , Killing of immature DCs
[ _ to prevent NK cell priming
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D[
& .
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Figure 3. Tumour Evasion from NK cells. Tumour cells use direct and indirect mechanisms to evade NK cell attack. Direct
mechanisms include A) upregulation of MHC class I expression B) shedding of soluble ligands for NK cell activation
receptors and C) release of inhibitory cytokines. Indirect mechanisms include D) activation of inhibitory regulatory
T cells E) killing of immature dendritic cells to prevent NK cell priming F) release of phagocyte-derived inhibitory
cytokines and G) reducing the number of NK progenitor cells to lower NK cell counts. NK: natural killer cell; DC:
dendritic cell, IL-10: interleukin 10; IDO: indoleamine 2,3-dioxygenase; MHC: major histocompatibility complex; ROS:
reactive oxygen species; Th2: T helper cell type 2.
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allogeneic NK cells in vivo and ex vivo. In a clinical setting, the key factors to be considered are
the number, purity, proliferative capacity and activation state of NK cells. The most limiting of
these factors is obtaining a sufficient number of NK cells, hence the extensive development of
ex vivo expansion methods for NK cell adoptive immunotherapy applications. The impressive
clinical responses seen following administration of chimeric antigen receptor T cells (CAR-T)
has led to trials of CAR-NK cells at centres in the US and Europe. Reports of pre-clinical data
are encouraging and suggest that the more constrained proliferation of CAR-NK cells in vivo
and the lower release of inflammatory cytokines may provide improve the safety profile.

The delivery of IL-2, IL-12 and IL-15 genes to the human NK cell line NK-92 has also been
shown to enhance proliferative and cytotoxic capabilities. These cytokines are known to play
important roles in the enhancement of survival and activation of many immune cells including
T cells, B cells and NK cells. Strategies to enhance endogenous NK cell function in vivo through
cytokines were pioneered by Rosenberg et al. who demonstrated great initial potential for IL-2
administration in advanced cancer patients [69]. In vitro stimulation of NK cells by activating
cytokines such as IL-2 is known as the lymphokine-activated killer (LAK) phenomenon [70].
In early experiments, NK cells were activated ex vivo and adoptively transferred to patients
with advanced metastatic renal cancer and melanoma along with IL-2 infusions. However,
overall data from clinical trials since then have failed to provide a convincing proof of efficacy
[68]. The clinical efficacy of LAK therapy was limited by the toxicity of IL-2 and the potential
expansion of T regulatory cells. Mouse NK cells stimulated in vitro with a combination of IL-12,
IL-15 and IL-18 were recently shown to have enhanced effector functions and longer survival
after adoptive cell transfer [71]. Target cell stimulation of NK cells is an alternative to in vitro
cytokine stimulation. Recent studies reported a tumour-priming approach, in which human
NK cells are activated by co-incubation with an NK-resistant leukaemia cell line in the absence
of IL-2 [72]. The clinical potential of these tumour-primed NK cells has been explored in acute
myeloid leukaemia and multiple myeloma with promising results in autologous and alloge-
neic settings [73].

The last three decades unravelled different molecular mechanisms governing NK cell-medi-
ated anti-tumour functions. This led to the development of a variety of strategies for NK
cell-based immunotherapy of cancer. However, many challenges still remain as we better our
molecular and functional characterization of NK cells and their receptors, and decipher the
different signalling pathways involved in NK cell recognition of targets. NK cell responses
can differ according to the type, combination and intensity of signals. Thus, a better under-
standing of tumour-specific responses at the bench, will lead to novel therapeutic strategies
with better efficacy in the clinic.
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Abstract

Natural killer (NK) cells are called natural killers because they do not need to recog-
nize a specific antigen before releasing their toxins and destroying virally infected or
cancer cells. Their killing ability is mainly attributed to a large number of cytolytic
granules containing proteins known as perforins and granzymes. NK cells also play a
part in the adaptive immune responses through mediating antibody-dependent cell-
mediated cytotoxicity (ADCC). Furthermore, NK cells play a role in the regulation
and activation of other cells of the immune system. This occurs through the release of
cytokines and chemokines such as interferon-gamma (IFN-y), tumor necrosis factor-
alpha (TNF-a), and transforming growth factor-beta (TGF-f3). This chapter reviews
the functional highlights of NK cells through their different mechanism, in addition
to discussing the potential involvement of natural killer cells in future application of
immunotherapies for cancer.

Keywords: natural killer cells, inhibitory receptors, activating receptors, cancer, immunotherapy,
epigenetics, microRNAs

1. Introduction

1.1. Natural killer cells (NK cells)

Natural killer (NK) cells are branded to be the native defenders of the innate immune system.
NK cells are large granular cytolytic lymphocytes. They originate from hematopoietic stem
cells (HSC) and undergo maturation primarily in the bone marrow (BM) [1, 2]. They consti-
tute 2-18% of all circulating lymphocytes; they are also found in peripheral tissues like the
liver, peritoneal cavity, and placenta [3, 4]. “Natural cytotoxicity” delineates an effectively
contributing phenomenon of NK cells as the first resident invaders against viral infections
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and more in general against pathogens without prior sensitization [5-12]. NK cells are also
involved in immune-surveillance against malignancies and prevent dissemination of meta-
static tumors [13, 14]. These effector functions are mediated through cellular cytotoxicity, in
addition to secretion of several chemokines and cytokines [14]. NK cells cross-talking among
immune cells, as well, play a mandatory control in mediating the anti-tumor adaptive immu-
nity of T- and B cells that contrastingly require initial priming for the expression of their
activity [15, 16]. The sophisticated players of the innate immunity, NK cells exhibit distinct
morphologic phenotypic and functional properties from T- and B cells [17].

1.2. Human natural killer cell morphology and subsets

Phenotypically, human NK cells are characterized by the expression of CD56 and lack of the
surface marker of T cell CD3. In addition, co-expression of CD16 (FcyRIIIA, the low affin-
ity receptor for IgG) on a majority of peripheral NK cells renders them strong mediators of
antibody-dependent cellular cytotoxicity (ADCC) against IgG-coated cells [18].

Nevertheless, the non-homogenous cell compartments of NK cells divide them distinctly
into two subpopulations based upon CD56 cell surface density. Accordingly, various mod-
els have been proposed regarding the phylogeny and ontogeny of these human NK cell
subsets. Initially, CD56*" or CD56%™ could differentiate from a common NK cell pre-
cursor, each act as separate entity. Depending on the microenvironment, inter-switching
between these two subsets ranks a second possibility. Third, CD56"" may be precursors
of CD56%™ (or vice versa) [19, 20]. Poor understanding of their origin and the possible
relationship between the subsets remains a controversy. However, each subset has distin-
guished functions [21, 22].

In peripheral blood, low-density expression of CD56 (CD56%™) and high expression of CD16
(CD16" ") makes up the majority (90%) of human NK cells, whereas CD56" comprise the
remaining 10% [22]. CD56™" NK cells termed as such as they express 5- to 10-fold higher
level of CD56 and present either no, or at most, dim expression of CD16 [102]. By contrast,
CD56™#" NK cells predominate in lymph nodes and inflamed tissues [23]. Functionally,
CD564™ cells represent “classical NK cells” with strong cytotoxic capacity involved with natu-
ral and AB-mediated cell cytotoxicity [20, 24, 25]. In contrast, CD56*8" NK cells are charac-
terized by enhanced cytokine production and having immune-regulatory function but poor
killing properties as shown in Figure 1 [26].

Phenotypically, CD56%™ and CD56" exhibit differential receptor profile; for example
CD56%m NK cell exhibit much higher levels of KIR, whereas resting CD56"s" NK cells have
high expression of CD94/NKG2A. Functionally, CD56%™ NK cells are essentially cytotoxic
cells that produce low levels of cytokines in response to monokine stimulation. However, they
are potent mediators of cytotoxic functions due to high levels of CD16 surface expression. On
the other hand, CD568" NK cells are known as immunoregulatory cells that produce high
levels of cytokines such as interferon-gamma (IFN-v), interleukin-10 (IL-10), and TGF-f upon
activation. It has low expression of CD16, thus performing reduced cytotoxic functions.
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Figure 1. Human NK cell subsets differ both phenotypically and functionally.
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2. Repertoire of receptors orchestrating natural killer cell signals

NK cells have a unique feature of discerning the infected or malignant cells from normal
“self” cells via a complex balance between activating and inhibitory receptor-ligand interac-
tions [27]. In addition, resting inactivated NK cell surface constitutively expresses a wide
range of receptors that upon their activation by different ligands, initiation of several down-
stream signaling pathways take place, and finally resulting in boosting the NK cytotoxicity
and cytokines production [28].

2.1. Activating receptors and their ligands

Upon instances of viral infection and malignant transformation, cellular stress often upregu-
late ligands for activating receptors and downregulate the self-marker major histocompatibil-
ity complex 1 (MHC class I) [29-31]. The interplay and cooperation of NK activating receptors
creates a critical threshold of signaling that exceeds the counter balancing influence of the
inhibitory receptors, in order for NK cells to mount a productive response [32]. Activating
receptors embrace adaptor molecules such as DAP12 bearing immunoreceptor tyrosine-
based activating motifs (ITAMs), while other receptors, such as NKG2D (natural killer group
2D), bind to non-ITAM-bearing proteins, providing NK cells with a strong stimulus [29-31].
Thoroughly, several activating receptors including NKG2D, the natural cytotoxicity receptors
(NCRs), the nectin and nectin-like receptors, and NKp80 have now been characterized on NK
cells [33-37]. These NCRs encompass NKp46, NKp44, and NKp30 collectively were found to
play a central role in tumor cell recognition and killing [38]. Interaction of these receptors with
their analogous ligands include the human leukocyte antigen-B-associated transcript 3 (BAT-
3) and B7H6 for NKp30, a novel isoform of the mixed-lineage leukemia-5 protein (MLL5) for
NKp44 and Nectin-2 (CD112) for DNAM-1, and MICA/B and ULBPs for NKG2D [39, 40] all
depicted in Figure 2.

NKG2D is perhaps one of the best characterized among the activating NK cell receptors. It is
a potent stimulatory, C-type lectin-like immunoreceptor that is expressed on NK cells, NKT
cells, yo+ T cells, and CD8+ T cells. It recognizes at least six ligands having MHC class I
homology. MICA, MICB, and ULBP4 are transmembrane proteins [37, 41], while ULBP1, 2,
and 3 are glycophosphatidylinositol (GPI)-anchored proteins [39]. Importantly, these NKG2D
ligands are not expressed on normal tissues, but rather are induced during times of genotoxic
or cellular stress as is seen with viral and malignant transformation [42]. Dissimilar to the
other activating receptors, NKG2D does not utilize ITAM as a signaling peptide. However,
upon receptor-ligand interaction, NKG2D phosphorylates an adaptor protein DAP-10 that
recruits and activates phosphatidylinositol3 (PI-3) kinase, which in turn results in perforin-
dependent cytotoxicity [43, 44]. Tumors exploit their common vulnerability and disarm NK
cells and cytolytic T cell effector systems by targeting NKG2D. This draws an attention on the
epithelial cancers that shed MICA/B ligands into the serum; these soluble ligands downmod-
ulate NKG2D expression on these effector cells with consequent reduction in their cytolytic
effectiveness [45-48].
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CDY94/NKG2A

Figure 2. The dynamic equilibrium regulating natural killer cell activation.

2.2. Inhibitory receptors and their ligands

Self-immune-surveillance of NK cells activity is inhibited through the recognition of the MHC
class I, which is expressed by all healthy cells; by NK cell inhibitory receptors under normal
physiological conditions [49, 50]. These receptors comprise the inhibitory killer immunoglobu-
lin-like receptors (KIRs), monomeric type 1 glycoproteins of the immunoglobulin super family
that bind to classical MHC class Ia ligands (HLA-A, B, and C), and the inhibitory CD94-NKG2A
heterodimeric, C-type lectin-like receptor that bind the non-classical MHC class Ib (HLA-E)
as shown in Figure 2 [29, 51, 52]. Recognition of HLA-E by NKG2A/CD94 receptors enables
NK cells to monitor the expression of other HLA class I proteins on cells. CD94 dominates
the interaction with HLA-E, whereas NKG2A is more peripheral to the interface [53]. Since,
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HLA-E expression on the cell surface bound to peptides, depends on classical and non-classical
MHC-I proteins production; from which these peptides are derived [53-55]. This double-check
mechanism ensures that cells are producing MHC-I molecules in a normal manner [56].

Even in the absence of KIRs-MHC class Ia mediated self-tolerance, other inhibitory receptor-
ligand systems help the NK cells to determine whether tolerance of the host tissue is appropri-
ate. Backing up the other inhibitory NK receptors, is the C-type lectin-like receptor NKR-P1A
(CD161) that interacts with a host encoded non-MHC ligand “lectin-like transcript-1 (LLT-1)"
illustrated in Figure 2 [57, 58]. Interestingly, engagement of NK inhibitory receptors including
NKG2A with their ligands activates the same signaling mechanisms. Upon phosphorylation
of the inhibitory receptors’ cytoplasmic immunoreceptor tyrosine-based inhibition motifs
(ITIMs), the downstream targets: Src homology 2 domain-containing phosphatases (SHP-1
and SHP-2) are recruited directly to antagonize the signaling pathways of the activating
receptors [59-63]. In an elaboration, these tyrosine phosphatases suppress NK cell responses
by dephosphorylating the protein substrates of the tyrosine kinases “ITAMs” linked to the
activating receptors. Consequently, they terminate Ca*" influx, degranulation, cytokine pro-
duction, and proliferation of NK cells. Notably, these events are transient, spatially localized,
and do not interfere with the ability of the same NK cells to get activated upon encounter with
subsequent viral or tumor target cells [32].

NK cells rely on a vast combinatorial array of receptors, rather than possessing one dominant
receptor to initiate its effector functions. Upon instances of viral infection and malignant trans-
formation, cellular stress often upregulate ligands for activating receptors and downregulate
MHC class I expression. These receptors comprise the inhibitory killer immunoglobulin-like
receptors (KIRs) that bind classical HLA-A, B, and C, and the inhibitory CD94-NKG2A that
bind the non-classical MHC class Ib (HLA-E). Backup inhibitory receptors like NKR-P1A
(CD161) that interacts with a non-MHC ligand “lectin-like transcript-1 (LLT-1).” Balancing
off, the activating receptors comprise, NCRs (NKp30, NKp44, and NKp46) that interact with
their ligands including the human leukocyte antigen-B-associated transcript 3 (BAT-3) and
B7H6 for NKp30 and the mixed-lineage leukemia-5 protein (MLL5) for NKp44, and also, nec-
tin-2 for DNAM-1, and MICA/B and ULBPs for NKG2D activating receptors [56-58].

3. Dictation of natural killer cell function

NK cells effector functions is a matter of convoluted balance between activating and inhibi-
tory receptors previously explained. The unique feature of those cells to recognize their tar-
gets without prior activation has perplexed researchers along the way since early 1990s. NK
cells checks for the presence of MHC class I expression that are only present on normal “self”
cells just like checking for an ID, and to consider everything lacking this “self” as foreign,
which is the case in transformed or virally infected cells; this was first explained by Karre
and colleagues postulating the “missing self” hypothesis [64]. Recognition of the MHC class
I molecules is achieved via the inhibitory receptors of NK cells that include members of the
killer cell Ig-like receptors (i.e., KIR) [65], in addition to a CD94/NKG2A heterodimer [66].
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Upon activation of such inhibitory receptors recruitment of the protein tyrosine phospha-
tases SHP-1 or SHP-2 was reported which bring about the inhibition of the NK cell activity
[67]. Presence of the MHC class I molecules on a given target cell normally will “turn off”
the activity of NK cells. However, absence of these molecules was not enough to “turn on”
their activity. Instead an activation signal is required, that is mediated by several activating
receptors such as natural cytotoxicity receptors (NCRs) that include NKp30, NKp46, and
NKp44 as well as the activating receptor NKG2D [68]. Nevertheless, it was reported that NK
cell activation mediated by these receptors was tightly controlled by inhibitory receptors as
well. Consequently, state of NK cell activation is reached by a balance between the turn on/
turn off signals.

In normal cells, both activating and inhibitory receptors are cross-linked to their ligands but
the inhibitory signals received will be able to counteract the activating signals protecting the
normal cell from the NK cell cytotoxic effect. On the other hand, this balance was reported
to be disrupted in transformed cells, due to a downregulation of the inhibitory ligands and/
or an upregulation of the stress-induced activating ligands, yielding them susceptible to NK
cell-mediated killing [69].

4. Natural killer cell signaling pathways

The integration of signal transduction pathways is modulated in vivo by several soluble
immune cytokines, including IL-2, IL-12, IL-15, and IFN-a/f [4, 13, 70] as well as cell-to-cell
interactions involving different cell types primarily dendritic cells (DC) [13, 71], macrophages,
and mesenchymal stromal cells [72, 73] determine NK cell effector responses [74, 75].

For instance, interleukin-2 (IL-2) binds to its corresponding receptor; IL-2 receptor (IL-2R) is
composed of three subunits: IL-2Ra (CD25), IL-2RB (CD122), and the common 7y chain (yc,
CD132). Subsequently, activating downstream intracellular signaling pathways JAK-STAT
pathway, MAPK-ERK pathway, and PI3K-AKT-mTOR pathway promote NK cell prolifera-
tion, cytotoxicity, and survival [28, 76, 77]. Intricately, IL-15R is a heterotrimeric receptor con-
sisting of a unique a chain, a shared 3 subunit with IL-2, and a common y subunit with several
cytokines [78]. Engagement of IL-15R on NK cells causes auto-phosphorylation and activation
of Janus kinases (JAK1 and JAK3), which induces at least three parallel signaling cascades:
Ras-Raf-MEK, PI3K-AKT-mTOR, and STAT5 pathways [28, 78]. In addition, it was recently
demonstrated that the PIBK-AKT-mTOR pathway is critically activated by the most potent
interleukin-15 (IL-15) enabling NK cell homeostasis, maturation, and activation. Furthermore,
this pathway is also implicated in a broad range of IL-15-induced NK cell effector functions
such as proliferation, cytokine production, and cytotoxicity [79]. Co-activation of NK cells by
IL-12 and IL-18 or IL-15, results in the production of IFN-y and deactivation of the TGF-{3; the
immunosuppressive signaling cascade [80]. IL-21 binds to yc receptor shared with IL-2 and
IL-15 and the IL-21R{ receptor which is similar to IL-2Rf, and then activates a series of intra-
cellular signaling pathways. Thus, it stimulates cell proliferation, survival, secretion of IFN-v,
and cytotoxicity of NK cells [81, 82].
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4.1. Functions of natural killer cells

In the immune system, the NK cells are of crucial importance due to its important functions
that can be classified into three categories: (A) cytotoxicity, (B) cytokine and chemokine release,
and (C) co-stimulation of other immune cells.

4.2. Cytotoxicity

Through their cytotoxic activity, NK cells are capable of killing viral infected and malignant cells
[83]. Different cytotoxic pathways in NK cell have been characterized. First, the Prf- and Gzm-
mediated cytotoxic pathway is the most common killing pathway of NK cell. In such pathway,
the well-known effector molecules (perforin-1 and granzyme B) are exocytosed from their cyto-
plasmic granules in NK cells to the vicinity of the target cells (immunological synapse) [70]. Prfl,
which is a pore performing protein, polymerizes forming pores in the phospholipid bilayer of
the target cell facilitating the delivery of granzymes into the cytosol of the target cell; whereas,
the serine protease GzmB cleaves several procaspases and other intracellular substrates to initi-
ate the classical apoptotic pathways [84]. Second, the killing process may also be mediated in a
perforin-independent manner through the CD95 (Fas)-CD178 (Fas ligand) pathway. Upon bind-
ing of the NK cell to the Fas expressing stressed target cells, death inducing signaling complex is
formed and subsequent activation of caspases promoting the apoptotic process of the target cell
[85]. Third, the antibody-dependent cellular cytotoxicity (ADCC) which is used by leukocytes
that express CD16 (Fc receptors), including NK cells to kill antibody-coated target cells [86].

4.3. Cytokine and chemokine release

It is thought that NK cells participate in a complex interaction network with other lympho-
cytes, dendritic cells, and macrophages to effectively control infection and malignancy. NK
cells mediate their modulatory function on the immune cells through the production of cyto-
kines and chemokines following either cytokine- or activating-receptor stimulation on the NK
cell surface. The prototype effector cytokine produced by NK cells is IFN-y, which has pleo-
tropic effector actions on other immune cells, antigen-presenting cells, and virally infected
or malignant target cells [7]. In viral models of infection, IFN-y production by NK cells has
been shown to be a key event in successful resolution of infection [87]. In liver, the IFN-y
contributes to the anti-viral [88], anti-fibrotic [89], anti-regenerative [90], and anti-tumor
[91] activities of resident NK cells there. NK cells release several other cytokines including
interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating factor (GM-CSF), tis-
sue necrosis factor-at (TNF-at) and transforming growth factor-$ (TGF-f3) and chemokines
(MIP-1a, MIP-1p, and RANTES), which depends on the NK cell stimulation type and the time
course after activation [92].

4.4. Co-stimulation

NK cells can also interact with other immune cells through contact-dependent cell co-stimu-
lation, this takes place upon the expression of several co-stimulatory ligands on the NK cell



Natural Killer Cells in the Near Future of Immuno-Oncological Therapeutic Approaches
http://dx.doi.org/10.5772/intechopen.70567

including CD40L (CD154) and OX40L, thus allowing NK cells to provide a co-stimulatory
signal to T cells or B cells [93, 94]. So from that, NK cells serve as a bridge in an interactive
loop between innate and adaptive immunity. Dendritic cells (DC) stimulate NK cells, which
then deliver a co-stimulatory signal to T- or B cells allowing for an optimal immune response.
In addition to signals received from soluble mediators, activation of NK cells are also done
through cell contact by their receptors that recognize ligands on other cells [95].

5. Trafficking of natural killer cells to the microenvironment of solid
tumors

Solid tumors hinder the infiltration and activation of NK cells at the tumor microenviron-
ment (TME) leading to a challenge to NK cell efficacy [96]. The tumor suppresses cytotoxic
responses by secreting IL-10, vascular endothelial growth factor (VEGF), prostaglandin E2
(PGE2), TGFp indoleamine 2,3-dioxygenase (IDO), proteinase inhibitor-9 (PI-9), and arginase
[97-99]. In addition to downregulating class I MHC, those cytokines gives rise to immature
phenotype of dendritic cells [100].

In addition, the differentiation of myeloid derived suppressor cells (MDSCs) is controlled
by some cytokines, such as TGF-f3 and PGE2. The MDSCs are then generated as highly het-
erogeneous population consisting of dendritic cells, granulocytes, and macrophages arrested
at various differentiation stages [101]. The hypoxic tumor microenvironment results in the
upregulation of arginase activity and inducible nitric oxide synthase (iNOS) by MDSCs that
in turn inhibits T cells through NO signaling [102]. Moreover, this depletes arginine intracel-
lularly and reactive oxygen species (ROS) production leading to shedding of NKG2D ligands,
thus resulting in diminished immune-surveillance [102].

6. Epigenetics in natural killer cells

NK cells may show adaptive characters similar to B- and T-lymphocytes expressed in improved
longevity and memory responses [103-105].

NK cells function mainly by producing interferon (IFN)-y to eliminate pathogens, and release
perforin to kill activated target immune cells [74, 106].

Epigenetics is a set of genome modifications that impacts the expression of a gene without
changing the nucleotide sequence. Those modifications include methylation, acetylation, or
phosphorylation of the histone proteins [107].

6.1. Epigenetic regulation of mature natural killer cell function

The activation of NK cell has been studied for several decades; however, the mechanism of
generation and maintenance of functional NK cells is only partially understood.
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NK cell cytotoxicity is mediated by the effector molecule, perforin, which creates pores in the
phospholipid bilayer of host target cells leading to facilitation of granzymes entry resulting
in induction of apoptosis.

The expression of perforin in NK cells is only induced by the direct binding of myeloid Elf1-like
factor (MEF), a transcription factor that belongs to Ets family, to perforin 1 promoter at two
sites. However, in cytotoxic T lymphocytes perforin 1 is regulated differentially at the tran-
scriptional level [108]. Perforin 1 regulatory region has two enhancers that are responsive to
IL-2R-activated signal transduction and bind to Stat5 [108]. IL2Rb or Stat5b knockout NK cells
of mice showed significantly lower levels of perforin transcript which highlights the importance
of these enhancers for perforin transcription [109]. One of the enhancers is responsive to IL-6
and IL-12 and, upon cytokine stimulation, can bind STAT1a and STAT4, respectively [110, 111].

On the other hand, granzymes are serine proteases present in cytolytic granules of NK cells and
cytotoxic T cells. Granzyme B (GZMB) is the most comprehensively studied member of the gran-
zymes family. It acts on target cell either through cleaving caspases or damaging mitochondria
thus mediating cell death [112]. Transcriptional regulation of granzyme B in CD8+ T cells is medi-
ated by binding of transcriptional factors as CREB1, RUNX1, and AP1 to granzyme B promoter,
harboring a DNase-hypersensitive region, enhancing the transcription [113-115]. Granzyme B
expression is epigenetically controlled by histone H3K9 acetylation in its promoter resulting in
high gene expression levels [113]. Another regulator of granzyme B expression is NF-«xB, where,
the activation of NF-kB signaling pathway results in binding of NF-kB to an enhancer element
downstream to granzyme B transcriptional start site inducing its expression [116-118].

6.2. Recent approaches in fine-tuning of natural killer cell function

In a study conducted by our research group, a potential role of insulin-like growth factor-1
(IGF-1) was highlighted in modulating cytolytic potential of NK cells of HCC patients. miR-
486-5p acts in a cell-specific manner, differentially modulating IGF-1 expression in NK cells
and their target hepatocytes with a contemporary inhibitory impact on HCC progression
[119]. Moreover, in another study, NK cells of HCC patients showed miR-182 overexpres-
sion compared to controls. NKG2D and NKG2A were upregulated and downregulated,
respectively, in HCC NK cells. Upon forcing miR-182 expression in the HCC NK cells,
upregulation of both receptors was observed. Finally, miR-182 was reported to induce NK
cell cytotoxicity represented in perforin-1 upregulation and increase in cytolytic killing of
co-cultured Huh-7 cells [120].

Our research team reported a novel role of miR-615-5p in NK cells activity of HCC patients.
We have previously described miR-615-5p as potent tumor suppressor microRNA in HCC via
repressing a pivotal mitogen in HCC, Insulin-like growth factor-1I (IGF-II) as well as cellular
proliferation, viability, and migration [121]. Recently, our team proved an opposing func-
tion for miR-615-5p in the NK cells of HCC patients. Forcing the expression of miR-615-5p
repressed insulin-like growth factor-type 1 receptor (IGF-IR), attenuated NKs cytotoxic-
ity, decreased CD56%™, increased CD56"" NK subsets, and reduced the cytotoxic markers
NKG2D, TNF-a, and perforins. It also repressed NKG2D ligand (ULBP2) in Huh-7 cells [122].
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Abstract

Natural killer (NK) cells are crucial components of the innate immune system and play
critical roles in host immunity against viral infections and cancer. NK cells’ activity is
controlled by the interaction of a wide range of receptors expressed on their surfaces
with cell surface ligands. Opposite signals delivered by inhibitory and activating recep-
tors tightly regulate NK cells” cytotoxicity. Natural killer cells can discriminate between
normal and cancer cells. NK cells are known to directly recognize and kill malignant
cells or induce apoptosis. However, tumor cells have the ability to evade those attacks.
The main mechanisms involve the lack of expression or downregulation of the expres-
sion of major histocompatibility complex (MHC) class I molecules and secretion of
soluble NKG2D ligands by tumor cells. Furthermore, tumors harbor a population of
cancer stem cells (CSCs), which can drive tumor progression and therapeutical resis-
tance. This chapter highlights the roles of NK cells in tumor immunosurveillance and
their applications for cancer immunotherapy. NK cell biology and function as well as
the role of their receptor interactions will be described. We will discuss the therapeutic
applications of NK cells in cancer and NK cells targeting CSCs as a promising strategy
for cancer therapy.

Keywords: NK cells, cancer-immunotherapy, cancer stem cells

1. Introduction

Natural killer (NK) cells constitute a minor subset of lymphocytes that are crucial components
of the innate immune system and play critical roles in host immunity against malignant cells
and virus-infected cells but also in bacterial, fungal, and parasite immune responses [1]. NK
cells represent 10% of the lymphocytes in human peripheral blood, and they comprise the
third largest population of lymphocytes following B and T cells.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Natural killer cells have diverse biological functions including killing pathogen-infected cells
and cancer cells as well as an immunoregulatory role [2]. Natural killer cells can discriminate
between normal cells and cells that do not express adequate amounts of major histocompat-
ibility complex (MHC) class I molecules.

NK cell cytotoxicity is regulated by a balance between activating and inhibitory signals deliv-
ered by receptors expressed at the cell surface. These cells are known to directly recognize
and kill malignant cells or induce apoptosis. However, tumor cells have the ability to evade
immunosurveillance by using multiple mechanisms. Furthermore, tumors harbor a popula-
tion of cancer stem cells (CSC), which is responsible of tumor progression and therapeutical
resistance.

Therapeutic applications of NK cells in cancer and NK cells targeting cancer stem cells (CSCs)
represent a promising strategy for cancer immunotherapy.

2. NK cells’ biology and function

NK cells originate from common lymphoid progenitor cells and further differentiate into
immature/mature NK cells in bone marrow. They are then distributed in peripheral lymphoid
and nonlymphoid organs and tissues [3-5], including bone marrow, spleen, peripheral blood,
placenta, lung, liver, uterus [6], and peritoneal cavity while limited numbers are localized in
lymph nodes [7]. Human NK cell turnover in blood is around 2 weeks [8].

NK cells were originally described as large granular lymphocytes with natural cytotoxicity
against tumor cells. NK cells were later recognized as a separate lymphocyte lineage, with
both cytotoxicity and immunoregulatory role, as they are involved in the production of cyto-
kines [9]. More recently, data revealed that activated NK cells may also influence the out-
come of helminth infections. CD4-NK cells increasing early following nematode infection
with Brugia pahangi are able to produce IL-4 and then could polarize the immune response
toward a Th2 profile [10]. In fact, protection against helminthic infections are usually medi-
ated by Th2 immune response characterized by secretion of IL-4, IL-5, and IL-13, secretion
of IgE antibodies, and activation of mast cells [11, 12]. Studies revealed that the clearance of
these parasites is more efficient and complete in the presence of NK cells. In the case of Th2
immunity disruption, NK cells may become an important source of IL-13 during murine gas-
trointestinal nematode infections [13, 14]. Human NK cells can be classified into two major
subsets CD56%™ and CD56"" depending on their immunophenotype and functions and
more recently in terms of their homing properties [15, 16]. CD56%™ NK cells are fully mature,
make up about 90% of the NK cells in peripheral blood and inflammatory sites, and they
express perforin and exhibit a high cytotoxic activity after encountering target cells [17, 18].
These CD56%™ NK cells are cytotoxic and produce interferon y (IFN-y) upon interaction with
tumor cells in vitro [19]. In contrast, CD567" cells are more immature, make up about 5-15%
of total NK cells, and have been considered primarily as cytokine producers, while playing
a limited role in cytolytic responses. Approximately, 90% of NK cells in lymph nodes belong
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to the CD56"" subset and lack perforin [20]. These cells exert immunoregulatory function
by producing abundant cytokines such as IFN-vy in response to stimulation with interleukins
(IL)-12, IL-15, and IL-18 [21]. In response to nematode infection, CD56"" NK cells can bind
with a secreted protein ES from the human hookworm Necator americanus and induce IFN-
gamma production [22]. Natural killer cells have diverse biological functions, which include
recognizing and killing pathogen-infected and cancer cells. Circulating NK cells are mostly
in their resting phase, but after activation by cytokines and chemokines, they are capable of
extravasation and recruitment into distinct inflamed or malignant tissues [9, 23]. NK cells also
have an immunoregulatory role as their ligand interaction with cell-surface receptors lead to
the production of several cytokines.

NK cells mediate two predominant pathways of cell death. The first pathway, a granule exocy-
tosis pathway [24], involves the release of cytotoxic granule, perforin (a membrane-disrupting
protein), and granzymes (a family of structurally related serine proteases) responsible for NK
cell-mediated killing by inducing apoptosis of the target cell [25-27]. In the second pathway, a
caspase-dependent apoptosis involves the association of death receptors such as first apopto-
sis signal (Fas) cell surface death receptor and tumor-necrosis-factor-related apoptosis induc-
ing ligand receptor (TRAILR) on target cells with their corresponding ligands, members of
the tumor necrosis factor (TNF) family of cytokines, expressed by NK cells, and regulated by
IFN-y, such as FASL, and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL),
resulting in caspase-dependent target cell apoptosis [28-32]. Antibody-dependent cellular
cytotoxicity (ADCC) can also be a mechanism of killing of tumor cells by NK cells by trigger-
ing the NK CD16 receptor (FcyRIII), which binds to the IgG and antibody-coated targets [33].

Natural killer cells can discriminate between normal cells and those that do not express ade-
quate amounts of MHC class I molecules. They were originally defined by their ability to
spontaneously eliminate cells lacking expression of MHC class I molecules. NK cells express
receptors that bind to MHC class I molecules including the killer cell immunoglobulin-like
receptors (KIRs) that play major roles in regulating the activation thresholds of NK cells in
humans [34].

3. NK cell cytotoxicity

NK cell cytotoxicity is tightly regulated by a balance between activating and inhibitory sig-
nals [35] delivered by a multitude of receptors expressed at the cell surface [36] (Figure 1).
The inhibitory NK cell receptors interact with MHC class I molecules expressed on almost
all nucleated cells, preventing NK cell activation against healthy cells (Figure 2a). NK cell
activation is blocked through engagement of their KIR receptors [37]. This explains self-
tolerance and prevention of host cell killing. NK cells can discriminate between normal host
cells and infected or abnormal cells by recognition of MHC class I molecules. It was earlier
discovered that NK cells are activated when they encounter cells that lack self-MHC class 1
molecule. For example, under stress conditions, such as cellular transformation, cells down-
regulate MHC-I expression causing NK cells to lose inhibitory signaling and be activated in
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Figure 1. Examples of activating and inhibitory NK cell receptors and their respective ligands. AICL: activation-induced
C-type lectin; B7-H6: Member of the B7 family of immunoreceptors; DNAM-1: DNAX accessory molecule 1; HLA:
human leucocyte antigen; KIR2DL: killer-cell immunoglobulin-like receptor 2DL; KIR3DL: Killer-cell immunoglobulin-
like receptor 3DL; KIR2D5: killer-cell immunoglobulin-like receptor 2D5; KIR3D5: killer-cell immunoglobulin-like
receptor 3D5; LIR-1: leukocyte inhibitory receptor 1; MICA: MHC class I polypeptide-related sequence A; MICB: MHC
class I polypeptide-related sequence B; NKG2A: natural killer group protein 2 family member A; NKG2C: natural killer
group protein 2 family member C; NKp30: natural killer Cell P30-related Protein; NKp46: natural killer Cell P46-related
Protein; NKp80: Natural killer Cell P80-related Protein; PD1: programmed cell death 1; PD-L1: programmed death-
ligand 1; PD-L2: programmed death-ligand 2; PVR: polio virus receptor; TIGIT: T cell immunoreceptor with Ig and ITIM
domains.

a process called “missing-self recognition” [38]. This model is based on the fact that NK cell
activity is normally controlled by self-MHC molecules that interact with a large repertoire
of inhibitory NK receptors. In this condition, activation receptors are no longer suppressed
and they induce potent stimulatory signals, resulting in NK cell activation including cyto-
kine production and granule release leading to cytotoxicity [39, 40]. Abnormal cells can also
upregulate the expression of ligands to activate receptors on the NK cells that can overcome
the inhibitory signals.

3.1. Activating NK cell receptors

NK cells require external signals to begin the process of cell activation, which usually occurs
via triggering receptors. A number of receptors have been identified that allow NK cells to
become activated. The major activating receptors expressed on human NK cells include the
natural cytotoxicity receptors (NCRs: NKp30, NKp44, NKp46), the immunoglobulin gamma
Fc-region receptor Il (FcyRIII/CD16), activating forms of killer cell Ig-like receptors (KIR:
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Figure 2. NK cell functions. (a) Inhibitory NK cell receptors interact with MHC class I molecules expressed on
nucleated cells, preventing NK cell activation and lysis against normal cells. (b) NK cells can eliminate tumors cells that
downregulate major histocompatibility complex (MHC) class I molecules causing NK cells to lose inhibitory signaling
and be activated in a process called “missing-self recognition.” (c) NK cells can kill tumor cells that retain full expression
of MHC class I but overexpress induced stress ligands recognized by activating NK cell receptors, which override the
inhibitory signals and elicit target cell lysis.

KIR2DS and KIR3DS), NKG2D, C-type lectin receptors (CD94/NKG2C, NKG2E/H, and
NKG2F), NKp80, and 2B4 [41]. NKG2D and NCRs are particularly important receptors for
triggering NK cell responses toward tumor cells [42].

A new family of receptors that recognize nectin and nectin-like molecules has recently
emerged as a critical regulator of NK cell functions — DNAX accessory molecule 1 (DNAM-
1, CD226) is an adhesion molecule that controls NK cell cytotoxicity and interferon-y produc-
tion against a wide range of cancer and infected cells [43].

The B7 family member B7-H6 is a tumor cell ligand for the activating natural killer cell recep-
tor NKp30 in humans [44]. Activating KIR receptor recognizes classical MHC-I molecules [45],
whereas NKG2D recognizes the nonclassical MHC-I molecules, MICA/MICB, retinoic acid
early transcript 1E protein (RAET1E), RAET1G, RAET1H, RAET1L, RAET1L, and RAETIN
(also known as ULBP1-ULBP6) [46, 47]. These ligands are not present on the cell surface
of most normal cells, but are upregulated at the cell surface after cellular stress, on rapidly
proliferating cells, infected cells, transformed cells, and tumor cells [48], further increasing
the NK cell activity [49]. CD16 binds the Fc portion of IgG antibodies to initiate antibody-
dependent cellular cytotoxicity (ADCC) and provides NK cells with the ability to recognize
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and kill target cells coated with antibodies [50]. DNAM-1 ligands CD112 and CD155 have
been described in different pathological conditions, and recent evidence indicates that their
expression is regulated by cellular stress.

All of these activating receptors promote cytotoxicity and cytokine production responses
through stimulating intracellular protein tyrosine kinase cascades.

3.2. Inhibitory NK cell receptors

Inhibitory receptors are able to prevent the activation of NK cells and have been thought of
as fail-safe mechanisms to prevent attack on normal cells and tissues. In general, these recep-
tors express one or more immunoreceptor tyrosine-based inhibition motifs (ITIM), and they
recruit SH2-containing phosphatase-1 (SHP1), SH2-containing phosphatase-2 (SHP2), and/
or SH2-containing inositol phosphatase (SHIP) proteins upon binding to their ligands [51].
These phosphatases prevent the activation of cellular signaling cascades by inhibiting phos-
phorylation of proteins.

The inhibitory receptors encompass two distinct classes: the monomeric type I glycoprotein
of the immunoglobulin superfamilies KIR2DL and KIR3DL [51], leukocyte immunoglobulin-
like receptors (ILT2), and the hetero-dimeric C-type lectin-like receptor (CTLR) called CD94/
NKG2A (natural killer group protein 2 family member A) [52, 53].

4, NK cells in tumor immunosurveillance and cancer

NK cells are innate cellular components that regulate adaptive immune responses in the
immune surveillance of cancer. Primary immunodeficiencies affecting NK cells were associ-
ated with higher rates of malignancy and a higher risk of developing various types of cancer
[54, 55]. NK cells have been shown to control the growth and metastasis of transplantable
tumors in numerous mouse models by antibody depletion of NK cells [56].

NK cells can eliminate tumors that downregulate expression of MHC class I (Figure 2b), pos-
sibly in response to selective pressure exerted by CD8" T cells. Furthermore, NK cells can kill
tumor cells that retain full expression of MHC class I if they have upregulated ligands that
engage activating NK cell receptors, thus overriding the inhibitory signals (Figure 2c).

For example, NKG2D ligand expression on tumor cells induces NK cell activation and is suf-
ficient to overcome inhibitory signals delivered by MHC class I receptors, thereby enabling
NK cells to eliminate tumors expressing normal levels of MHC class I [48, 57]. Mice deficient
of NKG2D (Kirk1™) are more susceptible to tumorigenesis [58] confirming the crucial role of
NKG2D in tumor immunosurveillance.

However, tumor cells are able to evade immunosurveillance by using multiple mechanisms.
Tumor cells can secrete inhibitory cytokines such as transforming growth factor-p (TGFp)
that suppresses the activity of NK cells. Furthermore, tumor cells can express inhibitory
receptor-specific ligands such as glucocorticoid-induced TNFR-related protein (GITR) that
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can downmodulate activating receptors NKG2D on NK cells. To escape to NK cell immu-
nosurveillance, tumor cells can also secrete immunomodulatory molecules such as prosta-
glandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO), adenosine, TGFf3, and interleukin-10
(IL-10). Tumor cells can proteolytically shed NKG2D ligands (NKG2DLs) leading to a
decreased amount of NKG2DL and to the production of soluble ligands that downmodulate
NKG2D receptor on NK cells [59, 60]. Finally, secretion of immunosuppressive molecules or
expression of NKG2DLs by cells of the tumor microenvironment can downmodulate NKG2D
receptor on NK cells.

Soluble NKG2DLs have been detected at high levels in the serum of cancer patients [61] and
might be used as a diagnostic marker [62]. Tumor cells can escape immunosurveillance by the
secretion of soluble factors such as lactate dehydrogenase, leading to NKG2DLs expression
on healthy host myeloid cells [63]. NKG2D Downregulation could be the result of its chronic
exposure to NKG2D ligand on tumor cells [64]. Recent work in a mouse model suggests that a
shed NKG2D ligand, MULT]1, stabilizes expression of NKG2D on NK cells and increase their
antitumor activity [65]. Controlling NKG2DL expression level on tumors provides an attrac-
tive therapeutic strategy for immunotherapy.

In patients and animal models, impaired NK cells or NK cell deficiency have been associated
not only with recurring viral infections, but also with an increased incidence of various types
of cancer [55]. Tumor cells often acquire the ability to escape NK cell-mediated immune sur-
veillance. In fact, during tumor development and progression, many malignant cells acquire
the ability either to evade from NK cell recognition or to impair NK cell function.

Cells undergoing malignant transformation often downregulate their expression of MHC
class I molecules, and the absence of inhibitory signaling on NK cells permits their func-
tion. A defective immunity has been well established in different types of cancer. The imbal-
ance of immune status is inclined to immunosuppression in cancer patients, which results in
tumor immune evasion. Such immunosuppression is characterized by a decrease in NK cell
numbers in peripheral blood and a decreased tumor infiltrate as compared to normal tissues.
Moreover, in many types of cancer, a defective expression of activating receptors and overex-
pression of inhibitory receptors is observed [66].

The role of NK cells against parasites that may promote or impede carcinogens is poorly
understood. Chronic inflammation is a key feature in carcinogenesis associated with helminth
infections. For example, Strongyloides stercoralis infection was associated with an increased
occurrence of lymphoid cancers [67]. An association of colorectal cancer with chronic S. ster-
coralis infection has also been reported in a Columbian patient [68]. This nematode is not only
a cofactor for the development of lymphoid cancers induced by HTLV-1 [69] but is also associ-
ated with the development of colon adenocarcinoma by activating the host immune response.
A study reports a case of Strongyloides infection in a 72-year-old man presenting a large pop-
ulation of cells (NK-LGL) with a natural killer phenotype abnormally activated and diagnosed
with NK-LGL leukemia [70]. The role of NK cells in the immune response to Strongyloides is
not defined, but it is possible that an abnormal or clonal expansion of NK cells could suppress
antihelminth immunity. Activated NK cells, perhaps producing interferon, suppressed the
T-helper 2 response that previously controlled the Strongyloides infection.
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5. NK cell in cancer immunotherapy

Cancer immunotherapy is the targeted therapy designed to induce antitumor response
against malignancies by harnessing the power of the immune system [71]. The ability to
recognize and lyse transformed cells without prior immunization, the ease of isolation
and expansion ex vivo, and the shorter life span make NK cells a good alternate to immu-
notherapy. Furthermore, NK cell can kill cancer cells without damaging healthy tissues or
risking the T cell-driven inflammatory cytokine storm that can accompany other immu-
notherapies. The NK cells derived from peripheral or umbilical cord cells, embryonic or
induced pluripotent stem cells, and NK cell lines were being tested for treating various
malignancies. Several promising clinical therapies have been used to exploit NK cell func-
tions in treating cancer patients.

5.1. Adoptive NK cell transfer therapy

Adoptive NK cell transfer therapy is a strategy aimed at enhancing the biological function
of the immune system by means of autologous or allogeneic NK cells. NK cells for adoptive
NK cell transfer therapy (autologous or allogeneic) are usually obtained from the peripheral
blood of the patient or from a donor. They can also be derived from the bone marrow, umbil-
ical-cord blood, human embryonic stem cells, or induced pluripotent stem cells and are now
considered as alternative sources of therapeutic NK cells [72].

Various approaches exist for the therapy with the adoptive transfer of NK cells. In autolo-
gous transfer, NK cells from the patient are activated and expanded in vitro in the presence
of cytokines. IL-2 has been used for this purpose, but recently, the combination of IL-12,
IL-15, and IL-18 might generate NK cells that are more functional and have memory prop-
erties. The expanded and activated NK cells are then transferred back into the patient. To
sustain the expansion and function of the infused NK cells, patient receives IL2 cytokine
administration. Although autologous NK cells might recognize activating signals such as
stress molecules on cancer cells, their anti-tumor activity is limited by the inhibitory signal
transmitted by self-HLA molecules.

In allogenic transfer, NK cells can be obtained from HLA-matched or haploidentical (par-
tially matched) donors. The best responses are obtained when haploidentical donors do
not express KIRs that recognize the patient’'s HLA molecules, because donor NK cells
do not receive an inhibitory signal from the patient’s cancer cells. NK cells are expanded
through processes similar to those used for autologous transfer except that T cells should
be removed.

5.1.1. CAR-engineered NK cells

NK cells can be transduced with activating chimeric antigen receptors (CARs) that specifically
bind to antigens overexpressed by tumor cells. CARs are designed by the fusion of an antigen
binding with a hinge region, a transmembrane domain and one or more stimulatory molecules.
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CARs can be engineered in autologous or allogeneic NK cells or in NK cell lines such as NK-92.
Each CAR has the CD3C( chain (or sometimes the FcRy chain) as its main signaling domain. To
increase persistence and superior functionality, co-stimulatory domains, usually from CD28 or
CD137, can be added to the CAR construct. CARs from the first generation have no stimula-
tory domain, whereas CARs from the second generation and third generation have one co-
stimulatory domain or two co-stimulatory domains, respectively. CAR engineering endows
NK cells with antigen specificity. The binding of a CAR to the tumor antigen delivers a potent
activating signal that triggers NK cell cytotoxicity, which results in the elimination of cancer
cells. Several recent studies have documented a success using NK cells engineered to express
activating chimeric antigen receptors (CARs) specific to tumor antigens [73]. Many B-cell acute
and chronic leukemia can escape killing by natural killer cells. The introduction of chimeric
antigen receptors (CAR) into T cells or NK cells could potentially overcome this resistance
[74]. NK-92 leukemia cell lines were transduced to express CARs specific for CD19 [75] and
CD20 [76] expressed on B cell malignancies and also for disialoganglioside GD2, a glycolipid
expressed on neuroblastoma and various other cancer types [77].

In glioblastoma, the most aggressive primary brain malignancy, intracranial administration
of NK-92-EGFR-CAR cells represents a promising therapy [78]. In human multiple myeloma
(MM), CS1-specific (a surface protein highly expressed on MM cells) chimeric antigen recep-
tor (CAR)-engineered natural killer cells [79] enhance responses to tumor cells in vitro and
suppressed tumor growth when tested in vivo in xenograft models [65, 78, 80]. Autologous or
allogeneic transplantation of CS1-specific CAR NK cells may be a promising strategy to treat
multiple myeloma.

5.2. Cytokine-induced NK cell activation

To promote NK cell expansion, the use of IL-2 has demonstrated the effectiveness on NK
cell activation and anti-tumor responses [81]. It was reported that NK cells from lung cancer
patients could regain the cytotoxicity against targets after activation by IL-2 [82]. However,
NK cells activation using high-dose IL-2 has some side effects because of severe capillary
leaky syndrome. To improve the therapeutic efficacy and safety, a different strategy com-
bining IL-2 with other NK cell activators was used. Hellstrand et al. [83] administered IL-2
together with histamine to 22 acute myeloid leukemia (AML) patients and showed a good
clinical outcome. IL-2 diphtheria toxin (IL2DT), a recombinant cytotoxic fusion protein has
been used in order to increase the depletion of regulatory T cells (Treg) and therefore improv-
ing in vivo donor NK cell expansion and remission induction [84].

5.3. NK cells targeting cancer stem cells

Tumor harbors a population of cancer cells with “stem-cell” like properties including self-
renewal and the ability to produce differentiated progeny [85]. These cells termed cancer stem
cells (CSCs) can drive tumor progression and therapeutic resistance to standard cancer ther-
apy. In fact, cancer stem cells have been proposed as an important mechanism of tumor initia-
tion and/or repopulation after tumor debulking by chemotherapy and/or by radiotherapy.
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In addition, CSCs have been associated with tumor relapse and metastasis, even in cases of
apparent complete response to systemic therapy [86]. Then, targeting CSCs is a promising
strategy for cancer therapy. Natural killer cells have the ability to reject allogeneic hemato-
poietic stem cells, and there are increasing data demonstrating that NK cells can selectively
identify and lyse CSCs. Tallerico et al. [87], for example, demonstrated that metastatic colorec-
tal cancer, which contains a high proportion of CSCs, showed increased susceptibility to NK
cytotoxicity. Similarly, Castriconi et al. [88] reported that glioblastoma-derived CSCs were
susceptible to NK cell cytotoxicity. Human cancer cells with stem cell-like phenotype exhibit
enhanced sensitivity to the cytotoxicity of IL-2 and IL-15 activated natural killer cells [89].
IL-2- and IL-15-activated NK cells were found to be cytotoxic against human breast cancer
stem cells and CD 133+ melanoma CSCs [90]. Recently, Ames et al. [91] showed that NK cells
kill CSCs from different kinds of tumors, through the interaction of the NKG2D activating
receptor with its ligand (MICA/B).

6. Conclusions

NK cells have a crucial role in immunosurveillance against tumor development. However,
when both the innate and adaptive immune systems fail and tumors develop, NK cells and
their receptors can still be targeted in many therapeutic approaches. NK cells are more effec-
tive in treating hematologic malignancies than in treating solid tumors. This might result
from inefficient homing of NK cells to the site of tumor. Therefore, NK cell-based immuno-
therapy can be successfully exploited in the hematopoietic stem cell transplantation for the
treatment of hematological malignancies, but efforts have to be made to improve the homing
and in vivo persistence of NK cells. Targeting CSCs with NK cell-based immunotherapy rep-
resents an attractive strategy for cancer therapy.

NK cells clearly have a role in future immunotherapies of the treatment of cancer and should
continue to be evaluated in clinical trials.
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Abstract

Natural killer (NK) cells express many newly identified activating and inhibitory recep-
tors that upon engagement by cognate ligands on target tumor cells regulate NK cell anti-
tumor activity. Recently, several paired NK cell receptor families that include receptors
with similar binding specificities but opposite function have been defined. The expression
of most important activating receptors, natural killer group 2D (NKG2D), natural cyto-
toxic receptors (NCR), DNAX accessory molecule-1 (DNAMI) and activating killer cell
immunoglobulin-like receptors (KAR) is often decreased, while the expression of most
prominent inhibitory NK cell receptors, killer cell inhibitory immunoglobulin-like recep-
tors (KIR) and CD94/NKG2A, may occasionally be increased in malignancies. These data
indicate that impaired NK cell antitumor response results from NK cell receptor altera-
tions induced by suppressive factors in the tumor microenvironment, including cytokines,
growth factors, enzymes and metabolites, as well as by chronic NK cell receptor engage-
ment by the tumor. The established alterations in NK cell receptor expression in cancer
patients represent potential disease biomarkers and may aid in choosing therapies that
upregulate activating or block inhibitory receptor function. Accumulating knowledge of
NK cell biology has been helpful in creating novel therapeutic approaches that by release
from tumor-influenced immunosuppression potentiate NK cell activity in cancer patients.

Keywords: NK cells, inhibitory and activating receptors, immunosuppression, cancer,
immunotherapy

1. Introduction

Natural killer (NK) cells are equipped with multiple activating and inhibitory cell surface
receptors and play a key role in controlling tumor growth and metastasis. NK cells have
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originally been described to belong to the innate arm of the immune system and are able to
discriminate between normal and transformed cells on the basis of major histocompatibility
complex (MHC) class I molecule expression in the organism. As normal cells express major
histocompatibility complex (MHC) class I molecules that engage NK cell inhibitory receptors,
they are protected from NK cell-mediated lysis. Therefore, according to the “missing-self”
hypothesis, activation of NK cells occurs in contact with malignantly transformed cells that
have lost MHC class I molecules and that have additionally acquired stress-induced ligands
for activating NK cell receptors. Maintenance of NK cell antitumor function relies on the bal-
ance between these activating and inhibitory signals mediated by NK cell receptors [1].

Considering that NK cells are defined as CD3"CD56'CD16" cells according to the density of
expression of these receptors, these cells are divided into two subsets. The larger cytotoxic
subset with high density of CD16, low density of CD56 (CD56*™CD16""), and abundant
perforin and granzyme granules, and the other, smaller regulatory subset with low density
or absence of CD16, high density of CD56 (CD56 *#"CD16™") and the ability to produce
abundant cytokines including interferon-gamma (IFN-y), tumor necrosis factor (TNF), inter-
leukin (IL)-10, IL-13, and granulocyte-macrophage colony-stimulating factor (GM-CSF) [2].
CD56 " CD16% subset has a greater migratory potential and is recruited into tumor tissue,
although CD56 “mCD16 *#"NK cells have also been detected in certain tumors [3]. Recent
data have shown in mucosa-associated lymph tissue (MALT), the presence of a novel family
of tissue-resident innate lymphoid cells (ILC), with NK-like characteristics. This novel fam-
ily is classified into three groups (ILC1, ILC2, and ILC3) and contrary to classical cytotoxic
NK cells, considered to belong to ILC1 group, the involvement of other ILC subsets in cancer
progression or resistance is still controversial [4].

Several new families of receptors have been recently identified on NK cells and growing
knowledge indicates that some families are composed of paired receptors that inspite of bind-
ing similar ligands have opposite, activating, or inhibitory function [5]. The most important
activating NK cell receptors are NKp46, NKp30, and NKp44 that belong to natural cytotoxic
receptors (NCR) family, natural killer group 2D (NKG2D) that belongs to NKG2 calcium-
dependent lectin-like (NKG2 C-lectin) family, DNAX accessory molecule 1 (DNAMI) that
belongs to the family of nectin-binding adhesion molecules and activating killer cell immuno-
globulin-like receptors (KAR). On the contrary, the most important family of inhibitory NK
cell receptors belongs to killer cell immunoglobulin-like (KIR) receptor family, while NKG2
C-lectin family also includes inhibitory CD94/NKG2A NK cell receptors (Table 1). Upon
binding ligands, these activating and inhibitory NK cell receptors cooperate and determine
NK cell cytotoxicity against transformed cells [6]. However, tumor-derived immunosuppres-
sive factors play a major role in evading NK cell responses to tumors by interfering with NK
cell activation pathways or the complex receptor array that regulate NK cell activation and
antitumor activity [3, 7].

The objective of this chapter is to present current data based on the knowledge of many
newly identified activating and inhibitory NK cell receptors whose balance regulates NK cell
antitumor activity. Numerous alterations in NK cell receptor expression and signaling path-
ways induced by tumor-derived immunosuppressive factors that are responsible for poor



The Role of Activating and Inhibitory NK Cell Receptors in Antitumor Immune Response
http://dx.doi.org/10.5772/intechopen.69729

Receptor familes Ligands Signaling molecules
NCR Activating NKp46 HSPG, heparin, FcRy and CD3(,
vimentin ZAP70/Syk
NKp44 NKp44L DAP12, ZAP70/Syk
NKp30a, b B7-H6, BAG-6 CD3(, ZAP70/Syk
Inhibitory NKp44 PCNA ITIM, SHP1, 2
NKp30c ? ?
Paired receptors
NKG2 Activating NKG2D MICA/B, ULBP1-6 DAP10, Grb2, Vav,
SOs
CD94/NKG2C HLA-E DAP12, ZAP70/Syk
Inhibitory CD94/NKG2A
CD94/NKG2E HLA-E ITIM, SHP1, 2
CD94/NKG2F
KIR Inhibitory 2DL1/L2/L3 HLA-C ITIM, SHP1, 2
3DL1/L2/L3 HLA-A,-B
Activating 2DS1/S2/54 HLA-C/? DAP12, ZAP70/Syk
3DS1 ?
Adhesion molecules  Activating DNAM-1 PVR, nectin-2 ITSM, Vav, PLCy
Inhibitory TIGIT PVR, nectin-2 ITIM, SHP1, 2
TACTILE
FcyRIII Activating CD16 FclgG FcRy and CD3(,
ZAP70/Syk
NKPR1 Activating CD161 ? ?
Inhibitory LLT1 ITIM, SHP1, 2

Table 1. NK cell activating and inhibitory receptors.

NK cell cytotoxic function in cancer patients will be defined. Understanding of the alterations
in NK cell receptors and function can contribute in the assessment of biomarkers of the state
of malignant disease and may aid in the selection of immunotherapy that supports an effec-

tive NK cell antitumor response.

2. NK cell receptors

2.1. Natural cytotoxic receptors

The NCR represent a group of human NK cell activating receptors that belong to the immu-
noglobulin superfamily and include NKp46, NKp30, and NKp44. NKp46 and NKp30 are
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constitutively expressed on all activated and resting NK cells, whereas NKp44 expression
on NK cells requires activation by IL-2. This makes NKp46 and NKp30 the only NK-specific
markers known today, although recent evidence suggests that a very small subset of T cells
expresses NKp46 [8].

Tumor-associated ligands for most NCR have only been recently described. B7-H6 was
the first identified cellular ligand for an NCR expressed on the surface of cancer cells that
binds to the activating receptors NKp30 [9]. Recently, a novel isoform of the mixed lin-
eage leukemia-5 (MLL5) nuclear protein was proposed as a cancer cell-expressed ligand
for NKp44 [10]. Ligands for NKp46 have been described to have viral structural motives
that belong to hemagglutinin-like molecules or to be heparan sulfate proteoglycans (HSPG)
[11]. The cytoplasmatic domains of NCR do not possess any signaling motives except for
NKp44 that contains an immunoreceptor tyrosine-based inhibition motif (ITIM) that has
been reported functional only upon binding to certain ligands. Therefore, NCR associate
with CD3 C-chain, FceRly and DAP12 adaptor proteins that undergo phosphorylation of
their immunoreceptor tyrosine-based activation motives (ITAM), recruit sarcoma homol-
ogy 2 (SH2) domains of spleen tyrosine kinase (Syc)/zeta-chain-associated protein kinase 70
(ZAP70) and ultimately lead to extracellular signal-regulated kinase (ERK) activation and
cytotoxic granule mobilization [8].

Conversely, it has recently been shown that the constitutively inactive cytoplasmatic ITIM
domain of NKp44 receptor becomes functionally active only upon binding proliferating cell
nuclear antigen (PCNA) leading to the inhibition of NK cell function [12] that might be involved
in tumor immune evasion. Similarly, as NKp30 is comprised of three different isoforms,
NKp30a, b, and c it has been shown that binding of NKp30c induces an immunosuppressive
signal by producing IL-10 that is associated with reduced NK cell effector functions. Therefore,
the final outcome of NKp44 and NKp30 activation depends on the presence of ligands on tar-
get cells, as well as receptor isoforms expressed on the surface of NK cells, respectively [13].

NCR, aside from direct antitumor cytotoxicity can also mediate the production of proinflam-
matory cytokines by NK cells that have an immunoregulatory role and engage in orchestrat-
ing antitumor immune response. In this sense, it has been shown that cross-linking of NKp46
and NKp44 resulted in NK cell production of IFNy and TNF that are responsible for dendritic
cell (DC) maturation and regulation of adaptive response to tumors. However, binding of
inhibitory NKp30c induces production of IL-10 that reduces NK cell function [14].

Downregulation of NCR expression can be induced by soluble factors such as transform-
ing growth factor beta (TGF-f), IL-10, L-kynurenine, a product of tryptophan degradation
by tumor-derived indolamin-2,3-dioxygenase (IDO). Decreased expression of some NCR has
been reported in several malignancies, namely low NKp46 in melanoma, pancreatic, gastric,
cervical cancer, and acute myeloid leukemia (AML) [15-17], NKp44 in numerous solid and
hematological malignancies, and NKp30 in breast, hepatocellular cancer (HCC), chronic lym-
phocytic leukemia (CLL), and AML [15, 16, 18-20]. Moreover, ILC3 cells expressing NKp44
activating receptor in human nonsmall-cell lung cancer (NSCLC) tissue were shown to have
tumor protective role [4]. However, overexpression of PCNA in certain tumors results in
NKp44 receptor-mediated inhibition of NK cell activity [8].
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2.2. Families of paired receptors in NK cells
2.2.1. NK group 2 calcium-dependent lectin-like receptor family

This family of calcium-dependent lectin-like receptors includes CD94-NKG2-A/C/E/F/H het-
erodimer and NKG2D homodimer receptors present on NK cells. This family is composed of
paired NK cells receptors with similar binding specificities to nonclassical MHC class I mol-
ecules on the surface of potential target cells but either activating or inhibitory functions [21].

2.2.1.1. Natural killer group 2D

It is an activating receptor expressed on virtually all NK cells. NKG2D recognizes a number
of MHC-class-I-related molecules, major histocompatibility complex class I chain-related
molecule (MIC) A/B and UL16-binding protein (ULBP) expressed on cells in stressful condi-
tions, such as transformation [22]. Owing to their ability to trigger activation of the immune
system, it has now been shown that their expression is very tightly controlled at transcrip-
tional level [23]. NKG2D is a pivotal activating receptor that upon binding stress-induced
ligands and phosphorylation of intracellular adaptor protein DNAX-activation protein 10
(DAP10) recruits various signaling pathways and induces tumor cytotoxicity [24].

Decreased expression of NKG2D in cancer patients is mediated by TGFf and IL-10 produced
by tumor cells and immunosuppressive immune cells, tumor-associated macrophages (TAM),
myeloid-derived suppressor cells (MDSC), regulatory T cells (Treg) in the tumor microenvi-
ronment [25]. Also, persistent stimulation of NKG2D receptor by its tumor cell-associated
ligands, as well as, soluble ligands induced by matrix metalloproteinases (MMP) proteolytic
cleavage from tumor cells may lead to functional exhaustion of NK cells [26].

Downregulation of NKG2D expression together with degradation of its intracellular signal
transducing adapter, DAP10 [27], by its ligand has also been shown in experimental settings
of conjugate formation between NK cells, not only of healthy individuals but also of met-
astatic melanoma patients, with K562, an erythromyeloid cell line, or FemX, a melanoma-
derived tumor cell line [28-30]. This effect is more pronounced for K562 tumor cells as they
highly express MICA/B ligands specific for NKG2D receptors [31], while for FemX tumor
cell line so far no data exist regarding the expression of MICA/B ligands, although it can be
assumed that, as most tumor cells, this cell line expresses some level of these stress-induced
ligands. The importance of NKG2D receptor in NK cell cytotoxic function underlies a signifi-
cant positive correlation of its expression with NK cytotoxicity in healthy individuals, as well
as in melanoma patients, in spite of different levels of expression [32-34].

These data indicate that activating NKG2D receptor has a role in NK cell tumor immunosur-
veillance and in immune-mediated rejection of tumor cells and that NKG2D downregulation
as a consequence of tumor immunoediting favors tumor progression [13].

2.2.1.2. Heterodimeric NK group 2 calcium-dependent lectin-like A/B/C/E/H receptors

These heterodimer receptors consist of CD94 subunit that is associated with the member of the
NKG2 family (A/B/C/E/H). Prototypic member of this family CD94-NKG2A has an ITIM that

73



74 Natural Killer Cells

consequently leads to the inhibition of NK cell activity by inducing dephosphorylation of sur-
rounding tyrosine kinases and adaptor proteins. By contrast, receptors CD94-NKG2-C, CD9%4-
NKG2-E, and CD94-NKG2-H, associate with DAP12 and function as activating receptors that
participate in NK cell antitumor response. These receptors bind to nonclassical MHC class 1,
human leukocyte antigen (HLA)-E molecules on the surface of malignantly transformed target
cells [21].

Interestingly, the ligand for this receptor family, HLA-E molecule assembles at the endoplas-
mic reticulum with peptides derived from the leader peptides of HLA-A, B, C, and G mol-
ecules and as in malignant transformation, the expression of classical MHC class I molecules
is downregulated, the expression of HLA-E is consequently upregulated [35]. The importance
of the inhibitory activity of NKG2A receptor expression is demonstrated in breast cancer and
colorectal cancer (CRC) as its increased expression is associated with poor disease prognosis
[18, 36]. Conversely, decreased expression of NKG2C activating receptor resulting in NK cell
dysfunction has so far been reported for AML [37].

2.2.2. Killer cell immunoglobulin-like receptor family

This is a well-known paired NK cell receptor family with either inhibitory or activating func-
tions that interact specifically with MHC class I molecules and their tissue protective role is
based on the higher binding affinity and signal transduction by inhibitory KIR receptors,
compared to activating KAR receptors, for MHC class I ligands. According to KIR expression
on NK cells, they are divided into KIR haplotype A and B, with A being more frequent and
including inhibitory receptors compared to B that includes both types of receptors with pre-
dominance of activating receptors [38].

The most prominent inhibitory killer cell immunoglobulin-like receptors (KIR) are KIR2DL1
(CD158a), KIR2DL2/3 (CD158b), and KIR3DL1-2 and inhibit NK cell activity through an ITIM
by recruiting SH2 domain protein tyrosine phosphatases (SHP)-1 and -2 and adaptor pro-
teins, including DAP-10. Moreover, blocking actin cytoskeleton-dependent raft recruitment
of different receptors may be a general mechanism by which inhibitory receptors control NK
cell activation [39]. Thus, activating KAR, such as KIR2DS1, KIR2DS4,and KIR2DL4, associate
with DAP12 adaptor protein that deliver activation signals through an ITAM that after phos-
phorylation by sarcoma (Src) family kinases recruit Syk/ZAP-70 tyrosine kinases to mediate
downstream activation signaling [40]. Clinical studies have correlated KIR gene content with
cancer [41]. It has recently been reported that higher expression of inhibitory CD158a and
CD158b receptors, especially in patients that express their specific HLA-C ligands, is asso-
ciated not only with susceptibility to tumors but also with disease progression, shown by
increase in NK cells with these receptors in advanced stages of melanoma [42, 43].

Inhibitory KIR receptor upregulation on NK cells in malignant tumors has been reported to
be associated with immunosuppressive, as well as immunostimulatory cytokines [44—48].
Higher expression of certain inhibitory KIR receptors has been shown in pancreatic, gas-
tric, and CRC without association with disease progression [15]. Other studies in patients
with metastatic melanoma, as well as in NSCLC and breast cancer, show an increase in the
expression of CD158a and CD158b inhibitory KIR receptors on NK cells [33, 49-51] that in
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melanoma negatively correlates with NK cell cytotoxicity [33]. In this sense, as inhibitory
KIR play prominent roles in regulating NK cell activation therapeutic strategies designed
to diminish KIR function that may be able to potentiate NK cell activity in treating patients
with malignancies.

2.2.3. Family of nectin-binding adhesion molecules

It is an important family of adhesion molecules that includes CD226 (DNAM1), CD9%6 (T
cell-activated increased late expression (TACTILE)), and T-cell immunoglobulin and ITIM
domain (TIGIT). These receptors bind nectin proteins, CD112 (nectin-2), and CD155 (polio-
virus receptor (PVR)) and have been recently identified as crucial regulators of NK cell func-
tion. This is another family of paired NK cell receptors with similar binding specificities on
the surface of target cells but with either activating (CD226) or inhibitory (CD96 and TIGIT)
functions [5].

2.2.3.1. Stimulatory nectin-binding adhesion molecule

Costimulatory adhesion receptor DNAMI, a member of immunoglobulin-superfamily has
recently been shown to have a role in the recognition of tumor cells and NK cell-mediated
responses to tumors. It binds to PVR and nectin-2, and recruits the tyrosine kinase fibroblast
endothelial kinase (Fyn) and serine threonine protein kinase C (PKC). Moreover, interaction of
DNAMI1 with target cell ligands induces actin polymerization and activation of other surface
receptors, which permit stable interaction of NK cells and target cells. Furthermore, the involve-
ment of this receptor in the NK cell-mediated responses to tumors is beginning to be elucidated
and results to date suggest that DNAMI has a role in the recognition of tumor cells, as well as
migration of NK cells [35, 52].

The importance of DNAM1 has been reported in breast cancer, CRC, AML, and melanoma
[17,18, 37, 53] and in melanoma, it has been shown that tumor-associated fibroblasts (TAF) by
modulating the surface expression of DNAM-1 based on cell-to-cell interactions could inhibit
NK cell function [54]. Also, DNAMI1 ligand CD155 upregulation on multiple myeloma (MM)
cells has been reported and resulted in increased sensitivity to NK cell-mediated lysis [55].

2.2.3.2. Inhibitory nectin-binding adhesion molecules

TIGIT and TACTILE (CD96) receptors that unlike activating DNAM1 receptor contain an
ITIM motive subsequently inhibit NK cell antitumor activity and counteract DNAM-medi-
ated activation. These receptors are important in settings in which the tumor is mainly non-
immunogenic, as it does not express stress ligands or costimulatory molecules, which is a
common situation for many epithelial cell malignancies. For this reason, these inhibitory mol-
ecules may be promising therapeutic targets for the treatment of malignancies [5].

2.3. CD16 (Fc y receptor IITA)

This is one of the most important NK cell cytotoxic receptors that contains two extracellular
Ig-like domains and is involved in both direct [56] and, as an Fc gamma receptor type IIIA, is
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involved in antibody-dependent cell-mediated cytotoxicity (ADCC) [57], as well as cytokine
production, proliferation, and postactivational NK cell apoptotic death [56].

CD16, as well as NKp46, associates with two cytoplasmatic domains composed of FceRIly
or T-cell receptor (TCR) C chains that comprise ITAM, which upon ligand-binding become
phosphorylated and induce signal transduction by activation of nonreceptor tyrosine kinases
Syk and ZAP-70 [57].

The expression CD16 as a prominent NK cell cytotoxic receptor has been found to be decreased
on NK cells in breast cancer and MM patients [18, 58] not only due to postactivational recep-
tor internalization but also following target cell induced activation of MMP, namely ADAM
17, as shown during in vitro NK cell cultivation with tumor cells [59, 60]. Moreover, as CD16
defines the two functionally different NK cell subsets, its decreased expression influences the
ratio of these subsets, leading to the loss CD16" cytotoxic subset, a finding that has been
detected in numerous malignancies such as breast cancer, MM, and melanoma [6, 33].

2.4. Natural killer cell surface protein P1A

This is a member of the C-type lectin family that is primarily designated as an activating recep-
tor that plays a role in NK cell-mediated cytotoxicity and it has been previously shown that
natural killer cell surface protein P1A (NKR-P1A)/CD161 participates in triggering NK cell
cytotoxicity against numerous human tumor cell lines [61], while more recently, it has been
suggested that its activating mechanism may require interaction with costimulatory receptors
[62]. On identification of its lectin-like transcript 1 (LLT1) ligand, its inhibitory potential has
recently been described, but its function still remains controversial. In support of the inhibi-
tory function of NKR-P14, it has been shown that its cytoplasmic tail contains tyrosine resi-
due in an atypical motive (AxYxxL) that may function as a weak ITIM [63, 64]. There are some
reports of decreased expression and cytokine-mediated upregulation of NKR-P1A/CD161 in
metastatic melanoma and MM [29, 33, 58].

3. Tumor-induced immunosuppression

It has now been well documented that tumor-induced immunosuppression affects NK cell
receptor repertoire and leads to progressive local and systemic inhibition of NK cell func-
tion. In tumors, a complex composition of immunosuppressive molecules TGF-3, IL-10,
IDO, prostaglandin E2 (PGE2), vascular endothelial growth factor (VEGF), nitric oxide syn-
thase (NOS), and reactive oxygen species (ROS) are produced by regulatory immune cells
such as Treg, MDSC, TAM, and by tumor cells themselves (Figure. 1). These factors gener-
ate a chronic inflammatory immunosuppressive milieu that leads to the suppression of the
antitumor effector NK cell function that supports tumor progression [3, 7, 13, 65]. In this
sense, considering that the expression of activating NK cell receptors is decreased in most
malignancies, and as some studies report that the expression of inhibitory KIR and CD94/
NKG2A receptors on NK cells in different tumors remains unchanged, this suggests that
activating receptors are main targets of tumor-mediated suppression [13].
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Furthermore, NK cell dysfunction due to decreased activating NK cell receptor expres-
sion may be mediated by chronic tumor cell ligand-NK cell receptor engagement that
leads to an exhausted NK cell phenotype characterized by upregulated programmed
death 1 (PD-1) checkpoint immunoreceptor expression [66]. Conversely, the appearance
of soluble NK cell ligands due to proteolytic cleavage from tumor cells also leads to NK
cell dysfunction due to chronic NK cell receptor stimulation in the absence of target tumor
cells [26].

In this sense, it has now been established that during the development of solid tumors, NK
cells are frequently rendered functionally impaired as a consequence of cancer immunoedit-
ing that induces immune tolerance to tumors owing to impairment of NK cell receptor reper-
toire and signaling, as well as immunoselection of nonimmunogenic tumor cells.

NKG2D-L expression

' (shedding)

&
& soluble NKG2D-L

soluble NKp30-L{BAGE)

[

T HLA-| expression

+

L-kynurenineg " 4

+

Tumor cell

Figure 1. Mechanisms of NK cell receptor dysregulation in tumors. The tumor induces alterations in NK cell activating
receptors by producing suppressive tumor-derived mediators including immunosuppressive cytokines (transforming
growth factor beta - TGF-), enzymes (indolamin-2,3-dioxygenase - IDO), factors (L-kynurenine, prostaglandin E2 -
PGE2) that together with the presence of hypoxia can suppress NK cell antitumor activity. Chronic engagement of NK
cell activating receptors with either tumor cell surface-expressed or shed NK cell ligands (NKG2D ligand - NKG2D-L)
leads to progressive inhibition of NK cell antitumor response. Also, tumor-expressed proliferating cell nuclear antigen
(PCNA) associated with HLA-I molecule by binding NKp44 activating receptor induces unconventional inhibitory
signals in NK cells. Moreover, interferon gamma (IFN-y) released by NK cells induces increased expression of HLA-I
molecules on tumor cells, as well as tumor-produced IDO, that lead to inhibition of NK cell function.
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4. NK cell receptors as therapeutic targets in cancer immunotherapy

As NK cell antitumor activity is regulated by numerous activating and inhibitory NK cell recep-
tors, alterations in NK cell receptor expression and signaling underlie diminished cytotoxic NK
cell function. Based on this and on predictive in vitro findings [6, 4648, 67-70], cytokines, includ-
ing IFNa, IL-2, IL-12, IL-15, and IL-18 have been used systemically or for ex vivo—activation and
expansion of NK cells and have led to improved NK cells antitumor activity by increasing the
expression of NK cell activating receptors and by inducing cytotoxic effector molecules [71-75].
Moreover, this cytokine-based therapy enhances NK cell proliferation and regulatory function,
and it has been shown that it induces NK cells exhibiting cytokine induced memory-like prop-
erties [76] that represent a newly-defined NK cell subset with improved NK cell activity and
longevity.

Considering the effect of tumor-derived immunosuppressive molecules on the decrease in
the expression of activating NK cell receptors, early stage clinical trials have been introduced
that use monoclonal antibodies, alone or in combination, to neutralize TGF-3, IDO, or PD-1
checkpoint inhibitor in different malignancies that led to improved antitumor NK cell func-
tion [77].

Since inhibitory KIR play prominent roles in regulating NK cell activation, therapeutic strate-
gies in cancer to diminish KIR function have been developed. In autologous settings, anti-
inhibitory KIR monoclonal antibody therapy has been introduced to support autologous NK
cell administration by rendering them with higher antitumor activity, as reported in AML
and MM. On the other hand, allogeneic hematopoietic stem cell transplants (HSCT) based on
partially KIR/HLA mismatched alloreactive NK cell transfer that relieve donor NK cells from
inhibition by recipient’'s MHC class I molecules, show beneficial graft-versus-tumor (GvT)
effect in both pediatric and adult high-risk leukemia [78].

Moreover, it has been recognized that classical and novel pharmacological agents, such as
proteasome inhibitors or histonedeacetylase inhibitors and certain chemotherapeutics [72, 74,
75], upregulate cognate ligands for activating receptors on tumor cells and provide better NK
cell antitumor response.

Also, a new effective approach, in clinical trials, designed to enhance NK cell —tumor cell
interaction includes genetically modified NK cells expressing cytokine transgenes, chime-
ric antigen receptors (CARs), or overexpressing activating receptors that recognize NK cell
ligands on tumor cells are showing promising results.

As it has been shown that therapeutic antibodies that are already in use for cancer treatment
also trigger NK cell-mediated ADCC activity [79, 80] have been modified to increase bind-
ing of their Fc fragment to CD16 on NK cells. These therapeutic antibodies by binding CD16
receptor induce a potent activating signal, which overcomes inhibitory signals and results in
both cytotoxicity and cytokine responses [81] that enhance NK cell activation against tumor
cells.
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5. Conclusion

The knowledge of NK cells has grown to include many newly identified activating and inhibi-
tory NK cell receptors and defined alterations in receptor expression and signaling pathways
that are responsible for poor NK cell cytotoxic function in cancer patients, may be considered
as biomarkers of the state of disease. These findings regarding NK cell receptors may aid in
the selection of classical and newly developed therapies that favorably modulate NK cell
receptor expression and function, and release them from tumor-derived immunosuppression
in order to achieve an effective NK cell antitumor response.
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Abstract

Natural killer (NK) cells are an essential component of the innate immune system, and they
play a crucial role in immunity against malignancies. Recent advances in our understanding
of NK cell biology have paved the way for new therapeutic strategies based on NK cells for
the treatment of various cancers. In this section, we will focus on NK cell immunotherapy,
including the enhancement of antibody-dependent cellular cytotoxicity, the manipulation
of receptor-mediated activation, inclusion criteria based on killer cell immunoglobulin-like
receptor (KIR) ligand mismatches, and adoptive immunotherapy with ex vivo expanded
chimeric antigen receptor (CAR)-engineered or engager-modified NK cells. In contrast
to T lymphocytes, donor NK cells do not attack any recipient tissues based on allogeneic
human leukocyte antigens (HLAs), suggesting that NK-mediated antitumor effects may be
achieved without the risk of graft-versus-host disease (GvHD). Despite reports of clinical
efficacy, the application of NK cell immunotherapy is limited. Developing strategies for
manipulating NK cell products, host factors, and tumor targets are thus current subjects of
diligent study. Research into the biology of NK cells has indicated that NK cell immunother-
apy has the potential to become the forefront of cancer immunotherapy in the coming years.

Keywords: NK cell, KIRs, immunotherapy, HSC transplantation, genetic modification

1. Introduction

Natural killer (NK) cells have been used in clinical studies in order to treat various malignan-
cies. Missing-self is one of the mechanisms of the NK cell response that works by the detection
of the loss of autologous major histocompatibility complex (MHC) class I expression.

We will mention four elements of NK cells in this chapter: (1) mechanisms of NK cells;
(2) activation of NK cells; (3) inclusion criteria based on KIR ligand mismatches; and (4) genetic
modifications ex vivo.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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NK cells, which are thought to have emerged much later than B cells and T cells based on the
evolutionary convergence of variable receptors, rarely cause autoimmune diseases. We will
introduce the applicability of the NK cell to cancer treatment.

2. Activation of NK cells

NK cell-based immunotherapy has been explored for decades. Several animal experiments indi-
cated the potential efficacy of NK cells in cancer treatment [1-3]. However, ex vivo NK cell expan-
sion techniques have been insufficient regarding the numbers of cells, purity and antitumor activity
to use in clinical settings. NK cells comprise only a minor population (i.e., 5-15% of peripheral
lymphocytes), and only a small number of NK cells is isolated after a typical apheresis procedure.
For example, approx. 77.8 +14.4 x 10°/L (range 62.7-95.9 x 10°/L) of leukapheretic products are the
result of a single apheresis of peripheral blood in a normal adult human with a mean percentage
of lymphocytes of 59.8% =+ 6.1 (range 53.9-66.4%), and subsequently 5-10x 10® NK cells can be
obtained [4]. On the other hand, at least 2 x 107/kg or 6 x 10°-6.5 x 10°/body NK cells are required
for each effective injection with multiple administrations [5, 6]. In addition, the reported engraft-
ment period of NK cells was 2-189 days (median 10 days), which showed no correlation with the
number of NK cells administered [7]. The NK cell infusion should thus be repeated in order to
maintain a sufficient number of NK cells meeting clinical requirements, but this would be a burden
on patients.

Scientists have been working to develop various methods for proliferating NK cells ex vivo
with high cytotoxicity and high purity. Several studies used an anti-CD3 antibody (clone:
OKT?3) in the first few days of culture for the activation of autologous T cells to help the NK
cell expansion, subsequently producing high numbers of undesirable T cells or NKT cells
in the final product [8-10]. However, particularly in haploidentical NK cell transplantation,
T cells must be excluded prior to the infusion in order to prevent graft versus host disease
(GvHD). Other studies removed CD3" cells by magnetic beads with or without CD56-positive
selection at the beginning of culture [11-13].

To acquire highly purified and expanded NK cells, an initial efficient depletion (<1%) of CD3*
cells and a relatively long-term culture (over 12 days) seem to be essential [12, 13]. Because
only a minor fraction of circulating NK cells is reactive to target cells (tumor cells) in vitro,
primary NK cells show insufficient cytotoxicity [14]. Various types of stimulation have thus
been reported to enable NK cells to achieve their full effector potential, such as interleukin
(IL)-15 produced by dendritic cells (DCs) [15] or macrophages [16], IL-2 [17], IL-12 [18], IL-18
[19] and IL-21 [20]. Currently, the additional cytokines used in the cultivation of NK cells
include IL-2, IL-15, and IL-21. IL-2, IL-15, and IL-21 share the receptor subunits IL-2/15Rp and
common Y chain [21] on the NK cell surface and have a synergetic effect. Use of IL-2 combined
with IL-15 for cultivation leads to good viability and good proliferation of NK cells [22]. IL-2
is also important for NK cell infiltration and killing, and IL-15 is important for both NK cell
maturation and survival [21]. IL-2 and IL-15 induce the expression of KIRs and activating
receptors (NKG2D and NKp44) on NK cell surface [23]. IL-21 modifies the expression of killer
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cell immunoglobulin-like receptors (KIRs) and NKp44 by reducing expression of DAP-12,
subsequently promote cell maturation, the ability of killing and survival [22, 23]. Several
experiments used feeder cells to provide essential stimulation for NK cell cultivation through
cytokine production or cell-to-cell contact [20, 23, 24]. The various cytokines and feeder cells
used in some clinical trials are mentioned in a later section of this article.

2.1. Killer cell immunoglobulin-like receptors (KIRs)

NK cells express KIRs, most of which are inhibitory (partially activating) receptors that rec-
ognized MHC class I molecules. In the 1980s, KIRs were first described as explaining the NK
cell-mediated rejection of allogeneic bone marrow transplants from a homozygous donor to
a hemizygous host in lymphoma and in F1-hybrid anti-parental resistance in a rodent model
[25]. In these situations, the graft fails to express at least one MHC class I allele of the host,
and NK cells are highly capable of identifying the difference, thus causing rejection. This can
be explained by the concept that NK cells have inhibitory receptors and begin to attack target
cells if they do not express ligands that interact with the specific inhibitory receptors. This
phenomenon was termed the “missing-self hypothesis”, which is now accepted as one of the
complex target recognition mechanisms of NK cells.

2.1.1. Regulation of NK cell activity

The activation of NK cells is regulated by various receptors including KIRs, CD94-NKG2 family,
leukocyte immunoglobulin-like receptors (LILRs), natural cytotoxicity receptors (NCRs), and
FcyRlIlla (CD16) [26-28]. Among these receptors, KIRs, CD94/NKG2A heterodimers, and LILRs
belong to the large family of inhibitory receptors of MHC class I, mediating NK cell function by
signaling through intracytoplasmic immunoreceptor tyrosine-based inhibition motifs (ITIMs)
[29]. Each NK cell has a threshold of activation through a balance of total stimulation between
inhibitory and activating signals [30] (Figure 1). In other words, NK cells selectively kill tar-
get cells that down-regulate MHC class I molecules and/or up-regulate other activating ligands
[28] such as MHC class I chain (MIC)-related antigens MICA, MICB and UL-16 binding protein
(ULBP). MICA, MICB, ULBPs are ligands of NKG2D homodimer, which belong to C-type lectin
receptor NKG2 family expressed on the surface of NK cells and CD8" T-lymphocytes. NKG2A/
CD9% and NKG2B/CD94 heterodimers transmit inhibitory signals, while NKG2C/CD9%,
NKG2E/CD9%, NKG2H/CD% heterodimers and NKG2D homodimer are activating receptors.

2.1.2. Genetics of KIRs

The KIR gene family includes 14 loci (KIR2DL1, KIR2DL2/3, KIR2DL4, KIR2DL5A/B, KIR2DS],
KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, KIR3DL1/51, KIR3DL2, KIR3DL3 and two pseudo-
genes, KIR2DP1 and KIR3DP1) [31]as shown in Table 1. These loci are located on chromosome
19q13.4, which is known as the leukocyte receptor cluster (LRC); each haplotype has 9-15 KIR
genes in a row [32]. Different NK cells within individuals each express a subset of the available
KIR repertoire, leading to an allelic polymorphism of KIRs. Based on studies of KIR genotype
variation, two major KIR haplotype groups termed the groups ‘A” and ‘B’ are defined [33].
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Figure 1. The mechanisms of cytotoxicity by NK cells.

=

L1

Inhibitory Ligands Ligand missing Notes
KIR2DL1 HLA-C2 group (Cw2, C*0307,Cw4, HLA-C1/C1
Cwb5, Cwé, C*0707, C*0709, C*1204,
C*1205, Cw15, C*1602, Cw17, Cw18)
KIR2DL2 HLA-C1 group (Cw1, Cw3, Cw7, Cw8, HLA-C2/C2(except for
Cw12, Cw13, Cw14, C*1507, C*1601/4)  C*02, *05) and HLA-B46,
B7. ti
HLA-B46, B73 3 negative
HLA-C2(C*02, C*05)(weak interaction)
KIR2DL3 HLA-C1 group (Cwl, Cw3, Cw7, Cw8, HLA-C2/C2 and HLA-
Cw12, Cw13, Cw14, C*1507, C*1601/4)  B46, B73 negative
HLA-B46, B73
KIR3DL1 HLA-Bw4 epitope(including HLA-A23, HLA-Bw6/Bw6 and Expression level: *01502, *020
A24, A32) HLA-A23/24/32 negative > *001, *007 >*004
KIR3DL2 HLA-A03, A11(+ EBNA peptide), HLA- HLA-A03, A1l negative, *001 is homo-dimer A03/A11
B27 dimer free of EBV could not promote NK cell
Licensing
KIR2DL5B Unknown
KIR2DL5T Unknown
Activating Ligands Ligand missing Notes
KIR2DS4 HLA-A*1102,(A*1101, C*0304, C*0501)  HLA-A*1102 negative
KIR2DS1 HLA-C2 HLA-C1/C1
KIR2DS2 Unknown(HLA-C17?)
KIR3DS1 Unknown(HLA-B*2705?)
KIR2DS3/5 Unknown
KIR2DL4 HLA-G
Others Ligands Ligand missing Notes
KIR2DP1 - - Pseudogene
KIR3DP1 - - Pseudogene

Table 1. Human KIRs.
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Each haplotype is separated into two regions: the centromeric half (Cen) and the telomeric
half (Tel). Cen and Tel motifs can be divided into Cen-A, Cen-B and Tel-A, Tel-B by the KIR
genes they contain. Haplotype A is a combination of Cen-A and Tel-A, which consists of
mainly inhibitory KIRs (KIR3DL3, 2DL3, 2DL1, 3DL1, 2DS4, 3DL2 and two pseudogenes).
Other combinations are termed Haplotype B (such as Cen-A and Tel-B or Cen-B and Tel-B),
composed of a large variation of genes characterized by the presence of more activating KIRs.
All individuals can be categorized according to their haplotype: A/A, which is homozygous
for group A haplotypes, or B/x, which contains either one (A/B) or two (B/B homozygotes)
group B haplotypes[34]. As a consequence of this genetic variation, several studies report that
donor-derived NK cells can mediate the graft-versus-leukemia (GVL) effect or even the graft-
versus-tumor (GVT) effect after allogeneic hematopoietic cell transplantation (HCT) [34-36].
These are the results of a KIR-ligand mismatch, the details of which are described later in
this article.

2.1.3. KIRs subtypes

KIRs are type I transmembrane glycoproteins expressed on the surface of NK cells, composed
of two (2D) or three (3D) extracellular Ig-like domains and a cytoplasmic short (activating) or
long (inhibitory) tail [31]. The length of the intracytoplasmic part determines the function; for
example, receptors with long cytoplasmic tails with one or two ITIMs that bind to phospha-
tase SHP-1, 2 allow the transduction of inhibitory signals through its dephosphorylation. In
contrast, receptors with short cytoplasmic tails possess a positively charged residue (lysine)
in the transmembrane domain that enables it to associate with adaptor proteins including
DAP12 and process the immunoreceptor tyrosine-based activation motifs (ITAMs) [29]. There
is one exception: KIR2DL4, with a long cytoplasmic tail, binds to the activation motif of FceRIy
and thus seems to transmit the activating signal [31].

MHC class I molecules are well-known ligands for KIRs, but HLA-C molecules, in particu-
lar, are the main ligands contributing greatly to NK cell activity. Polymorphisms in amino
acids at positions 77 and 80 of HLA-C show specificity for its target KIRs. Group 1 HLA-C
ligands (C1) include allele-encoded molecules with serine and asparagine (Ser77 and Asn80),
whereas group 2 ligands (C2) are characterized by allele-encoded molecules with asparagine
and lysine (Asn77 and Lys80). C1 epitopes bind specifically to KIR2DL2/3, and C2 epitopes
are ligands for KIR2DL1 [37]. However, it was shown that KIR2DL2/3 might also bind to
certain HLA-C2 epitopes (C*0501, C*0202, C*0401) and some HLA-B epitopes (HLA-B*4601,
B*7301) with very low affinity [38].

Among the inhibitory KIRs, KIR2DL1 results in a stronger inhibition compared to the KIR
2DL2/3 [38]. The third inhibitory KIR is KIR3DL1, which binds to HLA-Bw4 epitopes and a
subset of HLA-A epitopes (A*23, A*24, and A*32). All HLA-B have either the Bw4 or Bw6
epitope, but only the Bw4 epitope is a ligand for KIRs [39]. KIR3DL2 is a framework gene,
and it recognizes HLA-A*03 and HLA-A*11 with a low level of inhibition [40]. Although
haplotype A includes only a single activating KIR (2DL4), at least two to five activating KIR
genes (2DS1, 2DS2, 2DS3, 2DS5 and 3DS1) are subject to haplotype B. However, KIR2DS1
alone is now confirmed to have matched ligand HLA-C2 with lower avidity compared to
KIR2DL1 [41].
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2.2. Death Ligands

NK cells express members of the tumor necrosis factor (TNF) superfamily, the so-called
death ligands. The cognate of the receptor on target cells by these ligands on NK cells —
which include TNF-related apoptosis-inducing ligand (TRAIL), Fas ligand (FasL) and TNEF-
like weak inducer of apoptosis (TWEAK) — results in classical caspase-dependent apoptosis
[42, 43]. In the TRAIL/TRAIL receptor system, at least five receptors have been identified and
two of them, TRAIL-R1 (DR4) and TRAIL-R2 (DR5), contain cytoplasmic death domains and
are able to transduce an apoptotic signal [44]. Other TRAIL receptors — TRAIL-R3 (DcR1)
and TRAIL-R4 (DcR2) and a soluble receptor called osteoprotegerin (OPG: TRAIL-R5) —
lack a death domain, but they are dedicated as decoy receptors to regulate TRAIL-mediated
cell death [45]. In target cell expressing TRAIL receptors, the ligation of TRAIL can lead to
the activation of caspase-8 and subsequently caspase-3 to induce apoptosis [46, 47]. TRAIL
is up-regulated after the stimulation of interferon-gamma (IFN-y) in vitro [48, 49] and also
in vivo, which demonstrates that TRAIL is required for the IFN-y-mediated prevention of
tumors [50].

FasL is expressed on activated NK cells and cytotoxic T lymphocytes (CTLs) [42]. Although
it is known that FasL is expressed on NK cells at a low level, significant amounts are stored
intracellularly [51]. An activating signal of rodent NK1.1 up-regulated the expression of
FasL [52]. After FasL has bound to Fas, the Fas associated with two specific proteins, Fas-
associated death domain (FADD) and caspase-8, to form the death-inducing signal complex
(DISC). Fas is expressed on various tissues, but the molecule is downregulated in cancers
during its progression [53]. NK cells are capable of directly inducing Fas expression on
tumor cells via IFN-y secretion, and NK cells show cytotoxicity to tumor cells expressing
Fas [45].

2.3. Perforin and granzyme

Cytolytic killing using perforin and granzyme is a major mechanism in the elimination of
infected cells and tumor cells by NK cells. NK cells contain cytoplasmic granules including
perforin (a membrane-disrupting protein) and granzyme (a family of serine proteases). Once
NK cells recognize target cells, they form an immunological synapse, and the secretory gran-
ules fuse with the presynaptic membrane and release perforin and granzyme into the syn-
aptic cleft. Released perforin provides transmembrane pores on the target cell and enables
granzyme to diffuse into the cell. Granzyme then initiates the apoptosis of the target cells,
and the NK cells detach from the dying cells and can interact with other target cells to accom-
plish serial killing [54]. The release of such granules stored in the NK cells is dependent on
the polarization of both microtubules and actin filaments in the cytoskeleton. The increase of
intracellular calcium concentration triggered by a positive balance of activating and inhibitory
signals initiate the rapid move of microtubule-organizing center (MTOC) in the cytoplasm
towards the target cell, and then cytotoxic granules migrate along the MTOC [54]. Granules
fuse with the presynaptic membrane, subsequently, the lytic granules can be released at the
NK cell-target cell interface[55] (Figure 2).
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Figure 2. Interaction of an NK cell with a target cell.

3. NK cells for clinical use

3.1. Sources of NK cells

There are several options for sources of NK cell therapy, including peripheral blood mono-
nuclear cells (PBMCs), umbilical cord blood (UCB), bone marrow (BM), cell lines, human
embryonic stem cells (hESCs), and induced pluripotent stem cells (iPSCs).

3.1.1. Peripheral blood mononuclear cells (PBMCs)

PBMCs are the most common source of NK cells, and PBMCs can be collected by apheresis or
a specific gravity centrifugal method (e.g., Ficoll separation). However, the percentage of NK
cells in PBMCs is low (5-20%), and because there is a limit on the number of cells that can be
recovered from a donor by lymphocyte apheresis, it is not possible that a sufficient number
of NK cells for killing the target can remain in the recipient [7]. That is, in order to stay in the
recipient’s body until the target cells are killed, it is necessary to collect peripheral blood fre-
quently, which is a heavy burden on the patient.

Numerous methods for amplification cultures of NK cells have been reported. Stem cell
mobilization is a process whereby stem cells (CD34'cells) are stimulated out of the bone
marrow space (e.g., the hip bones and the chest bone) into the bloodstream, and granulo-
cyte-colony stimulating factor (G-CSF) is widely used as a drug for harvesting peripheral
blood stem cells from patients or healthy people. Another drug, Plerixafor [56], a CXCR4
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antagonist approved in 2008, has an excellent mobilization effect in combination with G-CSF
[57, 58].

An increase in a number of CD34-positive cells harvested by mobilization reduces the num-
ber of apheresis sessions required for cell therapy, which may reduce the burden on patients.
When allogeneic hematopoietic stem cells are used, GVHD in the acute phase, which is
thought to be caused by T-cell contamination, exists as a problem to be overcome. There is
also a report that the induction of myeloid-derived suppressor cells (MDSCs) by the adminis-
tration of G-CSF reduces the frequency of GVHD. It is important to note that MDSCs suppress
T-cell function through an arginine depletion by arginase-1, the production of reactive oxygen
species, and the induction of Treg cells [59, 60].

3.1.2. Bone marrow (BM)

Bone marrow aspiration removes a small amount of bone marrow fluid through a needle put
into a bone under general anesthesia. Compared to apheresis, it is very rarely used as a start-
ing material because of its high invasiveness to donors.

3.1.3. Umbilical cord blood (CB)

Hematopoietic reconstitution for Fanconi anemia treatment using cord blood was first per-
formed in 1988 by Gluckman et al. [61]. Since then it has been widely accepted as a source of
hematopoietic stem cells when autologous blood is not recommended or readily available.
Cord blood (CB) can be donated to public CB banks for use by any patient worldwide for
whom it is stored for potential autologous or family use. The majority of CB products used
today are for hematopoietic stem cell transplantation and are accessed from public banks.

Cord blood presents no harm to the donor at the time of collection, and the frozen storage of
collected samples is possible. In addition, cord blood of various blood types is classified and
preserved in umbilical cord blood banks. When umbilical cord blood is used as the source
of therapeutic NK cells, it is highly tissue-compatible according to the patient’s blood type
and accompanying transplantation. It is easy to select blood type-specific umbilical cord
blood, with little side effects. In addition, it is possible to minimize the risk of GVHD from the
absence of T cells [62-64]. As with PBMCs, a growth culture is essential because the amount
of NK cells that can be obtained from a single CB sample is not an amount that can expect to
provide a therapeutic effect.

3.1.4. Embryonic stem cells and induced pluripotent stem cells (ES/iPS)

Another possible source of NK cells is human embryonic stem cells (hESCs) and induced plu-
ripotent stem cells (iPSCs). A differentiation/expansion culture from hESCs and iPSCs to NK
cells is a regimen requiring more sophisticated technology compared to the PBMCs and UCB
described above. The differentiation process of human iPSCs is divided into three stages of
“maintenance amplification”, “structure construction”, and “differentiation induction”. The
culturing step is to generate CD34* hematopoietic progenitor cells from hESCs and iPSCs and

then differentiate these cells into NK cells.
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A preclinical demonstration that NK cells can be separated from the sources of these plu-
ripotent stem cells has been described [65, 66]. However, that demonstration enabled efficient
proliferation by using mouse stromal cells as feeder cells, and the involvement of heterolo-
gous cells may limit clinical application. As with UCB, advances in the development of safe,
effective and standardized clinical-grade manufacturing protocols will provide opportunities
to develop ready-made personalization and immunogenic cell therapy.

3.1.5. Cell lines

The cell lines that have been derived from NK cells are NK-92, NK-YS, KHYG-1, NKL, NKG,
SNK-6, and IMC-1 cells [67], and several research groups are exploring the possibilities of
using these cell lines for therapeutic applications. The primary advantage of an NK cell line
is that it is “ready to use”, and it is possible to establish comprehensive standardization and
characterization of the cell source by using the master cell bank. The cell therapy product is
thus considered to be an attractive merit in manufacturing. Moreover, a more homogeneous
population is obtained compared to that from peripheral blood, and its homogeneous charac-
ter is another advantage when performing a genetic modification operation.

NK cell line has been applied to genetic modification technology for expressing intracellular
IL-2 for the forced expression of CD16, natural cytotoxicity receptor (NCR), chimeric antigen
receptor (CAR) and NK cell activation [68, 69]. The most widely clinically used cell line is the
NK-92 cell line, which is cytotoxic to a wide range of malignant cells [70, 71]. NK-92 cells express
the receptor but hardly express KIR, NKp44 or CD16. NantKWest (Culver City, CA, USA) con-
ducts clinical trials using NK-92 cells (Neukoplast™) and has completed a Phase 1 study (U.
S. National Clinical Trial [NCT] #00900809 and NCT #00990717). Moreover, the company has
begun phase 1 and phase 2 trials of haNK (high-affinity NK cells) [72] engineered to express
CD16 (NCT #02465957 and NCT #03027128). In addition, as another attempt, the development of
CAR-TNK expressing CD7 or CD33 has been advanced (NCT #02944162 and NCT #02742727).

3.2. Manufacturing method

The number of NK cells contained in a collectable amount of UCB or peripheral blood is not
enough to achieve a clinical therapeutic effect. A long-term culture method is necessary to
overcome this problem. For starting material, T cells and/or B cells are removed with mag-
netic beads to increase the purity of NK cells. This is also to prevent the proliferation of T cells
caused by IL-2 during the culture period of NK cells and to avoid lower purity of the final
product [8, 73].

In addition to the important cytokine IL-2, there are IL-15, which is necessary for both the
maturation and survival of NK cells [21]. IL-2 and IL-15 share the same receptor component
IL-2/15RpB and a common vy chain, and they are used in a culture method without the use of
feeder cells [74, 75]. IL-21 [76], a member of the IL-2 cytokine family, is a potent immunostim-
ulatory cytokine that shows diverse regulatory effects on NK cells, T cells and B cells [77, 78]
and also has the effect of enhancing rituximab-mediated antibody-dependent cell mediated
cytotoxicity (ADCC) of mantle cell lymphoma [79]. In addition, there is a culture method
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using feeder cells to efficiently expand NK cells ex vivo. As feeder cells, monocytes, irradiated
PBMCs, the K562 cell line and a genetically modified cell line are used.

For example, there are systems using a co-culture with NK cells and monocytes [80], with
CB CD34" cells and bone marrow stromal cells [81], or K562 cells transfected with IL-21 [82].
There is also a completely closed culture using Epstein-Barr virus-transformed lymphoblas-
toid cell lines [83]. Thus, the use of feeder cells is an important method for securing a number
of cells that can be expected to have a therapeutic effect. However, because of the problem of
infectious disease risk presented by the use of an allogeneic feeder, the regulatory hurdles in
the manufacture of pharmaceutical products are high [84].

To overcome this problem, Yonemitsu et al. reported a method of culturing highly acti-
vated NK cells with 290% purity from PBMCs in a completely closed and feeder-free system
under the good manufacturing practices (GMP) [13]. As another feeder-free culture method,
Spanholtz and colleagues reported a culture method that achieved amplification efficiency
and high purity of 10,000 times or more in 6 weeks from UCB CD34" hematopoietic stem cell
(HSCs), using a closed system process based on GMP [85]. Knorr and colleagues reported dif-
ferentiation induction from CD34" hematopoietic progenitor cells produced under feeder-free
conditions to cytotoxic NK cells [86].

3.2.1. NK cell-based immunotherapy: autologous cells

Clinical trials using autologous NK cells have been performed targeting solid tumors such as
colorectal cancer, non-small cell lung cancer, melanoma, kidney cancer and esophageal can-
cer [87-89]. In general, autologous NK cell therapy is safe without side effects such as GvHD
[87], but its therapeutic effect is limited to some cancer types [74]. An activation culture with
IL-2 and OKT3 or Hsp70 has been reported to be able to efficiently induce the proliferation of
NK cells [74], in particular, the retronectin culture method of Sakamoto et al. showed a high
amplification efficiency (about 4720-fold) [89].

3.2.2. NK cell-based immunotherapy: allogeneic cells

Allogeneic NK cell products are used for the treatment of malignant tumors such as leukemia,
renal cell carcinoma, colorectal cancer, and lymphoma. The major risk of allogeneic NK cell
transplantation is the onset of GYHD. Measures against GvHD include the use of immunosup-
pressive agents, injection of high-purity NK cells by CD3 depletion, and the selection of donors
consistent with the host HLA [74, 75]. In the case of haploidentical donors and recipients, to
avoid GvHD, it is necessary to strictly perform T-cell depletion. In many studies, CD56" is
enriched after the removal of CD3* T cells [17, 90, 91]. In cases of an allogeneic type, HLA typ-
ing and confirmation of KIR by flow cytometry are carried out, particularly in order to select the
optimum donor. For details on the selection criteria, please refer to a later section of this article.

3.2.3. Synergistic effect: antibody drugs

An antibody drug is, in short, a medicine that functions based on the specificity with which an
antibody recognizes an antigen. The characteristics of antibody drugs are high specificity (low
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toxicity) and high stability in vivo. The antibody binds only to the target antigen, and not to
any other, which leads to the intended medicinal effect with only rare unexpected side effects.
Antibodies are present at a stable level in the blood, and antibody medicines can also be
detected at a stable level in the blood for a long period after administration, and they can exert
their medicinal effects over a long term. More than 50 antibody drugs have been approved in
Japan, the U.S. and Europe. Target diseases include cancer, rheumatoid arthritis and psoriasis,
but most of the targets are cancers. One of the action mechanisms of antibody drugs used to
treat cancer is ADCC, in which NK cell plays a central role. Table 2 shows FDA-approved
antibodies for ADCC to treat cancer.

ADCC mediated by NK cells begins with the recognition of antibodies bound to target cells.
NK cells express two Fc receptors, CD16a (FcyRlIlla) [92] and CD32c (FcyRlIIc) [93]. These Fc
receptors recognize and bind to IgG1 and IgG3 and have a high affinity for IgG3 [94]. NK cells
that recognize the antibody on the target cells transmit their signals intracellularly and kill
the cells.

The signaling of human CD16 is mediated via FceRIy, CD3(, or FceRIy-CD3C heterodimer.
These molecules contain an ITAM and are phosphorylated when the antibody binds to CD16
[42]. CD32c (FcyRIIc) contains an ITAM-like sequence in the cytoplasmic domain (which is

Drug name Trade name Type Target Cancers Approved year

Rituximab Rituxan Chimeric IgGlk CD20 Non-Hodgkin)s B-cell 1997
lymphomas Chronic

MabThera lymphocytic leukemia
Trastuzumab Herceptin Humanized IgGlix ~ HER2 Adenocarcinoma 1998
of the stomach or
gastroesophageal junction
Breast cancer
Alemtuzumab Campath Humanized IgGlx ~ CD52 B-cell chronic lymphocytic 2001
leukemia
Cetuximab Erbitux Chimeric IgGlk EGFR Colorectal cancer 2004
Head and neck cancer
Ofatumumab Arzerra Human IgGlx CD20 Chronic lymphocytic 2009
leukemia
Pertuzumab Perjeta Humanized IgGlx ~ HER2 Breast cancer 2012
Obinutuzumab Gazyva Humanized IgGlx ~ CD20 Chronic lymphocytic 2013
leukemia
Follicular lymphoma
Dinutuximab Unituxin Chimeric IgGlk GD2 Neuroblastoma 2015
Daratumumab Darzalex Humanized IgGlx ~ CD38 Multiple myeloma 2015
Elotuzumab Empliciti Humanized IgGlx ~ SLAMF7  Multiple myeloma 2015

Table 2. FDA-approved antibodies for ADCC to treat cancer.
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similar to that of FcyRIla), suggesting that it transmits a signal via SRC-SYK (the SRC family
of kinases and spleen tyrosine kinase [SYK]) signaling pathways [95]. However, the expres-
sion of CD32c was less than half of that of NK cells [96, 97]. Many studies focusing on CD16
have thus been conducted.

Several genetic polymorphisms of CD16 exist. Among them, the amino acid at position 158
has been shown to be important for the strength of the affinity for antibodies. The affinity
depends on whether the amino acid at position 158 is phenylalanine or valine, and the valine
type (158 V) has a higher affinity for the Fc of IgG. A number of reports have indicated that
differences in the affinity for antibodies are correlated with therapeutic effects, and many
studies have analyzed the clinical responsiveness of this gene polymorphism and antibody
therapy. Cartron et al. examined the effects of rituximab treatment for non-Hodgkin’s lym-
phoma, and they reported a higher objective response rate in CD16 (158 V) homozygous
patients compared to CD16 (158F) carrier patients [98]. Wang et al. analyzed the outcomes of
rituximab treatment for Follicular Lymphoma and reported significantly more likely progres-
sion-free survival at 2 years in CD16 (158 V) homozygous patients compared to CD16 (158F)
carrier patients, at 45 and 14%, respectively [99].

These results suggest that the affinity of CD16 for antibodies correlates with the therapeutic
effect. Thus, focusing on CD16, the modification of NK cells has been attempted. Binyamin et
al. reported that introducing CD16 (158 V) into NK-92 cells not expressing CD16 improved the
cytotoxicity against B-cell lymphoma with rituximab [100]. Carlsten et al. reported high ADCC
activity of cultured NK cells from healthy donors with CD16 (158F/F) and transduced CD16
(158 V) mRNA by electroporation against rituximab-coated CD20" B-cell lymphoma cells [101].

As described above, since NK cells mediate antibody-dependent cytotoxic activity via Fc
receptors, compatibility with antibody drugs targeting ADCC is desirable. As a strategy to
further augment the antitumor effect, a plausible strategy is to enhance the affinity between
the Fc receptor and the antibody. Low-molecular-weight compounds that are able to inhibit
the shedding of CD16 have been reported. It is known that CD16 is cleaved by a protease
such as a disintegrin and a metalloprotease 17 (ADAM17) when cells are activated [102], and
thus in order to exert more sustained and enhanced ADCC activity, a method of inhibiting
the cleavage of CD16 on NK cells may be important. In fact, inhibitors of ADAM17 enhanced
the activity of NK cells [102, 103]. Another method to inhibit the cleavage of CD16 is a genetic
modification. The substitution of the serine residue at position 197 in CD16 by a proline pre-
vents the cleavage of CD16 on NK cells [104]. It may be possible to promote the antitumor
effect by using a CD16 mutant.

4. Optimized selection of patients/donors

4.1. Clinical outcomes: on the KIR ligand mismatch model

Research reports focusing on the KIR of NK cells and the HLA of tumor cells for the purpose of
treating leukemia have been drawing attention since the 2000's. In the report by Ruggeri et al.
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published in Science in 2002, the cases in which HLA-ABC recognizable by NK cells is present
in a donor but not in a recipient were defined as “KIR mismatch”. It was speculated that in such
cases, NK cells not receiving suppression signals from the donor HLA attack the cells of the
recipient. When Ruggeri et al. started this research, it was not known that NK cells are a het-
erogeneous population expressing multiple inhibitory receptors, or that the specific antibodies
that can be used for analysis are inadequate. Ruggeri and colleagues, therefore, examined only
the HLA of donors and recipients without examining the KIR, and they analyzed patients
divided into the two groups of HLA matched and mismatched transplantations. Although it
may not have been an appropriate observation based on the current knowledge, at that time,
the analysis was based on the following basic research data.

Ruggeri et al. examined whether CD56-positive NK cell clones collected from donors could
attack leukemia cells of the recipient. They found that NK cell clones that attack leukemia cells
exist, and their high frequency (=2%) correlates well with the cases in which the donor’s and
recipient’s KIR ligand (HLA) do not match in the GVH direction. Ruggeri et al. analyzed 35
acute lymphoblastic leukemia (ALL) and 57 acute myeloid leukemia (AML) patients who had
allogeneic hematopoietic stem cell (HSC) transplantations at their institution. The result was
a breakthrough result in 20 AML patients who were not KIR ligand mismatches in the GVH
direction, with 0% relapse after transplantation [105]. This report was the subject of much
attention, and then it was decided to conduct data analyses in medical institutions around the
world seeking reproducibility of the results.

The analysis by Ruggeri et al. was by the method known as the “KIR ligand mismatch model”,
which examines only the donor and recipient HLA-ABC without checking the KIR. This
method determines whether a KIR match or mismatch is determined. Researchers all over the
world could thus easily use this method. However, most of the analysis results obtained in
this way conflicted with the report by Ruggeri et al.

As an example, we will describe the analysis results obtained from the study of the Japan
Marrow Donor Program (JMDP). In 2007, Morishima et al. reported the results of their analy-
sis of 1790 patients who underwent an allogeneic bone marrow transplantation in accord with
the KIR ligand mismatch model [106]. In conventional domestic allogeneic HSC transplanta-
tion, the criterion for donor selection is that the HLA-AB and -DR matched, and by this crite-
rion 534 of the 1790 cases were HLA-C mismatched. As a result, the overall survival rate, the
recurrence rate, and the incidence of GvHD were poor in the group in which the KIR ligand
HLA-C was mismatched in the GVH direction.

The finding that allogeneic HSC transplantation has no merit in KIR mismatches is common
in the report about cases from the U.S. National Marrow Donor Program (NMDP) and the
European group for blood and marrow transplantation (EBMT) [107]. Comparing Ruggeri’s
2002 report with Morishima’s 2007 report, the biggest difference was the cell source for trans-
plantations, the former being CD34* cell transplantation from haploidentical donors and the
latter being conventional bone marrow transplantation. In addition, Ruggeri et al. used anti-
thymocyte globulin (ATG) in all cases. A re-analysis of the registered JMDP cases reconfirmed
that the transplantation performance of the HLA-C matched group was also good and that of
the group with the HLA-C mismatch was poor [108].
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Interestingly, the disadvantage of this HLA-C mismatch was not observed in the ATG admin-
istration group. In other words, it is suggested that not NK cell dysfunction but T cells induced
by HLA-C mismatch had exacerbated the transplantation results. T cell-depleted grafting and
ATG might avoid the T-cell response. There are certain reports that HLA-C mismatches are
recognized by cytotoxic T lymphocytes (CTLs). There are two papers that reported a total
of nine CTL clones from two patients who developed GvHD [109, 110]. Interestingly, all of
the targets of the nine CTL clones were HLA-C, which was different from the HLA-C of the
recipient. There is no doubt that the difference in HLA-C could be a target for CTL.

4.2. Receptor ligand model or missing ligand model

Although the KIR ligand mismatch model investigated only ligand (i.e.,, HLA) differences,
eventually some researchers noted that donors” KIR should also be examined and analysed
by different approaches were developed. In 2004, Leung et al. analyzed 36 children who
received selective CD34" cell transplantation from haploidentical donors [111]. They first
examined the presence or absence of inhibitory KIR in donor cells by flow cytometry (i.e.,
a phenotype assay). It was speculated that the recipient would have a KIR mismatch if the
recipient did not have a ligand for KIR (suppressing type) of the donor. This is the “recep-
tor-ligand model”.

For example, when the donor has KIR2DL1 with HLA-C1/C1, when the recipient is HLA-
C1/C1, it is considered a KIR match in the KIR ligand mismatch model, but it is a ligand
mismatch of KIR2DL1 in the receptor-ligand model. This is a very frequent combination
for Japanese (HLA-C1/C1 = 85%, KIR2DL1* = 99%). Conversely, if the donor does not have
KIR2DL1 with HLA-C1/C2, if the recipient is HLA-C1/C1, it is considered a KIR mismatch
in the KIR ligand mismatch model, but it is considered a KIR match in the receptor-ligand
model. However, since there are few KIR2DL1™ and HLA-C1/C2 among Japanese, this com-
bination is extremely rare.

An analysis conducted to determine which model can predict recurrence more accurately
revealed that the receptor-ligand model is superior [111]. Hsu et al. also reported their analy-
sis based on the receptor-ligand model [112]. They investigated 178 cases of T cell-depleted
transplantation and found that the positive rates of KIR2DL1, KIR2DL2/3, and KIR3DL1 were
93, 99, and 92%, respectively, in the donor gene, and that although there were 112 cases (63%)
of the 178 patients who were expected to exhibit the GVL effect, there was a significant dif-
ference in the recurrence rate, and the disease-free survival rate/overall survival rate was also
good in the AML and myelodysplastic syndrome (MDS) patients.

Hsu et al. presented a new idea in 2006 [113]. It is hard to examine the donor’s KIR by genetic
testing, but donors usually have genes of KIR2DL1, KIR2DL2/3, and KIR3DL1. Therefore,
HLA-C1/C1 homozygous, HLA-C2/C2 homo and HLA-Bw6/Bw6 homo patients identified
by examining only the recipient’s HLA may experience the GVL effect from donor NK cells.
This method is called the “missing ligand model”. It was designed for transplantation perfor-
mance analyses, not for donor selection. Hsu et al. analyzed 1770 patients who had allogeneic
(unrelated) T-cell-depleted transplantation. A University of Minnesota study examined 2062
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cases from the U.S. NMDP [114], and based on the idea that NK cells have a GVL effect,
they excluded 568 Japanese subjects or analyzed only partial diseases with good prognosis.
Nonetheless, that paper is very interesting as it shows the difference in the distribution of KIR
ligand between Japanese and Westerners and the difference in the recurrence rate of disease
[113]. We can see how Japanese are ‘biased’ toward HLA-C1.

Although few cases of GVHD in Japanese have been reported, the recurrence rate of HLA-C1/
C1 patients is not much different from that of Westerners. In addition, among the Japanese, the
recurrence rate is extremely small when the recipients are HLA-C2/C2 homozygous, which is
a minority. However, caution is required in the interpretation of the results, as there are only
three cases in which the recipient had HLA-C2/C2. Further detailed analysis is expected in
the future.

4.3. Therapeutic effects of allogeneic transplantation of NK cells, and their limitations

In 2007, Ruggeri et al. reported the results of 122 cases of AML [115], which included 57 cases
[105] and the other 55 cases. In the KIR ligand mismatch model, there were 51 cases of KIR
mismatch in the GVH direction and 61 cases of matches, and the number of remission cases
at the time of transplantation and the cases which were refractory to treatment were approxi-
mately 50% of the cases. The results showed that although the relapse rate was significantly
lower in the cases of remission at the time of transplantation in the KIR mismatch in the GVH
direction (3 vs. 47%, p=0.003), in the cases in which the treatment was refractory, no treat-
ment effect was observed (32 vs. 37%, p=NS).

Is it true that NK cells exert a GVL effect? A direct answer to that question has been reported
as a KIR-mismatch NK cell transplantation in recent years. Ten children with AML [7] and 13
adults with AML [116] underwent the transplantation of CD56-positive NK cells harvested
from haploidentical donors. The collected NK cells were considered KIR mismatches, and
in both studies, only NK cells were transplanted after pretreatment (fludarabine and cyclo-
phosphamide). The number of transplanted NK cells was 29 x 10%/kg for the children and 2.7
x 10%/kg for the adults; the numbers of transplanted T cells were <1 x 10°/kg and < 1 x 10°kg,
respectively. After transplantation, 1-10 million units of IL-2 were administered every other
day, 6 times.

As a result, transient engraftment of donor NK cells was observed in all cases. Donor-derived
NK cells occupied 7% (1-30%) of the peripheral blood lymphocytes at the peak of day 14 in
the children’s report, and at day 28, donor-derived NK cells have been detected from three of
10 patients [7]. All of the child patients had AML in complete remission, and all cases did not
recur. Among the adult patients, whose leukemia was worse, one of five patients with clear
recurrence showed transient remission, and two patients with genetic recurrence AML were
remitted [116]. From the above results, it was demonstrated that NK cells exert a sufficient
antitumor effect if the residual tumor is relatively small. However, it is not yet clear whether
the therapeutic effect is proportional to the number of NK cells administered. It should be
noted that even though transplanted CD3-positive cells are limited to <1 x 10%/kg, there was
no case of GVHD onset in either group.
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4.4. Selection of KIR in allogeneic hematopoietic stem cell transplant donors

The target diseases in which the therapeutic effect by NK cells is confirmed in analyses of vari-
ous clinical tests are mostly limited to AML. Clinical trials using conventional NK cells often
do not even target other diseases. There are reports that NK cells do not show a therapeutic
effect against ALL because of lymphoid cells highly MHC class I, and therefore, the inhibi-
tory signal is strong [117]. In addition, KIR ligand mismatch can lead to GvHD by CTLs as
described above. In order to avoid this, ingenuity such as umbilical cord blood transplanta-
tion or the use of ATG may be necessary.

4.4.1. Donor selection based on inhibitory receptors

There is a reason to expect the GVL effect in donor NK cells not receiving a KIR signal from
the recipient HLA. The main inhibitory receptors are KIR2DL1, KIR2DL2/3, KIR3DL1, and
KIR3DL2. There is no evidence that the effects of these four inhibitory receptors are identical.
Particularly with regard to KIR3DL2, there are reports that the KIR-positive NK cells are not
even licensed, even if the recipient has HLA-A3 or A1l (KIR3DL2 ligands) [118]. Most NK
cell transplantations have been expected to provide a therapeutic effect due to missing self of
KIR2DL1 or KIR2DL2/3, and the number of transplantations in which a therapeutic effect by
missing self of KIR3DL1 have been expected is very low. There is no transplantation in which
the therapeutic effect by missing self of KIR3DL2 alone is expected.

For example, if the recipient is HLA-C1/C1 if the KIR ligand mismatch model is used, an
HLA-C1/C2 or HLA-C2/C2 donor would be selected. Even if transplantation is assessed
using the receptor-ligand model, the donor’s KIR is often unknown. However, in Japanese,
most (approx. 99%) donors KIR2DL1 can be considered positive. If so, in the receptor-ligand
model, it seems that any donor could be chosen, but NK cells derived from an HLA-C1/C1
donor may show a lower GVL effect. When the recipient is HLA-Bw6/Bwé, it must first be
confirmed that all of the HLA-A23, -24 and -32 are negative, and then an HLA-Bw4-positive
donor should be selected. However, since 7% of Japanese are negative for KIR3DL1 gene,
it must be confirmed that KIR3DL1 is positive for the donor by flow cytometry, or that the
genotype is either KIR3DL1*01502 or KIR3DL1*020.

4.4.2. Donor selection based on haplotypes

It was reported that donors should be chosen for haplotype B when considering the activat-
ing receptors [34]. In that study, Cooley et al. analyzed 448 AML cases of NMDP, and they
observed that the 3-year overall survival rate when the donor was haplotype BX was 31%,
significantly higher than the rate of 20% when it was haplotype AA (p <0.01). In addition, the
recurrence decreases the most in cases that the donor had Cen-B/Cen-B, and it is reported that
Tel-B also leads to a reduction of recurrence and improvement of prognosis [119].

Based on the data from three groups in the United States (Memphis, Sloan Kettering,
Minnesota), Leung et al. advocated a donor selection algorithm for NK cells [120]; in the trans-
plantation of T cells containing bone marrow or peripheral blood stem cells, donors should
be HLA matches, and donors with KIR ligand mismatch should be avoided. Conversely, in
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T cell-depleted transplantation or umbilical cord blood transplantation, a donor for a KIR
ligand mismatch should be chosen. It is also recommended that a donor with KIR that can
attack the recipient’s HLA (possibly KIR haplotype B) be selected. In Japan as well, if KIR hap-
lotype testing of the donor banks becomes possible in the future, or if the NK cell preparation
is put to clinical use, it will be possible to test this algorithm described by Leung et al.

4.4.3. Donor selection based on activating receptor

KIR2DS1 is activated by HLA-C2. This means that if the recipient is positive for HLA-C2
and the donor is KIR2DS1-positive (Tel-B = haplotype BX), KIR2DS1-positive NK cells will
be activated and will kill the recipient’s tumor cells. In actual transplantation, when NK cells
were cultured in vitro to examine the antitumor effect on leukemic cells of patients, KIR2DS1-
positive NK cells killed tumor cells of recipients with HLA-C2 [121]. An analysis of the KIR
gene of AML donors and recipients (1277 cases) from the U. S. NMDP and the Center for
International blood and marrow transplant research (CIBMTR) provided large-scale proof
using actual transplantations, and the report was published in The New England Journal of
Medicine [122]. The analysis revealed that recurrence was significantly reduced when the donor
had KIR2DS1 (26.5 vs. 32.5% (KIR2DS1-negative), p =0.02). However, this effect was canceled
when the donor was HLA-C2/C2. This is thought to be a disarming phenomenon, and it can
be explained as follows: the HLA-C2/C2-derived KIR2DS1-positive clone is inactivated.

In that report [122], the proportion of donors with the KIR2DS1 gene was 33%. In the report
by Yabe et al. [108], the KIR2DS1 gene-positive rate was 38%. Since Yabe et al. focused only on
recipients of HLA-C2/C2, they did not analyze KIR2DS1-positive donors because the number of
cases was too small. In addition, it was reported that when the donors had KIR3DS1, although
a decrease in the recurrence rate was not observed, the mortality rate decreased slightly [122].
Yabe et al. also analyzed leukemia patients and reported that transplantation from KIR3DS1
donors reduced the rate of acute GvHD [123]. It was also reported that the likelihood of acute
GvHD increases when the donor is haplotype AA [124, 125]. The mechanisms underlying KIR/
HLA interactions remain unclear, but these reports may be a reference for donor selection.

4.5. Immune checkpoint inhibitors
4.5.1. Checkpoint of NK cells

Checkpoint inhibitors are an extremely promising approach among immunotherapies.
Treatment with anti-CTLA4 or anti-PD-1 antibody restored the T-cell activity in cancer patients
and resulted in tumor regression in several patients. A combination of both of the checkpoint
inhibitors anti-CTLA4 and anti-PD-1 could further enhance therapeutic benefits [126, 127]. It
has been shown that NK cells from patients with multiple myeloma and renal cancer express
PD-1, the signal of which reduce the cytolytic activities of NK cells [128, 129]. Treatment using
patient-derived PD-1* NK cells with the anti-PD-1 antibody (pidilizumab, CT-011) increased
the NK cell-mediated killing of autologous cancer cells in vitro [128]. The therapeutic benefit
of activating PD-1* NK cells in cancer patients is currently not well understood, and the major
therapeutic effect is certainly due to the re-activation of exhausted T cells.
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4.5.2. Combination with a checkpoint inhibitor: expansion of the therapeutic spectrum

Aloss or down-regulation of HLA class I antigens in tumor cells has been frequently observed
in a variety of human malignancies, and this represents an important cancer-immune escape
mechanism [130-134]. Using a panel of monoclonal antibodies on tumor tissue sections, these
loss or down-regulation has been found in 60-90% of tumors [135-140]. Early studies using
immunohistological analyses of different tumors showed a very low frequency of allelic loss.
However, with the arrival of other techniques, such as studies of microsatellites to detect
the loss of heterozygosity (LOH) on chromosome 6, it has been shown that LOH (haplotype
loss) is the most frequent alteration of HLA class I expression [139, 141-144]. This alteration
is caused by various defects in the HLA genomic region (i.e., the short arm of chromosome
6, 6p21), including chromosomal dysfunction, mitotic recombination, and genetic conversion.

The nature of the antigens that allow the immune system to distinguish cancer cells from non-
cancer cells has long remained obscure. Recent technological innovations have made it possi-
ble to dissect the immune response to patient-specific neoantigens that arise as a consequence
of tumor-specific mutations, and emerging data suggest that the recognition of such neoanti-
gens is a major factor in the activity of clinical immunotherapies. These observations indicate
that the neoantigen load may form a biomarker in cancer immunotherapy and provide an
incentive for the development of novel therapeutic approaches that selectively enhance T-cell
reactivity against this class of antigens.

If there is a neoantigen that can be a target of CTL and the patient has MHC on which the
antigen is presented, and if the MHC is not lost from the tumor cells, treatments using CTL as
an effector (e.g., checkpoint inhibitors) may be effective. NK cells that preferentially kill tumor
cells whose expression of MHC has decreased by MHC non-restriction are expected to have a
synergistic effect with a checkpoint inhibitor.

5. Future directions

5.1. Genetic modification—-Gene transfer to NK cells

In order to genetically modify NK cells, efficient methods for gene transduction into NK cells
are necessary. To date, such methods include viral transduction, electroporation, and nucleo-
fection [145]. Gene transfer to not only NK cell lines such as NK-92, but also primary NK
cells has been conducted. Although various gene transfer efficiencies have been described,
their transduction efficiency into NK cells is generally not high. Mainly retroviral vectors and
lentiviral vectors are used for gene transfer. Since a retrovirus vector cannot transduce genes
into non-dividing cells, such a vector is suitable for use with NK cell lines such as NK-92 cells.
When a retrovirus vector is used for primary NK cells, it is necessary to amplify the NK cells,
and the transduction timing is important.

In contrast, lentiviral vectors are capable of gene transfer into both dividing and non-dividing
cells. The lentiviral vectors RD114, 10A1, GALV, and VSV-G are used for the envelope of the
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viral vector, and RD114 and VSV-G seem to be suitable. However, it has been reported that
viral vectors are recognized by antiviral mechanisms such as intracellular pattern recognition
receptors, and apoptosis is induced [146]. The introduction efficiency was therefore not high.

Efforts are underway to improve the transduction efficiency. For example, by using a cytokine
combination (e.g., IL-2 + IL-15 or IL-2 + IL-21), the transduction efficiency into NK cells by
VSV-G pseudotyped lentiviral vector was improved by approx. fivefold compared to single
cytokine-stimulated NK cells [146]. In addition, inhibitors of intracellular antiviral responses
were evaluated, and the results indicated that BX795 (an inhibitor of the TBK1/IKKe com-
plex) improved the transduction efficiency by approx. 10-fold [146]. Guven et al. reported
transduction into 75.4% of NK cells after 21 days of culture by a two-round transduction with
the GALV-pseudotyped retroviral vector [147]. Further improvement of the transduction effi-
ciency into NK cells by using viral vectors is desired.

In non-viral gene transfer, mainly electroporation has been studied. Electroporation is a
method of physically pulling a minute hole in a cell membrane by applying an electric pulse
to a cell suspension and sending the nucleic acids into the cells. The transfer of genes into NK
cells using this method has been performed. High transfection efficiency and a high survival
rate have been reported in both NK cell lines and primary NK cells. Much higher transfection
efficiency was achieved using mRNA compared to using DNA [148-152]. Introduction by
nucleofection has also been tried, but the efficiency was not high [153, 154].

In light of these reports, the transfection of mRNA by electroporation is considered to
be an efficient method from the viewpoint of gene transfer into NK cells. Shimasaki and
colleagues reported that NK cells transfected with mRNA encoding CD19-specific CAR
(anti-CD19-4-1BB-CD3() by electroporation showed enhanced cytotoxicity for tumors in
animal models [154]. On the other hand, the transfection of mRNA can obtain transient
gene expression. Further research is required to determine whether a treatment effect can
be expected. When persistent gene expression is the goal, gene transfer by retroviral or
lentiviral vectors is suitable.

It is necessary to select a suitable gene transfer method for the purpose of treatment. In any
case, it is desirable to develop more efficient, simple, highly reproducible and clinically appli-
cable gene transfer methods for NK cells.

5.2. Improved persistence of NK cells in vivo

As a strategy for the genetic modification of NK cells to improve their survival in vivo, meth-
ods for transducing cytokines such as IL-2 and IL-15 into NK cells have been reported, since
it was demonstrated that a local administration of IL-2 resulted in enhanced functioning of
NK cells [155, 156]. IL-15 has already been used in patients with metastatic melanoma and
metastatic renal cell carcinoma, and it has been reported to induce the proliferation and clini-
cal response of NK cells. Following these findings, attempts to introduce IL-2 and IL-15 genes
into NK cells were reported. Nagashima et al. showed that the NK-92 cell line transduced
with IL-2 genes with a retroviral vector propagated for >5 months irrespective of IL-2 and
showed higher antitumor activity than the parental cell line in vitro and in vivo [157]. Imamura
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et al. showed that the transfection of membrane-bound IL-15 into human PBMC-derived NK
cells using a retroviral vector resulted in the cells’ survival for 2 months without the addition
of cytokines in vitro, and that the cytotoxicity of the transduced NK cells was enhanced; more-
over, the antitumor activity was observed in a mouse model [158].

Sahm et al. transduced IL-15 gene into NK-92 cells and observed cell proliferation in the
absence of cytokines. They also showed that the co-transduction of an EpCAM-specific chi-
meric antigen receptor and IL-15 into NK-92 cells enhanced the specific and efficient cytotoxic
activity [159]. Jiang et al. reported high cytotoxic activity of a human NK cell line (NKL)
transduced with IL-15 in vitro against human hepatocellular carcinoma; the transduced NKL
suppressed tumor growth and prolonged survival in human hepatocellular carcinoma-trans-
planted model mice [160]. These reports suggested that NK cells transduced IL-2 or IL-15 can
proliferate sustainably in vitro and in vivo, which resulted in improved antitumor activity.

5.3. Improvement of homing

It was reported that NK cells expressed different chemokine receptors depending on the acti-
vating state [161, 162]. Proper homing to the tumor tissue is an important factor in eliciting the
antitumor activity of NK cells. Carlsten et al. showed that ex vivo expanded NK cells derived
from PBMCs transfected with CCR7 mRNA using electroporation migrated significantly to
CCL19, a ligand of CCR7 [163]. Sonamshi et al. reported that NK cells transferred CCR7 pro-
tein from feeder cells using trogocytosis, but not genetic manipulation, promoted the migra-
tion to CCL19 and CCL21 in vitro, and that the NK cells were transferred to lymph nodes in a
mouse model [101]. There are few reports of genetic modification targeting homing receptors,
but further progress in this field is expected.

5.4. Improvement of tumor-specific cytotoxic activity

As an approach to enhance specificity to tumor cells, a technique using a chimeric antigen
receptor (CAR) should be mentioned. CAR is a chimeric protein composed of a single-chain
antibody (the antigen-specific binding site) in which a light chain and a heavy chain derived
from a monoclonal antibody recognize a tumor cell surface antigen, a transmembrane domain,
and an intracellular signal domain.

In the first-generation CARs, the intracytoplasmic signal domain is composed of only the
CD3Cchain. In addition to CD3(, the second-generation CARs have another T cell costimula-
tory signal domain (CD28, 4-1BB, OX40, etc.), and the activation signal is efficiently transmit-
ted. In the third-generation CARs, two or more costimulatory signal domains are inserted.
CAR-introduced T cells have already been used clinically, and excellent results have been
obtained in some cases [164-167]. One of the problems with CAR-T cell therapy is a serious
side effect. CAR-T cells attack not only target cells but also non-target normal cells. For exam-
ple, CD-19 CAR-T cells kill not only tumor cells but also normal B cells, which cause B-cell defi-
ciency [168]. In HER2-specific CAR therapy for colorectal cancer with lung metastasis, death
due to a pulmonary complication accompanied by high cytokinemia has been reported [169].
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NK cells are an attractive alternative to T cells, as NK cells have the following advantages.
HLA matching is not necessary, and NK cells are used as allogenic cells. Their lifespan is
limited, and they can be expected to be excluded from the body before severe side effects
occur, after they kill cancer cells. The reported CAR-NK cells are summarized in Table 3.
NK cells transduced with CD19-CAR or CD20-CAR have been used when targeting B-cell
malignancies. Bossel et al. showed that NK-92 cells transfected with anti-CD19-CAR by using
electroporation had high cytotoxic activity against a CD19* cell line and primary chronic lym-
phocytic leukemia (CLL) [150]. They also showed that tumor cells can be eliminated in xeno-
graft mouse models by using NK-92 cells transduced with anti-CD19 CAR with lentiviral
vectors [170]. Imai et al. also showed that primary NK cells transduced with anti-CD19-CD3(
with a retroviral vector killed CD19* cells and that the cytotoxicity was improved by adding a
signaling domain of 4-1BB to anti-CD19-CD3( [171].

NK cell type Target antigen Cancer Co-stimulatory Gene transfer method  Ref
domain
NK-92 cell line ErbB2 (HER-2) Breast, ovarian CD3C Retrovirus [175]
carcinoma
NK-92 cellline  CD20 B-ALL, CLL CD3(C Retrovirus [170]
NK-92 cell line CD19 B-ALL, CLL CD3C Electroporation [151]
(mRNA)
NK-92 cell line ~ EpCAM Breast carcinoma CD28/CD3C Lentivirus [160]
NK-92 cell line ~ HLA-A2 EBNA3C  EBV+ T-cell CD28/CD3C Retrovirus [178]
Lymphoma
NK-92 cellline ~ GD2 Neuroblastoma CD3C Retrovirus [179]
NK-92 cell line CD19/CD20 B-ALL, CLL CD3(C Electroporation [180]
(plasmid DNA)
Lentivirus
NK-92 cellline =~ CD19/CD20 B-ALL, CLL CD3C Lentivirus [68]
NK-92 cellline  CS1 Multiple myeloma.  CD28/CD3( Lentivirus [181]
NK-92 cell line ~ CD138 Multiple myeloma CD3C Lentivirus [182]
NK-92 cell line  ErbB2 (HER-2) Breast carcinoma CD28/CD3 Electroporation [176]
(plasmid DNA)
NK-92 cellline  ErbB2 (HER-2) Breast, ovarianand =~ CD3(C Lentivirus [183]
renal cell carcinoma
CD28/CD3C
CD137/CD3C
YTS cell line PSCA Prostate cancer CD3¢C Lentivirus [184]
DAP12 TM and
signaling
YT cell line CD33 AML CD3C Electroporation [150]

(plasmid DNA)
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NK cell type Target antigen Cancer Co-stimulatory ~ Gene transfer method  Ref
domain

YT cell line CEA Colon carcinoma CD3(C Electroporation [148]

(plasmid DNA)

PBMC-NK CD19 B-ALL, CLL CD3C Retrovirus [171]
DAP10
CD137/CD3¢

PBMC-NK ErbB2 (HER-2) Breast, ovarianand ~ CD28/CD3( Retrovirus [174]

renal cell carcinoma

PBMC-NK CD19/GD2 CD3C or 2B4 Retrovirus [185]
alone
2B4/CD3C
CD137/CD3¢

PBMC-NK CD19 B-ALL, CLL CD137/CD3C Electroporation(mRNA) [152]

PBMC-NK CD20 B-ALL, CLL CD137/CD3¢C Electroporation(mRNA) [186]

PBMC-NK NKG2D ligands wide range CD3C (with Retrovirus [177]
DAP10)

Electroporation(mRNA)

Table 3. CAR-NK cells.

The gene human epidermal growth factor receptor 2 (HER2) is overexpressed in many breast
cancers and is correlated with disease progression [172, 173]. It is therefore considered one of
the suitable targets of CAR. Kruschinski et al. transduced anti-HER2-CD28-CD3( into human
primary NK cells using a retroviral vector, and the results demonstrated cytotoxicity to an
HER2" cell line. This cytotoxicity was correlated with the HER2 expression level on target cells
[174]. Uherek et al. reported that anti-HER2-CD3C-CAR retrovirally transduced NK-92 cells
efficiently killed cell lines derived from ErbB2-positive breast carcinoma, ovarian carcinoma,
and squamous cell carcinoma in vitro and in vivo [175]. In a study by Liu et al., the plasmid
coding anti-HER2-CD28-CD3(CAR was transfected into NK-92 cells by electroporation, and
the cells specifically killed the ErbB2-expressing human breast cancer cell lines MDA-MB-453
and SKBr3. The adoptive transfer of NK-92 cells specifically reduced the tumor size and lung
metastasis of nude mice transplanted with MDA-MB-453 cells and significantly prolonged
the survival of these mice [176].

As shown in Table 3, CAR against various tumor-associated antigens (TAA) has also been
evaluated in NK cells. Chang et al. reported a modification by CAR using NKG2D, one of the
human NK cell activating receptors, instead of the antigen-binding site of the antibody. Since
NKG2D can bind to eight types of ligands expressed in solid tumors and blood tumors, it can
be applied to a broader range of tumor cells. Primary human NK cells were transduced with
a retroviral vector, using constructs designed to combine the extracellular domain of NKG2D
with CD3( and further to express DAP10 simultaneously. This approach showed strong cyto-
toxic activity against various tumor cell lines and showed no damage to normal cells. It also
showed strong tumor growth suppression in a mouse model of osteosarcoma [177].
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6. Conclusions

Because NK cells are difficult to culture and it is a challenge to transduce foreign genes into
NK cells, research concerning NK cells has been delayed compared to research involving T
cells. However, culture and gene transfer technologies for NK cells are now developing. As
introduced here, genetically modified NK cells acquired enhanced antitumor functions. These
NK cells are very intriguing and are expected to be revolutionary cellular medicines for the
treatment of malignancies.

NK cells are heterogeneous populations that exhibit various maturation stages and different
KIR expression patterns. Since this heterogeneity has not been completely elucidated, it is
not easy to choose the appropriate subset of NK cells for cancer treatment. Although alloge-
neic NK cell therapy using a KIR mismatch shows a strong antitumor effect against several
blood cancers, the mechanisms underlying the activation and maintenance of NK cells in
cancer patients are not completely understood. Cancer patients usually undergo a variety

Gamida Cell Nant Kwest Inc. Glycostem GreenCross Fate GAIA
Lth. Therapeutics LabCell Therapeutics BioMedicine Inc.
Inc.
H.Q. Israel USA Netherlands ~ Korea USA Japan
Auto/Allo  ??? Allogeneic (Cell Allogeneic Allogeneic Allogeneic ~ Allogeneic
line) (Health donor) (Haploidentical)
Materials PBMC/BM/ NK-92 CB CD34+ PBMC PBMC PBMC(CliniMACS
CB (CliniMACS) (CMV+ Prodigy)
donnor)/iPS
Feeder cell - - - Irradiated - -
(2000 rad)
PBMC
Irradiation - Before - - - -
administration
Purity >97% (CD3-/ - >08.1+0.88% >98.1+0.88%  >90.9+2.2% >98.0% (CD3-/
CD56+) (CD3-/CD56+) (CD3-/CD56+) (CD3~/ CD56+)
CD56+)
K562 E:T=1:1, E:T=5:1 (4 hr), 50% E:T=2:1 (4 hr), E:T=10:1 (4 hr), - E:T=1:1 2 hr),
killing 40-50% 40% 70-80% >80%
Handling CPC Wash, Irradiation, ~ CPC CPC CpPC Completely closed
CPC system
Companion - - - - - HLA/KIR selection
diagnosis
R&D Non- Phase IT Phase I Phase IT Non- Non-clinical(Phase
Phase clinical(Phase clinical(Phase Iin 2017)
/Il in 2017) Iin 2017)
Target - Merkel cell AML Hepatocellular AML NSCLC,
disease carcinoma carcinoma Neuroblastoma

Table 4. Products of NK cells for clinical use.
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of standard treatments before receiving immunotherapy, and it is important to understand
the factors that influence NK cell activity in order to select the correct clinical setting for NK
cell therapy. In this review, we have explained the combination with antibodies, the genetic
modification technique, and the KIR mismatch pattern (which is the basis of patient selection)
that has been tested to maximize the use of NK cells as a treatment for cancer. Products of NK
cells for clinical use that have been developed worldwide are shown in Table 4.

Advances in the understanding of NK cells may also lead to the development of small-mol-
ecule inhibitors targeting intracellular signals. Because NK cells are difficult to handle, their
development is delayed compared to several other immunotherapies, but it is highly likely
that they will be established as innovative cell therapy in the near future.
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Abstract

Natural killer (NK) cells were first identified and named for their “natural” cytotoxicity to
reject bone-marrow allografts in lethally irradiated mice. Different from T cells, NK cells
require no prior sensitization or immunization to lyse transformed or virally infected tar-
get cells and are non-major histocompatibility complex (MHC)-restricted. However, recent
progress in understanding of NK cells biology has proved that NK cells share some simi-
lar characteristics with T cells. During development, NK cells also undergo “education”
according to “missing self” principle, thereby become mature and acquire effector function.
The discovery that NK cells are able to “remember” prior certain stimulations indicates
they may also contribute to adaptive immunity. After hematopoietic stem cell transplanta-
tion (HSCT), NK cells are the first donor-derived lymphogenous cells to reconstitute and
alloreactivitiy of donor-derived NK cells have been shown to mediate graft-versus-leuke-
mia (GvL) effect rather than to induce graft-versus-host disease (GvHD). These properties
make donor-derived NK cells appealing for applications to benefit the outcome of HSCT.
Here, we will review the improved understanding of NK cell biology, discuss characteris-
tics of donor-derived NK cells which are associated with beneficial outcome of HSCT and
explore novel methodologies that enhance the therapeutic effect of donor NK cells.

Keywords: hematopoietic stem cell transplantation, NK cells, immunotherapy, leukemia,
cytomegalovirus, immune memory

1. Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is one of the most effec-
tive therapy for leukemia and other malignant diseases [1]. Its major complications are
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graft-versus-host disease (GvHD), infections, and leukemia relapse [2, 3]. Natural killer
(NK) cells represent a key component of innate lymphoid cells and provide defense against
microbial infection and malignant transformation by direct cytotoxicity and cytokine pro-
duction [4, 5]. The role of NK cells in allo-HSCT was first demonstrated in haploidentical
transplants [6]. During T-cell depleted haploidentical HSCT, the rapid recovery of donor-
derived NK cells mediated potent graft-versus-leukemia (GvL) effect. Importantly, allore-
active NK cells mediated beneficial GvL effect without the occurrence of GvHD, which was
consistently caused by donor T cells [7, 8].

Although the rapid reconstitution of donor NK cells plays a critical role in their GvL effect
of the graft, they still take about 6 months or more to acquire maturation phenotype and full
functionality [9]. This immaturity and insufficient education status may result in impaired
function of donor NK cells in the early stage post transplantation. In addition, since the allo-
reactivity of donor NK cells was proved to account for the clinical benefit, genotyping the
polymorphisms of killer cell immunoglobulin-like receptor (KIR), human leukocyte antigen
(HLA) and Fcy receptor (FcyR) are important for donor selection to maximize the GvL effect
[10]. Sufficient numbers of allogeneic NK cells with high purity can also be generated and
expanded through several sources including peripheral blood mononuclear cells, umbilical
cord blood (UCB), and bone marrow—derived CD34" cells to be adoptively transferred after
allo-HSCT [11, 12]. Many approaches involving the use of different feeder cells, engineered
feeder cell, and cytokine stimulation were utilized to achieve sufficient numbers of donor NK
cells with the most efficient GvL effect and clinical responses [13, 14]. Moreover, seven NK
cell lines have been established to be used effectively during allo-HSCT, among which, NK-92
cell line has been shown to be safe and efficient in clinical trials [15-17]. Recently, genetic
modification of NK cells has also been developed to enhance their function. Both gene transfer
of chimeric antigen receptors (CARs) and expression of cytokine transgenes in NK cells are
performed to improve the efficacy of NK cells therapy [18-20]. Furthermore, although tra-
ditionally considered as members of innate branch, increasing studies suggest that NK cells
also “remember” prior certain stimulation like antigens, cytomegalovirus (CMV), or cytokines
[21-26]. It draws particular interest to evaluate the role of adoptively transferred memory-like
donor NK cells in allo-HSCT. Based on these research progresses of donor NK cell-mediated
immunotherapy during allo-HSCT, in this chapter, we will describe the present state of donor
NK cell therapy during allo-HSCT and its future direction aiming to improve therapeutic
benefit of donor NK cells.

2. Overview of natural killer cell biology

NK cells represent a key component of innate lymphoid cells (ILC) and provide defense against
microbial infection and malignant transformation. They belong to ILC1 group (according to
their ability to produce typel cytokine and transcription factors, they required for differen-
tiation) and are so named for their capacity to mediate cytotoxicity toward cancer cells and
virus-infected cells without prior sensitization [27-29]. NK cells constitute 10-15% of human
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peripheral blood lymphocytes and are defined by expression of CD56 without T cell marker
CD3 [30]. Human NK cells can be further divided into two different subsets depending on the
expression density of CD56 and CD16 [30]. The CD56™ CD16"" subsets account for majority
(90%) of peripheral blood circulating NK cells and display cytotoxic function [31, 32], whereas
CD56iet CD16 8" subsets are predominantly found in lymph nodes and produce abundant
amounts of inflammatory cytokines such as interferon-y (IFN-y), tumor necrosis factor alpha
(TNF-a), tumor necrosis factor beta (TNF-@), IL-10, IL-13, granulocyte-macrophage colony
stimulating factor (GM-CSF), etc., thereby promote adaptive immune responses [31, 33].

2.1. Natural killer cell receptors

NK cells immune function is mediated through an array of inhibitory and activating cell sur-
face receptors. There are three main types of receptor families: KIR, C-type lectin receptors
and natural cytotoxicity receptors (NCR) [34].

KIRs are proteins belonging to immunoglobulin superfamily that are encoded by a gene com-
plex located on chromosome 19q13.4. Individuals may have up to 15 different KIR genes and
two pseudogenes encoding for relevant receptors [35]. KIRs express stochastically on mature
NK cells and recognize HLA molecules in a manner independent of antigen presentation. When
bound to their ligands, these receptors transmit either inhibitory or activating signals. KIR genes
are inherited as haplotypes due to the different number of KIR gene, and their high degree
of diversity induced by various KIR gene content and allelic polymorphism [36]. Two major
groups of KIR haplotypes have been distinguished based on gene content. Group A haplotypes
contain a fix number of genes that are mainly inhibitory KIR, including KIR2DL1, KIR2DL3,
KIR3DL1, KIR2DS4, and the pseudogene KIR2DP1. On the other hand, group B haplotypes are
alterable both in numbers and content of KIR gene and have at least one of the following genes:
KIR2DL2, KIR2DL5A, KIR2DL5B, KIR2DS2, KIR2DS5, and KIR3DS1 [37]. Group B haplotypes
contain more activating KIR (up to 5) compared with group A haplotypes (only one).

C-type lectin receptors are heterodimers and comprise of two subunits including CD94 protein
and a C-type lectin natural killer group 2 (NKG2) molecule [38]. The gene of this receptor family
located on chromosome 12 encoding six different NKG2 proteins: NKG2A, NKG2C, NKG2E,
NKG2F, NKG2B, NKG2H, as well as CD94 protein. Among these receptors, CD94/NKG2A and
CD94/NKG2B are inhibitory receptors and bind HLA-E, whereas other receptors are activating.
Activating receptor NKG2D also belongs to NKG2 family and is expressed on the surface of NK
cells as a homodimer. NKG2D can recognize two different families of cognate ligands includ-
ing nonclassical major histocompatibility complex (MHC) molecules (MIC-A and MIC-B) and
UL16 binding protein family [39, 40]. The expression of NKG2D ligands is upregulated under
the influence of cellular stress such as viral infection, inflammation, and tumor formation.

Natural cytotoxicity receptors including NKp30, NKp44, and NKp46 are activating receptors
expressed on the surface of NK cells [41]. NKp30 can recognize ligands expressed on tumor cells
such as the nuclear factor HLA-B-associated transcript-3 (BAT-3) and B7-H6 [42]. NKp30 also
binds to viral ligands (CMV pp65 protein) [42]. Both NKp46 and NKp44 bind to viral-derived
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proteins such as influenza hemagglutinin (HA) [43, 44]. Moreover, NKp44 has been shown to
recognize the envelope glycorpoteins from West Nile and dengue viruses and NKp46 has been
shown to recognize vimentin expressed on Mycobacterium tuberculosis—infected human mono-
cytes [45]. However, the ligands of NCR have not been well identified yet.

2.2. Natural killer cell function

Upon education, the “licensed” NK cells acquire cytotoxic activity toward target cells lack-
ing self MHC class-I molecules, meanwhile they are tolerant to normal cells expressing self
MHC class-I molecules, namely “missing self” hypothesis. However, this hypothesis seems to
oversimplify NK function regulation. Activating receptors have also been shown to play an
important role to make the decision “to kill or not.” For example, during murine allo-HSCT
model, alloreactive donor NK cells do not respond to host’s epithelial cells although donor
NK cells lacking inhibitory receptors specific for host MHC class-I, mainly due to their low
expression level of ligands specific for activating receptors of donor NK cells [6]. In some
cases, the extremely high strength of activating signals may even overcome weaker inhibitory
signals resulting in activation of NK cells [46, 47]. Therefore, triggering of NK cell activation is
finally depended on the balance of activating and inhibitory receptors of NK cells.

Once NK cells are activated, they respond to target cells with function similar to CD8" T cells.
Immune synapse forms and perforin and granzyme are released to induce apoptosis of tar-
get cells through activation of Caspase 3 [48]. NK cell activation also upregulates the expres-
sion of factor associated suicide (FAS) and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and kill the target cells through Caspase 8 activation induced apoptosis [49,
50]. Furthermore, NK cells can also crosstalk with adaptive immune system through cytokine
release and antibodies. Virus infected cells and tumor cells are recognized by B cells. These cells
are then marked with antibodies covering their cell surface. NK cells recognize and bind to these
cells through the interaction between activating receptor CD16 and the Fc end of antibodies [51].
This recognition mediates a potent activating signal in NK cells and results in target cells lysis.
Moreover, NK cells are able to secret cytokines and chemokines upon activation, such as TNF-qa,
IFN-vy, regulated upon activation, norma, T-cell expressed and secreted (RANTES), GM-CSF,
macrophage inflammatory protein-1-alpha and beta (MIP1-at and-f3). NK cells can promote den-
tritic cells maturation through TNF-a and IFN-y secretion [52]. IFN-y production also affects
helper T cell subset 1 (Thl) migration and effector function. Additionally, Th1 polarization in
secondary lymphogenous organs is enhanced by IFN-y secretion [53]. Thus, IFN-y secretion
of NK cells is critical for forming a bridge between the innate and adaptive immune responses.

3. Natural killer cell development and education

3.1. Natural killer cell development

NK cells develop from CD34* hematopoietic progenitor cells which can also give rise to T cells,
B cells, and dendritic cells [54]. Particular transcription factors such as purine rich box-1 (PU.1),
E26 transformation-specific (ETS-1), thymocyte selection-associated HMG box factor (TOX), the
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mammalian transcription factor E4 binding protein 4 (E4BP4), eomesodermin (Eomes), and T-box
transcription factor (T-bet) are required for NK cell maturation stages [55-58]. Among these tran-
scription factors, Eomes and T-bet are responsible for cytotoxicity and IFN-y production in mature
NK cells [59]. Furthermore, CD56%™ NK cells express higher levels of T-bet and lower levels of
Eomes than CD568" NK cells, and T-bet/Eomes ratio increases with NK cells maturation [60]. A
central cytokine required for NK cell development in vivo is IL-15, as mice lacking IL-15, CD122
(IL-15(3-chain receptor), interleukin 15 receptor alpha (IL-15Ra), or signal transducer and activa-
tor of transcription 5 (STATS5) do not generate mature NK cells [61]. Stem cell factor (SCE), IL-7,
and fms-like tyrosine kinase 3-ligand (FlIt3-L) are also necessary for NK cell maturation since they
induce pro-NK cell to express CD122 and CD132 (the common vy-chain receptor) so as to render
cell to respond to IL-15 [62, 63]. Intriguingly, IL-15 is primarily accompanied by IL-15Ra and trans-
presented by accessory cells to support NK cell differentiation and proliferation in vivo rather than
affecting NK cell in a soluble form [64].

After maturation in the bone marrow, NK cells migrate to peripheral circulation and take part
in the defense against cancers and viral infections. Two major subsets in the peripheral blood
are CD56%™ and CD56"" NK cells [30]. These subsets differ in receptor expressions, functional
capabilities, and tissue distribution. Although CD56%™ NK cells have been considered to be
cytotoxic population, it is now clearly proved that they also produce large amounts of cytokines
upon receptor-induced NK cell triggering [65, 66]. These functional differences can be partly
explained by different expression pattern of surface receptors. CD56%™ NK cells express CD16,
KIR and other activating or inhibitory receptors which are critical for their cytolytic functions,
whereas CD56"s" NK cells rarely express KIR and CD16 [67]. Interestingly, CD56"" NK cells
could express KIR and CD16 after stimulation of IL-2 or IL-12 suggesting CD56" " NK cells
are NK cell subsets in the stage of maturation [68, 69]. Thereafter, recent studies confirm that
CD56%™ NK cells indeed differentiate from CD568" NK cells which display longer telomerase
[70]. Due to different expression of chemokine receptors and adhesion molecules, CD56%™ NK
cells account for around 90% of peripheral blood NK cells, while CD56"" NK cells primarily
exist in secondary lymphoid tissues or decidual tissues during early pregnancy [71].

3.2. Generation of memory-like natural killer cells

Immune memory is previously considered as an exclusive property of T cells and B cells and
defined as quicker and more robust responses to recurrent antigens [72]. However, accumulat-
ing evidence proved NK cell also have memory-like feature after certain modes of challenge
including antigen-specific stimulation and antigen-independent activation. The hepatic NK cell
memory was first observed by the Von Andrian’s group [73]. They found NK cells can medjiate
delayed-type hypersensitivity (DTH) reactions in Rag2” mice model. These hapten-specific
NK cells are exclusively recruited to the liver and identified as CD49a* DX5 NK cell popula-
tion, expressing chemokine receptor CXCR6 [21, 73, 74]. The mechanism that generate this
antigen-specific NK cells whose receptors cannot be somatically rearranged remain unknown.
Moreover, similar hepatic memory response has not been proved to occur in humans.

Another differentiation pathway for antigen-specific NK cell memory response is CMV infec-
tion. CMV-triggered NK cell memory was first observed by the Lanier laboratory demonstrating

131



132

Natural Killer Cells

that Ly49H" NK cells can rapidly expand and response robustly after murine CMV (MCMYV)
re-infection [75]. NK cell co-activating receptor DNAX adhesion molecule-1 (DNAM-1) is
required for the initial expansion of MCMV-induced memory NK cells [76]. Furthermore,
transcription factor Zbtb32 and pro-inflammatory cytokine pathway also play important
role in MCMV-induced expansion [77, 78]. In human, natural killer Group 2, member C
positive (NKG2C*) NK cells also expand during acute human CMV (HCMV) infection and
display a CD56%mCD57*NKG2A" phenotype [79, 80]. These HCMV-induced memory NK
cells have increased expression of IFN-y, which may be induced by epigenetic remodeling of
IFNG locus [81, 82]. The role of HCMV-induced NK memory during HSCT will be described
in section 6 of this chapter.

Antigen-independent NK cell memory response was first observed by the Yokoyama labo-
ratory [24]. They showed mouse NK cells which were pre-activated with the combination of
IL-12/15/18 overnight produced increased level of IFN-y upon re-stimulation. Additionally,
these cytokine-induced memory-like NK cells displayed enhanced proliferation and upregu-
lation of CD25 expression in response to re-stimulation with cytokines [24, 25]. Intriguingly,
human NK cells also can give rise to cytokine-induced memory-like NK cells with similar
key properties [26]. Series of studies explored the antitumor responses of cytokine-induced
memory-like NK cells, and we will discuss their role during HSCT in section 7 and 9 of this
chapter.

3.3. Natural killer cell education
3.3.1. Inhibitory receptors are critical for natural killer cell education

The genes encoding for KIR are located on chromosome 19, while HLA genes are on chro-
mosome 6 [83]. Therefore, KIR genes and HLA genes are inherited independently, and this
randomness may result in the expression of KIR on NK cells in the absence of their corre-
sponding HLA ligands, thereby NK cells may have chance to attack normal cells. In fact, NK
cells are tolerant to our body most of the time. It is interesting to understand how NK cells are
educated to become tolerant? Inhibitory receptors have been shown to play an important role
in this education process. During NK cell maturation, when the inhibitory receptors recog-
nize self-MHC class I, the stochastic expression of KIR genes is switched off, and signals are
transmitted to promote NK cell maturation and generate effector function. Oppositely, when
the inhibitory receptors of NK cells fail to recognize self-MHC class I, they remain in a state of
hyporesponsiveness and are not able to attack normal autologous cells [35, 84]. Collectively,
only NK cells expressing “at least one” self-recognizing inhibitory receptor are “licensed” and
acquire effector function, whereas “unlicensed” NK cells that recognize non-self-MHC are
hyporesponsive and tolerant to normal cells. This process of “licensing” was proved in “pep-
tide transporter-associated antigen processing” (TAP)-deficient patients [85]. Cells from these
patients hardly express HLA class I molecules on their surface, thereby potentially render
self-cells to be targets of NK cells. However, most of these patients do not have autoimmune
disorders because of the hyporesponsiveness of NK cells. Additionally, NK cells isolated from
TAP-deficient patients are also unresponsive to autologous HLA class I-negative B lympho-
blastoid cell lines [86].
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3.3.2. The state of “unlicensed” natural killer cells is reversible

It is important to note that the hyporesponsive state of “unlicensed” NK cells is reversible.
During viral infection, “unlicensed” NK cells regain cytotoxic activity and are even more effec-
tively in controlling murine cytomegalovirus (MCMYV) infection compared with “licensed”
NK cells owing to the lack of inhibitory effect of self MHC class-I expression on target cells
[87]. The activity of “unlicensed” NK cells can also be restored after in vitro culture in the
presence of IL-2 or IL-12+IL-18 or through activating receptors mediated strong signals [88].

The education process is more complex during allo-HSCT as donor-derived progenitors
of NK cells posses both possibilities to undergo either donor type or host type education.
Besides this, adoptively transferred mature NK cells can undergo “re-education” following
MHC mismatched HSCT. It is now believed that donor HSC-derived NK cells generate a KIR
repertoire of donor type, thanks to the high number of infused donor cells during haplo-
HSCT and both nonhematopoietic as well as hematopoietic cells may present self MHC class-I
molecules to precursors of NK cells thereby are involved in NK cell education [34, 89].

4. Donor natural killer cell reconstitution after hematopoietic
stem cell transplantation

NK cells need to develop in vivo to acquire effector function following HSCT. Accordingly, they
are the first donor-derived lymphogenous cells to reconstitute and can be detected as early as
the first month post-transplant [90]. The reconstitution kinetics and functional properties of NK
cells are variable due to the primary activity of NK cells in the graft and different graft source
including bone marrow, G-CSF-mobilized peripheral blood stem cell, and UCB. Series studies
demonstrated that different grant source did not affect the rate of NK cell reconstitution and
during the early stage post-HSCT, the primary NK cell subsets were CD56*"¢" donor NK cells
[91, 92]. These results indicated that the early reconstituting NK cells after HSCT were mainly
generated from the differentiation and maturation of NK precursors but not the expansion of
mature NK cells in the graft. Nevertheless, the expansion of adoptive transferred NK cells also
influences the reconstitution of donor NK cells since Eissens et al. find that in HLA-matched allo-
geneic peripheral blood stem cell transplantation, CD3*/CD19*-depleted grafts which contain
more mature NK cells than CD34*-selected grafts lead to more rapid NK cell reconstitution [93].

Although donor-derived NK cells are observed very early post-HSCT, they have an immature
CD56s KIR™ NKG2A* phenotype for at least 3-6 months [94]. Interestingly, the ability of
these immature CD56" NK cells to produce IFN-y is significantly impaired in response to
tumor cell line or primary leukemia cells [95, 96]. The expression of T-bet and mucin-containing
domain-3 (Tim-3) is much lower in the patients post-HSCT compared with the healthy individ-
uals [97]. Both of these two molecules are critical for induction of IFN-y production, thus their
reduced expression may partly account for the decreased recovery of cytokine production.

It is difficult to clearly define the effect of T cell content in the graft on NK cell reconstitution
as itis also depended on immunosuppressive therapy. By far, graft T cell content is thought to
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significantly influence functional reconstitution of NK cells rather than numerical reconstitu-
tion. One study observed donor-derived NK cells reconstitution following HSCT with three
different kinds of donor source including T-cell-replete adult grafts, T-cell-deplete adult grafts,
and UCB [95]. Both of the T-cell-replete group and UCB group were treated with immuno-
suppression. They found KIR expression in T-cell-replete group was the highest among these
three groups indicated donor-derived NK cells in this group may have better effector func-
tion. Accordingly, in an earlier study by the same group, they found IFN-y production was
more potent following HSCT with T-cell-replete grafts compared to T-cell-deplete transplan-
tation [98]. These results were consistent with the observations by Nguyen et al. which dem-
onstrated that without immunosuppression, recovery NK cells in the partial T-cell-depleted
group had lower cytotoxicity than NK cells in the full T-cell-depleted group [92]. In summary,
graft T cell content trends to enhance functional reconstitution of NK cells irrespective of
immunosuppression. This promotion effect may be due to activation from T-cell-derived IL-2,
or stimulation from other inflammatory cytokine such as IL-12 and IL-18, which are increased
following donor T cell engraftment. Finally, CMV infection and GvHD may also have potent
effect on NK cell reconstitution, and we will discuss this in the following sections.

5. Association between natural killer cell alloreactivity
and graft-versus-leukemia effect

5.1. The complexity of hematopoietic stem cell transplantation may affect
the graft-versus-leukemia effects of alloreactive natural killer cells

HSCT is well-established curative treatment for hematologic malignances. The major limitation
of HSCT is the absence of HLA-matched donor. Therefore, the HLA-haploidentical relatives are
increasingly used as donor sources of HSCs. During the haplo-HSCT, donor and recipient share
one identical HLA haplotype, while other haplotype is fully mismatched [99]. The GvL effect
of NK cells was first observed in a landmark study which demonstrated that NK cells rapidly
reconstituted and displayed potent anti-leukemia activity after extensive T-cell depleted haplo-
HSCT [6]. After inhibitory receptor KIR was identified as a mediator of missing-self response,
the GvL effect of NK cells was assumed to be mainly due to mismatches between donor KIR
and recipient HLA class I which increase NK cell function thereby effectively lyse residual
leukemia cells in the recipient. This hypothesis was first verified by Ruggeri L et al. [100]. They
isolated donor-derived NK cells from haplotype-mismatched HCT recipients and tested their
cytotoxicity toward recipient lymphocytes. Their results demonstrated donor alloreactive NK
cells indeed effectively killed recipient myeloid leukemia cells. The follow-up study of this
group demonstrated therapeutic utility of NK cell alloreactivity. They found transplants with
KIR ligand mismatch were associated with decreased probability of relapse and increases in
disease-free survival in the absence of GvHD [6].

Series studies subsequently tested NK cell alloreactivity-mediated GvL effect in the KIR
ligand incompatibility model. However, not all studies supported the benefit role of alloreac-
tive NK cells. During haplotype-HCT with less T cell depletion, KIR ligand mismatch patients
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even developed more acute GVHD (aGvHD), and the overall survival was poor. In a cohort
using unrelated donors, no effect of predicted NK cell alloreactivity was observed, whereas in
another similar cohort with T-cell depletion, KIR ligand mismatch prolonged overall survival
[101, 102]. Frag et al. examined the clinical impact of NK cell alloreactivity in over 1500 unre-
lated transplants and found KIR ligand mismatch was not associated with relapse prevention
[103]. In a retrospective study, data from 2062 unrelated transplant recipients were analyzed
for acute myelocytic leukemia (AML), chronic myeloid leukemia (CML), and myelodysplastic
syndrome (MDS) [104]. Missing one or more KIR ligands in the recipient were associated
with less relapse in patients with early myeloid leukemia and in CML patients during first
chronic phase. Nevertheless, KIR ligand mismatch was also associated with an increased risk
of chronic GVHD (cGvHD) in CML patients.

The effect of NK alloreactivity in recipients of UCB grafts has also been tested. Willemze
et al. evaluated the impact of KIR ligand incompatibility in recipients of UCB grafts with
T-cell depletion and found KIR ligand mismatch was associated with relapse prevention and
improved overall survival [105]. However, Brunstein et al. reported different results [106].
They investigated the impact of KIR ligand mismatch in patients of UCB grafts after different
intensity conditioning regimens. After myeloablative conditioning, KIR ligand mismatch did
not exert protective effect on GVHD, relapse, transplantation-related mortality, or survival.
Following reduced intensity conditioning, KIR ligand mismatch patients developed more
aGvHD and poorer overall survival.

The different results among these studies using either adult grafts or UCB grafts may be
explained by the complexity of HCT, such as variable preparative regimens, donor sources,
and degree of HLA mismatch with the donor. For instance, the degree of T-cell depletion
was different among these studies, the grafts were extensively T-cell depleted in some stud-
ies, whereas only were partially depleted in others. T cell content may outcompete NK cells
for cytokines and thereby influence the beneficial effect of alloreactive NK cells. Additionally,
different intensity of preparative regimens also affects numeral and functional reconstitu-
tion of alloreactive NK cells after HSCT thus influences HSCT outcomes. Finally, the origin
of leukemic blasts also affects HSCT outcomes. No beneficial effects of alloreactive NK cells
in adult acute lymphoblastic leukemia (ALL) patients were observed probably due to the lack
of expression of activating ligands [100]. However, allorecative NK cells have been proved to
positively affect the outcome of HSCT in children with ALL [107]. Accordingly, the intensity
of HLA expression on the leukemic lymphoblasts was shown to be critical for NK-mediated
cytotoxicity in an experimental study [108].

5.2. Donor killer immunoglobulin-like receptors affect beneficial effects of alloreactive
natural killer cells and outcome after hematopoietic stem cell transplantation

As we have mentioned above, KIR genes can be simplified into two main haplotypes: haplo-
type A and haplotype B. A hapltotype consists of main inhibitory KIR and single-activating
KIR, KIR2DS4. B haplotype contains variable KIR gene encoding both inhibitory and activat-
ing KIRs which can be further divided into either centromeric (Cen) or telomeric (Tel) regions.
The role of these haplotypes in HSCT is also evaluated. Mc Queen et al. first demonstrated
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grafts from KIR A/A genotype donors into KIR B recipients resulted in poorer survival in HLA-
matched T-cell-replete sibling transplants [109]. In contrast, Stringaris et al. reported trans-
plants from KIR B haplotype donors including genes for KIR2DS1, KIR3DS1, and KIR2DL5
improved overall survival and prevented relapse specific for AML patients with T-cell deple-
tion during HLA identical siblings HSCT [110]. A larger cohort was performed to further
evaluate the effect of KIR B haplotype in AML patients. The results indicated that grafts from
donors with KIR B haplotype significantly reduced the risk of relapse and improved overall
survival [111]. A follow-up study expanded numbers of AML patients with T-cell-depleted
unrelated donor transplants and found that donor KIR B haplotype-mediated relapse pre-
vention was enhanced in recipients who have HLA-C1 alleles rather than C2 homozygous
recipients [36]. Michaelis SU et al. reported transplants from KIR B haplotype donors resulted
in better HSCT outcome in ALL patients [112].

Collectively, it is logical to hypothesize that the presence of activating KIR in donor KIR B
haplotype is favorably associated with better transplant outcome. However, it is difficult to
evaluate the contribution of each activating KIR to relapse protection and better overall sur-
vival due to their unknown ligands. KIR2DS1 has been proved to interact with HLA-C group
2 alleles and involved in the killing of leukemic blasts from HLA-C2 patients. The interaction
between KIR2DS1 and HLA-C2 was found to overcome NKG2A mediated inhibitory signals
in vitro [113, 114]. These results suggested KIR2DS1-mediated activating signal may break
the barrier of NKG2A and exert positive effect during HSCT. Venstrom et al. investigated
the role of KIR2DS1 from donor in unrelated HSCT in 1277 patients with AML and found
that KIR2DS1 expression in donor mediated a significant GvL effect [114]. Notably, no ben-
eficial effect was observed when donors were HLA C2 homozygous as in those donors, NK
cells expressing KIR2DS1 cannot be educated and acquire effector function. Therefore, at least
one copy of HLA-C1 in donor is needed for KLR2DS1-dependent GvL effect. In addition,
KIR3DS1 was also found to associate with lower rate of relapse and infection. Mancusi A et al.
reported KIR3DS1 was associated with reduced infection mortality [115]. Further studies are
still needed to identify ligands for activating KIR so as to confirm the effect of each activating
KIR gene on allo-HSCT outcome.

The intensity of interaction between KIR and HLA may also influence the alloreactivity of NK
cells during allo-HSCT. HLA alleles have been shown to bind NK cells with different affinities.
The HLA class I molecules are highly polymorphic, and HLA-B alleles can be divided into
HLA-B alleles with an isoleucine at position 80 (80I) and with a theonine (80T). The affinity
between certain HLA-B alleles with an 80I and KIR3DL1 was found to be much stronger than
those with an 80T [116, 117]. The impact of this different affinity was tested in HIV patients
[118]. Presence of 801 but not 80T in HIV patients associated with slower AIDS progression.
These results indicated strong interaction with KIR3DL1 may promote NK cell education
and enhance their effector function. HLA-C1 alleles can also bind to NK cells with different
affinity [119]. Donors who were homozygous for HLA-C*07 produce higher level of IFN-y
compared to donors expressing either HLA-C*01, 03**08, *1402, or 1403*. Since the strength
of the interaction between KIR and HLA is critical for NK cell education and function, it is
tempting to speculate that during allo-HSCT certain HLA combination may enhance NK cell
activity and contribute to better outcome of HSCT. The differing KIR/HLA affinity also can be
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generated by KIR allelic differences. KIR3DL1 is one of the most polymorphic KIR genes with
more than 60 alleles [120]. KIR3DL1*01052 binds to Bw4 more firmly than KIR3DL*007 due to
their high-expression level [119]. Although the surface expression of KIR3DL1*002 is similar
to KIR3DL*007, the former generates stronger interaction with Bw4 than the latter [121]. KIR-
recognizing HLA-C alleles also have varying interactions. KIR2DL1 has been shown to be the
strongest KIR for HLA-C2 followed by KIR2DL2 then KIR2DL3 [122]. These differing affini-
ties may explain the beneficial effect of haplotype B from donors as these donors are homozy-
gous for KIR2DL2 which may account for the generation of NK cells with enhanced function.

Besides using “missing self” model to predict alloreactivites of NK cells as described above,
“missing ligand” model has also been used to speculate alloreactivites. According to this
model, NK cell alloreactivity may also be observed when the KIR on the surface of donor
NK cells cannot recognize the ligands either from donor or recipient [123, 124]. As we have
mentioned, these “unlicensed” NK cells are hyporesponsive in situ but can have potential
to acquire effector function in recipients. Thus, NK cell alloreactivity can occur even after
autologous HSCT. This model is supported by the observation that most individuals have 3
inhibitory KIR, but only 1 or 2 corresponding HLA KIR ligands are expressed on the surface
of their own cells [125, 126]. Several comparative analyses have been performed to test the
prediction rate of this model. Some groups found the selection of donors based on this model
indeed was associated with better outcome, while others reported opposite results [127-129].
These variable results may be due to the complexity and variables of HSCT.

6. The impact of cytomegalovirus infection on natural killer
cell-mediated graft-versus-leukemia effect: reconstitution
promotion and memory induction

6.1. The impact of cytomegalovirus infection on natural killer cell reconstitution

Although in healthy individuals, CMV infection is potentially controlled by T cells and NK
cells, it can cause life-threatening complication in immunodeficient transplant recipients.
Lethal CMV-caused illness is now uncommon thanks to the use of drugs such as ganciclovir
and foscarnet. In view of the strong immune response caused by CMYV, it is attractive to inves-
tigate whether CMV reactivation can reduce the risk of relapse in patients after HSCT. As
early as 30 years ago, Lonnqvist et al. reported that CMV infection was associated with lower
relapse in BMT recipients with various hematological malignancies [130]. Subsequently, a
number of reports confirmed that CMV reactivation following HSCT resulted in reduced
relapse in AML patients. Among these reports, Elmaagacli et al. found CMV reactivation
occurred within the first 100 days after HSCT significantly reduce the rate of AML relapse
from 42 to 9% [131]. Remarkably, this CMV reactivation-mediated relapse prevention effect
was independent of aGvHD. Furthermore, in another study of large cohort of 2566 patients
with variable hematological malignancies, Green et al. comprehensively analyzed the results
among all kinds of disease with adjustment for potential variables and reported that CMV
reactivation was significantly associated with a decreased risk of relapse [132].
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Upon the association between CMV reactivation and decreased rate of relapse after HSCT
was confirmed, several studies next tried to test whether CMV-specific donor T cells
accounted for this beneficial effect. However, CMV-specific donor T cells appeared not
to impact relapse rates after HSCT [133]. On the other hand, NK cells have been shown to
play an important role in CMV reactivation-mediated relapse prevention. Foley et al. dem-
onstrated that the beneficial effect of CMV reactivation was specifically associated with the
clonal-like expansion of NK cells characterized by the NKG2C* NKG2A™ self-KIR* CD57*
CD56%™ signature [80]. These NK cells have been shown to exhibit enhanced cytolytic
activity and cytokine production. During CMV reactivation, both NKG2C* NK cell percent-
ages and numbers are significantly increased with enhanced capability of producing IFN-y
upon the stimulation of myeloid leukemia cell line K562. Nevertheless, the mechanisms
underlie the increased expansion and functions of NKG2C* NK cells are not entirely clear.
Guma et al. reported that after ex vivo stimulation with CMV-infected fibroblasts, NKG2C*
NK cells from seropositive healthy donors rapidly proliferated [134]. These results indi-
cated that NKG2C may play a unique role in NKG2C* NK cell expansion. However, the
exact ligands of NKG2C on CMYV infected cells are not completely confirmed. Although
HLA-E has been shown to be a ligand for NKG2C [135], other undefined ligands may
also take part in NKG2C-mediated effect. Leukemic cells can retain HLE expression while
downregulate the level of classical class I HLA molecule [136]. Therefore, it is now believed
that the change in receptor repertoire from inhibitory receptor NKG2A to activating recep-
tor NKG2C may play a crucial role in this NK cell subset-mediated GvL effect [137].

It has been shown that NK cells from UCB transplants will undergo slower reconstitution
compared with NK cells from adult grafts. In contrast, in CMV-infected UCB transplantation
patients, NK cells are found to reconstitute rapidly with decreased NKG2A expression and
increased KIR expression [138]. Their functional reconstitution is also promoted as they can
produce high level of IFN-y in response to K562 cells. Intriguingly, during CMV-infected
UCB transplantation, Della Chiesa et al. detected a unique subset of hyporesponsive NK cells
which shared similar surface markers with the expanded NKG2C* NK cells except for CD56
expression [139]. Briefly, this NK cell subset does not express CD56. IL-2 stimulation can
reverse the hyporesponsive state of CD56™ NK cells thereby this NK cells subset may repre-
sent a stage of NK cell differentiation in the case of cytokine deficiencies.

The effect of CMV reactivation was also investigated in recipients received grafts either from
peripheral blood or bone marrow [140]. Strikingly, the expansion of NKG2C* NK cells seemed
to be dependent on the serostatus of recipient. The percentage of NKG2C" NK cells was sig-
nificantly increased when CMV seropositive recipients received grafts from CMV seronega-
tive donors. Oppositely, when grafts from CMV seropositive donors were infused into CMV
seronegative recipients, NKG2C* NK cells failed to expand, and their percentage was declined
to the levels similar to CMV seronegative donor/recipient pairs.

Besides NKG2C, activating KIR may also contribute to CMV-induced NK cell expansion. Della
Chiesa et al. proved that when donor grafts were lack of NKG2C, NKG2C~NK cells can rapidly
expanded expressing activating KIR in the recipients following CMV infection [141]. These
data indicated that activating KIR can recognize CMV and promote NK cell reconstitution
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independent of NKG2C. Correspondingly, the increased presence of donor activating KIR
has been shown to result in reduced risk of CMV infection [142, 143]. However, the ligands
expressed on the CMV infected cells specific for activating KIR are still elusive, which become
an obstacle to explore the actual role of activating KIR in CMV-infected HSCT.

Additionally, CMV seropositivity has been shown to be associated with presence of a popula-
tion of NK cells which does not express FcyRIy [144]. FcyRly is an adapter molecule that is used
by CD16, NKP30, and NKp46 for signal transmitting. CD3( is also required for CD16 associated
signal transduction. Lack of both FcyRIy and CD3( in HIV-infected patients was proved to
diminish CD16 signaling [145], while single down-regulation of FcyRIly in CMV seropositive
healthy donors resulted in enhanced CD16 signaling [146]. The deficiency of FcyRIy induced NK
cells hyporesponsive to CMV infected fibroblasts, whereas CMV specific antibody can reverse
NK cells to degranulate and produce IFN-y and TNF-a against CMV infected fibroblasts.

6.2. Cytomegalovirus infection induces natural killer cell memory

Although traditionally viewed as a member of innate immune cells, NK cells have been
demonstrated to mount memory response to hapten and mediate hapten-induced contact
hypersensitivity responses [21]. In MCMV model, NK cells were also observed to develop
memory-like properties including viral ligand m157 specific expansion, persisting over time
and enhanced effector function after rechallenge with MCMYV [22, 23]. This MCMV-induced
memory-like population of NK cells is characterized by the expression Ly49H. Intriguingly,
during acute human CMV, the expanded NKG2C* NKG2A" self-KIR* CD57* CD56%™ NK cells
which we have described above was proved to be human analog of Ly49H* memory-like
NK cells [139, 147]. After HSCT, these CMV-specific memory-like NK cells can be detected
in peripheral blood of CMV-infected HSCT recipients. As we have mentioned, when CMV-
seropositive recipients received grafts from CMV-seropositive donors, these NKG2C* NK
cells underwent expansion even in the absence of detectable viremia, which meant a nonclas-
sical recall response was developed [140]. However, the mechanisms underlined the genera-
tion of memory NK cells have not been exactly defined. Recently, two studies demonstrated
that CMV infection resulted in modified effector function through driving epigenetic altera-
tions in these “adaptive” NK cells [148]. These memory-like NK cells were proved to lack
expression of signaling proteins such as Fc epsilon receptor I (FceRILy), spleen tyrosine kinase
(Syk), ewing’s sarcoma-associated transcript 2 (EAT2) and exhibit increased capacity to medi-
ate ADCC as well as produce IFN-vy in response to tumor targets. In contrast, memory-like
NK cells produced extremely less level of IFN-y in response to cytokines such as IL-12 and
IL-18 mainly due to the downregulation of cytokine receptors.

In summary, NKG2C* NK cells expanded after CMV-infected HSCT display memory-like
properties and associated with reduced risk of relapse. Nevertheless, it is still unclear whether
the GvL effect observed in CMV-infected HSCT is mainly due to NKG2*C NK cells cytotoxic-
ity toward leukemic blasts or primarily due to the cytolytic effect of CMV. This potent effect
of CMV reactivation in shaping immune response after HSCT may provide new choice for
therapeutic strategies, such as utilizing CMV vaccine to mimic this beneficial effect, isolating
NKG2C*NK cells for adoptive transfer setting and optimizing the criterion for donor selection.
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7. The effects of natural killer cells on graft-versus-host disease

Allo-HSCT has curative potential through donor immune effectors-mediated GvL effects.
However, the donor versus host direction effect of alloreactive T cells also causes GvHD
which is a major complication of allo-HSCT [2]. Depletion of donor T cells in grafts and appli-
cation of immunosuppressive pretreatment are often used to eliminate GvHD; however, these
treatments also hampers GvL effects at the same time. NK cells have also been shown to play
an important role in GvHD. In murine models, alloreactive NK cells are shown to kill anti-
gen presenting cells (APCs) thereby prevent the initiation of aGvHD [100]. Correspondingly,
another study demonstrated that alloreactive NK cells can be recruited into the lymph nodes
and suppress T cells activation through cytotoxicity toward allogeneic dentritic cells (DCs)
[149]. Donor NK cells may also mediate suppression of aGvHD through the direct killing
of activated donor alloreactive T cells [150]. The possible mechanism involves the interac-
tions between activating receptor NKG2D and its ligand highly expressed on the surface of
activated T cells, which help NK cells to discriminate activated T cells from normal T cells
and initiate killing [151, 152]. NK cells were also found to inhibit aGvHD through cytokine
production such as TGF- [153]. Furthermore, NK cells were able to inhibit the proliferation
of donor CD4'T cells and reduce the risk of cGvHD [154]. Remarkably, donor NK cells are
believed not to attack normal host tissues mainly due to the absence of activating receptor
ligands on normal nonhematopoietic cells [155].

Although these previous experimental studies suggested that donor NK cells may have poten-
tial role in modulating GvHD, the clinical results are variable. Ruggeri L et al. reported NK
cell alloreactivity was favorably associated with the lower risk of aGvHD [6]. However, this
benefit effect cannot be observed in most groups, some groups even found KIR mismatch may
worsen GvHD [156, 157]. Notably, in a recent clinical trial, IL-15/4-1BBL-activated donor NK
cell infusion was found to contribute to aGvHD in T-cell depleted HSCT [158]. Collectively,
these contradictory results indicated the role of alloreactive NK cells in GvHD may be vari-
able. They could either aggravate or attenuate GvHD probably depended on different immune
microenvironment in HSCT. Correspondingly, in our study of murine acute GvHD model,
IL-12/15/18-preactivated donor NK cells significantly inhibited severe aGvHD, whereas they
accelerated the development of aGvHD in a mild aGvHD model (unpublished data).

8. Donor selection based on killer cell immunoglobulin-like
receptor typing

Since alloreactive NK cells play a critical role in the successful treatment of leukemia patients
receiving alloreactive grafts, it is crucial to ensure sufficient number of NK cells in the best
possible donor. As we have discussed above, the polymorphisms of KIR and its ligand HLA
obviously affect NK cell alloreactivity. Therefore, genotyping of these two families of genes
provides the probability to identify the size of alloreactive NK cell populations in donor. Up to
now, there are three levels of KIR typing. The first level is genotyping to test the gene content of
KIR families [159]. Based on these results, the KIR haplotype of donor is confirmed and scored.
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The preferable donors defined in this level are those possess inhibitory KIR specific for HLA-I
alleles absent in the recipients with highest haplotype B score [128, 160]. The second level of KIR
typing is using flow cytometry and quantitative PCR to assess the number of KIR mismatched
NK cells and the expression of KIR gene [125]. Based on the results of this level, the donors
possess the largest number of KIR mismatched NK cells with high frequency of KIR gene
expression are preferable. The third level is KIR typing of alleles [161]. As we have discussed
above, different alleles of KIR gene may result in different intensity of NK cell alloreactivity.
Therefore, donors with stronger KIR alleles should be selected. Finally, FcyR polymorphisms
are also needed to analyze when the treatment is associated with ADCC effect of NK cells [162].
Additionally, the assess of NK cell cytotoxicity toward leukemic blasts from patients could also
help to predict the outcome of HSCT.

9. Adoptive transfer of donor natural killer cells and natural
killer cell expansion

Despite their potential beneficial role in allo-HSCT, donor NK cells derived from the hema-
topoietic stem cells may be functionally impaired due to their immaturity and insufficient
education. Thus, adoptively transfer of mature donor NK cells has been employed to pro-
vide the immunotherapeutic benefits for allo-HSCT. The first trial of utilizing allogeneic
NK cells as immunotherapy in humans was published in 2005 focused on the impact of
different chemotherapy preparative regimens on infused donor NK cells [163]. Three differ-
ent chemotherapy preparative regimens were used in their study: high cyclophosphamide
and fludarabine (Hi-Cy/Flu), low cylcophosphamide and methylprednisone, or fludarabine
alone. Their results demonstrated that the infusion of NK cells was well tolerated by patients,
donor-derived NK cells expansion can only be detected in patients receiving Hi-Cy/Flu.
Furthermore, long-term remission was observed in 5 of 19 patients. An obvious increase
in endogenous IL-15 concentration was detected in patients receiving high intensity of the
conditioning regimen and was associated with the expansion of adoptive transferred donor
NK cells. These results indicated the Hi-Cy/Flu treatment may eliminate recipient’s lympho-
cytes thereby provide “space” and adequate cytokines for expansion of transferred donor
NK cells. These results also suggested besides IL-2, IL-15 might be a good choice to promote
NK cell expansion in vivo. In the follow-up study, the criteria for successful donor NK cell
expansion were defined as a measurement of more than 100 donor NK cells/pl of peripheral
blood 12-16 days after infusion [113].

Although remission of patients was observed in the above studies, this benefit effect was
not permanent as patients ultimately relapsed. To test whether host-mediated rejection
affected the expansion of donor NK cells thereby resulted in remission, total body irradia-
tion was added to Hi-Cy/Flu to deplete recipient cells [138]. The results demonstrated that
measurable NK cell expansion was obviously increased in patients received total body irra-
diation, which was associated with better leukemia clearance effect. These data again indi-
cated the importance of enough “space” for successful expansion of donor NK cells during
HSCT. In a pediatric study, Rubnitz et al. reported after high intensity of lymphodepeleting
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chemotherapy, infused donor NK cells could successfully expand in the patients of AML
[164]. Remarkably, among 10 patients, three patients were observed to have detectable NK
cells up to 1 month after infusion and have a disease-free survival rate of 100% at a median
of 2 years. This promising outcome may due to the higher cell dose of transferred donor
NK cells used in this study; thus, higher doses of infused NK cells may be important for
better HSCT outcome.

To produce sufficient number of donor NK cells and achieve the optimal expansion of NK
cells ex vivo, numbers of studies were performed with variable approaches, such as cytokine
stimulation and utilizing engineered feeder cells. Up to now, clinical NK cell doses can be
reached even up to 10°® NK cells/kg [165]. However, there are numerous factors that may
affect the effector function of expanded NK cells. A crucial factor among these complicated
production protocol is how to activate NK cells ex vivo. Addition of cytokines such as IL-2 or
IL-15 was used to promote survival and expansion of NK cells. Although IL-2 stimulation
may result in activation-induced cell death (AICD) of NK cells in vivo, IL-15 stimulation
does not have this side effect [166, 167]. Subsequently, human-derived feeder cells were
used to develop approaches in expanding NK cells. Fujisaki et al. first reported the use of
genetically modified APCs that could expand NK cells from peripheral blood 500- to 1000-
fold [13]. These artificial APCs can be further modified with costimulatory molecules and
membrane-bound cytokines [168, 169]. The expanded NK cells express high level of activat-
ing receptors and CD16 molecule and are proved to be potent mediators of cytotoxicity.
However, these activated NK cells often become “exhausted” and cannot maintain their
effector function and expansion in vivo [170]. Denman CJ et al. used APCs modified with
membrane-bound form of IL-21 to break this barrier [168]. However, after cytokine with-
drawal, these ex vivo expanded NK cells have been shown to have shorter survival in vivo
compared with freshly activated NK cells [171].

Another alternative approach is to generate “memory-like” NK cells ex vivo. Cooper et al.
reported that IL-12/15/18-preactivated NK cells obtained the ability to produce increased
IFN-y upon restimulation for up to 4 months after adoptive transfer [24]. Therefore, cyto-
kine preactivation before infusion may amplify and sustain the beneficial effects of NK cells
during allo-HSCT. The enhanced antitumor activity of murine IL-12/15/18-preactivated
NK cells was first demonstrated in a murine tumor model [172]. Similar to murine NK
cells, human IL-12/15/18-preactivated NK cells have been recently shown to have memory-
like properties, including increased IFN-y production, enhanced proliferation, and high
expression of IL-2 receptor [26]. Recently, a phase I study of adoptively transferred cyto-
kine-induced memory-like NK cells has demonstrated sustained anti-leukemia responses in
patients with relapsed or refractory AML [173]. Therefore, cytokine-induced memory-like
NK cells may possess long-lasting effector function in vivo, which can be harnessed in the
treatment of leukemia patients. However, the safety of such therapy could be complicated
by the induction of aGvHD after allo-HSCT. Adoptively transfer of donor-derived IL-15/4-
1BBL-activated donor NK cells contributed to aGvHD [158], likely through upregulation of
activating receptor expression and inflammatory cytokine production. Therefore, the effect
of IL-12/15/18-preactivated NK cell infusion on GvL and GvHD after allo-HSCT needs fur-
ther investigation.
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10. Methods to enhance natural killer cell function and
future perspectives

Monoclonal antibodies are now increasingly being studied for their effect on enhancement of
NK cell activity. The isotype IgG1 subclass is often used to induce ADCC through stimulating
activating Fc receptors on NK cells. The most effective monoclonal antibody used in hemato-
logical malignancy is Rituximab, which targets antigen CD20 on B cells [174]. Notably, it was
proved that such antibodies should be administered at appropriate time point as NK cells
reconstituted early after HSCT are immature with lower expression of CD16 [95]. Interactions
between inhibitory KIRs and HLA molecules transmit a potent inhibitory signal to the NK
cell, thus monoclonal antibodies blocking inhibitory KIR receptors are used to enhance NK
cell activity. The preclinical results demonstrated these antibodies appear safe and do not
induce autoimmunity [175]. Additionally, a disintegrin and metalloprotease-17 (ADAM17)
was demonstrated to induce activated NK cells to lose expression of CD16 and CD62L [176].
Therefore, pharmacologic inhibition of ADAM17 is used to enhance the cytotoxicity of NK
cells toward Rituximab bound lymphoma cells. Following the improvement of antibody pro-
duction, bispecific killer engagers (BiKE) and trispecific killer engagers (TriKE) are used to
crosslink specific tumor antigens such as CD19, CD20 with a potent stimulator on NK cell
such as CD16 [177-179]. CD16 x 19 BiKEs and CD16 x 19 x 22 TriKEs have been constructed
and shown to significantly activate CD16 signaling of NK cells [180, 181]. Furthermore, a
CD16 x 33 BiKEs was constructed recently and proved to result in potent cytotoxicity of
NK cells in patients of refractory AML [182]. However, the very short half-life of bi- and tri-
specific antibodies might limit their therapeutic effect [179].

Another important focus is to enhance the immune response of NK cells through sensitiz-
ing target cells. Bortezomib is a drug classically used to treat multiple myeloma and mantle
cell lymphoma. As a proteosome inhibitor, Bortezomib can sensitize tumor cells to TRAIL-
mediated apoptosis [14]. Moreover, drugs such as doxorubicin and depsipeptide have been
proved to upregulate the expression of death receptors including Fas, TRAIL-R1, TNFR1,
thereby sensitize tumor cells to the cytotoxicity of NK cells [183, 184].

Recently, NK cells are also genetic engineered to express CARs which represent an effective
therapy. The preclinical studies demonstrated that primary NK cells expressed CAR con-
structs can result in potent killing of B cell tumors [185, 186]. However, it is difficult to express
exogenous genes in primary NK cells and to reach enough number for immunotherapy.
Therefore, human NK-like cell line, NK-92 becomes another candidate for genetic engineer-
ing. Based on the results of phase I clinical trials of NK-92 cells [187], CAR-expressing NK-92
cells may be easily expanded ex vivo and well tolerated in patients.

11. Conclusions

A number of recent studies demonstrated that NK cells played a critical role in disease-
relapse prevention. Based on the progress made in the field of NK cell therapy, the criteria
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for choosing HSCT donor have been significantly changed and shown to be associated with
better outcomes. However, the role of NK cells in HSCT is not fully understood. The GvL
effect of NK alloreactivity may be affected by the complexity of HSCT including the degree of
T-cell depletion, donor sources, degree of HLA mismatch, different intensity of preparative
regimens, and the origin of leukemic blasts. Furthermore, the haplotype of donor KIR genes
and the intensity of interaction between KIR and HLA may also influence the GvL effect of
NK cells. Donor KIR B haplotype may be favorably associated with better overall survival.
The education of NK cells is also critical for their beneficial effect. The stronger KIR/HLA
affinity may contribute to the generation of NK cells with enhanced GvL effect. Intriguingly,
“unlicensed” NK cells may also have chance to undergo “re-education” and acquire potent
effector function after HSCT. Several studies reported the favorable association between CMV
reactivation and better HSCT outcome. This beneficial effect of CMV reactivation was mainly
due to the expansion of NKG2C* NK cells. Moreover, these NKG2C" NK cells display mem-
ory-like properties and enhanced cytotoxicity toward leukemic blasts. NK alloreactivity has
been demonstrated to play potential role in suppression of aGvHD. However, some groups
found KIR mismatch or alloreactive donor NK cell infusion also worsen aGvHD. Therefore,
the role of NK alloreactivity in GVHD still needs to be carefully studied.

Since the GvL effect of NK alloreactiviy is affected in various aspects. Some critical questions
are still remained to answer so as to ensure NK cells play the most desirable role during
HSCT. The fate of NK cells is still unpredictable after transfusion. The optimal approach to
expand most powerful NK cells which can maintain their proliferative potential and effector
function in vivo is still not confirmed. The risk of the clinical usage of these activated NK cells
is still needed for evaluation. The ligands of several activating receptors are undefined and
the interactions between NK cells and other immune cells need further investigation. Further
studies are also required to explore the mechanism underlying the process of NK cell “educa-
tion” and “memory”. Recently, monoclonal antibodies and immunomodulatory drugs are
utilized to modulate NK cell function and proved to have benefit effect on the outcome of
HSCT, whereas it is still needed to confirm the suitable hematopoietic malignancies for these
treatments. The answers to these questions and continuous progress in understanding NK
cells biology will optimize donor NK cells-based therapy and benefit the outcomes of HSCT.
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Abstract

The increased use of nanomaterials for biomedical purposes has warranted the need to
introspect their toxicological properties and assess their utility to human health, par-
ticularly the immune system. Natural killer (NK) cells hold a pivotal position in innate
immunity and serve as first line of defense against foreign bodies. Acid functionalized
Carbon nanotubes (CNTs) that easily polydisperse in aqueous solution and could be cou-
pled with fluorescent molecules were used to study the effect of carbon nanoparticles on
NK cells in vitro and in vivo. Flow cytometry-based assays were used to study the effect of
CNTs on various physiological parameters of NK cells, such as cell recovery, apoptosis,
cell cycle, and generation of reactive oxygen species. A downregulation of the cytotoxic-
ity of IL-2-activated murine NK cells was observed in the presence of acid-functionalized
CNTs. The mechanistic basis of this downregulation was studied by assessing markers of
NK cell activation (CD69), generation (NLK1.1), degranulation (CD107a) and apoptosis
(annexin V assay). This chapter provides a blueprint for assessing the effect of carbon
nanoparticles on NK cells. The assays mentioned in this chapter can be extrapolated to
study the effect of other nanoparticles on different cell types as well.

Keywords: NK cell cytotoxicity, carbon nanotube, flow cytometry, apoptosis, NK cell
degranulation, YT-INDY

1. Introduction

Carbon nanoparticles (CNPs) have size less than 100 nm in at least one dimension and can
be engineered in allotropic forms, such as nanodiamonds, fullerenes, nanobuds, and nano-
tubes. Each of these CNPs exhibits unique physicochemical properties and by virtue of their
extremely low size can effectively interact with cells and tissues. Carbon nanoparticles,
specifically carbon nanotubes (CNTs), are being tested for their potential use in the field of
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nanomedicine including medicinal chemistry, imaging, vaccine delivery, etc. [1]. How these
CNPs affect the living systems and the risks or benefits associated with their environmental,
occupational, or therapeutic exposure is a matter of active research [2]. This chapter focuses
on the interaction of an important component of innate immunity, the natural killer cells,
with carbon nanotube.

1.1. Natural killer cells

Natural killer (NK) cells are important effector cells of the innate immune system and con-
stitute about 5-15% of peripheral blood lymphocytes [3]. NK cells originate from lymphoid
progenitors in the bone marrow and require IL-15-mediated signaling for development and
survival [4]. NK cells can be identified through a set of markers, such as NK1.1 in mice or
CD56 and CD16 in humans [5, 6]. The absence of CD3 on NK cells is a useful marker to dif-
ferentiate between NK and natural killer T cells (NKT) [7].

NK cells kill syngeneic or allogeneic cells through mechanisms that require neither a prior
sensitization with target cells nor the presentation of antigen in association with MHC-I. NK
cell functions through an array of germline-encoded inhibitory or activating receptors that
recognize MHC-I expressed in steady state on normal cells or altered ligands on dysregulated
cells, respectively. Killer inhibitory receptor (KIR) in humans, the lectin-like Ly49 molecules
in mice, and CD94/NKG2A heterodimers in both species detect MHC-I molecules on normal
cells [8]. Perturbations in expression of MHC-I molecules on viral-infected cells or malignant
transformed cells lead to loss of inhibitory signals causing activation of NK cells. Additionally,
NK cells also require signaling through activating receptors, such as NKp30, NKp44, NKp46,
NKp65, and NKp80 to trigger effector functions, such as cytokine production and cytolytic
activity. Stimulation with inflammatory cytokines, such as IL-2, IL-15, IL-12, or IL-18 evokes
differentiation into effector NK cells. CD16 or constant Fcy-receptor Illa (FcyRIIla) exerts
antibody-dependent cell-mediated cytotoxicity (ADCC) against various antibody coated cel-
lular targets, leading to the exocytosis of perforin and granzyme-loaded vesicles. By integrat-
ing activating and inhibitory signals, NK cells contribute to the elimination of stressed cells
expressing modified motifs while sparing healthy cells [9].

Upon recognition, target cells can get killed by NK cells through one of two pathways: either
via the perforin and granzyme secretion pathway or via membrane-bound death receptors.
NK cells store preformed perforin and granzyme in secretory vesicles that when triggered by
activating signals causes formation of microtubule-organizing center (MTOC) which guides
the vesicles, containing perforin and granzyme, in a directed way toward the target cell to
prevent damage to bystander cells. Perforin forms pores in the target cell membrane, dis-
rupts membrane integrity, and allows the entry of the apoptosis-inducing granzymes. The
importance of the lytic perforin/granzyme pathway is evident in perforin knockout animals
that exhibit lesser efficiency in ADCC or tumor control after transplantation of tumor cells.
Perforin-/granzyme-containing cytoplasmic vesicles express CD107a or lysosomal-associated
membrane protein (LAMP-1). Upon degranulation, CD107a is transferred transiently on the
surface of NK cells and protects NK cells from damage from their own perforin or granzyme
release [10].
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NK cytotoxicity via its membrane-bound death receptors occurs upon binding with ligands,
expressed on target cells. Receptor-ligand pairs, such as Fas-FasL, TNFR-TNF, and TRAILR-
TRAIL, induce recruitment of various adaptor proteins leading to the formation of the death-
inducing signaling complex (DISC). Subsequently, the caspases 8 and 10 get activated via
proteolysis and initiate apoptosis. In addition to the cytotoxic response, NK cells are impor-
tant sources of various cytokines, such as IFN-y, TNF-a, or IL-10 and of chemokines, such
as CCL3/CCL4/CCL5 or CXCLS8. Natural killer (NK) cells basally express high levels of the
signal transducer and activator of transcription 4 (STAT4) and produce the cytokine gamma
interferon (IFN-y). Type 1 interferons could potentially activate STAT4 and promote IFN-y
expression; however, concurrent elevated expression of STAT1 negatively regulates access to
this pathway. IFN-y due to its pleiotropic functions is considered to be the signature cytokine
of NK cells [11]. IFN-y has been shown to have antiproliferative effects on tumor cells and
exert anti-angiogenic activity. A combination of TNF-a and IFN-y has been shown to trigger
tumor senescence and activates macrophages and dendritic cells [12]. Cytokine secretion is
mediated via recycling endosomes using a distinct pathway from cytolytic vesicles, which
allows for differential regulation.

2. Carbon nanotube

Carbon nanotubes resemble rolled-up tubes of graphite sheet of sp? hybridized carbon atoms.
A single cylindrical form of CNTs is designated as single-walled nanotubes (SWCNTs) that
are 0.4-3.0 nm in diameter and up to 1000 nm in length. CNTs display a unique combina-
tion of extraordinary mechanical, thermal, and electronic properties. CNTs, by virtue of their
exceptional high aspect ratio (surface area to volume ratio), can carry high amounts of ligands
on the outer as well as in inner surface of their tubular backbone for tissue-/cell-specific drug
delivery. These are therefore conceptualized as nano-bullets capable of carrying different
drugs for targeting multiple microorganisms or diseases simultaneously. However, the use
of CNTs in biological system poses practical problems due to their inherent tendency to form
aggregate as a result of high intermolecular hydrophobic force arising out of unit graphene
rings. Within the aqueous phase of the biological system, the hydrophobic behavior of CNTs
could result not only in poor biodistribution but also pose a serious challenge due to agglom-
eration and cause tissue lesions or granulomas. In order to circumvent hydrophobicity of
CNTs so that it is rendered biocompatible, their backbone can be chemically modified with
functional groups or linkers that impart solvable properties to CNTs. This process is known
as functionalization of CNTs.

2.1. Acid functionalization of SWCNT

SWCNTs may be acid functionalized by suspension in sulfuric acid and nitric acid and sub-
jecting to high-pressure microwave as described before [13-15]. As a result the side walls
of SWCNTs are decorated with high density of various oxygen-containing groups (mainly
carboxyl groups). The carboxyl groups impart negative charge to SWCNTs, which facilitate
the separation of nanotube bundles into individual tubes and enhance their dispersibility in
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aqueous solutions. The carboxyl groups represent useful sites for covalent coupling of mol-
ecules, through the creation of amide or ester bonds, thereby facilitating further addition of
wide range of bifunctional linker molecules, nucleic acids, peptides, or other nanoparticles,
such as polyethylene glycol (PEG) [16].

The process of acid functionalization of CNTs is outlined in Figure 1A. Briefly, SWCNTs were
suspended in equimolar ratio of nitric acid (HNO,) and sulfuric acid (H,SO,) in high-pressure
microwave digester that provide 450 W power for 3 min, resulting in an internal pressure of
20 + 2 psi and temperature of 138-150°C. The suspension was cooled and dialyzed in excess
milli-Q water till it attained neutral pH. Dialyzed suspensions of acid-functionalized SWCNTSs
(AF-SWCNTs) were lyophilized, weighed, and resuspended at the desired concentration in
phosphate buffer saline (PBS) or water.
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Figure 1. Functionalization of SWCNT and characterization of acid-functionalized SWCNT (AF-SWCNT): schematic
overview of the process of acid functionalization of SWCNT is depicted in Panel A. Functionalization of SWCNT in
the presence of equimolar H,SO, and HNO, generates carboxyl and sulfonate groups on the backbone of SWCNT.
Panel B shows that AF-SWCNT (1 mg/mL) homogenously dissolves in aqueous solution as compared to SWCNT. The
physiochemical properties of AF-SWCNT were tested using fourier transmission infrared (FTIR) spectroscopy and
Zetasizer. FTIR spectra of AF-SWCNT showed distinct bands in the range 1740 and 1350 cm™, characteristic of carboxyl
and sulfonate groups, respectively (Panel C). These groups are negatively charged and affect the electrical properties of
AF-SWCNT. Data obtained from Zetasizer showed that the mean charge and size of AF-SWCNT were =55 mV (Panel D)
and 350 nm (Panel E), respectively.



Natural Killer Cells Interaction with Carbon Nanoparticles
http://dx.doi.org/10.5772/intechopen.69731

In comparison to SWCNTs that agglomerate in aqueous solution, AF-SWCNTs (1 mg/mL)
remain stably suspended. The physiochemical properties of AF-SWCNTs are influenced
mainly by the duration of acid functionalization. Increasing the duration of functionalization
reaction resulted in smaller sized particles and decreased recovery of functionalized nanotubes
due to oxidative degradation. The recovery of AF-SWCNTs was relatively better with lower
acid concentrations; the size and charge distribution of the resultant particles were compara-
ble. Particles generated under constant temperature for different time durations did not differ
significantly in their size or zeta potential. The zeta potential provides an estimate whether the
particles within a liquid will tend to flocculate or not. A high positive or negative zeta potential
of particle corresponds to greater dispersibility within the liquid, while values close to zero
correspond to greater aggregation potential. Zeta potential of the AF-SWCNTs depends on the
suspension media. AF-SWCNTs suspended in water had the higher zeta potential than PBS
followed by culture media. Greater dispersion of AF-SWCNTs in water is due to formation of
electrical double layer in which ionic accumulation of few-angstrom thick prevents particle
aggregation. For details of physiochemical properties of AF-SWCNTs, see Figure 1C-E.

2.2. Attachment of fluorescent probes to AF-SWCNTs

CNTs, due to their nanosized structure, cannot be visualized using normal light microscope.
The carboxylic groups generated on the AF-SWCNTs were exploited to attach fluorescent
probes to the particles for the purpose of studying their uptake by cells [17]. Figure 2A shows
the schematic overview of attachment of fluorescent probes to AF-SWCNTs. In our experi-
ment, polydispersed AF-SWCNTs were treated with 1-ethyl 3-(3-dimethyl aminopropyl)
carbodiimide (EDAC) and N-hydroxysuccinimide (NHS) in order to get succinimidyl inter-
mediate. The mixture was continually shaken for 2 h and dialyzed in water using 3 kDa cutoff
Centricon to remove excess NHS, EDAC, and urea by-product. AF-SWCNTs thus activated
were incubated with Alexa Fluor 488/633 hydrazide in 1:1 ratio in the dark with continuous
mixing for 12 h, followed by dialysis to remove free dye. Attachment of fluorescent probe to
AF-SWCNTs can be confirmed using spectrophotometer or flow cytometer.

The interaction of fluorescently tagged AF-SWCNTs (FAF-SWCNTs) with cells could be eas-
ily quantified using flow cytometer (Figure 2B), and their localization within the cell can be
visualized using confocal microscopy (Figure 2C). Although earlier studies on the uptake and
localization of CNTs could be performed on fixed cells using transmission electron microscope
(TEM), preparation of fluorescently tagged AF-SWCNTs was a significant step in this direc-
tion because it enabled us to directly observe the interaction of CNTs with live cells. Thus,
FAF-SWCNTs in conjugation with organelle markers provided an important tool to observe
the effect of CNTs on the cellular process like exocytosis, actin-myosin assembly, cell division,
etc. For example, FAF-SWCNTs used in combination with LysoTracker and MitoTracker can
be used to observe the actual interaction of CNTs with these organelles and the attendant
effects on exocytosis and mitochondrial potential, respectively. Our studies showed that acti-
vated NK cells internalize higher amounts of AF-SWCNTs than resting NK cells. Our studies
further indicated that internalized AF-SWCNTs are essentially localized in the cytoplasm of
NK cells. Previous studies by our group on the uptake of diesel exhaust particles (another
category of carbon nanoparticles) by macrophages and alveolar epithelial cells showed that
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Figure 2. Attachment of fluorescent probe to AF-SWCNT. Panel A shows the schematic diagram of preparation
of fluorescent-coupled AF-SWCNT (FAF-SWCNT). The carboxyl group provided a pivotal point to which amide
containing fluorescent molecules could be attached. Flow cytometric data shows that 60% of AF-SWCNT particles got
tagged with the fluorescence probe (denoted by green line). The interaction of NK1.1* cells with AF-SWCNT was studied
by incubating the IL-2-activated splenocytes with FAF-SWCNT. Panel B shows that NK1.1* sorted cells sequestered
FAF-SWCNT and generated positive signal for fluorescence. The localization of FAF-SWCNT in NK cells was visualized
using confocal microscopy. NK1.1'FAF-SWCNT* cells were isolated using fluorescence-activated cell sorter and cultured
on poly-L-lysine coated cover slips. Cells were fixed using 4% paraformaldehyde, incubated with DAPI (0.2 mg/mL) and
examined microscopically. Panel C shows the DIC, DAPI, and merged image of FAF-SWCNT in NK1.1* cells.

active uptake was blocked in the presence of Cytochalasin D, an inhibitor of actin-myosin
assembly system [17]. Internalization of AF-SWCNTs has also been demonstrated in eryth-
rocytes that lack membrane phagocytic functions [18]. Internalization of AF-SWCNTs in NK
cells may therefore involve active transport, or by the virtue of their long needle-like struc-
ture, these nanoparticles may pierce cell membranes and enter into the cytoplasm.

3. Interaction of CNTs with NK cell

CNTs act as adjuvant or haptens and allow formation of protein bio-corona on their surface.
When proteins unfold, they reveal hidden epitopes that may act as nanomaterial-associated
molecular patterns (NAMPs) [19]. These molecular signatures are recognized by pattern
recognition receptors (PRPs) present on the surface of innate immune cells. The activation of
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PRPs may induce adaptive immune system causing inflammation, allergic reactions, com-
plement activation, susceptibility to diseases, or autoimmune diseases [20, 21]. The pros-
pects of CNTs as a magic bullet in cancer therapy are due to their ability to act passively or
actively at site of tumor or for improving bioavailability of insoluble drugs. Besides, CNTs
have unique anisotropic and spectroscopic properties that make them suitable for detection
and radiation-guided ablation of tumors.

The ability of the immune system to successfully eliminate cancer cells or viral-infected cells
is mediated mainly by cytotoxic T cells and NK cells. Therefore the inadvertent interaction of
CNTs with NK cells in the body, particularly at site of tumor, cannot be ignored. This situation
warrants extensive studies to assert that CNTs have minimal effect on the effector functions of
NK cells so that the benefits achieved by the use of CNTs in cancer therapy are not outweighed
by the toxic effect of CNTs on NK cells itself. The effects of nanoparticle on NK cell cytotoxic-
ity should be examined to determine whether there is an association between NK cell activ-
ity and nanoparticle treatment. A decreased NK cell activity is often associated with chronic
fatigue immune dysfunction syndrome (CFIDS), characterized by acute and chronic condi-
tions that predispose individuals toward an immunocompromised state leading to AIDS [22].

Although the mechanistic details of NK-mediated killing of target cells is well established,
little is known in literature about the interaction of NK cells with CNTs, and hence there is no
consensus to evaluate immunomodulatory effects of CNTs on NK cells. We have established
three models to assess the interaction of CNTs with NK cells and evaluate the effect of CNTs
on effector function of NK cells in vitro and in vivo. In vitro assessment of the effect of CNTs
on NK cells was performed using YT-INDY human NK cell line and IL-2-activated mouse
spleen cells. In vivo effects of CNTs were studied in C57BL/6 inbred mice treated with poly I:C,
a synthetic analogue of viral RNA. We have extensively used flow cytometry to assess these
parameters because it provides accurate, reproducible, and quick quantitative estimation of
cell subpopulations in the mixed culture of cells.

3.1. In vitro assessment of effect of CNTs on a NK cell line

YT-INDY, a NK cell line of human origin, proliferates continuously in vitro without being
supplemented with cytokines or conditioned medium. In vitro assessment of the effect of
CNTs on YT-INDY cells provides us preliminary estimation of dosage that may be deemed fit
to explore on actual NK cells derived from primary cell cultures.

3.2. Cell viability assay

Cell viability assays are used for screening nanoparticles in order to determine if these affect
cell proliferation or show direct cytotoxic effects causing cell death. Trypan Blue assay was
used for staining dead cells, and viability was determined by counting the unstained cells
microscopically. As is evident from Figure 3A, exposure of AF-SWCNTs resulted in decrease
of cell recovery although the effect was marginally less in SWCNT treatment. YT-INDY,
which has a doubling time of nearly 42 h, shows decreased proliferation rate in the presence
of SWCNTs, the effect being more enhanced with AF-SWCNTs.
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Trypan Blue staining does not distinguish between the healthy cells and the cells that are alive
but losing cell functions. MTT is a water-soluble yellow dye that is readily cleaved and con-
verted into insoluble purple formazan by the activity of mitochondrial dehydrogenase of liv-
ing cells [23]. Results in Figure 3B clearly indicate that AF-SWCNTSs above 25 pug/mL reduce
cell viability, whereas SWCNTs show the same effect above 50 pg/mL.

Reduced cell viability in the presence of CNTs could be attributed not only to reduction in
proliferation of cells but also due to accumulation of dead cells in the culture. The activity of
cytoplasmic enzyme, such as lactate dehydrogenase (LDH), released upon plasma membrane
damage, can be detected in culture supernatant and correlates with the proportion of lysed or
dead cells [23]. Results in Figure 3C show that AF-SWCNTs caused increase in LDH release
from YT-INDY cells. These results of LDH assay complement the data obtained from MTT
assay.

3.3. Effect of CNTs on cell cycle

Increase in doubling time of YT-INDY cells in the presence of AF-SWCNTs pointed to a pos-
sible alteration in cell cycle. The effect of SWCNTSs or AF-SWCNTs on cell cycle of YT-INDY
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Figure 3. Effect of SWCNT and AF-SWCNT on viability of NK cells in vitro. YT-INDY cells were cultured in the presence of
10, 25, and 50 pg/mL of SWCNT or AF-SWCNT. Panel A shows the cell recovery of viable cells using Trypan Blue exclusion
assay. Panel B shows the results of MTT assay in terms of percent cell recovery. Panel C depicts the percent LDH released
from nonviable cells in cultures treated with 10, 25, and 50 ug/mL of SWCNT or AF-SWCNT. *p < 0.05, **p <0.01, **p <0.005
by Student’s ¢ test.
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cells was examined. A fourfold decrease in proportion of cells in S-phase indicated that
AF-SWCNT treatment caused cell cycle arrest in YT-INDY cells (Figure 4).

3.4. Flow cytometric assessment of apoptosis using annexin V/7-AAD assay

Cellular toxicity evokes sequential steps leading to apoptosis and ultimately causing cell
death. Apoptotic and necrotic response of YT-INDY to AF-SWCNTs was examined by using
annexin V/7-AAD stainings described before [24]. Results in Figure 5A show that the treat-
ment of YT-INDY cells with SWCNTs or AF-SWCNTs led to an increase in apoptotic cell by
twofold and threefold, respectively.

Apoptosis can be brought about by a loss of calcium (Ca*) homeostatic control but can also
be finely tuned, positively or negatively, by more subtle changes in Ca?" distribution within
intracellular compartments. An aberrant increase in intracellular calcium can trigger initia-
tion of apoptosis. The levels of calcium in the cell have to be kept at an optimum level to
maintain cellular homeostasis. Intracellular levels of calcium can be monitored using Fluo-
3AM dye. The levels of calcium can be examined by flow cytometrically. Mean fluorescence
intensity (MFI) values for Fluo-3AM signals gave an estimate of average levels of calcium per
cell in the population of cells. AF-SWCNT treatment caused increased intracellular calcium
indicating that they caused off of the signaling process that regulates apoptosis (Figure 5B).

3.5. Generation of reactive oxygen species

Reactive oxygen species (ROS) are continuously generated in living cells and play a key role
in cellular homeostasis. ROS is principally produced and regulated in mitochondria and may
affect the mitochondrial health and activity in a cell. The production of ROS in the cell is regu-
lated as excessive ROS production leads to cascade of signaling processes that may trigger cell

DNA content (Propidium lodide-A)

Control SWCNT AF-SWCNT
44 54 88 Gl
g 33 9 5
18 13 G2/M
e
=
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Figure 4. Effect of SWCNT and AF-SWCNT on cell cycle of YT-INDY cells. YT-INDY cells were cultured in the presence
of SWCNT or AF-SWCNT. Cells were harvested, fixed with 70% ethanol, and treated with RNase. The fixed cells were
stained with propidium iodide (2 pg/mL), and cell cycle was assessed flow cytometrically. Data shows percentage of
cells in G1, S, and G2/M stages of cell cycle.
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Figure 5. Effect of SWCNT and AF-SWCNT on apoptotic response in YT-INDY cells. YT-INDY cells were cultured in the
presence of 50 pug/mL of SWCNT or AF-SWCNT for 48 h. Cellular apoptosis was assessed flow cytometrically by staining
cells with annexin V and 7-AAD dye. Percent dead, necrotic and apoptotic cells obtained from cultures treated with
SWCNT or AF-SWCNT are shown in Panel A. Increased levels of calcium in cells as an initiator for apoptotic response
are assessed using Fluo-3AM dye. Intracellular levels of calcium in YT-INDY cells treated with SWCNT or AF-SWCNT
(50 ug/mL) are assessed flow cytometrically (Panel B).

to undergo apoptosis, cell cycle arrest, and modulation in cytokine production [25]. Results
shown in Figure 6 indicate that control cells produce basal levels of ROS (MFI 198). A 63%
increase in ROS generation is observed in the presence of AF-SWCNTs as compared to a 21%
increase in the presence of SWCNTs. Generation of ROS is an indication of cellular stress that
corresponds to greater toxic potential of AF-SWCNTs as compared to SWCNTs.

3.6. Mitochondrial membrane potential

Generation of ROS causes disturbance in mitochondrial membrane potential (Ay).
Mitochondrial potential is important for the proper functioning of mitochondria [26].
AF-SWCNTs being negatively charged could modulate the potential of mitochondria once
it is taken up by cells. Effect of SWCNTs and AF-SWCNTs on mitochondrial potential in
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Figure 6. Generation of reactive oxygen species in YT-INDY cells treated with SWCNT and AF-SWCNT. YT-INDY cells
were cultured with or without SWCNT or AF-SWCNT (50 pg/mL) for 24 h and ROS levels assessed by using H,DCFDA
dye. Fluorescent signals due to basal level of ROS in control cells are depicted as open histogram.

YT-INDY cells was examined using dyes: JC-1 and MitoTracker. JC-1 is a dimeric molecule
which is converted to a monomeric form upon change in mitochondrial membrane potential.
Change of JC-1 from dimeric form to monomeric form can be estimated by a shift from red
fluorescence to green fluorescence. Increase in green fluorescence is an indicator for decrease
in mitochondrial potential. MitoTracker red stain mitochondria in live cell and its accumula-
tion are dependent upon membrane potential. The MFI of MitoTracker red emission therefore
gives an estimate of the overall accumulation of MitoTracker red in live cells.

Results in Figure 7 show that the treatment with SWCNTs or AF-SWCNTs resulted in an
increase in JC-1 green fluorescence to 22 and 47%, respectively, indicating a significant decrease
in mitochondrial potential. The corresponding reduction in MFI values of MitoTracker red
fluorescence of SWCNTs and AF-SWCNTs culture were 20 and 54%, respectively.

Taken together, toxicity of SWCNTs and AF-SWCNTs was adjudged by a significant (p <0.05)
decrease in cell recovery, increased apoptosis, S-phase arrest in cell cycle, increased genera-
tion of ROS, poor mitochondrial health, and loss of cellular integrity.
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Figure 7. Estimation of mitochondrial potential in YT-INDY cells treated with SWCNT or AF-SWCNT. YT-INDY cells
cultured with SWCNT or AF-SWCNT were harvested, centrifuged, and rinsed twice with PBS, resuspended in 5 mM
JC-1 or 10 mM MitoTracker red in serum-free media. Fluorescence emission was analyzed flow cytometrically (JC-1
monomers, excitation wavelength 488 nm, emission filter 530/30 nm; JC-1 aggregates, excitation wavelength 488 nm,
emission filter 585/42 nm). Decrease in red fluorescence or increase in green fluorescence is indicative of depolarization
of mitochondria. Panel A shows the percent increase in green fluorescence of JC-1in YT-INDY cells treated with SWCNT
or AF-SWCNT. The uptake of mitochondrial dye, MitoTracker, depends on membrane potential. Data in Panel B shows
the mean fluorescent intensity (MFI) of MitoTracker red in control and SWCNT- and AF-SWCNT-treated cells.

4. In vitro assessment of the effect of CNTs on splenic NK cells

Studies described above used NK cell lines for assessing the toxicity of various nanoparticles
in vitro. This was followed by a detailed investigation into the effect of AF-SWCNTs on mouse
spleen-derived NK cells.

4.1. NK cell cytotoxicity assay

While a basal level of NK cells exists in the mouse spleen, proliferation and activation of these
cells can be induced in vitro by culturing with IL-2, IL-12, IL-15, or IL-18 [27]. NK cells achieve
maximal activation after 3 days of activation with IL-2, and the activity gradually subsidizes
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within 5 days [28, 29]. Effect of CNTs on basal as well as IL-2-induced NK response was exam-
ined in vitro.

Spleen cells (5 x 105/mL) obtained from C57BL/6 mice were treated with tris ammonium chloride
buffer (ACK lysis buffer) to remove red blood cells (RBCs). Splenocytes, devoid of RBCs, were cul-
tured with 500 U/mL IL-2 in complete medium (RPMI1640 + 10% ECS), with or without SWCNTs
or AF-SWCNTs for 3 days. Control and activated spleen cells were washed, counted, and used
as effector cells (E). YAC-1, a NK-sensitive murine lymphoma cell line, was used to examine the
cytolytic potential of NK cells by using a 4 h *'Cr release assay as described before [30, 31].

Lytic units (LU) per 107 effector cells were calculated from the E/T ratio versus percent lysis
plots [32]. Briefly, E/T ratios corresponding to a 20% target lysis were determined from the
E/T ratio versus percent lysis plots, and the number of lymphocytes corresponding to this E/T
ratio in the assay well was taken as one lytic unit.

Results in Figure 8B show that addition of SWCNTs or AF-SWCNTs during the chromium
release assay had no significant effect on the killing of target cells by NK cells indicating that
SWCNTs and AF-SWCNTs did not directly interfere with the E/T interaction in chromium
release assay. A significant decrease in the NK activity by treatment with AF-SWCNTs is
shown in Figure 8A.

(A) (B)
407  Treatment LU0 cells 401  Treatment LU0 cells
O None 49.7 © None 49.7
v SWCNT 409 v SWCNT 46.9
A AF-SWCNT 28.9 A AF-SWCNT 46.0
g 30 g 301
0 . L)
w w
) 2>
2 2
> 20 > 20/
0 10
L 12.5 25 50 100 125 25 ?0 100
E:T ratio E:T ratio

Figure 8. Effect of SWCNT and AF-SWCNT on the generation of NK cell response in vitro. NK cells were activated in
vitro by culturing spleen cells with IL-2 in the presence or absence of SWCNT or AF-SWCNT (50 pg/mL). Anti-YAC-1
cytotoxic activity was assessed in a 4 h chromium release assay (CRA) at E/T ratios of 100, 50, 25, and 12.5 and lytic
units/107 cells calculated (Panel A). Data in Panel B denoted the effect of addition of SWCNT and AF-SWCNT, during
chromium release assay, on the cytotoxicity of NK cell response in vitro. *p < 0.05 by ANOVA.
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4.2. Effect of CNTs on the recovery of IL-2-activated NK1.1* cells in vitro

Suppression of IL-2-induced NK cell cytotoxicity by AF-SWCNTs could be due to a possible
interference with the NK cell proliferation and/or activation process or a loss of NK cells due
to toxic effect of AF-SWCNTs or both. In order to assess the possible toxic effect of SWCNTSs
and AF-SWCNTs on NK cells, recoveries of NK1.1* cells from control and IL-2-activated
spleen cultures were examined. Results in Figure 9 indicate that the recovery of NK cells
(percentage of NK 1.17 cells by flow cytometry) in IL-2-activated spleen cell cultures declined
by 17% if AF-SWCNTs were added to cultures.

4.3. Effect of SWCNTs and AF-SWCNTs on activated NK cells

Spleen cells express early activation marker CD69 on the surface as early as 12 h after in
vitro stimulation with IL-2 [33]. Results in Figure 10 show that in IL-2-treated spleen cell cul-
tures, 53% of NK1.1* cells expressed CD69 marker. Treatment with AF-SWCNTs significantly
reduced the expression of CD69 on NK1.1* cells by 23%.

Induction of apoptosis in NK cells activated by IL-2 in the presence of SWCNTs or AF-SWCNTs
was also examined by using annexin V staining. Our results indicated that as compared to
11% apoptotic NK cells in control IL-2-activated spleen cells, the presence of SWCNTs and
AF-SWCNTs increased the percentage of apoptotic cell to 17 and 22%, respectively (data not
shown). Taken together, our results point to the possibility of decreased NK cell proliferation
as well induction of apoptotic cell death resulting from exposure to AF-SWCNTs. In addi-
tion, expression of CD69, an early cell activation marker, was significantly lower in NK cells
treated with AF-SWCNTs, indicating that the AF-SWCNTs interfered with NK cell activation
process. Increased apoptosis of IL-2-activated NK cells indicates that activated NK cells are
more prone to lysis than resting NK cells.

Control SWCNT AF-SWCNT
11.3 : 10.8 ', 9.1

Control

@8 m\

c

g ] 2

o o 31.8| : 28.9 : 26.1*
IL-2 activated

NK1.1

Figure 9. Effect of SWCNT and AF-SWCNT on recovery of NK1.1* cells in vitro. Spleen cells activated by IL-2 in the
presence and absence of 50 ug/mL of SWCNT or AF-SWCNT were stained with NK1.1 mAb and analyzed on flow
cytometer. Illustrative flow cytometry histograms for percent NK cell recovery in control and activated NK cells have
been shown. *p<0.05, by Student’s ¢ test.
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Figure 10. Effect of SWCNT and AF-SWCNT on the expression of CD69 activation marker on NK cells. Splenocytes
cultured in the absence or presence of 500 U/mL of IL-2 were simultaneously treated with 50 ug/mL of SWCNT or
AF-SWCNT. After 12 h, the splenocytes were harvested, double stained with antimouse NK1.1 and CD69 mAbs, and
analyzed on a flow cytometer.

4.4. Effect of CNTs on effector functions of NK cells

NK cell cytotoxicity is mediated by release of cytotoxic granules like perforin or through Fas-
FasL mechanism. Perforins are stored in preformed granules within the cytoplasm of NK cell
and are released when NK cells are triggered by interaction with target cells. Granule release
is correlated with the lysosomal marker CD107a (lysosomal-associated membrane protein or
LAMP-1) [34].

Results in Figure 11 show that addition of AF-SWCNTs to IL-2-activated culture resulted in
downregulation in expression of CD107a on YAC cocultured NK1.1* cells from 57 to 44% (22%
decline) indicating that AF-SWCNT treatment impaired the process of degranulation of acti-
vated NK cells, which may be a contributing factor in suppressing cell-mediated cytotoxicity
seen in AF-SWCNT-treated NK cells.

FasL expression on IL-2-activated NK cells was also examined. Our results showed that 74%
of IL-2-activated NK1.1" cells expressed FasL, and this significantly declined by 31% upon
treatment with AF-SWCNTs (data not shown) (see Figure 11).

Control +IL 2 IL-2 + AF-SWCNT
1.5

CD 107a

Figure 11. Effect of AF-SWCNT on NK cell degranulation. Splenocytes (2 x 10°) cultured in the absence or presence of
500 U/mL of IL-2 were simultaneously treated with 50 pg/ml of AF-SWCNT. After 72 h, the activated splenocytes used
as effector cells were harvested and cocultured with YAC-1 target cells to induce NK cell degranulation. The cells were
stained with antimouse CD107a mAb and counterstained with antimouse NK1.1 mAb. **p <0.01 by Student’s ¢ test.
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5. In vivo assessment of the effect of CNTs on the NK cell in murine
model

Effect of AF-SWCNTs was also examined on NK cell activation in vivo. For in vivo studies,
mice were treated with poly I:C, a RNA analogue, which activates splenic NK cells. Poly I:C
induces NK cell activation through the release of interferons [35-39]. The maximum activity
of splenic NK cells upon stimulation with poly I:C occurs after 3 days of exposure [40, 41].
Intravenous treatment of AF-SWCNTs resulted in suppression of NK1.1* cells by 15% and
reduction in NK cytotoxicity by 46% (data not shown). NK cell mediates cytolytic activity
through release of cytokines-IFN-y and TNF-a [42]. The effect of AF-SWCNTs was examined
on expression of IFN-y and TNF-a by coculturing splenocytes with YAC cells. Intracellular
expression of IFN-y and TNF-a in splenocytes obtained from mice treated with AF-SWCNTs
was assessed flow cytometrically by coculturing with YAC cells ex vivo. Our results showed
that treatment with AF-SWCNTs resulted in decline of IFN-y and TNF-a in NK1.1* cells by 31
and 41%, respectively (Figure 12).

Control +YAC YAC + AF-SWCNT
238 8.5 4.8**

IFN-y

TNF-a

o

%

NK1
Figure 12.Intracellular expression levels of IFN-y and TNF-a in NK cells. Splenocytes were obtained from mice
administered with poly I:C and treated with AF-SWCNT. Splenocytes (1 x 10°) were cocultured ex vivo with YAC cells
(2 x 10°) for 5 h and treated with brefeldin and monensin. Cells were stained with antimouse IFN-y or antimouse TNF-a

mAbs and counterstained with antimouse NK1.1 mAb. Percentages of NK1.1* cells expressing IFN-y or TNF-« (upper right
quadrant) in the presence and absence of YAC-1 target cells are shown. **p < 0.01 by Student’s ¢ test.

6. Conclusions

NK cells possess inherent ability to kill tumor cells without requiring a prior sensitization. NK
cells and cytotoxic T lymphocytes (CTLs) both exhibit cytolytic activity involving secretory
(perforin and granzymes) and nonsecretory mechanisms (Fas-FasL interaction). SWCNTs as
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such are insoluble and do not interact efficiently with cells. We have prepared an acid-deriva-
tized form of SWCNTs by subjecting them to high pressure and temperature in the presence
of concentrated sulfuric acid and nitric acid. Acid-functionalized SWCNTs (AF-SWCNTs) are
not only polydispersed in aqueous solution but are also amenable to be attached with fluo-
rescent ligands to their carboxyl groups created on the backbone of SWCNTs. As a result we
could visualize the interaction of AF-SWCNTs with live NK cells. This was a significant step
as it opened a vast arena to explore the activity of NK cells in vitro and in vivo without fixing
them, as required for transmission electron microscopy. The various physiological param-
eters of NK cells, such as apoptosis, cell cycle, activation, generation, and degranulation have
been studied using flow cytometry. This technique is superior to other conventional spectro-
metric techniques as the results obtained have higher reproducibility and even minor changes
in subpopulation can be monitored.

AF-SWCNT treatment showed greater toxicity which was dose and time dependent. At
higher dose of 50 ug/mL, AF-SWCNTs exerted toxic effects that led to decrease in cell
proliferation and cell cycle arrest. Mechanistic details showed that AF-SWCNT treatment
caused greater generation of ROS that led to fluctuations in mitochondrial potential and
calcium concentration. These changes offset the homeostatic mechanisms of the cells,
which led to their killing. Previous studies by our group had showed that AF-SWCNTs
show significant inflammatory effects in mouse lungs induced anemia in mice and caused
suppression of cytotoxic response in vitro and in vivo [43-46]. This chapter demonstrated
the inhibitory effects of AF-SWCNTs on activated NK cells. AF-SWCNTs induced inhi-
bition of NK activation by suppressing cellular proliferation, activation processes, and
increased apoptosis. AF-SWCNT treatment led to decreased degranulation of NK cells,
lower Fas-FasL interaction, and lower production of inflammatory cytokines, including
IFN-y and TNF-a. Taken together AF-SWCNT treatment led to downregulation of NK cell
system and stipulates further research for their prospective use in autoimmune disorder
or hypersensitive conditions.
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Abstract

Natural killer (NK) cell activity is a conventional parameter used to determine the per-
formance lytic activity against tumor as well as virus-infected cells in innate immunity.
However, use of this parameter has several problems related to bioassay measurements.
To measure NK cell activity, target cells and cell culture equipment are required and ade-
quate pre-culture of target cells is needed to maintain constant sensitivity for NK cells.
NK cell-activating receptors play an important role in the recognition of targets, which
transduce the signals necessary for cellular machinery to induce target injury and cyto-
kine production. We statistically examined the parameters related to the NK cell activity
of human peripheral blood mononuclear cells (PBMCs) by multiple regression analysis,
and obtained a formula with NK cell % and RNA levels of two genes in isolated NK cells.
The score calculated using this formula with the three measured values showed signifi-
cant correlation with NK cell activity. This prediction score, named the non-incubating
natural killer (NINK) score, which is independent of target cells, is not affected by inap-
propriate preparation of those targets, and allows us to accurately compare the perfor-
mance of NK cell activity among specimens.

Keywords: NK cell activity, activating receptor, NKp46, IFN-y

1. Introduction

The characteristics of antitumor immunity in the body are of interest not only with respect
to healthy individuals but also in relation to patients diagnosed with certain kinds of
tumor diseases. With the former, information can be utilized by individuals to assess
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their lifestyle so as to prevent the occurrence of tumor diseases. If smokers were aware of
decreased levels of their antitumor immune functions, they might be more motivated to
quit smoking or to have medical checks more often. As these considerations are invaluable
in the area of preventive medicine, and have the potential to decrease the national cost of
medical expenses, the development of appropriate and easy-to-use devices for measur-
ing the status of tumor immunity would be desirable. In clinical medicine, doctors also
hope to determine alterations in immunological status as well as tumor size in the body
of patients following cancer therapy. The immunological information obtained following
the treatment might contribute to an adequate determination of the therapeutic efficacy by
doctors. Natural killer (NK) cell activity testing is one effective approach to determine the
status of antitumor immunity in the body, which is reflected from the crosstalk between
cancer cells and immune cells and the nature of those immune cells. NK cell activity is a
conventional index which represents the ability of cell samples to injure NK cell-sensitive
target cells, and we utilized the method of NK cell activity to evaluate the natural cytotoxic
activity of peripheral blood mononuclear cells (PBMCs) obtained from patients and an NK
cell line [1-5]. A recent 11-year follow-up study from 1986 to 1990 involving 3652 Japanese
residents of the general population clearly demonstrated the importance of determining
and evaluating NK cell activity. In that report, individuals with low NK cell activity actu-
ally showed higher cumulative incidence rates of cancer compared to people with high
or medium NK cell activity, regardless of gender [6]. In particular, women showed more
differences in the incidence rate of cancer, which represented about a twofold difference
between groups with low and high or medium levels of NK cell activity. Thus, NK cell
activity is a good index in evaluating the status of antitumor immunity. In fact, our previ-
ous studies measuring NK cell activity demonstrated that indoor air conditions have a
potential to interfere with NK cell function [7-10]. However, NK cell activity testing pos-
sesses several difficulties, which concerns researchers and doctors when considering the
potential use of NK cell activity as an index in basic and clinical studies in medical science.
In the next section, these issues will be examined.

2. The conventional method to examine NK cell activity

Simplicity is the reason why the conventional method of determining NK cell activity has
been a standard till date. With this method, NK cell-sensitive targets such as K562 cells are
prepared and cell specimens are incubated with the target cells for 4 h at 37°C in a CO, incu-
bator. The original “*'Chromium release assay (CRA)” method was developed during the
1960s [11, 12]. With that original method, researchers have to label target cells with the >'Cr
radioisotope in an effort to determine the amount of radioisotope released from targets lysed
by NK cells in specimens, which reflects the amount of killed targets or, in other words, the
NK cell activity. Although to date, commercial services have been examining NK cell activ-
ity by employing the *'Cr release assay, researchers have the option of using flow cytometry
with fluorescence dyes in lieu of radioisotopes to measure NK cell activity. This approach
can distinguish targets from effectors by labeling targets with a fluorescence dye such as car-
boxyfluorescein diacetate succinimidyl ester (CFSE) and DiO, which has similar excitation
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and emission properties as fluorescein isothiocyanate (FITC). Then, since dead targets can
be distinguished from viable cells by staining with propidium iodide (PI), the percentage of
PI* targets in the total can be measured using flow cytometry in a radioisotope-free manner.
Actually, we have measured NK cell activity in this manner and understand the usability of
this conventional method [1, 2], although we became familiar with several kinds of difficul-
ties. In order to assay for NK cell activity, a researcher needs to decide the date for the assay
and consequently adjust target cells to an adequate condition by pre-culturing for a fixed
number of days at a fixed cell density, to ensure that the target cells operate with consistent
sensitivity on the assay day. Therefore, although a researcher can assay for NK cell activity
of a scheduled specimen on one day under the same conditions performed on the previous
day, it may be difficult to maintain adequate or appropriate conditions in the assay for use
of an unscheduled specimen since the pre-culture of target cells has not been accomplished
on the day. We demonstrated that differences in pre-culture conditions of target cells leads to
alterations in the results obtained from the assay for NK cell activity (Figure 1). The specimen
comprising PBMCs was prepared from human peripheral blood and used as effectors equally
for the assays, while K562 cells were prepared as targets by pre-culturing at two different cell
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Figure 1. Variation in the results of assaying for NK activity due to differences in the pre-culture conditions of target
cells. K562 cells were pre-cultured under four different conditions using two different cell densities prepared separately
by two individuals. A shows representative histograms of K562 cells obtained by flow cytometry with a high percentage
of PI' dead cells (upper) and low percentage of cells (lower) at an E/T ratio of 10 following incubation with human
PBMCs for 4 h. K562 cells were distinguished from PBMCs by positive DiO staining and gated to show the histograms.
The bar represents the region defined and measured as the population of DiOPI* cells. Dashed lines represent targets
alone. A summarized graph with mean and SD from the three wells is shown in B. It is clear that the cytotoxicity
obtained from the assay with K562-1 shows only half the degree of cytotoxicity obtained from the assay with K562-4.
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densities prepared separately by two individuals. Following pre-culturing, all targets were
stained with DiO and incubated with PBMCs in a 96-well U-bottom culture plate for 4 h.
Following incubation, cells were stained with PI before being analyzed by flow cytometry,
where the percentage of DiO*PI" cells in the total number of DiO* cells was measured as lysed
target cells. Finally, the percentage of natural cytotoxicity was calculated as follows:

NK cell activity (%) = ([percentage of lysed cells| - [percentage of spontaneously dead cells|)/
1

(100 - [percentage of spontaneously dead cells]) x 100 )

In this formula, the percentage of spontaneously dead cells represented the percentage of
dead cells in target cells harvested from wells without effector cells. In that experiment, the
values of NK cell activity clearly differed among the four kinds of pre-cultured K562 cells and
showed a maximum twofold difference at an E/T ratio of 10. These results indicate that the
values of NK cell activity vary between assays, a phenomenon which is unavoidable when
using target cells, that is, bioassay. If researchers were not bound to use target cells for the
determination of NK cell activity without targets, the results obtained from the assays might
be more stable, and requirements such as a CO, incubator and a clean bench for cell culture
would be unnecessary. Therefore, we attempted to develop a new method to determine NK
cell activity without the use of cell culture.

3. The importance of NK cell-activating receptors in NK cell cytotoxicity

Although both NK and CD8* T cells have the ability to injure target cells, these cells also
possess many different characteristics, one of which is the machinery required for the
recognition of targets followed by signal transduction linked to cell injury. The diversity
of antigen specificity in T cells is dependent on the T cell receptor (TCR) complex on the
cell surface, and accounts for the ability of CD8" T cells to recognize and kill any kind of
target cell by the strong interaction between the TCR and MHC antigen peptide complex.
However, as naive T cells are not ready to exert target injury and antigen specificity dif-
fers among cells, with only a small amount being present within each clone, CD8" T cells
need to be activated before injuring targets. In contrast, NK cells are capable of killing
targets with no activation required and are equipped with various kinds of receptors to
recognize targets, referred to as NK cell-activating receptors (KARs) [13-16]. NKG2D is
the most-studied of these receptors and belongs to the NKG2 family of proteins which
are characterized by the presence of a lectin-like domain. NKG2D binds to MHC class
I polypeptide-related sequence A and B (MICA/B) and UL16-binding protein (ULBP)
[17-22], which are often expressed in tumor cells [23, 24]. Natural cytotoxicity receptors
(NCRs) also play a role in killing various kinds of tumors, and NKp30, NKp44, NKp46
and NKp80 are members of the NCR family of proteins [14]. Moreover, the signaling
lymphocyte activating molecule (SLAM) family are another group of players involved in
the recognition of targets by NK cells, and 2B4 (CD244), a representative member of the
SLAM family, recognizes CD48 and leads to cytotoxicity [25-29]. It is thought that the
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variety of activating receptors on a single cell impart NK cells with the ability to exert
cytotoxicity against various target cells without clonal selection and expansion as with T
lymphocytes. Those activating receptors share the same mechanism of signal transduc-
tion, by which a microtubule organizing center (MTOC) is induced to polarize cytotoxic
granules, including perforin and granzymes, near the plasma membrane, and those intra-
granular molecules are subsequently released against targets via degranulation (Figure 2).
The ligation of those activating receptors allow Src family kinases (SFK) to trigger the
pathways from phosphoinositide -3 kinase (PI3K) to extracellular signal-regulated kinase
(ERK) and from phospholipase C (PLC) y to c-jun N-terminal kinase (JNK) to facilitate
polarization [30-32]. Those findings led us to surmise that some alteration in cell surface
expression levels of activating receptors on NK cells might influence lytic activity against
targets. We previously investigated the toxicological effects of asbestos on NK cell func-
tion, and demonstrated that asbestos exposure caused impaired cytotoxicity of NK cells
with altered expression of several activating receptors [1, 2, 4, 5]. Continuous exposure
of the human NK cell line YT-A1 to asbestos resulted in decreased levels of cell surface
NKG2D and 2B4, as well as impaired cytotoxicity against K562 cells. Furthermore, it was
confirmed that the degranulation induced by stimulation with antibodies to NKG2D or
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i »
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Figure 2. The summarized machinery of target cell injury caused by target recognition with activating receptors.
Recognition of target cells with various activating receptors induces Src family kinases (SFK) to trigger the two pathways
from phosphoinositide-3 kinase (PI3K) to extracellular signal-regulated kinase (ERK) and from phospholipase C (PLC)
Y to cjun N-terminal kinase (JNK). Both of these pathways induce polarization of cytotoxic granules via a microtubule
organizing center (MTOC), whereby granules move to a region near the plasma membrane. Finally, the fusion between
plasma membrane and granular membrane occurs to induce degranulation, and perforin and granzymes are released
from those granules to induce death of the target cells by apoptosis.
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2B4 was low in those asbestos-exposed cells. Moreover, we examined the characteristics
of human primary NK cells in PBMCs cultured with asbestos and found a decrease in
cell surface NKp46 in patients with malignant mesothelioma, a tumor disease caused by
inhalation of asbestos, and also showed impaired natural cytotoxicity. Less information
is known about the natural ligands of NKp46. However, a previous investigation demon-
strated that cell surface expression levels of NKp46 were correlated with the natural cyto-
toxicity of K562 and that reverse antibody-dependent cell-mediated cytotoxicity (ADCC)
of P815 was correlated with antibodies to NKp46 [33]. Additionally, our previous study
demonstrated that NK cells in healthy individuals with high natural cytotoxicity showed
high expression of NKG2D, NKp46 and phosphorylation of ERK following stimulation
via those receptors, whereas NK cells in individuals with low natural cytotoxicity showed
the converse [2]. These results led us to surmise that determination of the gene expression
level of activating receptors might be one important parameter in estimating the natural
cytotoxicity of effector cells such as PBMCs in lieu of employing methods involving incu-
bation with NK-sensitive target cells.

4. The roles executed by NK cells with molecules in cytotoxic granules,
the cell surface ligand and secreted proteins

As mentioned above, the cell surface expression of activating receptors on NK cells is a key
event which defines the performance of those cells. What precisely occurs in NK cells fol-
lowing stimulation with KARs? NK cells execute two different events following recognition
of target cells with activating receptors (Figure 3). The first event exerts natural cytotoxic-
ity against the targets by releasing perforin and granzymes in cytotoxic granules into the
space of the immune synapse between NK and target cells. Perforin is thought to function
in generating a pore in the plasma membrane as complement proteins, and then granzymes
enter through the pore and mediate apoptosis by deploying their serine protease activity
[34]. Alternatively, NK cells also express cell surface FasL, which can also induce apoptosis
through Fas receptors on the target cells [35]. Moreover, TNF-related apoptosis-inducing
ligand (TRAIL) is also produced by NK cells and induces apoptosis of target cells like FasL
[36-38]. This natural cytotoxicity itself highlights the importance of early removal of abnor-
mal cells, which transiently appear in the body, and directly contributes to preventing the
development of tumor diseases. However, it also has another role linked to antigen-specific
cytotoxicity by cytotoxic T lymphocytes (CTLs) in acquired immunity. CTLs have to be
primed by dendritic cells (DCs) with a complex comprising antigen peptide and MHC class
I'molecule before they can become effective cytotoxic cells from naive cells. In this priming,
extracellular antigen is exceptionally presented on MHC class I for CTLs by a particular
subset of DCs, in a process referred to as “cross-presentation” [39-41]. These type of DCs
endocytose dead target cells, digest their antigens and express a complex of MHC class I
and antigen peptide on the cell surface [42], and the dead cells can be provided from early
injury of target cells by NK cells to DCs [43]. That is why NK cells are linked to acquired
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Figure 3. Summarized illustration of the roles executed by NK cells following the recognition of targets with activating
receptors and subsequent responses in acquired immunity. (1) NK cells recognize target cells with activating receptors
including NKG2D and NKp46, which trigger the machinery for target cell injury. (2) NK cells exert the action of killing
targets by perforin/granzymes, FasL or TRAIL. (3) Dead target cells are endocytosed as antigen (Ag) by DCs. (4) The
particular subset of DCs which have endocytosed lysed target cells play a role in “cross-presentation” to stimulate naive
CD8" T lymphocytes to develop into mature CTLs. (5) The stimulated NK cells also produce cytokines including TNF-at
and IFN-y, (6)-(8) which stimulate DCs to produce IL-12 and other proinflammatory cytokines, thereby promoting Th1
cell polarization and CTL development.

immunity as well as function in innate immunity by themselves. Secondly, the production
of cytokines including TNF-a and IFN-y by NK cells after recognition of targets also plays
an important role in DC maturation [43, 44]. Those cytokines stimulate DCs to produce
IL-12 and other proinflammatory cytokines, which promote Th1 cell polarization and CTL
development with specificity against target cells. Additionally, IFN-y produced by NK cells
is able to effect Th1 polarization directly. Those findings relating to the production of cyto-
kines by NK cells, in particular, as IFN-y is a key cytokine which is produced by NK cells
and supports tumor immunity, leads us to hypothesize that the production of IFN-y by NK
cells in an individual might be utilized alone to estimate the performance of natural cyto-
toxicity in those cells. However, it is known that NK cells can be divided into two popula-
tions comprising CD56 " and CD56%™ cells, which show different natural cytotoxicity and
production of IFN-y. CD56" NK cells have high production of IFN-y and low natural
cytotoxicity, whereas CD56%™ NK cells have low production of IFN-y and high natural cyto-
toxicity [45, 46]. Those findings demonstrate that measurement of IFN-y production by NK
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cells is insufficient to estimate the natural cytotoxicity of those cells and that determination
of multiple parameters related to NK cells is necessary in order to effectively evaluate the
performance of natural cytotoxicity in an indirect manner. All of this information indicates
that the performance of NK cells is reflected by the strength of stimulation through cell
surface activating receptors as well as the subsequent production of functional molecules as
described above.

5. The development of a new index: non-incubating natural
killer (NINK) score

The findings concerning NK cells described above led our research group to surmise that
calculation of a prediction score based on several factors that play a role in NK cells might
be utilized as an effective index to determine the performance of NK cell activity of PBMCs
in an individual without the need to prepare target cells. Therefore, we statistically analyzed
factors that may correlate with the NK cell activity of human PBMCs using multiple regres-
sion analysis with linear regression model, and in doing so attempted to arrive at a formula to
calculate the prediction score of NK cell activity (Figure 4) (manuscript of an original article
under preparation). In that analysis, the following parameters were used as independent vari-
ables for NK cell activity: the percentage of CD3 CD56'NK cells (NK%) in PBMCs and mRNA
levels of NKp46, granzyme B, FasL, TNF-a and IFN-y relative to GAPDH mRNA levels in
isolated NK cells, which were measured by flow cytometry and real-time PCR, respectively.

Strategy for construction of a new index to know
natural cytotoxicity without target cells

Quantitati

(D NK cell percentage in PBMCs
Qualitati

(2) NKp46 mRNA level

(3 Granzyme B mRNA level

(@ FasL mRNA level

() TNF-a mRNA level

(® IFN-y mRNA level

Multiple regression analysis for “NK cell activity”
with the six independent valuables

Figure 4. Scheme of strategy for construction of a new index to determine natural cytotoxicity without the use of target
cells. The upper box shows six candidate parameters which we selected to explore the new index in an effort to determine
natural cytotoxicity. The percentage of NK cells in PBMCs represents the amount of NK cells as a quantitative parameter,
while mRNA expression levels of NKp46, granzyme B, FasL, TNF-a and IFN-y are thought to function or interfere with
the strength of lytic activity of NK cells as qualitative parameters. We analyzed the relationship of those parameters with
respect to NK cell activity using multiple regression analysis.
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The value of the mRNA level, being ACq obtained from real-time PCR, was log-transformed
(base-10) and used for the multiple regression analysis. The NK% and other parameters were
examined as quantitative and qualitative parameters, respectively, and related to the perfor-
mance of NK cell activity, the reason why those parameters were chosen for that analysis. The
conventional index of NK cell activity of PBMCs was assayed using the K562 cell line as the
target cells. The results of the multiple regression analysis showed a significant correlation
between NK cell activity and NK%, NKp46 mRNA and IFN-y mRNA, and the prediction
formula obtained from the statistical analysis comprises the aforementioned three correlation
factors as shown below.

NINK score = a+b[NK%] +c[NKp46 mRNA in NK cells| )
+d[IFN-gmRNA in NK cells| @)

The score calculated using the prediction formula with values of each parameter derived from
each individual showed a better Pearson’s correlation coefficient with NK cell activity than
using either NK%, NKp46 mRNA or IFN-y mRNA levels alone. These results indicate that
this prediction score, named the non-incubating natural killer (NINK) score, can reflect the
performance of natural cytotoxicity without the use of target cells to measure NK cell activ-
ity (patent pending). Finally, we confirmed the feasibility of the NINK score using another
group of individuals. In this experiment, blood in collection tubes was stored overnight in a
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Figure 5. The positive correlation of the NINK score with NK cell activity. The NINK score was calculated using the
prediction formula comprising NK% in PBMCs and mRNA levels of NKp46 and IFN-y in isolated NK cells derived from
PBMCs from each individual, and then examined for a correlation with NK cell activity using Pearson’s correlation test.
The graph shows a significantly positive correlation of the NINK score with NK cell activity. The correlation coefficient
and statistical significance of the p value are shown in the graph.
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container box at 22°C prior to executing the assays outlined below, since the actual procedures
involving PBMC preparation, NK% measurement and isolation of CD56" NK cells, followed
by subsequent measurement of mRNA levels, may need to be performed on the following day
after the blood is collected at a distant clinic and then transported to the institute where the
subsequent procedures are performed. The results of that experiment clearly demonstrated
that the NINK score calculated with values comprising NK% and mRNA levels of NKp46 and
IFN-y in NK cells obtained even from blood stored for 1 day show good correlation with NK
cell activity (Figure 5). When individuals were divided into groups comprising low and high
NK cell activity or groups comprising low and high NINK score using the averages as cut-off
values, most of the low NINK score group (87.5%) showed low NK cell activity, while most
of the high NINK score group (85.7%) showed high NK cell activity. Taken together, these
findings indicate that the NINK score is an effective measure of the natural cytotoxicity of
specimens and obviates the need to assay for NK cell activity using target cells.

6. Discussion

Our demonstration indicates that the NINK score can be employed as a new index to deter-
mine the performance of natural cytotoxicity of PBMCs without the use of target cells or
cell culture equipment for incubation. Figure 6 shows the difference between the conven-
tional index of NK cell activity and our new index of the NINK score. The conventional
index of NK cell activity is useful since it can be determined by only using fluorescence or
radioisotope-labeled target cells. However, it is often difficult to maintain good conditions
of NK sensitivity in target cells. Technicians need to pre-culture cells under the same cell
density and culture period (days) conditions in an effort to maintain good NK sensitivity
of the cells. If daily measurement of NK activity is required, many pre-culture lines need
to be prepared, which is unrealistic in a small institute. Additionally, since measurement
of NK cell activity is based on a “bioassay”, this traditional index is prone to variation
between assays. This problem often troubles researchers since the altered sensitivity of tar-
get cells creates difficulties when combining results obtained from multiple assays. Similar
to the measurement of NK cell activity by examining the release of >'Cr or fluorescence
labeling, the lactate dehydrogenase (LDH) release assay has a problem in terms of the
bioassay. In the LDH release assay, the activity of LDH derived from lysed target cells in
media is measured as an absorbance following incubation of effector cells with target cells
[47-49]. As an alternative approach, the level of degranulation induced by stimulation
with activating receptors was assayed to assess the lytic activity of NK cells in lieu of using
target cells [50]. In this method, the increase in cell surface expression of LAMP1/CD107a
is examined by flow cytometry following stimulation. The expression of LAMP1/CD107a is
high on the membrane of lytic granules but increases on the plasma membrane as a result
of degranulation. However, even this method is unable to avoid the use of incubated effec-
tor cells to assay the lytic activity, which can lead to difficulties resulting from the “bioas-
say”. In contrast, determination of the NINK score does not require the use of target cells
or cell culture equipment, and is therefore free of the potential complications associated
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Figure 6. Illustration of differences between the conventional NK cell activity index and new NINK score index.
To measure the NK cell activity, NK-sensitive target cells such as K562 cells need to be prepared and appropriately
maintained prior to use in the assay, and then PBMCs need to be incubated with the target cells for 4 h, which is often
troublesome and can cause large variation between assays. In contrast, a determination of the NINK score does not
require the use of target cells or cell culture equipment for incubation. Technicians simply have to measure NK% and
isolate NK cells from PBMCs. Messenger RNA levels of the two genes in the NK cells (retrieved from frozen storage) can
then be determined and the NINK score calculated using the prediction formula with the measure values of the three
parameters.

with the inappropriate preparation of those cells. Additionally, on any given day, techni-
cians will measure NK%, isolate NK cells from PBMCs by flow cytometry or magnetically,
and then store the NK cells frozen before subsequent assays are performed. At some later
time, mRNA levels of NKp46 and IFN-y can be determined in the frozen cells by real-time
PCR and the NINK score calculated using the prediction formula with the measured val-
ues of the three parameters. Thus, employing our new approach based on the NINK score
can free the technician from continuous pre-culture of target cells required in the tradi-
tional NK activity assay, and provides a stable tool to measure the performance of NK cells
in each individual and independent bioassay. The NINK score is beneficial as a measure
of NK cell performance in each individual, and is a requirement for clinicians working in
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the field of cancer therapy as well as for the assessment of healthy individuals interested in
preventive medicine and health promotion. Since NK cells are linked to the CTL response
in acquired immunity as mentioned above, it may be valuable for clinicians to assess the
progress of the functional status of NK cell activity in a patient following cancer therapy in
a steady manner by using the NINK score. It would be better if the NK cell activity could be
checked in terms of a solid parameter such as bone density or body fat percentage, which
can be achieved by measuring the NINK score. A vast amount of data concerning the rela-
tionship between NK cell activity and various kinds of factors related to lifestyle can be
collected using the NINK score, the results of which might lead to new insights concern-
ing healthier and disease-preventive lifestyles from an immunological perspective. The
ability to store isolated NK cell specimens temporarily in a frozen state provides a benefit
in that the following measurements of mRNA levels can be performed simultaneously,
which allows for an accurate comparison of NINK scores among specimens. Additionally,
the NINK score may be useful as a screening device to identify NK cell-activating natural
compounds from within a compound library using in vitro experiments of PBMC cultures.
An actual effect of some compound on NK cell activity can then be examined using animal
experiments (mice), even where a modified method of the NINK score may be utilized
to measure the performance of NK cell activity in lieu of using the method with NK cell-
sensitive murine targets such as YAC-1 cells [51, 52]. In contrast, the traditional method
involved in the NK assay using target cells is unsuitable for these purposes given the lower
stability resulting from the use of bio-assays as mentioned above. The NINK score might
contribute to an assessment of the efficacy of a drug at different stages of cancer treatment
in patients, as well as an assessment of the effectiveness of different lifestyles, exercise
and food consumption in maintaining good health in individuals. We hope that the NINK
score would be utilized in various fields to facilitate the promotion of general health in the
population.
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