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Preface

Natural killer (NK) cells, also known as innate lymphoid cells (ILCs), belong to ILCs

with broad distributions in the body. NK cells encompass distinct populations based on
CD56 intensity in humans and CD11b and CD27 expression in mice. NK cells are unique
immune cells that are capable of efficient killing of transformed and infected cells as well
as pathogenic microorganisms and tumor cells. As such, autologous and allogeneic NK cells
have advantages in cancer immunotherapy, delaying aging, and eradicating pathogenic
infections.

For decades, investigators in the field have identified NK cells from a variety of sources,
such as peripheral blood, umbilical cord blood, placental blood, NK cell lines, and even
stem cells. Of these, perinatal blood-derived NK cells have proven to exhibit robust ex vivo
expansion activity and thus have greater potential for use in cancer immunosurveillance and
immunotherapy compared to their counterparts. Currently, NK cell-based immunotherapy
has been demonstrated to be safe and effective for treating cancers including hematologic
malignancies and metastatic solid tumors via antibody-dependent cell-mediated cytotoxicity
(ADCC), granule enzymes, and perforin dispenses with pre-sensitization and antigen
presentation. The effectiveness of NK cells in the elimination and surveillance of cancers
has fascinated immunologists for decades.

This book discusses NK cell-based cytotherapy and highlights NK cells as essential
components of the innate immune system and tumor immune surveillance. Distinct
from chimeric antigen receptor-transduced T (CAR-T) cells, NK cells or CAR-transduced
NK (CAR-NK) cells are exempt from untoward effects such as neurotoxicity, cytokine
storm syndrome (CSS), and graft-versus-host disease (GvHD). As a pivotal part of

the innate immune system, NK cells have been recognized as an attractive option for
cancer immunotherapy due to their ability to kill cancer cells or infected cells without
prior sensitization. Collectively, NK cells are unique cell sources with anti-neoplastic,
anti-infectious, and immunomodulatory effects based on both direct cellular cytotoxicity
and cytokine production that is not major histocompatibility complex (MHC) restricted.
It is noteworthy that NK cells have been reported with the capability of killing tumor
cells autonomously in the tumor microenvironment, which thus represents the unique
effect against immune escape, tumor progression, and metastasis. Overall, this book
highlights the feasibility of NK cell-based cytotherapy for cancer immunotherapy and
the promising prospects of NK cells or CAR-NK cells in regenerative medicine in the
future, which will benefit the development of cancer immunosurveillance and cancer
immunotherapy.

Leisheng Zhang

Chinese Academy of Medical Sciences & Peking Union Medical Colleage
(CAMS & PUMC),

Tianjin, China
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Chapter1

Natural Killer Cells for Cancer
Immunotherapy: Opportunities
and Challenges

Leisheng Zhang, Xiaoming Feng, Zhihai Han
and Zhongchao Han

Abstract

Natural killer (NK) cells are advantaged immune cells and play a pivotal role in
both innate and adaptive immune responses. To date, autogenous and allogenic NK
cells have been generated from a variety of origins, including perinatal blood (e.g.,
umbilical cord blood and placental blood), peripheral blood, and even stem cells
(hematopoietic stem cells and pluripotent stem cells). NK cells function mainly via
antibody-dependent cell-mediated cytotoxicity (ADCC), direct cytolytic effect, and
paracrine effects (e.g., IFN-y, GM-CSF, granzyme, and perforin). Distinguishing
from the adaptive immunizing cells (e.g., T and B lymphocytes), NK cells, and chi-
meric antigen receptor-transduced NK (CAR-NK), cell-based cytotherapy is adequate
to fulfill the biofunction of eliminating pathogenic infection, combating hematologi-
cal malignancies and metastatic solid tumors, and delaying aging. In this chapter,
we mainly focus on the state-of-the-art renewal of NK cell-based cytotherapy for
cancer immunosurveillance and immunotherapy from the view of high-efficient in
vitro preparation (e.g., candidate cell sources and ex vivo cultivation) and preclinical
and clinical investigation. Furthermore, we also figure out the promising prospects
and the concomitant challenges of NK cell-based remedies for cancer management
in future, which will collectively benefit the development of NK cell-based cancer
immunotherapy in future.

Keywords: natural killer cells, cancer immunotherapy, CAR-NK cells, preclinical and
clinical investigation

1. Introduction

Cancer, including hematological malignancies and metastatic solid tumors, is one
of the leading causes of death worldwide with increasing incidence and mortality,
which has thus become a major public health issue and heavy burden to patients and
their families [1, 2]. For example, a total of over 4,568,000 cases were newly diag-
nosed cancer in China, and over 3,002,000 cancer deaths occurred in 2020 [3]. Of
them, lung cancer is the most frequent type, followed by colorectal cancer and gastric
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cancer, whereas lung cancer, hepatocellular carcinoma, and stomach cancers are the
top three most deadly subtypes of cancers in the general population.

For decades, depicting the cancer pattern has also been acknowledged to provide
basic know-hows for developing novel strategies for cancer management [4, 5]. To
date, a variety of modifiable risk factors for cancer have been identified to fuel the
shift of cancer transition, such as oncogenes, air pollution, smoking, alcohol con-
sumption, unhealthful dietary habits, obesity, physical inactivity, infectious agents,
diabetes, improved livelihood, and even rapid economic development [6-8]. For
example, cancer-related fatigue is one of the most distressing and prevalent symp-
toms among patients, which usually results in great research challenges [9].

For decades, effective implementation strategies have been developed to optimize
the advancements in the fields of tumor survivorship, diagnosis, treatment, and
end-of-life care [10]. For instance, a series of treatments have been developed to
conquer cancers with high uncontrolled cell division and heterogeneity, including
surgery (e.g., laparoscopic rectal surgery and robotic surgery) [11, 12], photothermal
therapy (PTT) [13-15], radiotherapy [16], chemotherapy [17], oncolytic virotherapy
[18], RNA vaccine [19, 20], hormone therapy [21], peptide-based neoantigen vaccine
[22, 23], gene therapy [24-26], immunotherapy (e.g., immune cells and checkpoint
inhibitors) [2], and even nanomaterial-mediated nanotheranostics (e.g., organic
nanomaterials, inorganic nanomaterials, and organic-inorganic hybrid nanoma-
terials). Nevertheless, the aforementioned strategies have also revealed inherent
shortcomings (e.g., severe toxicity, off-target effects, graft-versus-host disease, and
drug delivery barriers), which collectively hinder the further improvement in cancer
administration [27, 28].

State-of-the-art renewal has highlighted the feasibility of cellular immunotherapy
as promising remedy for cancer administration on the basis of the rapid progress
of cryobiology and oncobiology [29-33]. For instance, pioneering and talented
investigators in the field have conducted systematic and detailed studies from bench
to bedside to conquer hematologic tumors and solid tumors, including the non-gene-
edited natural killer (NK) cells and the CAR-transduced counterparts (e.g., CAR-T,
CAR-NK cells). Distinguishing from the adaptive T cells, NK cells are adequate to
efficaciously fulfill the requirement of combating the aforementioned metastatic
solid tumors and hematological malignancies via antibody-dependent cell-mediated
cytotoxicity (ADCC), direct cytolytic effect, and paracrine effects dispense with
antigen presentation [2, 28, 33, 34].

Therewith, the overview of this literature aimed to summarize the current knowl-
edge and scope of the evidence on NK cell-based immunotherapy for cancer patients
from the view of cell source (e.g., peripheral blood, perinatal blood, and cell lines),
ex vivo amplification and activation (e.g., coculture and monolayer culture), mode
of action (e.g., ADCC and cytolytic effect), together with preclinical and clinical
practice of NK cell-based cancer immunotherapy. Meanwhile, we also indicate the
promising prospects and the concomitant challenges of NK cell-based cancer immu-
notherapy in regenerative medicine.

2. Natural killer (NK) cells

NK cells are pivotal part of the innate immune defense against cancer and infec-
tion, and in particular, in combating certain bacterial and viral pathogens [35]. In the
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1970s, Kiessling and their colleagues firstly identified NK cells from a mouse with
advantaged characteristics of cytolytic effector dispense with preliminary antigen
presentation [36, 37]. Incipiently, NK cells were considered critical components to
play an important role in host innate immunity and the first line of defense, and in
particular, in the antiviral infection [38, 39]. To date, NK cells have been recognized
as the third type of lymphocyte with vital roles in both innate and adaptive immune
responses to malignancies and viral infection, which also function in delaying aging
and benefiting hematopoietic reconstitution [28, 40].

As a heterogeneous lymphocyte subgopulation, NK cells can be divided
into the cytotoxic CD3 CD56%™CD16™¢" subset and the IFN-y-producing
CD3°CD56™&"CD16" counterpart [28, 41]. Of note, state-of-the-art updates
have also put forward the existence of long-lived memory-like NK cells with
reinforced responsiveness against cancer and the CD16-dependent functional
capability [42, 43].

2.1 Cell sources for NK cell generation

To date, NK cells have been generated from various origins, including umbilical
cord blood (UCB) [44], placental blood [44], peripheral blood (PB)-derived mono-
nuclear cells (PBMCs) [43, 45], NK cell lines (e.g., NK-92, YT) [28], and even derived
from CD34" hematopoietic stem cells (HSCs) [28], human embryonic stem cells
(hESCs), and induced pluripotent stem cells (iPSCs) [34, 46]. Interestingly, the con-
tent and cytotoxic activity of NK cells in perinatal and peripheral blood vary a lot. For
example, NK cells take a proportion of PB cells ranging from 5-20% [47, 48], whereas
the proportions of NK cells in UCB and placental blood were less than 5% [49] and
2% [50], respectively. Meanwhile, over 60% of NK cells in UCB and PB reveal the
CD3" CD56" CD16" subset, whereas the rest belongs to the CD3™ CD56" CD16" subset.
Conversely, only 40% of NK cells in placental blood are CD3™ CD56" CD16" cells
compared with the rest CD3°CD56'CD16 subset with a percentage of 60% instead
[50]. Additionally, Dogra and the colleagues found that immune responses of NK cells
in diverse tissue sites were different, which indicated the tissue localization in the
regulation of the NK cell development as well as the biofunctions involved in antiviral
and tumor immunosurveillance [51].

During the past decades, NK cells were isolated and identified from PB to
determine the specific characteristics associated with anti-infection and anticancer
as well as pathogenesis (e.g., recurrent miscarriage and hematologic malignan-
cies) [45]. PB-derived NK (PB-NK) cells have been recognized as cytotoxic innate
lymphocytes, which are endowed with a unique capacity to kill a broad spectrum
of virus-infected cells, cancers, and even chronic obstructive pulmonary disease
(COPD) [52, 53]. Currently, PBMCs are considered the dominant ingredient for
clinical- or GMP- grade NK cell manufacturing [48]. However, the stability and
yield of NK cell production are far from adequate largely attributed to the limita-
tions in blood donators and the present procedures [43, 54]. Distinguishing from
those of PB-NK cells, perinatal blood-derived NK cells reveal advantaged properties
such as vigorous cytolytic activity, preferable cellular vitality, and enhanced cyto-
toxicity [28]. Of note, the latest kinds of literature have further indicated the large-
scale preparation of NK cells from human pluripotent stem cells (hPSCs), which are
considered excellent candidates for “off-the-shelf” anticancer immunotherapy and
NK cell development [55].
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2.2 Ex vivo preparation of NK cells

Strategies for ex vivo expansion of NK cells have allowed preparing enough
amounts of NK cells for clinical trials and new drug application (NDA). However,
current donor cell-dependent strategies for ex vivo preparation of NK cells can only
produce limited amount of “made-to-order” therapeutic cells for limited patients
[46, 56]. For decades, a series of methods have been developed for large-scale ex vivo
NK cell preparation, including cell sorting, feeder cell coculture (e.g., K562 cells),
gene editing, low oxygen treatment, multiple cytokine cocktail stimulation, three-
dimensional rotation, and bioreactors [28]. For instance, Mu et al. developed a simple,
safe, and cost-effective strategy for ex vivo purification and expansion of NK cells
from CB via zoledronate and streptococcus stimulation, and dispense of cell sorting
or feeder cells/multiple cytokines within 21 days [57]. Alveset al. reported the ex
vivo expansion of CD56" lymphocytes, including NK cells and NKT-like subset, from
PBMCs in CellGro medium supplemented with IL-2 and fetal bovine serum (FBS),
anti-CD3 (9-10 initial days) for 21 days [56]. Meanwhile, distinguishing from the
resting subset, the expanded NK cells showed a higher expression level of activating
receptors (e.g., CD16, NKp44, NKp46, NKG2D, NKp30, CD62L, and CD69) and
a higher concentration of cytokine secretion (e.g., IFN-y, TNF-a, and GM-CSF).
Instead, Radice and the colleagues verified that PB-derived NK cells from inpatients
with early-stage colorectal cancer showed enhanced ex vivo cytotoxicity against cancer
cell lines (e.g., HT-29, K562, and human CRC Caco-2) after the stimulation of low-
doses of sequential-kinetic-activated (SKA) interferon-y (IFN-y) in vitro [58].

Interestingly, we took advantage of the “3ILs”-based cell programming and
induced high-efficient generation of NK cells from peripheral and perinatal blood
within 14 days [43, 44]. Of note, we and other investigators in the field found
that the expanded NK cells revealed elevated content and enhanced cytotoxic-
ity against various tumor cell lines iz vitro compared to the resident counterpart
[44, 57]. Additionally, Klingemann and the colleagues tested the feasibility of
a broadly applicable method for blood progenitor cell and NK cell preparation
based on the well-established NK-92 cell line, which is derived from a patient with
non-Hodgkin’s lymphoma [59]. Collectively, NK cell expansion and activation
require multiple cell signal cascades for proliferation, survival, and activation.
Therewith, most of the current ex vivo expansion strategies are mainly focused
on either using genetically modified allogeneic feeder cells or substituting the
indicated factors by utilizing the autologous feeder cells [60].

2.3 Mode of action for NK cell-based cytotherapy

Aforesaid, autologous and allogeneic NK cells act as critical effector lymphocytes
and mediate cancer immune clearance surveillance [61]. Generally, NK cells sponta-
neously function in abnormal cell elimination, pathogenic microorganism, and tumor
immunosurveillance via ADCC, direct cytolytic effect, paracrine of cytokines, and
receptor-ligand-associated natural cytotoxicity effects as well [48, 62, 63].

Generally, the mode of action for NK cell-based cytotherapy is mainly based on
“NK cell education,” which has also been recognized as functional maturation of NK
cells. As recently reviewed by Zhang and the colleagues, this process usually involves
a series of step-wise intermediate stages and obtains self-major histocompatibility
complex class I (MHC-I) recognition [64]. Meanwhile, as mentioned above, the
IFN-y-producing CD3 CD56""" NK cells were less mature when compared with the
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cytotoxic CD3 CD56%™ subset [41]. Interestingly, new insights into the long-lived
memory-like NK cells indicated the enhanced CD16-dependent functional capability
as well as responsiveness, which thus hold advantages over the CD25- subset in NK
cell-based interventions against cancer [42, 43].

3. Chimeric antigen receptor-transduced NK (CAR-NK) cells

In recent years, CAR-transduced NK (CAR-NK) cells are considered as novel
therapeutic options to reduce the incidence of relapse and recurrent cancers. A
number of preclinical and clinical investigations have indicated CAR-NK cells as “off-
the-shelf” products for cancer immunotherapy attributed to CAR-dependent and NK
cell receptor-dependent signaling pathways [34]. Differing from those of CAR-T cells,
CAR-NK cells avoid the adverse effect during cancer administration such as immune
cell-associated neurotoxicity syndrome (ICANS), acute cytokine release syndrome
(CRS), and graft-versus-host disease (GVHD), which thus represent the therapeutic
paradigm for boosting the immune system to reinforce anticancer responses and
eventually eliminate malignancies [34].

To date, a considerable number of cancer-specific antigens and the concomitant
costimulatory molecules as well as the well-established subsets (e.g., NKp44, NKp46,
and NKG2D) have been involved in CAR-NK cell-based immunotherapy. For exam-
ple, the existing CARs transduced to generate CAR-T cells were directly transferred
to NK cells, including 4-1BB, CD19, CD20, CD22, CD276, BCMA, CD3(, and CD28
[28, 65-70]. Simultaneously, pioneering and talented investigators in the field have
dedicated themselves to optimize the constructs of CARs to enhance the efficacy of
anticancer effects [32, 71]. For example, suicide genes have been integrated into the
fourth generation of CARs to remove the unanticipated toxicity [72]. Furthermore,
due to the advances in genome-editing techniques, the applicability and feasibility of
CAR-NK cells have vastly accelerated cancer immunotherapy. Despite with deficiency
in CAR constructs delivery into NK cells, a plethora of groups have highlighted the
possibility for high-efficient CAR transduction via Lentivirus [28, 73, 74], retrovirus
[75, 76], and even nonviral-mediated transfection (e.g., lipofection and electro-
poration, PiggyBac, and the sleeping beauty (SB) subsets) [77, 78]. Collectively,
recent developments in the clinical practice of genetically modified NK cells with
chimeric antigen receptors (CARs) are promising and challenging for NK cell-based
immunotherapy.

4. NK cell-based cancer immunotherapy

Cancer immunotherapy with diverse preclinical and clinical attempts has
been attractive and received considerable attention [79]. As time passes by, the
feasibility of using NK cells in the treatment of human disorders such as refractory
lung diseases, pathogenic infection, hematopoietic reconstitution, hematological
malignancies, and metastatic solid tumors has increased in recent years [80]. In
particular, the antileukemic potential of NK cells has raised considerable interest
among researchers and clinicians for hematological malignancy administration.
Nowadays, immune-based remedies characterized by the infusion of ex vivo
activated or freshly isolated NK cells have become a research hotspot in cancer
immunotherapy [34, 81-83].
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In the 1980s, the dysfunction of NK cells was reported with a higher incidence
of cancers, including Chédiak-Higashi syndrome and X-linked lymphoproliferative
syndrome, which was first indicated in cancer immunosurveillance [41, 84, 85].
Recently, Bryce et al. found that NK cells in patients with chronic lymphocytic leuke-
mia (CLL) showed reduction in content and abnormality in gene expression pattern
(e.g., GATA-1, GATA-2, PU.1, and HIF-1a) in bone marrow [86].

To date, nearly 900 NK cell-based clinical trials, including the observational and
interventional subtypes, were registered upon multiple tumors according to the
Clinicaltrials.gov website. Generally, most of the trials were involved in hematologic
malignancy administration, including acute myeloid leukemia (AML), acute lympho-
blastic leukemia (ALL), chronic myelogenous leukemia (CML), and myelodysplastic
syndromes (MDS). Meanwhile, clinical pieces of evidence have also indicated the
therapeutic effect of NK cell-based cytotherapy upon various solid tumors such as
gastric carcinoma, colorectal cancer, liver cancer, and squamous cell lung cancer
[87-89]. However, the definite NK cell-based immunotherapy upon metastatic solid
tumors has not been verified, which was largely attributed to the dysregulation of NK
cell function and immune subversion by various factors (e.g., IDO, PGE2, and TGF-p)
in the tumor microenvironment [48].

5. Discussion and conclusions

Nowadays, with the rapid progress of available remedies for cancer treatments,
patients are adequate to live with the consequences of cancer. NK cells have been
regarded as the first line of innate immune cells, which are involved in providing the
surveillance and elimination of the stressed, infected, damaged, and malignant cells
[90, 91]. NK cell-based cancer immunotherapy has largely benefited the treatments
of patients for longer living and better outcomes, which also supplies new preferences
for cancer administration and helps improve decisions about optimal treatment. Of
note, recent kinds of literature have suggested the promising aspect of achieving
considerable amount of NK cells for adoptive immunotherapy after a period of ex vivo
expansion with multifaceted stimulation. Nevertheless, the improvement of ex vivo
expansion procedures for the clinical application of NK cells generated under good
manufacturing practice conditions is of prime importance in future.
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Abbreviation
ADCC Antibody-dependent cell-mediated cytotoxicity
CAR-NK Chimeric antigen receptor-transduced NK
NK Natural killer
PTT Photothermal therapy
CART CAR-transduced T cells
UCB Umbilical cord blood
PB Peripheral blood
PBMCs Peripheral blood-derived mononuclear cells
PB-NK Peripheral blood-derived NK
COPD Chronic obstructive pulmonary disease
NDA New drug application
FBS Fetal bovine serum
HSCs Hematopoietic stem cells
CRS Cytokine release syndrome
GVHD Graft-versus-host disease
ICANS Immune cell-associated neurotoxicity syndrome
GMP Good manufacturing practices
CML Chronic myelogenous leukemia
hPSCs Human pluripotent stem cells
MDS Myelodysplastic syndromes
ALL Acute lymphoblastic leukemia
hESCs Human embryonic stem cells
hiPSCs Human induced PSCs
AML Acute myeloid leukemia
CLL Chronic lymphocytic leukemia
SKA Sequential-kinetic-activated
IFN-y Interferon-y
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Abstract

Natural killer (NK) cells are innate cytotoxic lymphocytes involved in the
surveillance and elimination of cancer. The increasing number of studies have
identified novel methods for enhancing the anti-tumor immunity of NK cells and
expanding NK cells ex vivo, which paved the way for a new generation of anticancer
immunotherapies. In this chapter, we will review the following aspects regarding NK
cells, including the inhibitory and activating receptors modulating NK cell activity,
NK cell development, the cytotoxic mechanism of NK cells, isolation, expansion and
characterization of NK cells, and the source for NK cells. Moreover, we will highlight
the cutting-edge immunotherapeutic strategies in preclinical and clinical develop-
ment such as chimeric antigen receptor (CAR)-NK cells, as well as the adoptive NK
transfer to target cancer stem cells (CSCs). Last, we will discuss the challenges NK
cells face which should be overcome to achieve cancer clearance.

Keywords: natural killer (NK) cells, expansion, cancer immunotherapy, cancer stem
cell (CSC), CAR-NK

1. Introduction

Activating the immune system by immunotherapy is an innovative way to target
cancers. Immune checkpoints such as cytotoxic T lymphocyte antigen-4 (CTLA-
4), programmed death-1 (PD-1), lymphocyte activation gene-3 (LAG-3), T cell
immunoglobulin, and ITIM domain (TIGIT) are the most studied ones. PD-1 and
CLTA-4 have received great attention since the blockage of PD-1 or CTLA-4 signal-
ing improved the tumor patient survival significantly. Immune checkpoints consist
of pairs of receptors-ligands present in immune cells as well as tumor cells, and the
interaction of the receptors in tumor cells with their ligands in immune cells inhibits
the immune activity of immune cells. Inmune checkpoint blockade has been regarded
as the recovery of cytotoxic lymphocyte activity. However, partial or complete loss of
HLA-I expression has been attributed to be one of the immune escape mechanisms in
tumors, which evade T-cell surveillance [1]. Under these circumstances, the cytotoxic
T cells and NK cells, which are capable of recognizing and killing tumor cells despite
of HLA-I expression, seem to be vital [2-4]. Immune checkpoints have been mainly
studied in T cells, but NK cells are also affected by these interactions.
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NK cells, which are cytotoxic lymphocytes with high antitumor, antiviral, and
antimicrobial activities in the innate immune system, were first identified as lym-
phoid subsets and were critical mediators of antitumor immunity [5]. NK cells were
capable of responding to a variety of infections as well as transformed cells by directly
killing and secreting pro-inflammation cytokines without prior antigen sensitization
or recognition of specific tumor antigens [6, 7]. NK cells develop at numerous sites
including bone marrow, lymph nodes, secondary lymphoid organs, thymus, liver, gut,
and tonsils [8], and the effector functions are similar to CD8* T cells. CD56%™ and
CD56™" cells are the two subsets of human NK cells, which have distinct immune
phenotypes and functions. In peripheral blood, CD56%™ cells constitute 90% of NK
cells, and they have strong cytotoxic capability, while CD56""" subset is mostly
involved in cytokine production. The NK cells in the secondary lymphoid tissue are
different from the NK cells in the peripheral blood.

There have been many efforts to exploit these potent effector cells such as NK
cells or T cells either by endogenous activation or by adoptive transfer. Unlike donor
T cells, NK cells do not induce graft-versus-host disease (GVHD). It would be highly
likely that NK cells would exploit an important position targeting tumors with
deficient HLA-I molecules.

2. NK cell regulation and NK cell-based cancer immunotherapy
2.1 NK cell activity regulation

It was hypothesized that NK cells were derived from CD34'CD45RA" hemato-
poietic progenitor cells (HSC). NK precursors were identified in the hematopoietic
population and differentiated into NK cells. Several transcription factors such as
Ets-1, Id2, Ikaros, and PU as well as soluble and membrane factors were involved in
the regulation of the NK cell phenotypic and functional maturation [9-11]. Moreover,
IL-15-dependent signaling pathway plays an essential role in NK cell development,
homeostasis, and survival.

In healthy individuals, 90% of NK cells in peripheral blood are mature with
CD16™¢" and CD56%™ expression. The rest of the NK cells are an immature subset,
which is CD16%™ or CD16~, CD56"8" and CD25", and the main function of these NK
cells is to produce cytokines [12].

It was found that lymphoma cells that lost MHC class I surface molecules could be
killed by NK cells, but the original MHC class I" cells were otherwise resistant. This
phenomenon drives the hypothesis that NK cells are able to sense the absence of “self”
MHC class-I molecules on target cells [13]. Years later, the hypothesis was verified by
the discovery of inhibitory as well as activating NK receptors.

NK cell activity is modulated and controlled by a series of inhibitory and activating
NK cell receptors. The inhibitory receptors in humans are mainly inhibitory killer Ig-like
receptors (KIRs). KIRs consist of long cytoplasmic tails containing two ITIM domains,
recruiting tyrosine phosphatases to transduce inhibitory signals, followed by two
(KIR2D) or three (KIR3D) polymorphic extracellular Ig-like domains. The inhibitory
KIRs recognize and directly interact with the human leukocyte antigen (HLA) class-I
alleles and CD94/NKG2A heterodimer, especially the non-classical HLA-E molecule
[14-16]. Different HLA class I allotypes contained the same specific epitopes, which are
recognized by distinct KIRs. However, when a KIR-HLA-I mismatch or the loss of HLA-I
occurs, inhibitory KIRs cannot interact with their ligands to activate NK cells [17].
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The activating NK cell receptors play a fundamental role in the recognition and
killing of transformed or virus-infected cells, which have normal HLA-I molecule
expression, through direct interaction with ligands expressed [18-20]. These acti-
vating receptors contain the following families: activating KIRs, C-type lectin-like
receptors, natural cytotoxicity receptors (NCR), and signaling lymphocyte activating
molecule (SLAM) family of receptors [21].

A large number of activating NK cell receptors is responsible for the existence of
6000-30,000 different phenotypic NK populations, providing flexibility to respond
to pathogens and tumor cells [22]. CD94/NKG2A in the C-type lectin-like recep-
tor family was the first HLA-I-specific receptor expressed by the most immature
CD56"™ cells during NK cell differentiation. After a few steps of maturation,
CD56%™ NK cells replace the CD56"8 cells; in addition, CD56%™ NK cells carry KIR
receptors but abandon NKG2A [23-25]. So most mature NK cells express KIR as well
as the terminal differentiation marker CD57 [26]. HLA-I-specific inhibitory recep-
tors normally prevent auto-reactive responses by the recognition of autologous cells.
Nevertheless, for tumors, HLA-I-specific inhibitory receptors function as immune
checkpoints to restrain the cytotoxic activity of NK cells [3, 27]. PD-1, anon-HLA-I
specific inhibitory receptor, might be also expressed in NK cells. PD-1 was originally
discovered in T cells and played a sharp inhibitory role in their tumor-killing activity.
PD-1 is expressed on mature NK cells, which are KIR"CD57*'NKG2A" cells, under
normal conditions. However, for patients with tumors, the proportions of PD-1*

NK cells were increased significantly [28, 29]. Some other immune checkpoints are
also expressed by NK cells to recognize additional ligands, including CTLA-4, T cell
immunoglobulin and mucin-domain-containing molecule 3 (TIM-3), lymphocyte
activation gene 3 (LAG-3), T cell immune receptor with Ig and immune receptor
tyrosine-based inhibition motif domains (TIGIT), and CD96 [4, 30, 31].

The inhibitory receptors recognize self-MHC class I molecule to inhibit NK cell
activation, which enables the self-tolerance and prevents host cell killing. NK cells
will be activated when they encounter the cells that are lack of MHC class I molecule,
which is known as the “missing-self ” hypothesis [32]. Through the recognition of
MHC class I molecules, NK cells distinguish transformed or infected cells from
normal host cells, and these abnormal cells with a lack of MHC class I expression or
high expression of “stress ligands” could be lysed by NK cells. MHC class I molecules
were usually downregulated in the tumor cells to escape the immune surveillance of
cytotoxic T lymphocytes. Nevertheless, NK cells would still be activated and attack
these tumor cells, since the activation receptors are no longer suppressed under these
circumstances to induce potent stimulatory signals [33, 34].

2.2 NK cell development

NK cell development occurs predominantly within the bone marrow. At first, NK
cell is referred to as a common lymphoid progenitor (CLP), which is identified by
some markers including stem cells antigen-1 (Sca-1), c-kit (CD117), interleukin-7
receptor (IL-7Ra), and FMS-like tyrosine kinase-3 (FIt-3). Then, the CLP develops
into a pre-NK precursor (pre-NKP) consisting of NK precursors and innate lym-
phoid cell precursors. Next, the pre-NKP becomes NKP and expresses IL-15 receptor
complex (IL-15Rp/y) to maintain long-term NK cell development and survival.
During this stage, symbolic NK cell marker CD56 is expressed, and NK cells are
further subdivided into the immature CD56"¢" subset and mature CD56"™ subset.
CD56"¢" NK cells participated in immunomodulation through secreting cytokine
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Figure 1.

The specific markers expression on CLE, NKPB, immature NK (imNK) cells, and mature NK (mNK) cells during
NK cell development.

interferon-gamma (IFNy). While CD56dim NK cells which are the dominant cells in
the peripheral blood and spleen have cytotoxic ability (Figure1).

During immune response, NK cells can receive signals from other immune cells as
well as tumor cells. For example, dendritic cells regulate the proliferation and immune
function development of NK cells through the secretion of IL-12, type I IFN, trans-
presenting IL-15, and secretory exosomes [35, 36]. And CD4" cells could regulate NK
cell proliferation and survival by IL-2. On the contrary, the regulatory T (Treg) cells
can suppress NK cell proliferation and function through transforming growth factor
beta (TGF-p) 37, 38].

2.3 The cytotoxic mechanism of NK cells

The death receptor pathway and the granule-dependent pathway are classic NK
cell cytotoxic mechanisms. The two predominant pathways jointly induce the apop-
tosis of the target cells. The former one is a caspase-dependent apoptosis pathway,
activated by the tumor necrosis factor (e.g., Fas/CD95) on target cells with their
equivalent ligands such as FasL and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) on NK cells [23, 39]. TRAIL and FASL interact with their receptors
on the targeting cells. Interaction between FASL and FAS as well as TRAIL and TRAIL
receptors promotes death-inducing signaling complex formation, which includes
Fas-associated death domain protein (FADD), caspase-8, along with caspase-10 [40].
Caspase-8 activation leads to the activation of the other caspases or Bid proteolysis,
resulting in the subsequent caspase activation as well as cytochrome C release [23].

After identifying and bounding to the target cells, NK cells initiate the granule-
dependent pathway to deliver the granzymes, which are cytotoxic granules containing
perforin and proteases to kill the target cells [41]. Distinct granzymes (A, B, H, K, and
M) activate different apoptotic or non-apoptotic cell death pathways. Granzyme A acti-
vates non-apoptotic cell death, and Granzyme B activates apoptosis by activating cas-
pases as well as by cytochrome C release. Granzymes H, K, and M were less studied, and
it was reported that CD56""#™ cells released Granzymes K to mediate the non-apoptotic
tumor cell death [42]. Granzyme H was shown to help remove infected and transformed
cells. And Granzyme M functioned as an anti-tumor effector after adoptive NK cell
transfer [43]. The death receptor pathway and the granule-dependent pathway endow
NK cells with the different killing abilities to eliminate different tumor cells.

B7-H3 was reported to be correlated with the poor prognosis of cancer patients,
through the inhibition of NK cell activity; on the contrary, the inhibition of B7-H3
restrains tumor growth and increases the cytotoxic activity of NK cells [44].
Moreover, the tumor cells can also be killed by antibody-dependent cellular cytotoxic-
ity (ADCC), as they express a low-affinity Fc receptor for IgG, FccRIII.
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2.4 NK cell isolation, expansion, and characterization

The commercial NK isolation kits were available nowadays. The commonly used
peripheral blood NK cell isolation kit was Miltenyi Biotec. NK cells could be either
isolated from peripheral blood directly as well as from the peripheral blood mono-
nuclear cells (PBMCs). In this regard, PBMCs should be isolated from the peripheral
blood first. Layer 35 mL of peripheral blood on 15 mL of Ficoll-Paque, and then cen-
trifuge at 400 g for 20 minutes without brake. Harvest the PBMCs from the interface
of Ficoll-Paque and plasma, and wash the three times with PBS (centrifuge at 400g
for 10 minutes). NK cell isolation protocol is as follows: Pass PBMCs through a 30-pm
filter to remove cell clump, and then centrifuge cell suspension at 500 g for 7 minutes
to count cells. Use precooled solutions to keep cells cold, resuspend 107 cells in 40 pl
solution, and add 10 pl of biotin-conjugated antibodies cocktail to remove unwanted
cells. Then, add 30 pl of separation buffer and 20 pl of MicroBeads, mix well, and
incubate for 10 min at 4 °C. Wash once in separation buffer (centrifuge at 500 g for 7
minutes) and resuspend labeled cells in 500-pl separation buffer. Place an MS column
in the magnetic field of the MACS separator and pre-rinse with separation buffer.
Apply cell suspension to the column. Collect the flow-through fraction containing
enriched untouched NK cells. Wash the column three times with separation buffer,
and also collect the NK cells.

As to isolate the NK cells from the peripheral blood instead of PBMCs, use the
RosetteSep™ Human NK Cell Enrichment Cocktail from STEM CELL Technologies.
Transfer 10 ml whole blood in a 50-mL tube, and add 500 pl RosetteSep Human
NK Cell Enrichment Cocktail, incubate for 20 min at room temperature and mix
gently. Dilute the sample with RPMI with 2% FBS (1:1), mix gently, and lay on
Lympholyte-H cell separation media. Centrifuge for 20 min at room temperature at
800 g without brake. Collect enriched NK cells from the interface of Lympholyte-H
and plasma, and wash the NK cells twice with a complete medium. Either way, NK
cell number and viability should be determined by Trypan Blue dye exclusion, in
addition to assess NK cell purity by flow cytometry.

NK cell expansion requires multiple signals for survival, activation, and pro-
liferation. In the early years, in vivo expand NK cells were the main purpose of the
clinical trials. Administrating systemic cytokines, mainly IL-2, did not improve the
clinical outcome of cancer patients due to the serious side effects of cytokines [45].
Additionally, IL-2 also stimulates the regulatory T cell, which plays the immuno-
suppression effect. Thus, ex vivo NK cell stimulation with other cytokines can also
help to increase the survivability of the NK cells. NK cell expansion can be initiated
from both PBMCs and purified NK cells using the following protocol. The initiat-
ing number of PBMCs or NK cells can be varied based on the amount of NK cells
desired after expansion. For each 5x10° cell to be expanded, count and irradiate 10’
K562 C19 mIL21 using a gamma irradiator at 100 Gy. Wash the K562 cells with PBS
and resuspend in NK cell expansion media (NKEM) after the irradiation. Seed 5x10°
PBMCs with 10 irradiated K562 C19 mIL21 in 40 mL of NKEM in a T75 flask and
place it upright in an incubator at 37°C and 5% CO,. After 5 days, collect NK cells by
centrifugation and replace half of the media with fresh NKEM. Count the number
of cells after a week. For every 5x10° cell, count and irradiate 5x10° K562 CI9 mIL21
as previously described. Add an equal number of irradiated K562 Cl9 mIL21 and
resuspend in NKEM with the density of 2.5x10° cells/ml, then seed cells in T75 flasks.
After 10 days, change the entire media with fresh NKEM based on the cell numbers.
Resuspend NK cells with the irradiated same amount of K562 C]9 mIL21 in NKEM
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and change the whole media with fresh NKEM after 17 days. At the end of the expan-
sion, count the cell number and analyze the NK cell phenotyping.

It was reported that in vitro pre-activation of NK cells with novel cytokines such
as IL-12, IL-15, and IL-18 induces CD25 expression in NK cells [46]. Thus, expan-
sion strategies have been focused either to substitute these factors using autologous
feeder cells or to use genetically modified allogeneic feeder cells. Autologous PBMC
as feeder cells to expand NK cells iz vitro has been shown to generate enough
functional active NK cells [47]. The number of purified NK cells increased 2500
folds after 17 days by using autologous PBMCs as feeder cells. Combined feeder
cells with OKT3 and IL-2 endowed NK cells with cytolytic activity against tumor
cells [48]. Genetically modified K562 cells or Epstein-Barr virus-transformed lym-
phoblastoid cell lines were used as feeder cells for NK cell expansion. The leukemia
cell line K562 was genetically altered to express a membrane-bound form of IL-15
and the 4-1BB (CD137L) [49]. By using this feeder cell, NK cells were expanded
by 277-fold after 3 weeks [49]. K562 feeder cells expressing CD137L, MICA, and
soluble IL-15 were also produced, and they promoted the NK cell expansion of 550
folds [50]. Denman et al. have constructed K562-based feeder cells with the expres-
sion of membrane-bound chimeras of IL-21 (mbIL21) and IL-15 (mbIL15), and
investigated NK cell expansion, phenotype, and function. It was found that IL-21
was superior to IL-15 in terms of promoting NK cell growth, but as to NK pheno-
type or function, the function of IL-21 and IL-15 expressing k562 feeder cells had
no significant differences [51].

NK cells are characterized by a lack of CD3/TCR molecules and expression of
CD16 and CD56 surface antigens. CD56*™ NK cells express high levels of CD16, while
CD56"¢" NK cells are CD16"™ or negative [52]. Cytotoxicity of NK cells against vari-
ous malignant cell lines, and the expression patterns of NK cell receptors including
cluster of differentiation (CD)-16, CD69, CD158b, natural killer group-2 member D
(NKG2D), NKp30, NKp44, NKp46 define NK cell activity [53]. The cytotoxic assay
of NK cells was performed as follows, using 6x10° NK cells and 3x10 target cells
to perform the experiment. Resuspend 10° target cells in 1 ml of NKEM composed
of Calcein-AM, incubated for 1 hour at 37 °C, with occasional shaking. Prepare NK
cells at 1x10° cells/ ml, add 200 ul of NK cell suspension to 3 wells of a 96-well plate
corresponding To 10:1 (E:T) ratio. Dilute the NK cells for the five subsequent E:T
ratios. After 1 hour of calcein loading, wash target cells in NKEM twice, centrifuging
for 5 minutes at 1200 rpm. Re-count the target cells and resuspend at 1x10° cells/ml.
Add 10* target cells to NK cells, and centrifuge for 1 minute at 100 g to enable cell
contact. Then, incubate the cell mixture at 37 °C and 5% CO2 for 4 hours. Mix them
gently, centrifuge at 100g for 5 minutes to pellet the cells, and transfer 100 pl of the
supernatant to a new plate. Read the absorbance (excitation filter 485 nm, emission
filter 530 nm). Calculate Percent Specific Lysis according to the formula [(test release-
spontaneous release)/(maximum release - spontaneous release)] x 100 [54].

2.5 Source of NK cells

It was agreed that NK cell transfer is safe and well-tolerated by patients.
Interleukin (IL) 2 was administered to activate NK cells iz vitro or in vivo after immu-
nosuppressive treatment by fludarabine and cyclophosphamide.

Nevertheless, adoptive transfer of NK cells for cancer immunotherapy has been
hindered by the inability to obtain sufficient NK cells, as these cells represent a small
fraction (about 10% comprise the third largest population of lymphocytes following
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B and T cells) of blood mononuclear cells, and long-term expansion and persistence
of NK cells ex vivo was still a challenge. Moreover, the alloreactive T cells would
eliminate NK cells after transfer [55, 56].

Various protocols have been used to isolate and preferentially expand primary NK
cells from PBMC [57]. The combination of cell selection and depletion using immu-
nomagnetic beads was the common protocol [58]. Leukapheresis products were used
for the clinical-grade purification of NK cells by depleting CD3" cells followed by the
selection of CD56" cells [59] or in combination with subsequent a 14-day of stimula-
tion with IL-2 [60]. It was reported that autologous adoptive NK-cell therapy had
drawbacks, which were mainly that self-MHC I molecules on the tumor cells inhibited
NK cells. So the autologous adoptive transfer of NK cells may not be efficient, and
healthy allogeneic NK cells were an optimal option.

Since a large number of activating and inhibitory receptors, cooperative receptor
pairs, and overlapping signaling pathways involved in NK cell maturation, activation,
and proliferation, it is difficult to identify signaling molecules to expand NK cells in
vitro [61]. NK cell propagation in vitro needs feeder cells [62], various cytokines such
asIL-2, IL-15, IL-21 [63, 64], as well as fusion proteins [65, 66].

In umbilical cord blood, NK cells account for about 30% of lymphocytes. In
contrast, NK cells account for 10% of lymphocytes in peripheral blood. Furthermore,
the immunophenotype of NK cells from umbilical cord blood is CD3-CD56°, which is
roughly classified as the less differentiated CD56bright and mature CD56dim NK cells
in a broad sense. CD34" hematopoietic progenitors from umbilical cord blood or bone
marrow are considered as an excellent source for cell therapeutic applications [67].
Previously, it was a challenge to obtain efficient numbers of NK cells for the low num-
ber of NK cells in cord blood. In recent years, different protocols have been developed
for the generation of NK cells from CD34+ cells from bone marrow as well as cord
blood through co-cultured with stromal cell lines and a combination of cytokines
[68-70]. More recently, ex vivo expansion protocol of NK cells, derived from cord
blood CD34+ cells, has been established. This method uses a clinical-grade serum-free
culture medium and a mixture of cytokines as a substitute for the extracellular micro-
environment of bone marrow in static cell culture bags and an automated bioreactor
without feeder cells [71]. Up to 10" NK cells derived from CD34+ cells were possible
by adding high levels of several activating receptors such as NKG2D and NC [72].

The healthy allogeneic NK cells can be sourced from UCB, adult donor lymphopoi-
esis products, or even from NK-cell lines such as NK-92. Moreover, human embryonic
stem cell (hESC) and induced pluripotent stem cell (iPSC) were verified to be the
new source of functional NK cells.

The hESC and iPS-derived NK cells with a sophisticated approach are relatively
new compared with the NK cell from PBMC and or CD34+ cells [73]. Currently,
research focused on the optimization of experimental design and culture condi-
tions to generate hESC as well as iPS-derived NK cells [74, 75]. These cells could lyse
malignant cells by both direct cell-mediated cytotoxicity and antibody-dependent
cytotoxic cell lysis. Kaufmann and co-workers produced mature and functional NK
cells from hESC and iPS though IL-21 expressing antigen-presenting cells, it took at
least 2 months. And the harvested NK cells were on clinical scale [76].

CARs were developed to equip immune effector cells with the ability to recognize
antigens on the surface of tumors and kill their targets in an HLA-unrestricted fashion
[77]. CAR is short for chimeric antigen receptor, which is composed of three regions,
an extracellular domain, a transmembrane domain, and an intracellular domain. The
extracellular domain in CAR-T cells guaranteed the specificity of T cells toward a specific
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target expressed in tumor cells without antigen presentation. It was derived from the
single chain variable fragment (scFV) of a monoclonal antibody (mAb). The intracel-
lular domain would activate the lytic pathway of T cells, which is derived from the T cell
receptor (TCR)/CD3 complex. In addition, the co-stimulatory signaling endo-domains
(CD28, 4-1BB, or OX40) activate T-cell proliferation after the encounter with the target
cell. The number of co-stimulatory domains can differ between the different CARs [78].

CAR-T cell therapy has appeared as a revolutionary immunotherapy option for
the treatment of hematological malignancies nowadays, whereas CAR-NK cell is still
under development. A large number of activating receptors would initiate NK cell
cytotoxic activity, based on this one would hypothesize that NK cells do not need a
CAR. However, many negative clinical results regarding NK cells transferred into
refractory tumor patients indicated otherwise. NK cell activation can be promoted
by augmenting activating signals and down-regulating inhibitory signals through
genetic engineering techniques. Nevertheless, the addition of a CAR into NK cells
might add another option to recognize tumor cells. Specifically, for patients with
down-regulation of the ligands required for activation of NK receptors, CAR was nec-
essary. Furthermore, after recognition of tumor cells, the CAR would induce NK cell
expansion and increase NK cell persistence. Recently, a few preclinical studies using
CAR-NK cells have been published [79-82]. These studies produced CAR-NK cells
targeting CD19 and CD20 for B cell malignancies, targeting CD5 for T cell malignan-
cies, and targeting CD138 and CS1 for multiple myeloma.

As for solid malignancies, many researches have been done to use CAR-NK cells
against the tumor. The ErbB2/HER2-specific chimeric antigen receptor was linked to
NK cells to target breast cancer and glioblastoma [83, 84]. Disialoganglioside GD2-
specific NK cells were engineered to target against drug-resistant neuroblastoma [85].
Genssler et al. have used NK-92 cells, which expressed CARs carrying a composite
CD28-CD3¢ domain for signaling, and scFv antibody fragments for cell binding, to
recognize EGFR, EGFRVIII, or an epitope common to both antigens, to kill heteroge-
neous glioblastoma cells [86]. Functional NK cells for adoptive therapy can be derived
from several different sources [87]. It was verified that autologous NK cells had
limited activity against the patient’s own tumor cells since self-HLA molecules inhib-
ited the efficacy of autologous NK cells [88-90]. Liu and co-workers have geneti-
cally modified cord blood NK cells with CARs that carry the CD19 gene to redirect
specificity to CD19 [91]. These CAR-NK cells ectopically produced IL-15 to promote
proliferation and survival. In addition, this CAR carried a suicidal gene, inducible
caspase-9 (iC9), in order to eliminate transduced cells whenever needed [92].

The most widely studied NK cell line by far is NK-92 cells, which was originally
established from a patient with non-Hodgkin’s Lymphoma. The lack of almost all
inhibitory KIRs made NK-92 cells have higher anti-tumor activity. NK-92 cells have
been engineered to express various CARs such as CD19, CD20, CD38, and CS1 for
hematologic malignance, and Her2 for solid tumors [83, 93-95]. CAR-NK-92 cells
have also been intratumorally injected, allowing them to traffic to tumor sites and
exert their effect via a vaccine-like mechanism [96].

The promising results in some studies indicated that the addition of IL15 into the
CAR construct would enhance the persistence of NK cells iz vivo [97]. Moreover,
Muller et al. have added the C-X-X motif chemokine receptor 4 (CXCR4) into the
CAR to enable NK cells to traffic to tumor sites [98]. Nevertheless, NK-92 cells
have inherent drawbacks that must be taken into account, which were the potential
tumorigenicity, multiple cytogenetic abnormalities, and latent infection with the
Epstein-Barr virus. So it should be irradiated prior to clinical use [99].
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Both hESCs and iPSCs-derived NK cells were also suitable for CAR expression,
which could be maintained indefinitely to provide an almost limitless supply of NK
cells. It was reported that NK cells from cord blood CD34+ cells were modified to
express CD19-CAR [100].

2.6 NK cell-based cancer immunotherapy

It was demonstrated that in multiple malignant tumors including acute myeloid
leukemia and multiple myeloma, NK cell number, and surface-activating receptors
NKp30, NKG2D were downregulated, while the inhibitory receptors were over-
expressed [101, 102]. Any activating and inhibitory receptor expression disorders
would render NK cells unable to activate normally, the ability to secrete cytokines and
chemokines would be inhibited, and the cytotoxicity would be affected. Hence, many
efforts have been made to produce “off-the-shelf ” NK cells to treat cancers [103-105].

NK cells lead immune surveillance against cancer and early elimination of
small tumors. The first clinical use of NK cells involved infusing IL-2-activated
lymphokine-activated killer cells (LAK cells)) into cancer patients in the 1980s [106].
And recently, many in vitro as well as in vivo studies had documented the ability of
activated NK cells to kill both hematologic malignancies and solid tumors.

2.6.1 Hematologic malignancy

The therapeutic potential of NK cells has been extensively explored in hematologi-
cal malignancies. Miller et al. have tested haploidentical, related-donor NK-cell infu-
sions in patients with poor-prognosis acute myeloid leukemia resulting in a marked
rise in endogenous IL-15, expansion of donor NK cells, and induction of complete
hematologic remission in 5 of 19 poor-prognosis patients with AML [107]. Another
study also used haploidentical NK cell transplantation, which was killer immuno-
globulin-like receptor-human leukocyte antigen (KIR-HLA)-mismatched NK cells,
to treat acute myeloid leukemia in children. It also verified the safety of the NK cells
with limited hematologic toxicity and no GVHD. And the 2-year event-free survival
estimate was 100% [108]. Liu and co-workers have administered HLA-mismatched
anti-CD19 CAR-NK cells derived from cord blood to 11 patients with relapsed or
refractory CD19-positive non-Hodgkin’s lymphoma or chronic lymphocytic leuke-
mia (CLL). These cells were safe and were not associated with the development of
cytokine release syndrome, neurotoxicity, or GVHD. Of the 11 patients who were
treated, 8 (73%) had a response, 7 had a complete remission, and 1 had remission
of the Richter’s transformation component but had persistent CLL. Responses were
rapid and seen within 30 days after infusion at all dose levels. The infused CAR-NK
cells expanded and persisted at low levels for at least 12 months [109]. Torelli’s group
has enrolled 103 newly diagnosed acute lymphoblastic leukemia patients with 46
adults and 57 children. Significantly higher expression of Nec-2, ULBP-1, and ULBP-3
was found in the pediatric blasts compared to adult cells. In addition, higher surface
expression of NKG2D and DNAMI ligands was found in BCR-ABL gene fusion group.
Accordingly, the BCR-ABL fusion gene group was proved to be significantly more
susceptible to NK cell-dependent lysis than the B-lineage group [110]. Moreover, NK
cells were used to treat various malignancies, and mixed results were obtained. Shi
et al infused haploidentical KIR-mismatched NK cells into 10 patients with relapsed
multiple myeloma, followed 14 days later with an autologous stem cell graft. Five
patients achieved near complete remission [111]. However, when six non-Hodgkin
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lymphoma patients were transplanted with infused haploidentical NK cells, the NK
cells expanded poorly iz vivo. Besides, the host regulatory T cells were significantly
increased after NK cell infusion and IL-2 administration [112]. Pretreatment with
ontak (denileukin diftitox) to deplete host regulatory T cells before NK cell transplan-
tation would get a better result. Bachanova et al. have applied the combined Ontak
treatment with infused haploidentical NK cells to AML patients, the NK cell expan-
sion was increased, and the AML clearance was enhanced [113].

2.6.2 Solid malignancy

Tumor cells have developed several mechanisms to overcome the constant immune
surveillance, prevent NK cell-induced apoptosis, and diminish the efficacy of NK
cell-mediated tumor clearance. And the efficacy of NK cells in solid tumors remains
undetermined since the preclinical and clinical data are not enough.

NAGAI and co-workers have enrolled nine patients with metastatic pancreatic,
ovarian, colonic, renal, and adenocystic carcinoma to receive intravenously NK cell
therapy. The NK cells were obtained from HLA/KIR mismatched healthy donors.

The dose was starting from 10° to 10° cells for each patient at 2-week dosing inter-
vals. The results showed that neither grade 2 or higher toxicities, nor adverse events
causing discontinuation of protocol treatment were found after NK cell therapy.
When the number of administered NK cells was increased to 10® cells in four cases,
no serious dose-limiting toxicity was found. The overall response rate was 40%, one
with partial response and three with stable disease, and the patient with the partial
response is still alive after 4 year’s observation [114]. Janneke et al. have summarized
the pre-clinical and clinical trials on NK cell immunotherapy in ovarian cancer [115].
In six clinical trials with intravenous infusion of NK cells, only 31 patients have been
reported that received NK cell adoptive transfer. The majority of patients reached
stable disease after NK cell therapy, with a mild pattern of side effects. More complete
responses were found in patients with repeated NK cell infusions.

Some ex vivo studies also verified the NK cell efficacy against hepatocellular carci-
noma (HCC) cell lines. Kamiya and co-workers have obtained activated NK cells from
the peripheral blood of healthy donors with stimulation by K562-mb15-41BBL cell line.
The viability of three HCC cell lines was reduced after sorafenib treatment, and after 4
hours of culture with NK cells at 1:1 ET ratio, the viability of HCC cells further decreased
twofolds. In addition, they used immune-deficient NOD/SCID IL2RGnull mice engrafted
with Hep3B to test the efficacy of NK cells, and it was found that NK cells markedly
reduced tumor growth and improved the overall survival of the mice [116]. Bugide et
al. have found that HCC cells downregulated NKG2D ligands and were resistant to NK
cell-mediated eradication. Thirty-two chemical inhibitors of epigenetic regulators, which
were able to re-express NKG2D ligands, were tested to investigate if the HCC cell eradica-
tion by NK cells was improved. It was found that the inhibition of EZH2, a transcriptional
repressor of NKG2D ligand, by small-molecule inhibitors or genetic means enhanced
HCC cell eradication by NK cells in an NKG2D ligand-dependent manner [117].

Xiao et al. have constructed NKG2D RNA CAR-NK cells to enhance the cytolytic
activity against several solid tumor cell lines as well as in xenografts. In addition, local
infusion of the CAR-NK cells was used to treat three patients with metastatic colorec-
tal cancer. The results showed that the ascites generation of two patients, who were
intraperitoneal infusion of low doses of the CAR-NK cells, reduced and tumor cell
number in ascites samples was significantly decreased. The other patient with a meta-
static tumor site in the liver was treated with intraperitoneal infusion of the CAR-NK
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cells. Rapid tumor regression in the liver region was observed with Doppler ultrasound
imaging and complete metabolic response in the treated liver lesions was confirmed by
positron emission tomography (PET)-computed tomographic (CT) scanning [118].
Cancer stem cells (CSCs) are a subpopulation within the tumor, which is capable
of self-renewal by asymmetrical cell division [119]. CSCs were considered as the basis
of tumor’s cellular heterogeneity as well as the main culprit of tumorigenesis, tumor
progression, and metastasis. CSCs are resistant to conventional cancer therapies, and
their persistence following treatment is strongly believed to drive tumor recurrence
[120, 121]. The lack/downregulation of consistent surface markers was found in CSCs
including MHC-1 [122]. Nevertheless, CSCs were highly susceptible to NK cell-medi-
ated cytotoxicity [123, 124]. By using multiple preclinical models, including autologous
and allogeneic NK coculture with cancer cell lines and dissociated primary cancer
specimens, as well as pancreatic cancer xenografts, Ames et al. have demonstrated that
activated NK cells were capable of preferentially killing CSCs identified by multiple
CSC markers including CD24*/CD44", CD133", and aldehyde dehydrogenase (ALDH)
bright [125]. Similar work involving CSCs has been reported in osteosarcoma [126].
Ferndndez and co-workers have found osteosarcoma cells were susceptible to NK cells’
lysis both in vivo and in vitro, which relied on the interaction between NKG2D receptor
and NKG2D ligands (NKG2DL). Moreover, spironolactone increased the susceptibility
of osteosarcoma cells to NK cells and could shrink the osteosarcoma CSCs. Tallerico
etal. demonstrated that colorectal CSCs showed increased susceptibility to NK cells,
which was associated with the upregulation of the activating natural cytotoxicity
receptors Kp30 and NKp44 [127]. Castriconi et al. reported that glioblastoma-derived
CSCs were susceptible to NK cell cytotoxicity. Fresh tumor specimens from glioblas-
toma patients were used. They have found these neural-CSCs were resistant to unacti-
vated NK cells, but were highly susceptible to both allogeneic and autologous NK cells
in co-culture models after pre-treatment with IL-2 and IL-15 [128]. It was reported
that when melanoma cell lines were exposed to IL-2-activated allogeneic NK cells, both
CD133 non-CSCs and CD133"* CSCs showed sensitivity to NK cell cytotoxicity, which
was possibly mediated by the DNAM-1 ligands Nestin-2 and PVR [129]. In breast can-
cer, CSCs were CD44'CD24" subpopulation. It was found that IL-2 and IL-15-activated
NK cells could kill breast cancer CSCs mediated by increased expression of the NKG2D
ligands such as ULBP1, ULBP2, and MICA on breast CSCs [130].

3. Challenge and future perspective

Allogeneic NK cell treatment against cancer has seen rapid development. Clinical
trials of NK cell-based adoptive transfer to treat relapsed or refractory malignancies
have used peripheral blood, umbilical cord blood, hESC- and iPSC-derived NK cells,
as well as NK cell lines. Although tumors may develop several mechanisms to resist
attacks from endogenous NK cells, ex vivo activation, expansion, and genetic modi-
fication of NK cells can greatly increase their anti-tumor activity and equip them to
overcome resistance. Some of these methods have been translated into clinical-grade
platforms and support clinical trials of NK cell infusions in patients with hematologi-
cal malignancies or solid tumors [131, 132]. Surprisingly, many of the clinical studies
involving NK cells against tumors did not show optimal results [133]. It was reported
that after in vitro expansion of NK cells, the KIR-HLA-I mismatch effect in some
occasions can be bypassed, and the expression of NK receptors becomes homogenous,

which inhibited the killing ability [134].
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Effective adoptive NK cell-based immunotherapy requires NK cells to be activated,
sufficient in number, and considerably persistent in the body, to enter tumor sites and
effectively kill tumor cells. These factors can be co-administered with adoptive cell
infusions or the NK cells themselves can be modified to secrete or present membrane-
bound factors. IL-15, for example, would increase NK cell persistence in vivo [135].
hESC and iPSC-derived NK cells are phenotypically similar to the NK cells in periph-
eral blood, and they express more KIR compared to umbilical cord blood-derived NK
cells, which made them unlimited source for the adoptive transfer of NK cells [73, 136].
On the other hand, the safety of hESC and iPSC-derived NK cells in terms of potential
tumorigenicity needs to be determined before they can be utilized in the clinical setup.

Recently, gene-modified NK cells have been successfully developed to possess spe-
cific tumor antigens or secreting certain immunosuppressive cytokines to enhance the
cytotoxicity of NK cells. Nevertheless, different transduction methods, both viral and
non-viral, have been used to modify NK cells, and different expansion strategies were
used. So it was difficult to obtain NK cells with homogenous functions. Additionally,
lentiviral and retroviral vectors are designed to ensure persistent transgene expres-
sion. However, safety remains controversial [137, 138]. Alternatively, non-viral
transduction methods, including electroporation, are being explored. Electroporation
introduces CAR-encoding mRNA through pores in the cell membrane, resulting in
the immediate expression of the CAR molecule. However, mRNA electroporation
was reported to result in markedly lower efficiencies [139]. In future studies, more
efficient and safe transduction methods should be developed to improve the activity
and persistence of NK cells. Moreover, the functional homogenously NK cells should
be produced as the “off-the-shell” products.
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Abstract

Gastric cancer is one of the common malignant tumors in the gastrointestinal
tract, and the treatment of gastric cancer includes the main ways such as radical resec-
tion, adjuvant chemotherapy, palliative care, and drug therapy; however, patients
often have defects such as high recurrence rate, high treatment burden, and serious
side effects, which impose a heavy burden on the economic and social construc-
tion and patients’ families. In recent years, novel gastric cancer treatment methods
featuring tumor immunotherapy have provided new treatment strategies to improve
the above-mentioned defects and increase the cure rate of patients. Natural killer
cells (NK cells) are key components of the body’s intrinsic immune response and
can participate in both the intrinsic and adaptive immune responses, exercising the
functions of tumor killing, removing pathogenic microorganisms or abnormal cells
and enhancing immunity, and thus have broad prospects for new drug development
and clinical treatment. This article reviews the biological properties and functions
of NK cells and their interrelationship with gastric cancer treatment, and provides a
reference for clinical research.

Keywords: NK cells, gastric cancer, immunotherapy, progress

1. Introduction

Globally, the mortality rate of gastric cancer is high, with approximately
14.3/100,000 in men and 6.9/100,000 in women, with men being higher than
women [1, 2]. There are significant geographical differences in the incidence of
gastric cancer: it is highest in East Asia, Eastern Europe and South America and
lowest in northern and southern Africa. Advanced gastric cancer can metastasise
to the liver, pancreas, intestinal ducts, peritoneum, mesentery, greater omentum,
esophagus, bile ducts, pelvis and lymph nodes, making treatment outcomes poor.
Early diagnosis and early intervention are therefore crucial. The usual treatment for
gastric cancer includes the main routes of surgery, chemotherapy and radiotherapy.
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However, it often has drawbacks such as high recurrence rate, heavy treatment
burden and side effects, which impose a heavy burden on society, economy and
patients’ families. In recent years, novel gastric cancer treatments featuring tumor
immunotherapy have provided new treatment strategies to improve the above-
mentioned defects and increase the cure rate of patients [3, 4]. The natural killer cell
(NK) is a key cell in the body’s innate immune response. It is composed of a unique
group of innate lymphocytes that can participate in both the innate and adaptive
immune responses and has the intrinsic ability to recognize and eliminate virally
infected and tumor cells [5-9]. NK cells play a key role in anti-cancer immunity due
to their cytotoxic mechanisms and immune response modulating ability. 20 years
ago, NK cells showed good safety and efficacy in the treatment of patients with
advanced leukemia [10-13]. Studies suggest that NK cell content and phenotype are
significantly altered in patients with a variety of malignant hematological tumors
(AML, MDS) and metastatic solid tumors (gastric cancer, lung cancer). This
evidence suggests that NK cells have important research value in the management of
a wide range of tumors. In recent years, with the paradigm shift and technological
advances in chimeric antigen receptor (CAR) engineered passaged T cell therapy,
there is confidence in NK cells as a new tool for immunotherapy. Strategies to
develop NK cell-based therapies focus on enhancing the potency and persistence of
NK cells through co-stimulation of signaling, checkpoint inhibition, and cytokine
armor, and aim to specifically redirect NK cells to tumors through CAR expression
or using splice molecules. Notably, clinical studies have shown that the proportion
of NK cells in the peripheral blood of patients with stage III and IV gastric cancer

is significantly lower (P < 0.05). In the clinical setting, the promising results of

the first generation of NK cell therapies, which showed encouraging efficacy and a
remarkable safety profile, have inspired great enthusiasm for continued innovation
[14-19]. In this paper, we review the biological properties and functions of NK cells
in gastric cancer patients and their interrelationship with gastric cancer therapy, as
well as the latest research progress in gastric cancer immunotherapy, to provide a
reference for clinical research.

2. Tumor biological characteristics of gastric cancer
2.1 Epidemiological characteristics of gastric cancer

Gastric cancer is one of the most common tumors of the digestive tract and one
of the more common cancers in terms of cancer-related morbidity and mortality
worldwide. According to the latest statistics gastric cancer is the fourth most common
cancer worldwide and the second most common cause of cancer death [20-22]. The
treatment of gastric cancer is still based on a combination of surgical procedures. For
patients with early-stage gastric cancer, the 5-year overall survival (OS) rate after
treatment is 90%. However, approximately 50% of patients are already progressive
at diagnosis, with approximately 40-60% of those who undergo radical resection
experiencing recurrence. Approximately 30-35% of patients with gastric cancer pres-
ent with distant metastases at diagnosis, yet RO resection is unlikely to be achieved in
those with peritoneal dissemination. Even when resection of metastases is feasible,
patients with metastatic gastric cancer have an extremely high recurrence rate. For
such patients, palliative systemic therapy is the gold standard, and median survival
rarely exceeds 12 months [23-30].
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2.2 Risk factors for gastric cancer

Risk factors for gastric cancer include a number of aspects including geographi-
cal environment, dietary lifestyle, Helicobacter pylori (Hp) infection, precancerous
lesions and genetics [31-34]. There are significant geographical differences in the
development of gastric cancer. Smoking, nitrites, fungal toxins and polycyclic
aromatic hydrocarbon compounds are the main carcinogens in terms of dietary
life. H. pylori infection is a biological causative factor in the development of gastric
cancer. Gastric polyps, chronic atrophic gastritis and residual stomach after partial
gastrectomy are lesions that may be associated with varying degrees of chronic
inflammatory processes, intestinal epithelial metaplasia or atypical hyperplasia
of the gastric mucosa, with the potential for transformation into cancer. Genetic
and molecular biology studies have shown that the incidence of gastric cancer is
four times higher in blood relatives of gastric cancer patients than in controls. The
carcinogenesis of gastric cancer is a multifactorial, multi-step and multi-stage
development process involving changes in oncogenes, oncogenes, apoptosis-related
genes and metastasis-related genes, and the forms of genetic changes are also

varied [35-37].
2.3 Tumor microenvironment

The tumor microenvironment (TME) is the internal and external environment in
which tumourigenesis, growth and metastasis are associated with tumor cells. It con-
tains cancer cells, stromal cells and macrophages, a large number of immune cells and
cells secreting factors that are recruited from a distance. Through their autocrine
and paracrine actions, they alter and maintain the conditions for their own survival
and development, and promote tumor growth and development. Systemic and local
tissues can also limit and influence tumor development and progression through
metabolic, secretory, immune, structural and functional alterations [38-41]. In recent
years, the tumor immune microenvironment has played a key role in the development
of gastric cancer. The immune system recognizes cancer cells and inhibits tumor
development and metastasis.. However, tumor cells evade immune attack and induce
immunosuppressive TME through two main pathways. Firstly, cancer cells hide the
expression of surface antigens to avoid recognition by cytotoxic T cells. Secondly,
immune tolerance to TME is induced by the secretion of immunosuppressive mol-
ecules such as interleukin-10 and VEGF [42-44].

2.4 Importance of the immune system in gastric cancer

The development, progression and prognosis of gastric cancer are strongly related
to the function of the immune system. The common immune cell components in
gastric cancer tissues include T cells, B cells, DC cells, NK cells, macrophages M1 and
M2, etc. [45-47]. T lymphocytes are derived from lymphatic stem cells from bone
marrow, which are differentiated and matured in the thymus, and then distributed
to immune organs and tissues throughout the body through lymphatic and blood
circulation to perform cellular immune functions. B cells can differentiate into plasma
cells when stimulated by antigens, which synthesize and secrete antibodies (immu-
noglobulins) and perform humoral immunity. Dendritic cells are the body’s most
powerful and specialized antigen presenting cells (APC), which are highly efficient
in the uptake, processing and presentation of antigens. Natural killer cells are derived
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from bone marrow lymphoid stem cells, which depend on the bone marrow and
thymic microenvironment for their differentiation and development, and are mainly
found in the bone marrow, peripheral blood, liver, spleen, lung and lymph nodes; NK
cells, unlike T and B cells, lymphocytes of tumor cells and virus-infected cells, are a
class of non-specific killer cells that do not require pre-sensitisation. Macrophages are
differentiated from monocytes in the blood after they have penetrated blood vessels.
Infection and chronic inflammation are key factors in the pathogenesis of gastric
cancer, with H. pylori and other pathogens disrupting the M1 macrophage response,
thereby inducing an M2-like activation state, which increases the risk of disease
progression [48-52].

3. Relationship between NK cells and gastric cancer
3.1 Biological properties of NK cells

Natural killer cells are important immune cells in the body, not only in the fight
against tumors, viral infections and immune regulation, but also in the development
of hypersensitivity reactions and autoimmune diseases in some cases, being able to
recognize target cells and kill mediators [53]. In the innate immune system, NK cells
are specialized immune effector cells that are the first line of anti-tumor lymphocytes
and play an important role in tumor immunosurveillance. In previous clinical studies,
it has been shown that low NK cell activity correlates with higher tumor incidence
and high metastasis rates. nK cells are cytotoxic to tumor cells without prior activa-
tion and can modulate various immune responses by secreting immunomodulatory
cytokines and chemokines. The combination of activating and inhibiting signals
regulates the antitumor effects of NK cells [54]. NK cells are mainly differentiated
from CD34+ bone marrow progenitor cells and are mostly present in peripheral blood
accounting for 5-10% of PBMC, while active NK are also present in lymph nodes
and bone marrow but at lower levels than in peripheral blood [55]. NK cells func-
tion differently from T cells and NKT cells due to the lack of expression of TCR and
CD3-related complexes. Based on the expression of surface proteins CD56 and CD16,
NK cells can be divided into two categories: CD56 + CD16- (immunomodulatory,
cytokine production) and CD56-CD16+ (cytotoxic). However, recent advances in
high-throughput sequencing and single-cell proteogenomics have revealed that NK
cells may exhibit greater phenotypic heterogeneity outside of these two subpopula-
tions, leading to the differentiation of distinct cell populations with different cellular
functions [56].

3.2 Functions of NK cells
3.2.1 Cytotoxic functions of NK cells

The killing activity of NK cells is called natural killing activity because it is not
restricted by MHC and does not depend on antibodies. NK cells are rich in cytoplasm
and contain large asplenophilic granules, the amount of which is positively correlated
with the killing activity of NK cells, which appear early after the action of NK cells
on target cells, with killing effects seen in vitro at 1 hour and in vivo at 4 hours [57].
NK cells are highly cytotoxic and trigger an effective response by releasing cytolytic
particles and cytotoxic cytokines after forming an immune synapse with a target.
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The main mediators of killing are perforin, NK cytotoxic factor and TNF. In addi-
tion, they can recognize antibody-coated cellular yRIIIA (CD16) receptors via Fc and
trigger antibody-dependent cytotoxicity (ADCC) and cytokine production. Killer cell
immunoglobulin-like receptors (KIR) and natural killer group 2A (NKG2A) are two
major inhibitory receptors that recognize HLA molecules [58, 59].

3.2.2 Immunomodulatory functions of NK cells

NK cells can synthesize and secrete a variety of cytokines to directly kill target
cells and are also able to influence the function of B cells, T cells, dendritic cells,
macrophages and neutrophils through the production of chemokines. These proper-
ties pave the way for it to play a key role in immunotherapy [60].

3.2.3 Memory function of NK cells

Natural killer cells play an important anti-tumor and anti-viral role in vivo, and
recent studies have revealed that NK cells have acquired immune cell characteristics
and are capable of forming immune memories. NK cell development, differentia-
tion, homeostatic maintenance and memory formation are therefore essential for the
implementation of NK cell function [61]. Early studies reported a similar memory
response of NK cells in mouse models of cytomegalovirus infection, a behavior not
normally associated with innate immune cells. In these studies, when stimulated with
a combination of IL-12 and IL-18, mouse NK cells acquired a functional phenotype
characterized by increased IFN production y. Interestingly, after a resting phase, these
cells were able to reactivate with the involvement of cytokine stimulation or activa-
tion receptors and exhibited enhanced IFNy-like responses resembling the memory-
like properties of adaptive immune cells. Later, Todd Fehniger’s group hypothesized
that human NK cells should similarly have memory-like properties. Consistent
with this hypothesis, their studies showed that human NK cells pre-activated with
IL-12, IL-15 and IL-18 and then rested for 1-3 weeks were able to generate a strong
response driven by enhanced IFNy produced after subsequent exposure to cytokines
or K562 leukemia cells. Since then, additional research groups have described similar
memory-like functions in various immune settings, including the observation of such
responses in humans [62, 63].

3.3 Rationale of NK cell anti-tumor

NK cells may have a more important role in immune surveillance and killing of
mutated tumor cells than T cells. Patients with certain diseases, such as Chediak-
Higashi or X-linked lymphoproliferative syndrome, are particularly susceptible to
malignant lymphoproliferative diseases due to a deficiency in NK function [64].
The essence of tumor immunotherapy is to enhance the surveillance and clearance
of tumor cells by the patient’s immune system through various means [65]. T cells
and natural killer (NK) cells are the two most important effector cells that recog-
nize and destroy tumor cells. Precise recognition of both positive signals provided
by tumor antigens and negative signals provided by immune checkpoints can be
used to determine tumor-specific T-cell activation. Similarly, NK cell activation is
dependent on the integration of activating and inhibiting signals. Thus, disrupting
the balance by blocking negative and enhancing positive signals from T and NK
cells may be beneficial for cancer patients [66]. To date, many therapies have been
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reported for blocking T and NK cell inhibitory receptors, such as the checkpoint
molecules CTLA-4 or PD-1/PD-L1. However, some evidence suggests that these
strategies provide benefit to only a limited number of patients with tumors and
that most patients continue to experience disease progression. To date, strategies
to enhance the anti-tumor function of T cells and NK cells have yielded encourag-
ing results. As the understanding of neoantigens presented by MHC molecules
expands, research and clinical implementation of neoantigen-based therapies,
including peripatetic T-cell therapies and cancer vaccines, are full of potential for
clinical application [67]. The synergistic action of many NK cell surface receptors
determines the NK cell state. Tumor cells can be made “invisible” to NK cells by
up-regulating inhibitory signals or/and down-regulating activation signals on NK
cells, and NK cell function can even be altered by altering the affinity of KIR-MHC
interactions through different peptide libraries provided by MHC molecules.
Interfering with activating and inhibiting signals has been used in a variety of
therapeutic techniques to enhance NK cell function. However, changes in the
affinity of the KIR-peptide/MHC complex interactions may occur due to different
components of the peptides provided by MHC molecules in tumor cells and may
require more research [68].

3.4 Application of NK cells in the treatment of gastric cancer

In gastric cancer patients, NK cells usually exhibit a dysfunctional phenotype
characterized by an altered gene expression profile and reduced cytotoxic function,
which reduces the feasibility of autologous NK cell therapeutic applications. In addi-
tion, the reduced number of autologous NK cells is a major cause of tumor progres-
sion. Current NK cell therapy relies on allogeneic sources, namely peripheral blood
mononuclear cells, umbilical cord blood, immortalized cell lines, hematopoietic stem
and progenitor cells (HSPC) and induced pluripotent stem cells (iPSC). All sources
can provide clinically meaningful doses of cells suitable for CAR recipient engineer-
ing and have transitioned to human studies. However, they have unique advantages
and challenges, and may have different potential transcriptional, phenotypic, and
functional properties [69].

3.4.1 NK-92 cells

NK-92, the first NK cell-based immunotherapy to receive U.S. Food and Drug
Administration (FDA) clinical trial approval, is a homogenous immortalized NK
lymphoma cell line that can be expanded ex vivo to achieve large cell numbers. It was
found that NK-92 cells can kill tumor cell lines and primary tumor cells cultured in
vitro, and in addition they are not susceptible to immunosuppression, making them
promising for tumor cell therapy. However, its oncogenic risk and lack of ADCC-
mediated cell killing ability have limited its application [70].

3.4.2 NK cells after in vitro diffeventiation of CD34+ progenitor cells

Dolstra et al. showed in their trial that transfer of HSPC-NK cells into elderly
patients with acute myelogenous leukemia (AML) resulted in better outcomes.
However, the safety and efficacy of its application in other tumors needs further
validation. Future work will also need to address whether HSPC-NK cells can be
effectively designed to achieve enhanced tumor specificity [71].
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3.4.3 NK cells after diffeventiation of iPSCs

Induced pluripotent stem cells (iPSCs) have played an important role in disease
modeling, drug discovery and cell therapy, and have contributed to the develop-
ment of the disciplines of cell biology and regenerative medicine. Currently, iPSCs
technology has become an important tool in the study of pathological mechanisms,
new drugs are being developed using iPSCs technology, and the number of clinical
trials using iPSCs-derived cells is growing. iPSCs are an attractive source of NK cells
because of their clonal growth and high expansion capacity, as well as their ability to
differentiate in vitro, allowing the manufacture of a large number of homogeneous
NK cell products. A potential drawback is that iPSC-derived NK cells typically
express low levels of endogenous CD16, although this can be mitigated by genetic
engineering. Another possible concern is that iPSCs may have a DNA methylation
profile consistent with their somatic cellular tissue origin. This “epigenetic memory”
may affect the development of specific cell lineages that differ from the donor cells
and should be considered when using iPSC platforms. Nevertheless, a growing num-
ber of genetically engineered iPSC-NK cell candidates are emerging from preclinical
studies, some of which have already transitioned to clinical trials [72].

3.4.4 NK cells from peripheral blood or from umbilical cord blood

Primary NK cells can be collected from peripheral blood (PB-NK cells) or from
umbilical cord blood (CB-NK cells.) CB-NK cells can be readily available frozen
through blood banks, whereas PB-NK cells require single harvest and donor-specific
collection from healthy donors. in 2005, in work led by Dario Campana, PB-NK cells
served as the first successful CAR construct platform for somatic introduction into NK
cells, and today, PB-NK cells provide the basis for a variety of current products [73].

4, Conclusion

Immunotherapy is a novel and effective therapeutic strategy that has emerged as
a new hope for many patients with gastric cancer. Although NK cell-based immuno-
therapy is considered to be a safe off-the-shelf antitumor therapy, important issues
remain resolved and still a large proportion of gastric cancer patients do not benefit
from immunotherapeutic agents. With the development of immunotherapy, it will
be important to study the abnormal alterations in the biological phenotype and
transcriptomic profile of NK cells, the NK cell subsets and their interrelationship
with the prognosis of gastric cancer patients, and to elucidate the key parameters
that determine the potency and persistence of NK cells. In addition, to maximize the
lifespan and expand the efficacy of NK cells, multiple therapeutic strategies need to
be combined [74]. Finally, to ensure NK cell quality, methods for NK cell proliferation
and preservation need to be optimized. We believe that great breakthroughs will be
achieved in the future in the study of NK cells for immunotherapy of gastric cancer.
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Appendices and nomenclature

NK cells natural killer cells

AML acute myeloid leukemia

MDS myelodysplastic syndromes

CAR chimeric antigen receptor

(0N overall survival

EBV Epstein-Barr virus

MSI microsatellite instability

MMR mismatch repair

TME tumor microenvironment

Tregs regulatory T cells

MDSCs myeloid-derived suppressor cells
CTLA-4 cytotoxic T lymphocyte-associated protein 4

50



Advances in Natural Killer Cells and Immunotherapy for Gastric Cancer
DOI: http://dx.doi.org/10.5772/intechopen.109695

PD-1 programmed death protein 1

PD-L1 programmed cell death ligand-1

TIM-3 T cell immunoglobulin and mucin-containing structural domain 3
ADCC antibody-dependent cytotoxicity

KIR Killer cell immunoglobulin-like receptors

NKG2A natural killer group 2A

ITIM immunoreceptor tyrosine-based inhibitory motifs

HSPC hematopoietic stem and progenitor cells

FDA Food and Drug Administration
PB-NK cells peripheral blood NK cells
CB-NKcells  umbilical cord blood NK cells
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The Role of NK Cells in Recurrent
Miscarriage (Abortion)

Vida Homayouni, Fariba Dehghan and Roya Sherkat

Abstract

Recurrent miscarriage is an early pregnancy complication that affects about 1-3%
of couples. There are specific characteristics of natural killer (NK) cells associated with
miscarriage. In patients with recurrent miscarriage, a lack of inhibition of decidua natu-
ral killer cells can be observed, which leads to a more activated state and presentation
of NK cell dim that is characterized by higher levels of pro-inflammatory cytokines and
cytotoxicity effect. In peripheral blood, a dysfunctional cytokine production by natural
killer cells has been also reported, with an increase of interferon-y levels and a decrease
of interleukin-4. Accordingly, there are different population of NK cells such as dim and
bright. The lack of balance between these populations can lead to miscarriage. Using
flow cytometry, we can detect these populations and propose the treatment too.

Keywords: abortion, NK cell dim, NK cell bright, recurrent miscarriage, KIR

1. Introduction

Recurrent miscarriage (RM) is an early pregnancy failure that affects about
1-3% of couples who wish to have children [1]. This common complex problem of
early pregnancy can be caused etiologically by genetic, anatomical, hormonal, and
infectious factors or none etiologic. One underlying cause of unexplained recurrent
abortions (RA) may be a maternal immunological factor that causes to interfere with
the maternofetal tolerance [2, 3]. Natural killer (NK) cells are important immune
cells that participate in innate and adaptive immunity and have roles in recurrent
abortion. They include the majority of immune cells present in the maternal-fetal
interface. Obviously, uterus and fetus represent immunologically privileged sites and
usually, maternal immune system does not attack non-self, paternal inherited, or fetal
antigens. The challenge was observed between innate and adaptive immune cells that
mediate immune protection at the maternal-fetal interface in immune-privileged
sites of the pregnant uterus [4]. Normal fetal growth requires an adequate supply of
maternal nutrients and oxygen to the placenta, which is achieved by trophoblast inva-
sion and spiral artery remodeling [5]. NK cells secrete some cytokines and chemo-
kines, such as vasoactive growth factor, placenta growth factor, insulin-like growth
factor-binding protein 1 (IGFBP-1), and VEGF to promote this happening [5]. NK
cell in peripheral blood and uterus of women with RM have different populations and
higher percentage compared with healthy individuals. Indeed, the different expres-
sions of receptors modulate the cytolytic or immunoregulatory condition [6].
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2. The receptors of NK cells in abortion

Several factors such as NK cell receptors, cytokines, and hormones, for example,
progesterone are involved in successful pregnancy [7]. A successful implantation
requires an accurate balance between activation and inhibition of NK cells that are
mediated by some receptors including inhibitory and activatory roles. Moreover, a
number of receptors are identified as diagnostic markers.

NK cells are lymphocytes that are defined as CD3 — CD56+ population. Peripheral
NK (pNK) cells are phenotypically and functionally different from uterine NK (uNK)
cells and < 10% of pNK cells are similar to uNK cells. Depending on the intensity of
the CD56+ neural cell adhesion molecule, they are classically divided into CD56bright
(high intensity, composed of cooperative and tolerogenic cells) and CD56dim (low
intensity, more cytotoxic against tumors or virus-infected cells) NK cells.

A subset of the CD56dim NK cell expresses a high level of CD16 (FcyRIII) asa
receptor involved in antibody-dependent cell cytotoxicity (ADCC). These are defined
by its cytotoxicity function. In contrast, CD56bright NK cells are lack of CD16 and
characterized by the production of immune-regulatory cytokines. These are highly
proliferative activities. Furthermore, 90% of pNK cells are CD56dim and CD16+,
whereas 80% of uNK cells are CD56bright and CD16 negative [8]. CD16 is defined as
a unique receptor that functions independently without the help of other receptors
of NK cells and acts after the adaptive immune response. The different expressions of
receptors modulate the cytolytic or immunoregulatory condition [9]. Some researchers
showed a higher percentage of the subpopulation CD56bright NK cells in women who
had live births compared with women who miscarried [1]. Furthermore, some studies
revealed there are new subpopulations of CD56bright that play a central role in tropho-
blast interaction. Measuring the ability of NK cytotoxicity or detection of activation
markers such as CD69 or CD107a can be identified as predictive value in miscarriage.

In addition, NK activity depends on the activating and inhibitory receptors that
are retrieved from several germline-encoded, mainly derived from three families:
C-type lectin-like receptors, immunoglobulin (Ig)-like transcripts, and killer cell
Ig-like receptors (KIRs). KIRs are classified according to their structure and function.
Each KIR molecule consists of two or three extracellular Ig domains (2D and 3D mol-
ecules). KIRs are a set of variable gene polymorphisms (each individual inherits 4-20
genes from each parent) that code for inhibitory or activating receptors expressed
in a variegated manner on subsets of NK cells and some T cells. Inhibitory and some
activating KIR bind to HLA class I molecules, while other activating KIR binds to
pathogen components within HLA class I molecules.

3. NK cell and trophoblast

Tolerating the allogeneic fetus by the maternal immune system is essential to a
successful pregnancy. In the fetal-maternal interface, the maternal uterine tissue is
in direct relation with the fetal-derived trophoblast cells and decidual natural killer
(dNK) cells or uterine natural killer (uNK) cells mediate primarily the immune
tolerance microenvironment. Uterine natural killer (uNK) cells are a category of NK
cells that are located in the uterus and comprise the largest leukocyte population in
the endometrium throughout early pregnancy [10]. The maternal tissue contacts
with trophoblast cells through paternal antigens [11]. Trophoblast invasion and spiral
artery remodeling are responsible for delivering maternal nutrients and oxygen to the
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Figure 1.

Difference activation between healthy pregnancy and recurvent miscarriage. The population of NK cells have
certain receptors that lead to different function. According to these receptors successful pregnancy or abortion have
been happened.

placenta. A major cause of related disorders of pregnancy such as recurrent miscar-
riage, preeclampsia, and fetal growth restriction is related to diminish trophoblast
invasion and vascular reconstruction and it leads to defective placentation [6]. Several
studies have revealed that upon interaction with the trophoblast, the activating recep-
tors in dNK cells promote trophoblast invasion and endothelial cell angiogenesis. NK
cell secretes cytokines and chemokines such as vasoactive growth factor, placenta
growth factor, insulin-like growth factor-binding protein 1 (IGFBP-1), and VEGF.
Accordingly, some cytokines such as IL-8, VEGF, SDF-1, and IP-10 and IL-10 promote
tolerance microenvironment (Figure 1) [7, 12].

4. NK cells are defined as double-edged sword

Peripheral blood NK (pbNK) cells besides playing a substantial role against viral
infections and have a tolerogenic role in pregnancy. Unlike most somatic cells that
express classical major histocompatibility complex class I (MHC-I) molecules such
as HLA-A or HLA-B, trophoblast expresses only some unique HLA class I molecules,
including non-classical HLA-E and HLA-G and the only polymorphic class I, for
example, HLA-C [13, 14]. Inhibitory dNK cell receptors, such as killer immunoglob-
ulin-like receptors (KIR), interact with specific MHC-I molecules, limiting dNK cell
cytotoxicity and helping to maintain the balance of immune tolerance. However,
when the intercellular cell-to-cell communication is disrupted at the maternal-fetal
interface, insufficient maturation of dNK cells results in decreased immune tolerance
and cytotoxic up-regulation (Figure 2).

There are numerous mechanisms to influence NK cell immunity by targeting their
ligand-receptor, signaling pathways, chemokines, and cytokine secretion in viruses
that affect NK cell activation and recruitment. NK cells in turn respond as follows:

1.Recognizing “the missing self” that viruses avoid T-cell responses by downregu-
lating MHC class I.
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Figure 2.
Immune response behaves as double-edge sword: During pregnancy, the growth of the fetuses and protection from
pathogen should be balanced.

2.Recognizing host- and pathogen-derived ligands, by activation of receptors such
as NKG2C, NCRs, and NKG2D.

3. Antibody-dependent cytotoxicity by FcyRIII (CD16).
4.Responding to some cytokines such as IL-12, IL-15, and IL-18.

The response to infection in pregnancy was influenced by KIR and HLA variants
and depending on these variants dNK cells may eliminate cells infected with pathogens.
Some studies revealed that pregnant women with KIR2DS1+ dNK cells activated by
ligating with fetal HLA-C2 have a lower chance to exposure pre-eclampsia and increas-
ing the development of placenta. KIR2DL4 is a kind of variant to interact with HLA-G
and may have a tolerogenic function. HLA-G can also help infected and cancerous cells
escape immune control. Although higher HLA-G levels might modulate the immune
response and prevent fetal failure, they can also lead to congenital infections [9].

HLA-E is another molecule that is expressed by trophoblast, maternal leukocytes,
and stromal cells, where it interacts with activating CD94/NKG2C and inhibitory
CD94/NKG2A, expressed by pbNK and dNK cells. While NKG2C may suppress
dNK functions, NKG2A may also promote dNK-cell functions by enhancing NK-cell
cytotoxicity [15].

Natural cytotoxicity receptors (NCR) on NK cells include NKp46, NKp30, and NKp44,
which regulate host NK cell cytotoxicity and cytokine secretion, as well as pathogen-
derived ligands such as hemagglutinin neuraminidases, viral hemagglutinins, and other
pathogen components. NKp46, as an NCRs, activates NK cells, while splice variants
NKp44 and NKp30 either activate or inhibit. Meanwhile, dNK cells express inhibitory
isoforms, and pbNKs express activating isoforms. The switch from activation to inhibition
of NKp44 and NKp30 is associated with reduced cytotoxicity and is mediated by exposure
of pbNK cells to cytokines present in the decidual environment, such as IL-15, IL-18, and
TGF-p. The importance of NKp46 was found in the peripheral blood of women with a his-
tory of RM and determined with a decreased percentage of NKp46CD56 bright cells [6].

NKG2D is an activating receptor expressed in the majority of ppbNK cells and dNK
cells too. It binds ligands induced in stressed cells and therefore alerting immune cells’
function. While these ligands are not found on trophoblast, they can be induced on
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uterine stromal cells and/or produced by trophoblast in soluble forms to interact with
both dNK cells and pbNK cells.

T-cell immunoglobulin domain and mucin domain-containing molecule-3 (Tim-3)
is a newly defined regulatory factor that can modulate the balance of Th1 cells/Th2
cells and expresses in some dNK cells, and Tim-3+ dNK+ cells displayed decreased
cytotoxicity due to producing less perforin [15, 16].

In the non-pregnant endometrium, uterine NK cells (uNK) are largely inactive but
have the ability to differentiate and switch to cytotoxic behavior and perform immune
defense against intrauterine infection by pathogens [13, 17]. Yan Whua reported the
expression of some inhibitory receptors, including KIR2DL4, NKG2A, and KIR2DL1,
was significantly lower in women with RM [18, 19]. A high percentage of CD56 + NK
cells that expressed KIR specific for HLA-C was observed in healthy women and a
decline of this receptor in RM women [14].

5. The cytotoxicity of pNK and uNK cells

The evaluation of uNK cytotoxicity is difficult, rare, and technically challenging.
According to a study done by Trundley and Moffett, 2004, we declared that uNK does
not possess the same cytotoxic function ability as pNK. In support of this statement,
dNK is unable to make activating cytotoxicity signals that trigger perforin release
when interacting with classical cancerous target cell lines, such as K562 [20].

The lysis of K562 leukemic cells can be measured after co-incubation with uNK
at effector: target (E: T) ratios ranging from 5:1 to 40:1. Percentage of target cell lysis
was determined by either a chromium release assay or flow cytometry assay by CFSE
method. Indeed, results in uNK cell cytotoxicity case-control studies performed with
uNK isolated from first-trimester decidua showed greater target cell lysis in women
with RM compared to controls [15]. However, they suggested that there is more pNK
in the endometrium of RM patients than in the endometrium of controls. pNK has
more ability to kill K562 cancer cells so the accumulation of pNK in the endometrium
of RM patients leads to an improvement in the ability of the total number of NK cells
to kill K562 cells. In addition, uNK may be more activated in RM patients and thus
have increased cytotoxicity function to kill K562 cancer cells, although it cannot result
in the same effect also observed in trophoblastic cells.

6. The cytokine expression of pNK and uNK cell

Since uNK derived from women with RM secrete more type 1 cytokine (e.g.,

IFN-¥ and TNF-a) compared with type 2 cytokine (e.g., IL-4 and IL-10, TGF-p), the
direction of uNK involvement in RM may not be so clear. Moreover, uNK cells are also
an important source of angiogenic growth factors, vascular endothelial growth factor
(VEGF)-A, VEGF-C, placental growth factor, keratinocyte growth factor, fibroblast
growth factor, and platelet-derived growth factor-BB [21].

Although the studies have clinical heterogeneity and differences in the secretory activ-
ity of uNK cells, Ledee et al. (2004, 2005, 2008) using a combination of detection assays
demonstrated that impairment of vascular remodeling may be caused by either insuf-
ficient or excessive NK cell recruitment to the endometrium in addition to dysregulated
cytokine signaling. Furthermore, flow cytometry was used as a more objective and robust
way which measures the specific antigens CD45 (leucocyte antigen), CD3 (T-cell antigen),
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CD56, and CD16 to overcome this source of heterogeneity and perform subgroup analysis.
Furthermore, the use of a standardized gating strategy would help to overcome het-
erogeneity between different studies [22]. Li Zhu et al. have reported a high proportion
of circulating activated T lymphocytes, high cytotoxic NK cells, and low population of
circulating IL-10 CD56bright NK cells and low IL-4, IL-10, and TGF-f in RM patients [12].
As we mentioned before, some studies revealed there are new subpopulations
of CD56bright that play a central role in trophoblast interaction. In humans, dNK1
may engage with trophoblast through KIR. A subset of NKG2C+ dNK1 may provide
benefits in secondary pregnancy through immunological development, while dNK2
and dNK3 cells may interact with other cell types in the decidua through the produc-
tion of other factors such as XCL-1, which can attract both DCs and trophoblast.
It is clear that uNK undergoes complex interactions with other cells in the immune
milieu of the placental bed along with differentiation to subpopulation. For instance,
CD56 + CD94-CD117 + CD127+ type 3 ILC produces IL-22 and IL-8, whereas
CD56 + CD94+ ILC-1 may contribute to IFN-¥ production [23]. This new population
of immune cells that are present in the decidua (ILCs) is considered to contribute to
producing cytokines pool that interferes in pregnancy. Therefore, more consideration
needs to be given to the interaction between uNK and trophoblast cells.

7. Immunotherapy for women with abnormal uNK cell numbers

There are several treatment protocols proposed in literature serving as tools for the
management of patients diagnosed with RM that targets the immunological background
of these diseases. Proposed treatment options for uNK-related RIF and RM include:
Glucocorticoids, Intralipid therapy, Immunoglobulin therapy [15].

7.1 Glucocorticoids

Glucocorticoids could act as anti-inflammatory and immunosuppressant actions.
Glucocorticoids have been used to treat women with reproductive failure and high
numbers of uNK cells that express the glucocorticoid receptor. This treatment can
conduct in the reduction of uNK cell numbers and lead to live birth. They can cause
hormonal changes in the fetus. uNK cell-mediated cytotoxicity is sensitive to exog-
enous glucocorticoids.

7.2 Intralipid therapy

Intralipid is a fat emulsion containing soybean oil, glycerin, and egg phospho-
lipids. Intralipid is used for parenteral nutrition in patients who cannot take food by
mouth. The ability of intralipid to suppress the activity of NK cells has been shown
in various in vitro studies. Animal and human studies illustrate that intravenous
intralipid can increase the rate of continued pregnancy by improving implantation in
patients with high levels of NK cells. Intralipid may be used as a new effective treat-
ment option for women with RSA and high levels of NK cells [24].

7.3 Immunoglobulin therapy

Intravenous immunoglobulin (IVIg) which is human IgG prepared from pooled
plasma administered during pregnancy is used for the treatment of RM. Several
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theories have been proposed for its action, including the dampening of NK cell
number and activity and modification of cytokine production. IVIg therapy in RSA
women increases the expression of inhibitory receptor CD94 on NK cells and serum
cytokine and shifts the immune system toward Th2 [25]. The underlying mechanism
might be associated with the neutralization of autoantibodies, inhibition of natural
killer cells, attenuation of cytotoxicity, and increase of regulatory T lymphocytes [26].

7.4 Active immunotherapy (AI) with allogeneic paternal lymphocytes

It appears a feasible treatment option for recurrent abortion (RA). Intradermal
immunotherapy with 30-100 million lymphocytes in one to two applications has
proven to be effective, associated with low risk, and cost-effective for the treatment
of RA. Positive HLA antibody test after Al in RA predicts a successful pregnancy with
a probability of 89% making this test suitable as a predictive test [3]. However, the
overall response has been followed by severe allergic reactions and painful [27].

8. Conclusion

In this chapter, we reviewed the association between NK cell activity and RM ina
number of studies. For instance, a large systematic review published in 2011 was con-
ducted to detect the relationship between NK cell activity and RM. This study showed that
the prognostic value of the percentage or activity of peripheral NK cells in patients with
idiopathic RSA is still uncertain, and larger studies were recommended. However, a meta-
analysis published in 2014 outlined the relationship between peripheral NK cells and RSA
by pooling the data from four different studies and found a significant difference in the
activity of peripheral NK cells between women with RSA and those in the control group.

Future research should endeavor to reveal single-cell RNA sequencing in first-
trimester pregnancies to evaluate pathological pregnancies and immunogenetic
screening can be introduced in clinical procedures. Also, the other new population of
immune cells that are present in the decidua such as ILCs considered to contribute to
the presence of cytokines pool that interfere in pregnancy.

Acknowledgements
We are grateful to the Inmunodeficiency Diseases Research Center, and all of
those with whom we have had the pleasure to work during this project.

Conflict of interest

We have no conflict of interests to disclose.

Appendices and nomenclature

IDRC Immunodeficiency Disease Research Center
NK natural killer cell

65



Natural Killer Cells - Lessons and Challenges

RM recurrent miscarriage

KIR killer immune receptors

RIF recurrent implantation failure
ART assisted reproductive technology
Author details

Vida Homayouni*, Fariba Dehghan and Roya Sherkat
Immunodeficiency Diseases Research Center, Isfahan University of Medical Sciences,
Isfahan, Iran

*Address all correspondence to: vidahoma2015@gmail.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

66



The Role of NK Cells in Recurrent Miscarriage (Abortion)

DOI: http://dx.doi.org/10.5772/intechopen.109572

References

[1] Von Woon E, Greer O, Shah N, et al.
Number and function of uterine natural
killer cells in recurrent miscarriage and
implantation failure: A systematic review
and meta-analysis. Human Reproduction
Update. 2022;28:548-582

[2] Shmeleva EV, Colucci F. Maternal
natural killer cells at the intersection
between reproduction and mucosal
immunity. Mucosal Immunology.
2021;14:991-1005

[3] Wegener S, Schnurstein K, Hansch S,
et al. Immunotherapy with paternal
lymphocytes for recurrent miscarriages
and unsuccessful in vitro fertilization
treatment. Transfusion Medicine and
Hemotherapy. 2006;33:501-507

[4] Colucci F. The immunological
code of pregnancy. Science.
2019;365:862-863

[5] Hao F, Zhou X, Jin L. Natural killer
cells: Functional differences in recurrent
spontaneous abortion. Biology of
Reproduction. 2020;102:524-531

[6] Guerrero B, Hassouneh F,

Delgado E, et al. Natural killer cells in
recurrent miscarriage: An overview.
Journal of Reproductive Immunology.
2020;142:103209. DOI: 10.1016/j.
jri.2020.103209

[7]1 Zhang X, Wei H. Role of Decidual
natural killer cells in human

pregnancy and related pregnancy
complications. Frontiers in Immunology.
2021;12:728291. DOI: 10.3389/
FIMMU.2021.728291/FULL

[8] Tang AW, Alfirevic Z,

Quenby S. Natural killer cells and
pregnancy outcomes in women with
recurrent miscarriage and infertility: A

67

systematic review. Human Reproduction.
2011;26:1971-1980

[9] De Sanctis JB, GarmendiaJV,
Hajdich M. Overview of memory NK
cells in viral infections: Possible role
in SARS-CoV-2 infection. Frontiers in
Immunology. 2022;2:52-67

[10] Kalkunte S, Chichester CO, Gotsch F,
et al. Evolution of non-cytotoxic uterine
natural killer cells. American Journal

of Reproductive Immunology.
2008;59:425-432

[11]1 XuL, LiY, Sang, etal. Crosstalk
between trophoblasts and Decidual
immune cells: The cornerstone of
maternal-fetal Immunotolerance.
Frontiers in Immunology.
2021;12:642392. DOI: 10.3389/
fimmu.2021.642392

[12] Zhu L, Aly M, Kuon R], et al. Patients
with idiopathic recurrent miscarriage
have abnormally high TGFf3+ blood

NK, NKT and T cells in the presence of
abnormally low TGFf plasma levels.
BMC Immunology. 2019;20:10.

DOI: 10.1186/512865-019-0290-3

[13] Tower C, Walker JJ, Mulder A, et al.
Maternal activating KIRs protect against
human reproductive failure mediated
by fetal HLA-C2. The Journal of Clinical
Investigation. 2010;121:455-455

[14] Faridi RM, Agrawal S. Killer
immunoglobulin-like receptors (KIRs)
and HLA-C allorecognition patterns
implicative of dominant activation of
natural killer cells contribute to recurrent
miscarriages. Human Reproduction.
2011;26:491-497

[15] Sfakianoudis K, Rapani A,
Grigoriadis S, et al. The role of uterine



Natural Killer Cells - Lessons and Challenges

natural killer cells on recurrent
miscarriage and recurrent implantation
failure: From pathophysiology to
treatment. Biomedicine. 2021;9:1425.
DOI: 10.3390/biomedicines9101425

[16] Kim J, Phan MTT, Kweon SH, et al.

A flow cytometry-based whole blood
natural killer cell cytotoxicity assay using
overnight cytokine activation. Frontiers
in Immunology. 2020;11:1851.

DOI: 10.3389/FIMMU.2020.01851/FULL

[17] Chazara O, Moffett A. Association
of maternal KIR and fetal HLA-C genes
with the risk of preeclampsia in the
Chinese Han population. Placenta.
2015;36:967

[18] Hua YW, Lin A, Guo CB, etal.
Possible roles of KIR2DL4 expression
on uNK cells in human pregnancy.

American Journal of Reproductive
Immunology. 2007;57:233-242

[19] Guo W, Fang L, Li B, et al. Decreased
human leukocyte antigen-G expression
by miR-133a contributes to impairment
of proinvasion and proangiogenesis
functions of decidual NK cells. Frontiers
in Immunology. 2017;8:741. DOLI:
10.3389/FIMMU.2017.00741/FULL

[20] Manaster I, Mizrahi S, et al.
Endometrial NK cells are special
immature cells that await pregnancy.
American Association for Immnology.
2008;181:1869-1876. DOI: 10.4049/
jimmunol.181.3.1869

[21] Liu ], Dong P, Jia N, et al. The
expression of intracellular cytokines

of decidual natural killer cells in
unexplained recurrent pregnancy loss.
Journal of Maternal-Fetal and Neonatal
Medicine. 2022;35:3209-3215

[22] Huhn O, Ivarsson MA, Gardner L,
et al. Distinctive phenotypes and
functions of innate lymphoid cells in

68

human decidua during early pregnancy.
Nature Communications. 2020;11:14123.
DOI: 10.1038/s41467-019-14123-z

[23] Toth B, Vomstein K, Togawa R,

etal. The impact of previous live births
on peripheral and uterine natural

killer cells in patients with recurrent
miscarriage. Reproductive Biology and
Endocrinology. 2019;17:72. DOI: 10.1186/
$12958-019-0514-7

[24] Dakhly DMR, Bayoumi YA,
Sharkawy M, et al. Intralipid
supplementation in women with
recurrent spontaneous abortion and
elevated levels of natural killer cells.

International Journal of Gynecology &
Obstetrics. 2016;135:324-327

[25] Yamada H, Takeda M, Maezawa Y,
etal. A high dose intravenous
immunoglobulin therapy for women
with four or more recurrent spontaneous
abortions. ISRN Obstetrics and
Gynecology. 2012;2012:87-90

[26] Wang S-W, Zhong S-Y, Lou

L-J, et al. The effect of intravenous
immunoglobulin passive immunotherapy
on unexplained recurrent spontaneous
abortion: A meta-analysis. Reproductive
Biomedicine Online. 2016;33:720-736.
DOI: 10.1016/j.rbmo.2016.08.025

[27] Stricker RB, Steinleitner A,

Winger EE. Intravenous immunoglobulin
(IVIG) therapy for immunologic
abortion. Clinical and Applied
Immunology Reviews. 2002;2:187-199



Section 4

Natural Killer Cells
and Ionizing Radiation







Chapter 5

Immunomodulation of NK Cells
under Ionizing Radiation

Chang-Sheng Shao, Xin Yu, Leisheng Zhang, Ya-Hui Wu
and Qing Huang

Abstract

Natural killer (NK) cells are the effector lymphocytes of the innate immune
system and control many types of tumors and microbial infections. Ionizing radiation
(IR) has a pronounced effect on NK cells. However, the role of NK cells in radiother-
apy remains elusive. In this chapter, we summarized the direct and indirect effects of
ionizing radiation on NK cells. Low doses of ionizing radiation can enhance the toxic
effects of NK cells. In contrast, high doses of ionizing radiation will lead to functional
impairment of NK cells. In addition, under ionizing radiation, NK cells are also
modulated by other immune cells. Overall, combining NK cell therapy and radiation
therapy can improve the efficacy of oncology treatment.

Keywords: natural killer cells, ionizing radiation, radiotherapy, immunotherapy,
immunomodulation

1. Introduction

Living on Earth, human beings have always been exposed to natural radiation
effects from the universe and the subsurface, which naturally trigger radiobiologi-
cal phenomena. Since the publication of the first research paper on radiation by the
German experimental physicist Roentgen in 1895, research on the processes and
biological effects of ionizing radiation has attracted increasing research attention
[1]. Ionizing radiation is often used to treat tumors due to its effect on killing tumor
cells and is one of the top three current cancer treatments [2]. Ionizing radiation has
direct effects on DNA, subcellular organelles, and protein macromolecules in cells,
and also has indirect effects on cells by oxidative stress, such as re-damaging DNA by
free radicals and damage to the electron respiratory chain [3]. In recent decades, there
has been a growing awareness of the interactions between ionizing radiation and the
immune system. For a long time, high doses of ionizing radiation were considered to
be a net immunosuppression, mainly due to the sensitivity of the lymphatic system to
radiation. However, in recent years, studies have increasingly shown that irradiation
of local tumors can modulate the immunogenicity of tumor cells and the anti-tumor
immune response at the topical and systemic levels of the tumor microenvironment,
and in particular, low-dose ionizing radiation can stimulate the cytotoxicity of T and
NK cells [4]. Natural killer (NK) cells, which are innate lymphocytes, are important
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effectors of tumor immune surveillance and play an important role in regulating
adaptive immune responses [5]. Ionizing radiation has a significant effect on altering
NK cell biology. In addition, we briefly described the importance of ionizing radiation
research and summarized its direct and indirect effects on NK cells and the advan-
tages of radiotherapy in combination with immunotherapy.

2. Definition and classification of ionizing radiation

Since Roentgen won the first Nobel Prize in Physics in 1901 for the discovery of
X-rays, there has been an exponential increase in the understanding and study of
radiation [6, 7]. The discovery of radiation has even driven progress in physics and
other scientific fields since the twentieth century. It has had a huge impact on the
advancement of science and technology and has become a model research tool and
instrument. Radiation is defined in physics as the emission or propagation of energy
in the form of particles or waves through space or a medium [8]. Radiation is essen-
tially energy and takes different forms.

Electromagnetic radiation has wave-particle duality, and its nature is an electro-
magnetic wave. Maxwell used a system of equations to derive electromagnetic waves
and predicted that light is an electromagnetic wave [9]. Electromagnetic radiation is
distinguished according to frequency or wavelength [10]. All electromagnetic radia-
tion has the same speed, and if the wavelength is shorter and the frequency is higher,
the energy is greater, and the energy possessed to pass through the matter is greater.
Among them, gamma rays are more energetic than X-rays, which are composed
of photons outside the nucleus, while X-rays are composed of photons inside the
nucleus.

Particle radiation, also known as particle beams, is the process by which particles
that make up matter and move at high speeds, or nucleus made up of elementary
particles, transfer energy to other matter by losing their own kinetic energy. Common
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Figure 1.
Commonly used ionizing radiation modalities in clinical practice.
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particles are helium nucleus (alpha particles), beta particles, neutrons, protons, heavy
ions, etc.

But whether it is particles (a, B, neutrons, protons, charged heavy ions, etc.)
or electromagnetic waves (y-rays, X-rays, etc.), they are ionizing radiation if their
energy is sufficient for ionization to occur [11]. As shown in Figure 1, the main means
of ionizing radiation currently used in clinical practice to treat tumors include photon
rays (X-rays, y-rays) and particle radiation (protons, carbon 12 heavy ions, etc.).

3. Biological effects induced by ionizing radiation

Ionizing radiation can cause direct DNA damage to cells and subcellular organelles
(mitochondria, etc.), commonly referred to as target effects.

The direct effects of ionizing radiation on DNA include (1) altering the chemical
nature of nucleotides, (2) disrupting the sugar-phosphate backbone, and (3) break-
ing the hydrogen bonds between bases. Among them, altering the chemical nature of
nucleotides is the factor that leads to their mutation [12]. In comparison disruption
of the DNA backbone and disruption of hydrogen bonds between bases are physical
damages that alter the chemical structure of the DNA molecule [13].

The ionizing radiation-induced DNA damage response is a continuous multilevel
response network. The DNA damage signaling process under ionizing radiation is
complex. Likewise, it is regulated by a combination of DNA damage signal sensor,
apical kinase, damage signal mediator, and downstream kinase [14]. The radiation
effects of these early processes further produce beneficial biological effects such as
inhibition of cell cycle progression, activation of DNA repair, and maintenance of
genomic stability to rescue cells. In contrast, in some cell types or when damage is
beyond repair, the reverse effect is initiated, which not only initiates permanent cell
cycle arrest (cellular senescence) but also eliminates unrepairable cells by way of
programmed cell death [15].

Ionizing radiation also affects DNA indirectly, as mentioned before, ionizing
radiation acting on water molecules produces hydrogen (H+) and hydroxyl (OH-)
ions. These are called free radicals, as shown in Figure 2. Since free radicals are highly
reactive, they can easily bind to other ions within the cell. For example, hydroxyl
ions (OH-) can react with hydrogen atoms within DNA molecules to form hydrogen
peroxide (H,0,), which can continue to cause DNA damage, and free radicals can
accumulate to cause ongoing damage [16]. Free radical damage is associated with
diseases such as aging, cancer, and Alzheimer’ disease. Studies have shown that about
65% of cell death caused by ionizing radiation is generated by DNA breakage damage
caused by hydroxyl radicals (-OH) [17, 18].

In addition, ionizing radiation can produce bystander effects on cells. As early as
1954, a study reported that plasma from patients treated with local radiation-induced
chromosomal aberrations in lymphocytes from patients not treated with radiation,
which is one of the most classic cases of bystander effects [19]. In general, paracrine
effects are those in which irradiated cells (by alpha particles, X-rays or gamma rays,
heavy ions, etc.) can release a certain number of signaling molecules. These signaling
molecules are transferred through media or gap junctions, consequently, cytotoxicity
or genotoxicity can be observed in non-irradiated cells [20-22].

The mechanism of the paracrine effect may be a signaling pathway, such as the
irradiated cell releasing an “attack” signal that is transmitted to distant cells and
attacks neighboring cells or diffusion through cellular gap-junction intercellular
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Figure 2.
Direct and indirect effects of ionizing radiation on the cells [13].

communication (Gap-junction) or through certain media. The generation release,
and propagation of these signals, such as free radicals and reactive oxygen species
generated by ionizing radiation, play a vital role in bystander effects [23, 24]. In
addition, some signal transduction pathways may be associated with side effects
caused by ionizing radiation, such as MAPK pathway, NO signaling pathway, inter-
leukins (IL-1, IL-8), etc. [25].

Ionizing radiation leads to many forms of cellular processes and effects. These
include but are not limited to apoptosis, necrosis, necroptosis, autophagy, and
autophagic death. In addition, ionizing radiation can likewise have biological effects
on immune cells.

4. The effects of ionizing radiation on NK cells

Ionizing radiation induces immune death of tumor cells, leading to the
release of tumor antigens and damage-associated molecular patterns (DAMPs),
which in turn stimulate and activate antigen-presenting cells (e.g., dendritic
cells and T cells). The above processes can lead to the proliferation of cytotoxic
T cells (CTLs), which then migrate into the tumor and initiate an anti-tumor
immune response. In addition, ionizing radiation also affects tumor-associated
macrophages (TAMs). Ionizing radiation induces macrophage infiltration and
differentiation in tumors. Moreover, ionizing radiation promotes the activation
of pro-inflammatory macrophages (M2) and enhances their immunostimulatory
and tumoricidal activities (Figure 3). A growing number of studies now show that
ionizing radiation may modulate the function of other innate immune cells, such
as myeloid-derived suppressor cells, NK cells, tumor-associated neutrophils, and
other cell types [26].

74



Immunomodulation of NK Cells under Ioniging Radiation
DOI: http://dx.doi.org/10.5772/intechopen.109363

A TUMOR ./ LYMPHNODE
f‘ \?0 — ) _.
}asinophnl \J S Tee
b\\lh =

\

v

Monocyte
MDSC @

bl : \ /
N / \_ BLOOD STREAM

Figure 3.
Schematic diagram of the pathway of the effect of ioniging radiation on immune cells [26].

NK cells play a key role in anti-tumor immunity [27, 28]. NK cells are phenotypi-
cally determined by the expression of CD56 and the absence of CD3 and can be clas-
sically divided into two populations: CD56bright CD16dim population and CD56dim
CD16bright population. Irradiation can directly affect the function of NK cells.

The effect of ionizing irradiation on the function of NK cells was significant. In
vitro studies have shown that X-ray irradiation from 5 to 15 Gy doses can temporarily
increase the activity of NK cells [29, 30]. The cytotoxic activity of human peripheral
blood NK cells was reported to be enhanced at an irradiation dose of 1 Gy, reaching
amaximum at 6 Gy. In addition, low-dose gamma irradiation at less than 0.2 Gy
induced NK cell expansion and enhanced NK cell cytotoxicity [31]. Low-dose ioniz-
ing radiation significantly increased the expression of IFN-y and TNF-a in NK cells in
a p38MAPK-dependent manner [32]. Ionizing irradiation can also affect NK cell func-
tion by modulating the interaction between tumor cells and NK cells. For example,
ionizing irradiation can upregulate the expression of natural-killer group 2, member
D (NKG2D) ligand, and HSP70 in tumor cells, which may increase the sensitivity of
tumor cells to NK cell-mediated cytolytic attack [33, 34].

It is still controversial that high and low doses of ionizing radiation have differ-
ent effects on NK cell function. Rana et al. found that exposure of peripheral blood
mononuclear cells to different doses of gamma radiation increased the sensitivity of
human NK cell activity (binding and killing). Peripheral blood mononuclear cells
were irradiated with low (2-6 Gy) and high (10-30 Gy) doses, and NK cell binding
and cytotoxic activity against K562 target cells were studied after 3 and 48 hours
of incubation. An overall decrease in cytotoxic activity was observed, but ionizing
radiation produced a selected subpopulation of more cytotoxic NK cells and thus
may be considered more resistant to radiation damage than the less cytotoxic NK cells
[35]. Vokurkova et al. identified the secondary CD8+ subpopulation of NK cells as a
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radiosensitive lymphocyte population whose disappearance was directly correlated
with the dose received. Thus, CD3—/CD8+ NK cell subpopulations can be used as
low-dose bioassay markers [36, 37].

4.1 Low-dose ionizing radiation can enhance NK cell activity

Although high doses of ionizing radiation are generally harmful and damaging to
organisms, low doses of radiation have been shown to be beneficial in various animal
models. Mice exposed to low doses of radiation, both very low and low doses, exhib-
ited normal ranges of body weight and whole blood cell counts. However, increased
levels of cytokine release in serum and exhibited inhibition of pro-inflammatory
responses [38]. Shin et al. showed that irradiation of mice with low doses (0.1 Gy) of
X-rays significantly stimulated NK cell-mediated tumor cell lysis [39].

Since NK cells are early responders to exogenous stress, NK cells may reveal rapid
subtle changes in function after exposure to low doses of ionizing radiation. Sonn et al.
demonstrated that low doses (dose rate of 4.2 mGy/h, total dose of 0.2 Gy) of ionizing
radiation promoted anti-tumor toxicity in NK cells but did not affect cell proliferation
or apoptosis [31]. Then what would be the effect on NK cells if they were irradiated
at a much lower dose? Lacoste et al. further irradiated 560 mice using a very low
dose (10 cGy/year) and found that ultra-low dose irradiation did not impair immune
system damage by examining mouse lifespan and immune response effects [40].

However, because the mechanism by which low-dose ionizing radiation enhances
NK killing is unclear, a great deal of exploration and research has been conducted.
Yoon et al. found that low-dose ionizing radiation not only increased the expression
of chemokines in tumor cells, but more importantly, increased the expression of
CXCL16 (ligand of CXCR6) in NK cells. The above findings suggest that low-dose
ionizing radiation enhances the migration of NK cells to tumor sites and achieves
effective tumor treatment [41]. In addition, low-dose irradiation has been reported to
increase NKG2D ligand expression and enhance NK toxicity [42]. Several studies have
claimed that low-dose ionizing radiation may induce direct expansion and activation
of NK cells via the P38-MAPK pathway, providing a potential mechanism for low-
dose radiation stimulation of NK cells and a novel but simplified stimulation method
for NK cell pericyte therapy [32]. Ionizing radiation also triggers the release of a
second mitochondria-derived caspase activator (Smac) that competes with X-linked
inhibitory apoptosis proteins to enhance NK cell-mediated apoptosis of tumor cells
[43]. Currently, in response to heat shock proteins that increase apoptotic resistance
of tumor cells, some studies have found that the combination of quercetin and low-
dose irradiation can be used to decrease the expression of heat shock protein HSP70,
increase the expression of NKG2D, and improve the killing ability of NK cells [44].

4.2 High-dose radiation impairs NK cell immunity

Many treatments directly and adversely affect NK cell function, but observations
obtained through in vitro systems may differ from those obtained using clinical
samples. Radiotherapy affects NK cell antitumor immunity from multiple perspec-
tives, and the interactions are complex [45]. Radiotherapy produces non-targeted
effects on normal tissues such as bone marrow. Thus, alteration of the microenviron-
ment by ionizing radiation is thought to affect the dynamic host-cancer ecosystem,
thus influencing cancer behavior including metastasis. Shin et al. demonstrated that
high doses of irradiation in mice result in progressive depletion of total leukocytes
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and platelets at a later stage, with the highest number of NK cells in lung tissue.

Thus high doses of radiation can cause hematotoxicity and lung metastasis [46]. p53
tumor suppressor gene has been shown to be associated with programmed cell death,
apoptosis in immature thymocytes of mice after ionizing radiation treatment, as
reported by Seki et al. High-dose ionizing radiation also induces apoptotic cell death
in peripheral mature lymphocytes [47].

In addition, it has also been reported that ionizing radiation may produce adverse
reactions and promote tumor metastasis. Heo et al. found that ionizing radiation
induces the expression of matrix metalloproteinases (MMPs), which play an impor-
tant role in the invasion and metastasis of cancer cells. While MMPs have been shown
to increase the shedding of NKG2DLs, which may decrease the surface expression of
NKG2DLs on cancer cells. Therefore, cancer cells may evade NK-mediated anticancer
immunity due to ionizing radiation intervention [48].

5. Combination of ionizing radiation and immunotherapy for anti-tumor

Radioresistance is a major challenge in the treatment of NK/T-cell lymphoma.

Wau et al. found that miR-150 was significantly reduced in NK/T-cell lymphoma
tissues and cell lines by analyzing a large number of clinical samples. Low miR-150
expression was positively correlated with treatment resistance, and overexpression
of miR-150 inhibited the PI3K/AKT/mTOR pathway, thereby significantly enhancing
the sensitivity of NK/T-cell lymphoma cells to ionizing radiation therapy [49].

Rational combination therapeutic strategies have been shown to be beneficial
in the management of cancer. Regulatory T (T reg) cells are densely distributed in
solid tumors, which may promote progression by suppressing anti-tumor immune
responses. Bos et al. found that short-term ablation of T reg cells in advanced sponta-
neous tumors leads to extensive apoptotic tumor cell death. This anti-tumor activity
was dependent on IFN-y and CD4+ T cells, but not on NK or CD8+ T cells. Transient
regulatory T cell ablation blocks oncogene-driven breast cancer and provides overall
survival by increasing tumor killing in combination with ionizing radiation [50].
Jeong et al. showed that ionizing irradiation enhanced the adhesion between NK cells
and target cells by upregulating intercellular adhesion molecule-1 (ICAM-1) on target
cells. Ionizing irradiation upregulated ICAM-1 expression on the surface of human
cancer cells and enhanced activated NK cell-mediated cytotoxicity. Thus, this also
provides a basis for the possibility that ionizing irradiation combined with NK cell
therapy may enhance the antitumor effects of NK cells [51].

In addition, ionizing radiation can be combined with mild heat therapy for anti-
tumor enhancement of NK cell immune response. Recent studies have shown that the
application of local thermotherapy in combination with standard oncologic therapies
such as radiotherapy and/or chemotherapy may not only improve local tumor control
but also lead to systemic and immune-mediated anti-tumor responses. Werthmoller
etal. reported that a local irradiation and heating procedure was established in a
mouse model of melanoma and found that tumors treated with ionizing irradiation
and heat therapy had significantly delayed tumor growth compared to tumors treated
with radiotherapy alone. This combined treatment produced a beneficial tumor
microenvironment by enhancing infiltration of CD11c+/MHCII+/CD86+ dendritic
cells, CD8+ T cells, and NK cells, and reduced regulatory T cells and myeloid-derived
suppressor cells [52]. Thus, ionizing radiation combined with heat therapy has the
potential to lead to immunostimulation of anti-tumor immunity.
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6. Conclusion

As a complement to antitumor T-cell immunity, NK cells are independent of
antigen presentation and can kill tumors directly in a major histocompatibility com-
plex (MHC)-independent manner. A large number of engineered modified NK cell
therapies are now proposed, with particular emphasis on anti-tumor immunotherapy.
This chapter focuses on the functional changes in NK cells caused by different doses
of ionizing radiation are essential. Low doses of ionizing radiation can enhance the
toxic effects of NK cells. On the contrary, high doses of ionizing radiation will lead to
functional impairment of NK cells. In addition, the combined application of radio-
therapy and immunotherapy in clinical treatment is also highly promising.

However, the involved mechanisms are still largely unexplored. With the elu-
cidation of the molecular basis of NK cells activated by proper ionizing radiation,
radiation therapy may be better applied with the facilitation of the modulation of the
immune system.

Funding

This work was supported by the National Natural Science Foundation of China
(Grant No. 11635013, 82260031), the project Youth Fund supported by Shandong
Provincial Natural Science Foundation (ZR2020QC097), Science and technology
projects of Guizhou Province (QKH-J-ZK[2021]-107), Natural Science Foundation
of Jiangxi Province (20224BAB206077, 20212BAB216073), Key Project funded by
Department of Science and Technology of Shangrao City (2020AB002, 2022AB003),
the Non-profit Central Research Institute Fund of Chinese Academy of Medical
Sciences (2019PT320005), and the 2021 Central-Guided Local Science and
Technology Development Fund (ZYYDDFFZZZ]-1).

Conflict of interest

The authors declare no conflict of interest.

78



Immunomodulation of NK Cells under Ioniging Radiation
DOI: http://dx.doi.org/10.5772/intechopen.109363

Author details
Chang-Sheng Shao', Xin Yu*?, Leisheng Zhang>**, Ya-Hui Wu>? and Qing Huang™

1 CAS High Magnetic Field Laboratory, Hefei Institutes of Physical Science, Chinese
Academy of Sciences, Hefei, China

2 CAS Key Laboratory of High Magnetic Field and Ion Beam Physical Biology,
Institute of Intelligent Machines, Hefei Institutes of Physical Science, Chinese

Academy of Sciences, Hefei, China

3 Science Island Branch of Graduate School, University of Science and Technology of
China, Hefei, China

4 Key Laboratory of Molecular Diagnostics and Precision Medicine for Surgical
Oncology in Gansu Province & NHC Key Laboratory of Diagnosis and Therapy of
Gastrointestinal Tumor, Gansu Provincial Hospital, China

*Address all correspondence to: leisheng_zhang@163.com and huangq@ipp.ac.cn

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

79



Natural Killer Cells - Lessons and Challenges

References

[1] Behling R. X-ray sources: 125 years
of developments of this intriguing
technology. Physica Medica.
2020;79:162-187

[2] Deng L, Liang H, Fu S,

Weichselbaum RR, Fu Y-X. From DNA
damage to nucleic acid sensing: A strategy
to enhance radiation therapy. Clinical
Cancer Research. 2016;22(1):20-25

(3] Trachootham D, Alexandre J, Huang P.
Targeting cancer cells by ROS-mediated
mechanisms: A radical therapeutic
approach? Nature Reviews. Drug
Discovery. 2009;8(7):579-591

[4] Frey B, Riickert M, Deloch L,

Rithle PF, Derer A, Fietkau R, et al.
Immunomodulation by ionizing
radiation—impact for design of radio-
immunotherapies and for treatment of

inflammatory diseases. Immunological
Reviews. 2017;280(1):231-248

[5] Artis D, Spits H. The biology
of innate lymphoid cells. Nature.
2015;517(7534):293-301

[6] Nordlund K, Zinkle SJ, Sand AE,
Granberg F, Averback RS, Stoller RE,
etal. Primary radiation damage: A
review of current understanding and
models. Journal of Nuclear Materials.
2018;512:450-479

[7] Wessels BW, Buchsbaum DJ.
Dosimetry of radiolabeled antibodies.
In: Smith AR, editor. Radiation Therapy
Physics. Berlin, Heidelberg: Springer
Berlin Heidelberg; 1995. pp. 365-384

[8] Jackson SP, Bartek J. The DNA-damage
response in human biology and disease.
Nature. 2009;461(7267):1071-1078

[9] Sengupta DL, Sarkar TK. Maxwell,
Hertz, the Maxwellians, and the early

80

history of electromagnetic waves. In: IEEE
Antennas and Propagation Magazine.

Vol. 45, No. 2; Apr 2003. pp. 13-19. DOI:
10.1109/MAP.2003.1203114

[10] Shao C-S, Zhou X-H, Miao Y-H,
Wang P, Zhang Q-Q, Huang Q. In situ
observation of mitochondrial biogenesis

as the early event of apoptosis. iScience.
2021;24(9):103038

[11] Yusof N, Hilmy N. Radiation biology
of tissue radiosterilization. 2014:263-287

[12] Lei G, Zhang Y, Koppula P,

Liu X, Zhang J, Lin SH, et al. The role of
ferroptosis in ionizing radiation-induced
cell death and tumor suppression. Cell
Research. 2020;30(2):146-162

[13] Elgazzar AH, Kazem N. Biological
effects of ionizing radiation.
2014:715-726

[14] Vaddavalli PL, Schumacher B. The
P53 network: Cellular and systemic DNA
damage responses in cancer and aging.
Trends in Genetics. 2022;38(6):598-612

[15] Khanna KK, Jackson SP. DNA double-
strand breaks: Signaling, repair and the
cancer connection. Nature Genetics.
2001;27(3):247-254

[16] Guleria R. Harmful effects of
ionizing radiation. International
Journal for Research in Applied
Science and Engineering Technology.
2019;7(12):887-889

[17] Dizdaroglu M, Jaruga P. Mechanisms
of free radical-induced damage

to DNA. Free Radical Research.
2012;46(4):382-419

[18] Cadet J, Delatour T, Douki T,
Gasparutto D, Pouget J-P, Ravanat J-L,



Immunomodulation of NK Cells under Ioniging Radiation

DOI: http://dx.doi.org/10.5772/intechopen.109363

et al. Hydroxyl radicals and DNA

base damage. Mutation Research,
Fundamental and Molecular Mechanisms
of Mutagenesis. 1999;424(1-2):9-21

[19] Mothersill C, Seymour C. Radiation-
induced bystander effects: Past history
and future directions. Radiation
Research. 2001;155(6):759-767

[20] Heeran AB, Berrigan HP, O’SullivanJ.
The radiation-induced bystander effect
(RIBE) and its connections with the

hallmarks of cancer. Radiation Research.
2019;192(6):668-679

[21] Silva PFL, Ogrodnik M,
Kucheryavenko O, Glibert J, Miwa S,
Cameron K, et al. The bystander effect
contributes to the accumulation of
senescent cells in vivo. Aging Cell.
2019;18(1):€12848

[22] Seymour C, Mothersill C. Cell
communication and the “bystander
effect”. Radiation Research.

1999;151(4):505

[23] Morgan WEF, Sowa MB. Non-
targeted bystander effects induced by
ionizing radiation. Mutation Research,
Fundamental and Molecular Mechanisms
of Mutagenesis. 2007;616(1-2):159-164

[24] Prise KM, O’Sullivan JM. Radiation-
induced bystander signalling in cancer
therapy. Nature Reviews. Cancer.
2009;9(5):351-360

[25] Daguenet E, Louati S, Wozny A-S,
Vial N, Gras M, Guy J-B, et al. Radiation-
induced bystander and abscopal effects:
Important lessons from preclinical
models. British Journal of Cancer.
2020;123(3):339-348

[26] Wu Q, Allouch A, Martins I,
Brenner C, Modjtahedi N, Deutsch E,
et al. Modulating both tumor cell death
and innate immunity is essential

for improving radiation therapy

81

effectiveness. Frontiers in Inmunology.
2017;8:613

[27] Smyth M]J, Cretney E, Kelly JM,
Westwood JA, Street SEA,
Yagita H, et al. Activation of NK cell

cytotoxicity. Molecular Immunology.
2005;42(4):501-510

[28] Myers JA, Miller JS. Exploring the NK
cell platform for cancer immunotherapy.
Nature Reviews. Clinical Oncology.
2021;18(2):85-100

[29] Uchida A, Mizutani Y, Nagamuta M,
Ikenaga M. Effects of X-ray irradiation
on natural killer (NK) cell system.

L. Elevation of sensitivity of tumor

cells and lytic function of NK

cells. Immunopharmacology and
Immunotoxicology. 1989;11(2-3):507-519

[30] Sakamoto N, Ishikawa T, Kokura S,
Okayama T, Oka K, Ideno M, et al. Phase
I clinical trial of autologous NK cell
therapy using novel expansion method in
patients with advanced digestive cancer.
Journal of Translational Medicine.
2015;13(1):277

[31] Sonn CH, Choi JR, Kim T-J, Yu Y-B,
Kim K, Shin SC, et al. Augmentation of
natural cytotoxicity by chronic low-dose
ionizing radiation in murine natural
killer cells primed by IL-2. Journal of
Radiation Research. 2012;53(6):823-829

[32] Yang G, Kong Q, Wang G,

Jin H, Zhou L, Yu D, et al. Low-dose
ionizing radiation induces direct
activation of natural killer cells and
provides a novel approach for adoptive
cellular immunotherapy. Cancer
Biotherapy & Radiopharmaceuticals.
2014;29(10):428-434

[33] Gehrmann M, Marienhagen J,
Eichholtz-Wirth H, Fritz E,

Ellwart J, Jadtteld M, et al. Dual function
of membrane-bound heat shock



Natural Killer Cells - Lessons and Challenges

protein 70 (Hsp70), Bag-4, and
Hsp40: Protection against radiation-
induced effects and target structure
for natural killer cells. Cell Death and
Differentiation. 2005;12(1):38-51

[34] Kim J-Y, Son Y-O, Park S-W, Bae
J-H, ChungJS, Kim HH, et al. Increase
of NKG2D ligands and sensitivity to NK
cell-mediated cytotoxicity of tumor cells
by heat shock and ionizing radiation.
Experimental & Molecular Medicine.
2006;38(5):474-484

[35] Rana R, Vitale M, Mazzotti G,
Manzoli L, Papa S. Radiosensitivity
of human natural killer cells: Binding
and cytotoxic activities of natural
killer cell subsets. Radiation Research.

1990;124(1):96

[36] Vokurkova D, Sinkora J, Vavrova J,
Rezid¢ova M, Knizek J, Ostereicher J.
CD8+ natural killer cells have a potential
of a sensitive and reliable biodosimetric
marker in vitro. Physiological Research.
2006;55(6):689-698

[37] Vokurkova D, Vavrovd ],

Sinkora J, Stoklasova A, Bliha V,
Rez4¢ova M. Radiosensitivity of CD3—
CD8+CD56+ NK cells. Radiation
Measurements. 2010;45(9):1020-1023

[38] Janiak MK, Wargocka JW, Cheda A,
Nowosielska EM, Lisiak E, Bilski M.
Modulation of anti-tumour functions of
NK cells and macrophages after single
low-level exposures of mice to X-rays.

International Journal of Low Radiation.
2006;3(2/3):178

[39] Shin SC, Lee K-M, Kang YM, Kim K,
Kim CS, Yang KH, et al. Alteration of
cytokine profiles in mice exposed to
chronic low-dose ionizing radiation.
Biochemical and Biophysical Research
Communications. 2010;397(4):644-649

[40] Lacoste-Collin L, Jozan S,
Cances-Lauwers V, Pipy B, Gasset G,

82

Caratero C, et al. Effect of continuous
irradiation with a very low dose of
gamma rays on life span and the
immune system in SJL mice prone to
B-cell lymphoma. Radiation Research.
2007;168(6):725-732

[41] Yoon MS, Pham CT, Phan M-TT,
Shin D-J, Jang Y-Y, Park M-H, et al.
Irradiation of breast cancer cells
enhances CXCL16 ligand expression and
induces the migration of natural killer
cells expressing the CXCR6 receptor.
Cytotherapy. 2016;18(12):1532-1542

[42] Amin PJ, Shankar BS. Sulforaphane
induces ROS mediated induction of
NKG2D ligands in human cancer cell
lines and enhances susceptibility to

NK cell mediated lysis. Life Sciences.
2015;126:19-27

[43] Yang K-L, Wang Y-S, Chang C-C,
Huang S-C, Huang Y-C, Chi M-S,

et al. Reciprocal complementation of
the tumoricidal effects of radiation
and natural killer cells. PLoS One.
2013;8(4):€61797

[44] Bae J-H, Kim J-Y, Kim M-,
Chang S-H, Park Y-S, Son C-H, et al.
Quercetin enhances susceptibility to
NK cell-mediated lysis of tumor cells
through induction of NKG2D ligands
and suppression of HSP70. Journal of
Immunotherapy. 2010;33(4):391-401

[45] Rosental B, Appel MY, Yossef R,
Hadad U, Brusilovsky M, Porgador A.
The effect of chemotherapy/radiotherapy
on cancerous pattern recognition by

NK cells. Current Medicinal Chemistry.
2012;19(12):1780-1791

[46] Shin JW, Son JY, Raghavendran HRB,
Chung WK, Kim HG, Park HJ, etal.
High-dose ionizing radiation-induced
hematotoxicity and metastasis in

mice model. Clinical & Experimental
Metastasis. 2011;28(8):803-810



Immunomodulation of NK Cells under Ioniging Radiation
DOI: http://dx.doi.org/10.5772/intechopen.109363

[47] Seki H, Kanegane H, Iwai K,

Konno A, Ohta K, Yachie A,

et al. Ionizing radiation induces apoptotic
cell death in human TcR-y/8+ T and
natural killer cells without detectable

p53 protein. European Journal of
Immunology. 1994;24(11):2914-2917

(48] Heo W, Lee YS, Son CH, Yang K,
Park YS, Bae J. Radiation-induced matrix
metalloproteinases limit natural killer
cell-mediated anticancer immunity in
NCI-H23 lung cancer cells. Molecular
Medicine Reports. 2015;11(3):1800-1806

[49] Wu S], Chen ], Wu B,

Wang Y], Guo KY. microRNA-150
enhances radiosensitivity by inhibiting
the AKT pathway in NK/T cell
lymphoma. Journal of Experimental &
Clinical Cancer Research. 2018;37(1):18

[50] Bos PD, Plitas G, Rudra D, Lee SY,
Rudensky AY. Transient regulatory T

cell ablation deters oncogene-driven
breast cancer and enhances radiotherapy.

The Journal of Experimental Medicine.
2013;210(11):2435-2466

[51] Jeong J-U, Uong TNT, Chung W-K,
Nam T-K, Ahn S-J, Song J-Y, et al. Effect
of irradiation-induced intercellular
adhesion molecule-1 expression on
natural killer cell-mediated cytotoxicity
toward human cancer cells. Cytotherapy.

2018;20(5):715-727

[52] Werthméller N, Frey B,

Riickert M, Lotter M, Fietkau R,

Gaipl US. Combination of ionising
radiation with hyperthermia increases
the immunogenic potential of B16-F10
melanoma cells in vitro and in vivo.
International Journal of Hyperthermia.
2016;32(1):23-30

83



Edited by Leisheng Zhang

Natural killer (NK) cells are immune cells that can eliminate pathogenic
microorganisms, aging cells, and tumor cells. State-of-the-art renewal has indicated
the feasibility of large-scale preparation of autogenous and allogeneic NK cells from
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stem cells. In the meantime, a range of methodologies has been developed for ex
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