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ARTICLE INFO ABSTRACT

Keywords: Natural killer (NK) cells can induce an antigen-independent immune response against malignant cells. A growing
Natural killer cell number of scientific reports and clinical studies have shown promising anti-tumor effects when using NK cell-
Immunotherapy based immunotherapy. Currently, various approaches are being used to enhance the number and function of NK
Cancer

cells. One approach uses cytokines to selectively boost both the number as well as the efficacy of anti-tumor
functions of NK cells. Another emerging approach focuses on checkpoint inhibitors targeting the NK cell re-
ceptor. Furthermore, bi-specific and tri-specific engagers have been developed to enhance the specific immune
response by cross-linking specific tumor antigens to effector cells. In addition, NK cell adoptive transfer therapies
have shown promising prospects. Among the various sources of adoptive transfer NK cells, allogeneic haploi-
dentical NK cells that have undergone short- or long-term activation or expansion have also demonstrated ef-
fective anti-tumor effects with a low rate of rejection and side effects. CAR-NKs, derived from a new type of
genetic modification, show enhanced NK cell cytotoxicity, specificity, and targeting. These NK cell-based
therapies have exhibited promising results in clinical trials with malignant tumors. In this review, the current
progress on NK cell-based therapeutic approaches, NK cell manufacturing techniques and tumor therapy out-

comes are discussed.

1. Introduction

Natural killer (NK) cells were first characterized in 1975 as a class of
cells that differed from T cells and B cells. NK cells, which have the
inherent ability to kill malignant cells without prior sensitization, play a
major role in the immunosurveillance of malignant cells [1,2]. In ad-
dition, NK cells play an important role in maintaining immune home-
ostasis [3,4]. NK cell development occurs predominantly within the
bone marrow and is divided into five stages. In the first stage, the cell is
referred to as a common lymphoid progenitor (CLP). During this stage,
CLPs are usually indicated by markers such as interleukin-7 receptor
(IL-7Ra; CD127), c-kit (CD117), stem cells antigen-1 (Sca-1), and FMS-
like tyrosine kinase-3 (F1t-3; CD135). During the second stage, the cell
is most commonly referred to as a pre-NK precursor (pre-NKP). How-
ever, a recent study has demonstrated that this stage consists of a group
of heterogeneous cells that includes NK precursors and innate lymphoid
cell precursors. Next, the pre-NKP develops into a NKP, and the cells
begin to express the IL-15 receptor complex (IL-15Rf/y), which is im-
portant for long-term NK cell development and survival. Also during the
third stage, the cell begins to develop the symbolic NK cell marker

CD56, which can be further subdivided into the two subsets CD56""
and CD56%™. CD56" NK cells, also known as immature NK cells,
subsequently play a major role in the production of the cytokine in-
terferon gamma (IFNy), which is involved in immunomodulation. On
the other hand, CD56%™ NK cells, also known as mature NK cells, are
the dominant cells in the peripheral blood and spleen and play a major
role in cytotoxicity [5,6]. Alternatively, NK precursors that access the
secondary lymphoid tissue can also develop into mature NK cells. After
their development, NK cells circulate and become widely distributed
throughout the body [6].

An increasing number of studies have confirmed the presence of a
group of tissue-resident NK cells, such as in the liver and uterus [7-10].
In mice, liver-resident NK cells are characterized by CD49a*DX5 ™~
expression [11], while DX5~ NK cells or CD49a* NK cells reside in the
uterus and the decidua, respectively [12]. However, how these tissue-
resident NK cells develop remains controversial [11,13-17]. Ad-
ditionally, while the tissue-resident NK cells in various tissues have
similar phenotypes and functions, their function in tumor immunology
requires further study.

NK cell activation is tightly regulated to avoid potentially dangerous
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effects on the host. Various receptors are expressed on NK cells, and the
activation of NK cells is dependent on the integration of signals from
activating and inhibitory receptors [3,18,19]. NK cells can directly or
indirectly receive signals from other immune cells and malignant cells
during the immune response. Dendritic cells (DCs) play a role in reg-
ulating NK cell proliferation and function by secreting IL-12, type I IFN,
trans-presenting IL-15 and secretory exosomes [20,21]. M1 polarized
macrophage secrete cytokines such as IL-12, IL-18, IL-1f, IFN-. Upon
TLR stimulation, a subset of unpolarized and M2 macrophage can re-
lease soluble IL-18. These ultimately contribute to NK cell activation
and cytotoxicity [22,23]. Monocytes regulate NK proliferation and
function by secreting the factors IL-2, IL-12, IL-18 and IL-21 [24,25]. In
addition, CD4™" T cells can secrete IL-2, which is vital for NK cell sur-
vival and proliferation. Alternatively, regulatory T (Treg) cells can
suppress NK cell proliferation and activity by secreting transforming
growth factor beta (TGF-f) [26,27]. Various cell-cell interactions also
transmit signals to NK cells [24,25]. Common activating receptors on
NK cells include C-type lectin receptors (CD94/NKG2C, NKG2D,
NKG2E/H and NKG2F), natural cytotoxicity receptors (NKp30, NKp44
and NKp46), killer cell C-type lectin-like receptor (NKp65, NKp80), Fc
receptor FcyR (which mediates antibody-dependent cell cytotoxicity),
SLAM family receptors (2B4, SLAM6 and SLAM?7, which play a key role
in the recognition of hematopoietic cells), killer cell immunoglobulin-
like receptors (KIR) (KIR-2DS and KIR-3DS), DNAM-1 and CD137
(41BB), which is an important costimulatory receptor [18,28-30]. In-
hibitory receptors include KIR-2DL, KIR-3DL and C-type lectin re-
ceptors CD94/NKG2A/B, which recognize HLA class I or class I-like
molecules. Furthermore, both HLA class I and class I-like molecules
play a key role in maintaining the self-tolerance of NK cells [18,29]. A
series of immune checkpoints, including programmed death-1 (PD-1),
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), T cell im-
munoglobulin and mucin domain containing-3 (TIM-3) and T cell im-
munoreceptor with Ig and ITIM domains (TIGIT), transmit inhibitory
signals [18,29,31-33].

Activated NK cells can secrete cytokines and subsequently become
cytotoxic or effector NK cells. As previously reported, human CMV
(HCMV) infection can induce some activated NK cells to differentiate
into long-lived memory cells against HCMV infection [34,35]. The in
vitro incubation of NK cells with combinatorial inflammatory cytokines
can also induce the production of long-term memory-like NK cells that
are not antigen-specific [36].

In contrast to T cells or other adaptive immune cells, NK cells can
rapidly release inflammatory cytokines and function as killer cells
without pre-immunization. NK cells can also acquire immunological
memory under certain conditions, which has previously been con-
sidered a function of adaptive immune cells. When NK cells are used in
adoptive transfer immunotherapy, they are derived from a variety of
sources, such as autologous, allogeneic, and peripheral blood mono-
nuclear cells, stem cells, NK cell lines, and genetically modified NK cells
[5,25,37]. Therefore, immunotherapy targeting NK cells has become
attractive. In this review, we summarize the strategies for tumor im-
mune therapy using NK cells, the manufacture of NK cells and the
clinical outcomes of NK cell-based immunotherapy.

2. Tumor recognition and cytotoxicity of NK cells

Normally, almost all healthy cells express HLA class I molecules,
which pair with inhibitory receptors KIRs or CD94/NKG2A/B on NK
cells, to inhibit the killing of NK cells to themselves. However, tumor
cells undergo surface marker changes. In one hand, certain types of
tumor cells lost the expression of HLA class I molecules. On the other
hand, stress can lead to the upregulation of damage-associated proteins.
Therefore, NK cells recognize tumor cells through two models. In the
first model, the loss of HLA class I molecules on tumor cells results also
in the loss of inhibitory signals delivered through KIRs or CD94/
NKG2A/B, causing the activation of NK cells. This model is called
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“missing-self” recognition [38]. Second, the upregulated damage-asso-
ciated proteins can pair with activating receptors on NK cells, to trigger
the cytotoxicity of NK cells, in a model known as “stress-induced re-
cognition” [39,40]. Several damage-associated proteins have been
found in malignant cells, such as the MHC class I chain-related protein
A/B (MICA/MICB), UL16-binding proteins (ULBPs) paired with NKG2D
[41], and B7-H6 and HLA-B-associated transcript 3 (BAT3) paired with
NKp30. The activating receptor DNAM-1 can recognize CD155 and
CD112. NKp44 can recognize an isoform of a mixed-lineage leukemia
protein [28,29,42]. Additionally, tumor cells express some proteins
which can pair with the inhibitory receptors on NK cells, to transmit the
inhibitory signals to evade the immunosurveillance from NK cells. In-
hibitory receptors PD-1 and TIM-3 in NK cells can bind to the PD-1
ligand and Gal-9 on tumor cells [43-47]. NK cell inhibitory receptor
TIGIT which has higher affinity for CD155 and CD112, can compete
with DNAM-1 to counterbalance the activation signal. CD96 subse-
quently displays an intermediate affinity for CD155, between its affinity
for TIGIT and DNAM-1 [33]. The ligands for the activating receptors
and inhibitory receptors expressed on the tumor cells simultaneously
signal to the NK cells. NK cell activation is subsequently determined by
the results of signal integration.

Activated NK cells can kill tumor cells through direct or indirect
model [48]. Direct cytotoxicity is based on the formation of an im-
munological synapse between the tumor cell and the NK cell. In one
mechanism, activated NK cells release granules, like secretory lyso-
somes that contain perforin and granzymes, toward the target cell.
Perforin induces the perforation of the target cell membrane. Gran-
zymes, which are a family of serine proteases, then induce caspase-
dependent or —independent apoptosis. CD226, CD107a, perforin and
granzymes play key roles in this process [49]. Antibody-dependent cell-
mediated cytotoxicity (ADCC) is also an important class in this model.
In humans, ADCC is usually mediated by IgG. In this model, the Fc
portion and Fab portions of the antibody separately binds to the CD16
receptor on NK cell and the tumor antigen, forming a bridge between
the two. After the cross-linking of CD16, the activated NK cell can kill
the tumor cell through a granule-dependent mechanism [3,18,50].
Another direct killing model involves death receptor-dependent apop-
tosis. This model relies on the Fas ligand (FasL) and tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL), which are ex-
pressed on the NK cells, as well as Fas and TRAIL receptors on the target
cell. This interaction can trigger intracellular caspase activation.
However, this pathway requires more NK-target cell conjugation and
displays slower kinetics than granzyme-mediated pathways [29,42,51].

NK cells can also function via an indirect model as regulatory cells
that modify the innate and adaptive immune response to gain cytotoxic
functions [29]. Activated NK cells can secrete several factors, including
the cytokine IFNy, TNFa, IL-10, chemokine CC-chemokine ligand 3
(CCL3), CCL4, CCL5, granulocyte-macrophage colony-stimulating
factor (GM-CSF) and adenosine [5,18,42,52]. Secretion of IFNy can
promote the activation of macrophages and DCs; induce the differ-
entiation of CD4 ™" T cells into Th1 cells; and induce the differentiation
of CD8* T cell into cytotoxic T lymphocytes (CTL) [29]. Release of
TNFa can subsequently promote B cell proliferation and the differ-
entiation of monocytes and macrophages. Moreover, TNFa can directly
induce tumor cell necrosis. Tumor cell releasers can be presented by
antigen presenting cells, followed by the promotion of the adaptive
immune response [3,29,42]. Secretion of chemokine CCL3/4/5 can
recruit inflammatory cells, including monocytes, macrophages, eosi-
nophils, and T cells, among others, to inflammatory sites [25].

Recent studies have found NK cells can acquire memory or memory-
like properties under some conditions. In the mouse liver, a group of NK
cells identified as NK1.1 *DX5~CD49a™ were found to have a memory
response to several viral antigens [7]. In response to a cytomegalovirus
infection, a group of NK cells with high levels of CD94-NKG2C provided
an enhanced function in response to repeated viral exposure in humans
[53]. Cytokine combinations can induce memory-like NK cells [36]. NK
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Fig. 1. Factors influencing the effect of NK cell immunotherapy. The outcome of NK cell
immunotherapy could be improved from the following aspects, prolonging NK cell per-
sistency by cytokine, or super-agonist; increasing NK cell number by cytokines or adop-
tive cell transfer; augmenting NK cell activation by cytokine, checkpoint inhibitor or
immunomodulatory derivatives (IMiDs), and elevate NK cell tumor targeting by Bi-/Tri-
specific killer engagers and CAR-NK.

cells with memory or memory-like properties can survive for a long
time and have enhanced functions against target cells or re-stimulation,
representing an emerging model for NK cell cytotoxicity.

3. Approaches using NK cell for cancer immunotherapy

Due to the key role that NK cells play in first-line immune response,
as well as their rapid effects and absence of pre-immunization, an in-
creasing number of studies have focused on NK cell-based cancer im-
munotherapy. The primary approaches used for NK cell-based cancer
therapy involve cytokines, antibodies, and the adoptive transfer of ex
vivo NK cells through improving the persistency, activation, numbers or
tumor cell targeting of NK cells (Fig. 1).

3.1. Cytokines

Several cytokines have been confirmed to promote NK cell pro-
liferation and/or boost NK cell function, most commonly through two
means. First, the direct transfer of cytokines in vivo can improve the
autologous NK cell numbers and functions. Second, the in vitro in-
cubation of NK cells with single or combinatorial cytokines is usually a
preliminary step in adoptive transfer for expansion or/and activation.

3.1.1. IL-2

IL-2 is one of the most popular cytokines used for boosting NK cells
as well as the first cytokine approved for use in patients [54]. Initially,
IL-2 was used to produce lymphokine-activated killer (LAK) cells
(Table 1). LAK cells were transferred into patients together with IL-2,
but only a limited clinical outcome was achieved. One explanation for
this result is that IL-2 activates not only NK cells but also almost all T
cells, including Treg cells, which express the high affinity receptor
CD25 that can ultimately compete with NK cells for IL-2. Subsequently,
Treg cells have been reported to suppress many immune cells, including
NK cells. Furthermore, a high dose of IL-2 can cause severe side effects,
including capillary leakage and organ injury due to activation of the
vascular endothelium [25,54,55]. Therefore, several modifications
based on IL-2 have been developed. A mutant form of IL-2 called
“super-2” has an increased affinity to IL-2Rp and can function
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independently of IL-2Ra (CD25). This superkine displayed an enhanced
capacity to promote NK cell proliferation and also reverse the anergic
state of NK cells in vivo. Superkine IL-2 can also promote the expansion
of cytotoxic T cells but not Treg cells, resulting in fewer side effects
when compared with wild type IL-2. Although the functional identifi-
cation of super-2 was only performed in a mouse model, it shows po-
tential in human models too [56]. Fusion proteins that combine IL-2
and NK cell-activating receptor ligands are another promising tool. The
NKG2D ligand orthopoxvirus major histocompatibility complex class I-
like protein (OMCP) has limited exposure in humans and has an equal
or greater affinity than all other known NKG2D ligands. OMCP has
previously been fused to the N-terminus of the mutant form of IL-2,
R38A/F42K, which has a decreased affinity to IL-2Ra. This fusion
protein selectively activates NKG2D-bearing cells and weakens the ac-
tivation of IL-2Ra-bearing cells. Thus, this protein shows an enhanced
capacity to selectively promote the expansion and activation of NK cells
in vivo without expanding and activating Treg cells and also has fewer
side effects [57]. In addition to being a therapeutic cytokine, IL-2 is
used after NK cell adoptive transfer to support the survival and function
of NK cells in vivo [58-63].

3.1.2. IL-15

IL-15 is a special gamma chain cytokine which can function through
cis-presentation or trans-presentation. The IL-15 receptor complex
consists of IL-15Ra/B/y. IL-15 can bind to the trimeric receptor com-
plex expressed by a single cell through the cis-presentation model to
fulfill its function. In response to LPS or Gram-negative bacteria, IL-15
cis-presentation is essential for NK cells activation [64]. IL-15 also can
be trans-present to IL-15Rp/y-expressing cells by IL-15Ra-expressing
cells due to the high affinity of IL-15Ra for IL-15. IL-15 has been re-
ported to play an important role in the development, homeostasis and
cytotoxicity of NK cells [54]. In vivo, IL-15 can be trans-presented to NK
cells through several cell types, including monocytes, macrophages and
DCs [54]. In contrast to IL-2, IL-15 does not promote Treg cell expan-
sion [65]. In a mouse model, IL-15 therapy has been shown to elevate
circulating NK cells and effector memory CD8* T cells by more than
ten-fold without significant capillary leakage. The first clinical study
investigating human single-chain recombinant IL-15 revealed that a
bolus intravenous infusion induced the redistribution and expansion of
circulating NK cells and CD8 effector memory T cells and resulted in a
four- to eight-fold increase in cell numbers; however, intense cytokine
secretion was also detected. The main cause of this side effect was IL-2
and IL-15, which share a common (3 chain and yc chain in their re-
ceptors [66,67]. Thus, several fusion proteins have been developed to
improve the efficiency and half-life of IL-15. The fusion protein
dsNKG2D-IL-15 has an enhanced NK cell-targeting ability and exhibits
an enhanced tumor growth-suppressing capacity against human gastric
cancer [68]. The chimeric protein fusion of IL-15 with IL-15Ra, called
heterodimeric IL-15, shows an improved ability to promote NK cells
and repress tumors [69]. Furthermore, a substitution of asparagine to
aspartic acid at amino acid 72 in IL-15 can significantly prolong the
half-life of the heterodimeric IL-15N72D:IL-15RaSu/Fc, termed super-
agonist ALT-803, to nearly 25 h. In vivo, ALT-803 displays a nearly 25-
fold increase in biological activity compared to the activity of IL-15.
ALT-803 also shows an enhanced capacity to promote NK cell cyto-
toxicity and improve tumor repression in ovarian cancer and myeloid
leukemia. Recently, the super-agonist has entered clinical trials as an
immunomodulatory agent for cancer therapy [70]. Additionally, sev-
eral clinical trials are currently underway to verify the effects of rIL-15
alone or as an adjuvant of NK cell adoptive transfer [71,72]. Thus,
emerging prospects for IL-15 in tumor therapy are anticipated.

3.1.3. IL-12

IL-12 is a heterodimeric proinflammatory cytokine that consists of
the p35 and p40 subunits. IL-12 was initially termed “natural killer cell
stimulatory factor”. IL-12 can stimulate the NK cell production of
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Table 1
Manufacture of immunotherapeutic cellular products.
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Cell type Activating Inducers Culture time Component Expansion fold Ref.
LAK 1L-2 ~7 days CD3*CD56~ ~60%, CD3~CD56* ~20% < 10-fold (CD3~CD56™ group) [183,184]
CIK IFNy, anti-CD3 Ab, IL-2 3-4 weeks Dominant cell CD3*CD8 " TCRa/B*, (~50% Max ~ 6000-fold (CD3*CD56* [183,185]
CD3*CD56%) group)
Feeder-co-NK  Genetic modified cells (K562, EBV-LCL) or ~ 3 weeks ~80% NK cells (initial cells PBMC) Max ~ 40,000-fold (CD3~CD56* [186,187]1
primary cell (PBMC) group)
CI-NK IL-2, OK432, anti-CD16 Ab ~ 3 weeks ~80% NK cells (initial cells PBMC) Max ~ 5700-fold (CD3~CD56* [123]
group)
CIML-NK IL-12, IL-15, IL-18 12-18h Initial component - [36]

LAK, lymphokine-activated killer; CIK, cytokine-induced killer cell; Feeder-co-NK, feeder cell cocultured natural killer; CI-NK, cytokine-induced natural killer; CIML-NK, cytokine-induced

memory-like natural killer.

cytokines, particularly IFN-y, and enhance cytotoxicity by upregulating
granule-associated protein. IL-12 also promotes CD4™ T cell polariza-
tion into Th1 cells and enhances the cytolytic ability of CD8™ T cells
[54,73]. Indeed, initial clinical studies using a high dose of IL-12
showed immunomodulatory effects on NK cells and other lymphocytes;
however, these studies were eventually suspended due to the occur-
rence of toxicity-related death in a phase II trial assessing metastatic
RCC and melanoma. The side effects were later concluded to be largely
due to the repeated dose regimen [54,74-76]. Recent studies have fo-
cused on the optimization of the dosage and modifications of IL-12. A
phase I trial demonstrated that a subcutaneous injection of rhIL-12 at
low-dose had significantly reduced side effects compared with a high-
dose IL-12 treatment. Moreover, rhIL-12 can also alter the number of
NK cells and other lymphocytes [77]. Furthermore, a modified novel
cytokine, NHS-IL12, which consists of two molecules of IL-12 fused to a
tumor necrosis-targeting human IgG1, has a prolonged half-life and
reduced side effects. NHS-IL12 has also been shown to activate splenic
NK and tumor-infiltrating NK cells in a tumor-bearing mouse model
[78].

3.1.4. Other cytokines

Other cytokines, including IL-18 and IL-21, have been shown to
promote NK cell functions in preclinical studies [54,79]. IL-21 has been
confirmed to sustain the survival, promote the maturation, and lead to
the apoptosis of NK cells. In a mouse tumor-bearing model, a high dose
of IL-21 was shown to suppress tumor growth through NK and CD8T
cell-mediated killing. To date, some clinical trials have demonstrated
that rIL-21 only shows a modest response rate in tumor therapy and is
accompanied by certain side effects. However, rIL-21 continues to show
potential in combination other compounds, such as checkpoint in-
hibitor therapy [54]. IL-18 can also sustain the survival of NK cells
through c-apoptosis inhibitor 2 (cIAP2) and TNF receptor-associated
factor 1 (TRAF1) pathways [79,80]. Additionally, recent studies high-
lighted the costimulatory effects of IL-18 through the Fc receptor and
the synergy between common y chain family cytokines for driving CD25
expression and enhancing NK cell functions [81,82]. Due to the toxicity
caused by high-dose or high-frequency cytokine therapy, low-dose cy-
tokine combination therapy has become a research focus. Treatments
with 100 ng IL-12 plus 100 ng IL-18 every other day in a tumor-bearing
mouse model exerted effects that are similar to those following a 20 ug
superkine IL-2 treatment [56]. An increasing number of in vitro studies
have shown that cytokine combination treatment can promote NK cell
proliferation, cytotoxicity and memory, which is better than any single
cytokine treatment [54,81].

3.2. Antibody

There are three types of antibody treatments based on NK cells.
First, ADCC relies on antibody targeting of the tumor-associated an-
tigen. These monoclonal antibodies function partially by activating NK
cell cytotoxicity through interactions with CD16. Second, antibodies

can be used to target NK cell receptors, particularly immune check-
points. These antibodies can block checkpoint proteins and release the
brakes on cells. Third, bi- or tri-specific engagers can both increase and
redirect NK cell cytotoxicity to tumor cells [25,42,52].

3.2.1. ADCC and cytokine combination

Activating receptor CD16a on NK cells provides NK cell recognition
of tumor cells coated with IgG antibody. NK cells and other cells, in-
cluding macrophages, that express CD16 and y8T cells contribute to the
effects of ADCC in vivo [52]. Several tumor-specific antibodies have
been developed, such as anti-CD20 for the treatment of B cell lym-
phoma, anti-Her2 for the treatment of Her2-overexpressing invasive
breast cancer treatment, and anti-CD38 for the treatment of multiple
myeloma (MM) and chronic lymphocytic leukemia (CLL) [55,83,84].
Alternatively, the modification of antibodies, including humanization
and Fc portion modification, enhances their affinity to NK cells. An Fc-
optimized CD133 antibody containing the S239D/I332E substitution
shows an enhanced affinity to NK cells and an enhanced capacity to
promote NK cell degranulation without relevant toxicity to hemato-
poietic progenitors in a human acute myeloid leukemia (AML) xeno-
graft model [85]. BI836858, which is a fully humanized anti-CD33
antibody, shows increased binding to CD16 and decelerated inter-
nalization kinetics compared with the original CD33 antibody [86]. The
effects of monoclonal antibody therapy can be synergistically enhanced
in combinations with other treatments, particularly NK-stimulating
cytokines. Cytokines such as IL-18, IL-2, IL-12, IL-15, and IL-21 have all
been shown to augment NK cell-mediated ADCC [54]. In addition,
immunocytokines, which involve cytokines linked to the Fc portion of
an antibody, are a prominent example. The anti-CD20-IL2 im-
munocytokine has been demonstrated to effectively treat B cell lym-
phoma in vitro [87]. These engineered antibodies potently promote NK
cell cytotoxicity to a greater extent than the original antibody and
therefore could represent the next generation of therapy.

3.2.2. NK cell receptor as checkpoint

NKG2D is a well-studied NK cell-activating receptor. NKG2D is ex-
pressed in NK cells, activated T cells, and macrophages. NKG2D forms a
homodimer and can recognize stress-induced ligands, such as MHC
class I-like molecules. Tumor cells usually express NKG2D ligands, such
as ULBPs, MICA, and MICB in humans and REA-1 and MULT1 in mice
[88]. However, tumor cells can also develop an immune-evasive me-
chanism in which the NKG2D ligand is shed from the cell surface in a
metalloproteinase-dependent manner. NKG2D activation triggers cyto-
kine production and NK cell cytotoxicity. However, resting NK cells
cannot be activated solely in response to NKG2D/NKG2D ligand liga-
tion, often requiring other costimulatory signals. Thus, therapeutic
strategies targeting NKG2D are often combined with other strategies
that were previously mentioned in the section on cytokines and ADCC
[89].

CD137 is a costimulatory factor that is expressed in activated T
cells, NK cells and other lymphocytes. In vitro, CD137 antibody
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treatment can induce IFN-y production and the proliferation of NK cells
[18]. When used alone to treat AML, CD137 causes an opposite effect
with reduced cytotoxicity [90,91]. However, when used as an adjuvant
therapy, promising results have been obtained. Trastuzumab, which is a
humanized antibody against HER2, can induce the expression of CD137
in NK cells. The use of a combination of an agonistic antibody against
CD137 and a HER2 antibody for the treatment of HER2-positive breast
cancer shows enhanced cytotoxicity both in vitro and in vivo compared
with the HER2 antibody treatment alone [92]. Additionally, the com-
bination of a CD137 antibody and rituximab or trastuzumab shows an
enhanced efficacy [93]. Agonists have already been developed for the
TNFR family members OX40, GITR, and CD27, such as MOXR0916,
MK-4166, and varlilumab [90,94-96], and although they are designed
to promote T cell functions, their potential augmentation of NK cell
functions remains to be addressed.

Due to immune homeostasis, feedback from an activating signal
usually triggers an inhibitory signal or promotes cell death. Tumor cells
can therefore also upregulate ligands of NK cell inhibitory receptors to
evade immunosurveillance. Thus, the strategy of blocking an inhibitory
signal is becoming a trend. Numerous drug and antibody studies have
examined the ability to interrupt immune checkpoints to reverse the
incapacity of NK cells.

Inhibitory KIR is an important class of inhibitory receptors that
recognize MHC class I molecules. Tumor cells expressing MHC class I or
class I-like molecules reduce the cytotoxicity of NK cells [18]. KIR
blocking antibodies, such as IPH2101 and IPH2102, have been con-
firmed to promote NK cell-mediated lysis in vitro and in a xenograft
mouse model of AML, relapsed/refractory MM and smoldering MM
[97,98]. IPH2101 bound to KIR2D receptors was the first approved
antibody to be used in clinical trials. A phase I trial with smoldering
MM patients demonstrated its safety and tolerability [99]. However, a
phase 1II clinical trial in smoldering MM patients showed a minimal
response. The infusion of the antibody resulted in a significant deple-
tion and reduced functionality of KIR2D-expressing NK cells [100]. The
researchers subsequently provided a possible explanation of the me-
chanism underlying the results. The immune system of the patients was
presumed to be intact, which is inconsistent with most previous studies
conducted in patients who had received previous therapies that affect
monocytes or neutrophils. The patients in this clinical trial received a
high dose (1 mg/kg) of IPH2101 for a long period, resulting in the loss
of KIR2D protein through monocyte- or neutrophil-mediated trogocy-
tosis. The loss of KIR2D resulted in a decreased NK cell function due to
the absence of NK cell education to reach functional maturation. Thus,
the researchers hypothesized that this effect could be reversed by re-
ducing the dosage or engineering the Fc portion to eliminate trogocy-
tosis [101]. The results also revealed an optimistic response to the
combination of IPH2101 and the immunomodulatory agent lenalido-
mide in a phase I trial of relapsed/refractory MM, in which 5 of 11
patients achieved very good or partial responses [102]. These clinical
trials highlight that interruption of the immune checkpoint may trigger
a back-fire event, and thus, careful optimization of this therapeutic
strategy is needed.

NKG2A is expressed in NK and CD8* T cells, forming a heterodimer
with CD94 and binding to HLA-E. The heterodimer contains two im-
munoreceptor Tyr-based inhibitory motifs (ITIMs) in the cytoplasmic
domain that can transmit inhibitory signals and reduce NK cell func-
tion. HLA-E, the ligand of NKG2A, is often upregulated in malignant
cells and used for immune evasion [18]. A humanized antibody against
NKG2A humZ270 or IPH2201 demonstrated augmented NK cell cyto-
toxicity against human primary leukemia or Epstein-Barr virus cell lines
in a mouse model. Clinical investigations are currently underway to test
its safety and efficiency as a single agent or in combination with other
drugs [103,104].

PD-1 is typically expressed on effector T cells, B cells and myeloid
cells. PD-1 has two ligands, PD-L1 and PD-L2. PD-L1 is constitutively
expressed in most hematopoietic cells; certain parenchymal cells, such
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as vascular endothelial cells; and various tumor cells, such as mela-
noma, breast cancer, ovarian and hematopoietic malignancy cells. PD-
L2 is only expressed in macrophages and DCs [18,43]. A recent research
found PD-1 is highly expressed in an NK cell subset in the peripheral
blood in one-fourth of subjects among donors who were positive for
human cytomegalovirus. NK cells from tumor patients, including Ka-
posi sarcoma, multiple myeloma, and ovarian carcinoma, have been
reported to show an upregulated expression of PD-1 [43]. This subset of
NK cells displays an exhausted function with reduced proliferation,
degranulation and cytokine production, but these features can be re-
versed by a PD-1 antibody [32,105,106]. Several PD-1 antibodies have
been developed, such as pidilizumab, lambrolizumab and nivolumab.
Although these antibodies play a role in tumor suppression, mainly by
targeting T cells, their potential to enhance endogenous NK cell func-
tion remains attractive [32,44,107].

TIM-3 is usually expressed in Th1 cells, Tc1 cells, macrophages, DCs
and nearly all subtypes of NK cells. TIM-3 is further upregulated in NK
cells from patients with tumors such as metastatic melanoma, lung
adenocarcinoma and gastric cancer. TIM-3 can pair with galectin-9,
high mobility group protein Bl (HMGB1), and ceacam-1
[32,45,108,109]. TIM-3 expression is considered a marker of T cell
exhaustion. However, its function in NK cells remains controversial
[32,109,110]. The human NK cell line NK92, which overexpresses TIM-
3, shows a significant increase in IFN-y production when paired with
Gal-9 [45]. PBMC-derived NK cells show decreased cytolytic activity
when treated with a TIM-3 antibody. Additionally, TIM-3 can act as a
marker of NK cell exhaustion in advanced melanoma. The blockage of
Tim-3 can reverse the function of NK cells to eliminate melanoma
[108,111]. Thus, further studies are needed to fully understand the role
of TIM-3 in the cell biology of NK cells.

Several checkpoint proteins are also expressed by NK cells, such as
TIGIT and CD96, both of which contain ITIM motifs in the cytoplasmic
domain. These proteins can recognize CD155 and CD112, which are
equivalent to the activating receptor CD226 in NK cells. However,
TIGIT and CD96 have a higher affinity for CD155 than for CD226 [33].
In vitro studies have revealed that the blockage of TIGIT can increase
the cytolytic potential of NK cells. Additionally, CD96 knockout mice
exhibit improved NK cell IFN-y production and tumor control [112].
Moreover, related studies continue to constantly identify new check-
points. Cytokine-inducible SH2-containing protein (CIS) has been
shown to function as a negative regulator of IL-15 signaling in NK cells.
The deletion of the CIS gene can reduce the threshold of NK cells to IL-
15 and cause enhanced proliferation, survival and tumor cell cyto-
toxicity. Thus, CIS may be an intracellular checkpoint in NK cells [113].

3.2.3. Bi- or tri-specific killer engagers

Bi-specific or tri-specific killer engagers can enhance NK cell tumor
targeting while boosting the cytotoxicity of NK cells. This technology
relies on specific tumor antigens and specific markers of the effector
cell. Engineered antibody is an innovative immunoglobulin with an
engineered Fab or Fc portion. In these antibodies, two or three Fab
fragments are fused against tumor-associated antigen or effector cell
receptors. An Fc-optimized NKG2D-IgG1l displays highly enhanced
ADCC [114]. The engineered antibody serves as a specific cross-link
between the tumor cell and the effector cell [25,42,115]. Moreover, bi-
specific or tri-specific killer engagers that are constructed by joining
two or three single-chain Fv against the tumor-associated antigen and
effector cell receptors have been developed. The CD16 in NK cells is a
powerful candidate for mediating the cross-linking through bi- or tri-
specific engagers to the tumor. A fully humanized bi-specific killer
engager (BiKE) CD16 x CD33 has been confirmed to augment NK cell
function to effectively eliminate AML in vitro. Furthermore, treatment
with NK cells from patients with myelodysplastic syndromes can re-
verse the incapability and significantly increase the degranulation and
IFN-y and TNFa cytokine production [116,117]. BiKE CD16 x CD19
has been confirmed to directly trigger NK cell activation against CD19-
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Table 2 (continued)

Ref.

Cytotoxicity

Purity

Expansion fold/acquired cell

number

Culture time

Manufacturing process

Medium

Starting material

[127]

K562 (60% 5:1)
Raji (60% 5:1)

70 = 11%

200-fold (range 93-442)

8-10 days

PBMCs were cocultured with irradiated K562mbIL-15-

41BBL at ratio 1:10

SCGM + 10% FBS + 10U/mL IL-

PBMC

U266 (75% 5:1)

K562 (80% 10:1) [195]

~88%

447-fold (range 20-10430)

10-14 days

PBMCs were cocultured with irradiated K562mbIL-15-

41BBL

PBMC

U266 (85% 10:1)

[123]

K562 (80% 6:1)

789 + 11.6%

Range 637-5712 fold

21 days

Cells were cultured in a flask immobilize with anti-CD16

OpTmizer CTS T cell expansion
SFM + 10% human plasma

PBMC

C1AK (35% 12:1)

mAb, and medium containing 700IU/mL IL-2, 0.01 KE/mL

OK432 for 3 days, subsequent culture without anti-CD16

mADb and OK432

UB2MT (23% 12:1)

[196]

Daudi (60% 10:1)
K562 (95% 10:1)

~1000-fold

21 days

Cells were weekly stimulated with CD137L/aAPC

1640 + 10% FCS

PBMC CD3™"

(expressing 41BBL, IL-15Ra, MICA/B) + rIL-15 at ratio 1:10

depletion

[187]

Enhanced homing to lymph

nodes.

~99%

~21,000-fold

21 days

1640+ 10% FBS + 50 IU/ml IL-2  Cells were cocultured with irradiated Clone9.K562-

PBMC

CCR7(also express mblL-21, 41BBL) at ratio 1:1

[178]

K562 (23% 1:1)

97.9% (range
82.7-99.6)
Mean 38%

Mean 23-fold (range

3.2-131.3)

~21 days

Cells were cultured in the medium containing 10~°M HC

and 20 ng/mL IL-15

a-MEM + 20% FBS

CD56* MACS from

PBMC

PBMC

[126]

K562 (70% 10:1)

Range 530-1100-fold

~21 days

Added OKT3(10 ng/mL) to the culture for first 5 days.

SCGM + 5% human serum

+ 500U/mL IL2

CB, cord blood; MNC, mononuclear cell; UCB, umbilical cord blood; GBGM, glycostem basal growth medium; hESC, human embryonic stem cell; iPSC, induced pluripotent stem cell; EB, embryonic body; SCGM, stem cell growth medium; NKGM,

NK cell growth medium; EBV-LCL, Epstein-Barr virus transformed lymphoblastoid cell line.
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expressing B cells [115]. BiKE CD16 x CD133 has been confirmed to
enhance NK cell cytotoxicity against the CD133-expressing cell line and
even the NK-resistant cell line when combined with a drug that in-
creases the expression of CD133 in tumor cells [118]. CD16 is often
shed by activated NK cells via a metalloprotease called ADAM17.
Consequently, the combination of a bi-specific antibody with the
ADAM17 inhibitor improves therapeutic efficacy [117]. Additionally,
there have been improvements in the format and design of the en-
gagers. AFM13, which is a tetravalent bi-specific killer engager against
CD30 and CD16A, contains two sites for both CD30 and CD16A without
the Fc domain. AFM13 also has a longer half-life than other small bi-
specific antibodies, and its safety and tolerability have been demon-
strated in a phase I/II trial for the treatment of Hodgkin lymphoma,
achieving an overall disease control rate of approximately 60-70%. A
phase II trial is currently ongoing to optimize the dosage schedule
[119-121]. In addition to redirecting the NK cell cytotoxicity, im-
provements also include facilitating NK cell survival and proliferation.
A modified IL-15 cross-linker has been incorporated into the bi-specific
killer engager to create a tri-specific killer engager, which has been
confirmed to possess the capacity to enhance NK cell cytotoxicity with
improved survival and proliferation in vitro [72,122].

3.3. Adoptive transfer of NK cells

3.3.1. Peripheral blood-derived NK cells

The usage of allogeneic or autologous PBMC-derived NK cells to
treat tumor patients has already been evaluated in phase I or phase II
clinical trials with high risk or chemotherapy refractory patients. Due to
differences in the strategies used for the separation, expansion and
activation of NK cells, the outcome of NK cell functions can vary (Tables
1 and 2) [37,42]. PBMC-derived NK cells are advantageous due to the
ease of collection as well as the fact that they can be derived from either
autologous or allogeneic sources. Additionally, NK cells derived from
PBMCs can be obtained by separating or non-separating from ex vivo
expanded cells, and activation is induced by cytokine or feeder cells
[58,123-126]. Methods used to separate NK cells from PBMCs usually
incorporate immunomagnetic beads by depleting CD3™* cells, followed
by enriching the CD56* cells. For clinical use, large numbers of cells
are usually required, resulting in the development of apheresis tech-
nology and the CliniMACS device, which is fast and can yield more than
108 NK cells in each batch [127]. The enrichment of NK cells by de-
pleting only CD3™ cells from whole blood can result in a mean purity of
20% among cells including B cells and monocytes. Alternatively, se-
lecting CD56™* cells from peripheral blood can provide a purity of 95%,
consisting of a small portion of CD56*CD3* NKT cells. The usage of
both CD3* cell depletion and CD56 " cell enrichment yields up to 99%
purity [128,129]. Because NK cells only account for approximately 10%
of PBMCs, most of the purified NK cells must be expanded ex vivo to
attain the requirements for clinical use. NK cell expansion and activa-
tion require signals from other immune cells, such as monocytes, and
despite the higher purity obtained by amplifying the purified NK cells,
non-separating ex vivo expansion and activation also provide good re-
sults [126]. The non-separating strategy usually utilizes cytokines,
feeder cells, or their combination, to simultaneously induce the ex-
pansion and activation of NK cells. Deng et al. have established an
approach in which PBMCs are cultured in a medium containing 10%
human plasma, IL-2, OK432, and an anti-CD16 monoclonal antibody.
By day 14, the purity of the NK cells in the culture is approximately
76.9%, and the expansion fold ranges from hundreds to thousands
[123]. Feeder cells are also effective for promoting the production of ex
vivo NK cells. PBMCs cultured with irradiated autologous stimulated T
cells combined with IL-2 and OK432 can generate a NK cell purity of
approximately 90% in approximately 20 days [63]. The major limita-
tion of using PBMC-derived NK cells in therapy is difficulty in yielding
an adequate cell number. Thus, ex vivo expansion and activation stra-
tegies remain a major focus. The production of peripheral blood-



F. Fang et al.

derived NK cells is described in detail in Section 4.

3.3.2. Stem cell-derived NK cells

Due to the pluripotency of stem cells, they are also an essential
source for the production of NK cells. Currently, there are multiple
sources of stem cells, including umbilical cord blood (UCB), embryonic
stem cells (ESCs) and induced pluripotent stem cells (iPSCs). UCB is an
emerging source of NK cells. The advantages of using UCB include
widely distributed storage banks and the ability to enrich hemato-
poietic stem cells and progenitor cells [130]. However, UCB-derived NK
cells are slightly different from PBMC-derived NK cells. Most notably, a
key difference, also a limitation associated with the use of UCB-derived
NK cells in tumor therapy is UCB-derived NK cells express few in-
hibitory KIRs, a feature that is known to be associated with NK edu-
cation and cytotoxicity. UCB-derived NK cells also lack CD57, an acti-
vation marker [130]. Thus, resting UCB-derived NK cells have poor
function compared to PBMC-derived NK cells, which can be partially
overcome by ex vivo expansion and activation using stimulators
[73,131]. CD34™" cells are usually separated from UCB using positive
selection via magnetic beads. CD34" cells are then expanded in a
bioreactor supplemented with stimulators. Current methods can gen-
erate large-scale clinical-grade NK cells, providing a > 2,000-fold ex-
pansion and > 90% purity [132]. Some UCB-derived NK cells have
been tested in preclinical or clinical trials against AML and myelodys-
plastic syndromes [133].

Generation of NK cells from ESCs and iPSCs generally require two
steps. First, CD34% hematopoietic precursors must be generated. The
CD34™ cells are then sorted and differentiated into NK cells with cy-
tokines and feeder cells (usually murine stromal cells). The Kaufman
research group established a feeder-free, sorting-free approach to gen-
erate NK cells from human ESCs. These authors used a spin-embryoid
body (EB) system with BMP4 and VEGF to derive hematopoietic pro-
genitors. After 11 days of culture, the spin-EBs were transferred to the
NK cell culture containing the cytokines IL-3, IL-15, IL-7, SCF and Flt3L
for 28 days. This feeder-free system can generate NK cells that have no
difference from those derived from the murine embryonic liver cell line
EL08-1D2 as feeder cells [134,135]. Meanwhile, this group established
a clinical-scale derivation of NK cells from ESCs and iPSCs without cell
sorting and in the absence of feeder cells. Denman et al. established an
aAPC line expressing membrane-bound IL-21 which can induce the
expansion of PBMC-derived NK cells and maintain the length of telo-
meres. Thus, Kaufman’s research group used this cell line to further
expand the hESC- or iPSC-derived NK cells, which resulted in a 2-3 log
expansion that persisted for more than 2 months. Moreover, the func-
tions of these NK cells derived from the different hESC and iPSC cell
lines have been confirmed in vitro [135,136].

3.3.3. NK cell line

Compared to the ex vivo expansion of PBMC-derived NK cells and
stem cell-derived NK cells, NK cell lines are easier to expand. Because of
this advantage, NK cell lines are also a powerful tool for genetic mod-
ifications. Several cytotoxic cell lines, such as KHYG-1, NK-92, NKL,
NKG and YT, have been established from malignant NK cell clones
[37,42]. NK-92 shows consistent and highly cytotoxic effects against
tumor cells in preclinical research studies and is the only FDA-approved
cell line for use in clinical trials, although it has demonstrated minimal
efficacy in clinical trials [137,138]. Other cell lines, such as NKG and
NKL, are highly similar to NK-92. These cell lines have been tested in
vitro and show cytotoxicity against several tumor cells but have never
been tested in patients [25,37]. The limitations to using NK cell lines
clinically are the in vivo persistence and the lack of CD16 expression in
most cell lines. On the other hand, the absence of CD16 can be im-
proved by transgene expression [139]. Although the in vivo persistence
can be shortened by irradiation before infusion, this procedure can also
results in reduced function, impaired migration and disrupted expan-
sion after infusion [25,140].
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3.3.4. Genetically modified NK cells

Genetic modification is a powerful tool used to increase the effi-
ciency of NK cells in immunotherapy. NK cell lines, PBMC-derived NK
cells and stem cell-derived NK cells can all serve as target cells for ge-
netic modifications [42,141]. However, due to the resistance of NK cells
to retroviral infection, the use of this strategy is limited by gene de-
livery efficiency [142]. Sutlu T et al. have established a method to
elevate the transfection efficiency by targeting the intracellular anti-
viral defense mechanism. The transfection efficiency can be boosted, on
average, by 3.8-fold using an inhibitor that targets the TBK1/IKKe
complex [143]. Electroporation is another method used to deliver the
gene into cells with a non-viral advantage. An improved technology
using mRNA instead of cDNA can also increase the efficiency [144].
Linhong Li et al. used a non-viral approach to engineer NK cells and
achieved an efficiency of approximately 80-90% and a viability of
approximately 85% [145]. The authors also established a flow elec-
troporation-based system for the large volume electroporation of cells
with various molecules [146]. The modification of NK cells is varied,
which can aim to improve the persistence, cytotoxicity and homing of
NK cells. The introduction of CD16a into the NK cell line NK-92 can
increase the ADCC effect [147]. Genetic modifications of NK cells to
produce cytokines, such as IL-15 and IL-2, can improve their survival,
persistence, proliferation and function in vivo [148-150]. Recent stu-
dies have focused on the introduction of tumor-associated antigens into
NK cells to direct these antigens to specific target cells. Due to the
successful application of the chimeric antigen receptor (CAR) in T cells,
it is currently being applied to NK cells [42,141]. The first-generation
CAR lacks a stimulatory domain and only has a CD3(¢ chain as the
signaling domain. Subsequent studies have resulted in the addition of
one or two costimulatory domains to boost NK cell cytotoxicity
[42,132,151]. In the second- and third-generation CARs, the NK cell-
specific signaling endodomain has been designed to form a CAR in-
tracellular domain to enhance cytotoxicity, such as 4-1BB plus CD3(
and DAP-12 plus CD3¢ and 2B4 CD3( [152]. Currently, several tumor
antigen-binding domains have been designed as CAR extracellular do-
mains and tested in vitro or in vivo. A detailed description of these
CARs is presented in Section 4.

4. Manufacture of NK cells
4.1. Ex vivo expansion and functional enhancement of NK cells

In the early stage of adoptive cell transfer research, cytokines, such
as IL-2 and IL-15 were applied to pretreated NK cells before transfer.
However, two main reasons led to poor outcomes through this method.
First, IL-2 or IL-15 can induce NK cell apoptosis upon contact with the
sensitive target cell or vascular endothelium [153]. Second, methods
using a single cytokine resulted in only a 10-20-fold expansion of NK
cells. Subsequently, the use of feeder cells to amplify the NK cells was
developed. Many types of original or genetically modified cells are used
as feeder cells, such as PBMCs, Epstein-Barr virus-transformed lym-
phoblastoid cell lines, and genetically modified K562-expressing
membrane-bound IL-15 or 41BB ligand. The use of feeder cells greatly
increases the efficiency of NK cell expansion. The combination of feeder
cells and cytokines can more effectively induce NK cell expansion and
activation, ranging from 100- to 40,000-fold in approximately 2-3
weeks [154]. However, there are also problems associated with these
techniques. The treated NK cells can become exhausted, indicating se-
nescence of the expanded NK cells. Subsequently, overexpression of the
telomerase reverse transcriptase gene (TERT) could reverse this phe-
nomenon [155]. The use of feeder cells, which are lethally irradiated
before use, to manufacture NK cells could also cause concerns regarding
the risk of infusion. In response, a number of detection measures have
been established, including monitoring the growth rate of feeder cells
and detecting the presence of viable feeder cells. Therefore, ex vivo
treatment strategies for NK cells have been an area of research focus in
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recent years to optimize the feeder-free system or through the combi-
nation of cytokines and stimulators. As previously mentioned, Deng
et al. established a feeder-free system to expand NK cells from PBMCs.
The cells were cultured in a medium containing 700 IU/ml rhIL-2, 0.01
KE/ml OK432, and 10% heat-inactivated human plasma in an anti-
CD16 monoclonal antibody-immobilized culture flask. Three days later,
the cells were transferred to an anti-CD16 antibody-uncoated flask and
cultured with IL-2 and 10% inactivated human plasma. This method
resulted in the expansion of NK cells by thousands of fold and achieved
a purity of approximately 70% [123]. More recently, Rizwan Romee
et al. reported a method in which pretreated NK cells in a feeder-free
cytokine combination system were activated within a short time. NK
cell MACS from PBMCs pretreated with IL-12, IL-15 and IL-18 for
12-16 h can become memory-like NK cells with enhanced cytotoxicity
in vivo [36]. A general summary of the 2010-2017 NK cells ex vivo
manufacturing is presented in Table 2.

4.2. Ex vivo genetic manipulation of NK cells (CAR-NKs)

Recently, the ex vivo genetic manipulation of NK cells has focused
on the expression of CARs, allowing them to recognize specific tumor-
associated antigens with increased survival, proliferation and cyto-
toxicity. Recent studies examining the design of CARs are presented in
Table 3.

5. Clinical utility and outcome of NK cells in cancer therapy
5.1. Clinical utility of NK cells

5.1.1. Autologous NK cells

Early studies reported that the adoptive transfer of purified CD56 ™
autologous NK cells into patients with high-dose IL-2 led to a poor
clinical outcome and severe side effects [156]. The severe toxicity,
however, was due to the high dose of IL-2, and the transfer of ex vivo-
treated autologous NK cells was found to be safe [63]. Unfortunately,
clinical trials with autologous NK cells have also demonstrated a limited
effect on tumor suppression [157,158]. Maia R. et al. showed that the
adoptive transfer of approximately 4 x 10'® NK cells into metastatic
melanoma or renal cell carcinoma patients resulted in high levels of NK
cells in the circulation that persisted for one week or longer, but tumor
regression was not observed. These NK cells expressed low levels of
NKG2D and could lyse tumor cells in vitro when stimulated with IL-2.
Sakamoto N et al. established a novel expansion method in which
PBMCs were treated with OK432, IL-2 and FN-CH296-induced T cells,
resulting in an NK purity of approximately 90% and an approximately
4720-fold (range 1372-14116) expansion. However, when these ex-
panded NK cells were used in advanced digestive cancer patients, no
clinical responses were observed [63]. The major reasons that con-
tributed to these poor outcomes are the inhibition caused by the self-
HLA molecules expressed by some tumor cells and the impaired de-
velopment and function of patient NK cells [159-161]. Thus, strategies
have been developed to overcome these limitations, such as an anti-KIR
antibody [100,102]. Additionally, the combination of anti-tumor drugs
with autologous NK cells is used to potentiate the effect of tumor
therapy [61,162].

5.1.2. Allogeneic NK cells

Due to the limitations of autologous NK cells, allogeneic NK cells
from selected donors have been investigated in adoptive transfer.
Allogeneic NK cells obtained from healthy, related donors educated in a
non-immunosuppressive environment are fully functional [163]. Ex-
istence of “Alloreactive” NK cells prove that NK cells could kill allo-
geneic cells [164]. However, a major risk of using allogeneic NK cells is
the development of graft-versus-host disease (GVHD). Miller’s group
was the first to perform a test of the infusion of allogeneic haploiden-
tical NK cells in a non-transplantation setting in patients. These authors
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selected haploidentical related donors and obtained NK cells by CD3*
cell depletion from peripheral blood. The NK cells were treated with a
high-dose of IL-2 overnight and then transferred into patients who were
treated with preparatory chemotherapy regimens, followed by IL-2 in-
fusion. The allogeneic NK cells could persist and expand in vivo and
demonstrated a clear association with the therapeutic response [165].
The use of haploidentical NK cells greatly improved the efficiency.
Recently, Fehniger’s group established a new method to treat allogeneic
haploidentical CD3~CD56* MACSed NK cells from peripheral blood.
The partial results of the phase I clinical trial showed that the cytokine
combination of IL12, IL-15 and IL-18 to treat NK cells could provide a
memory-like function and maintain cytotoxicity after approximately 1
week in vitro or in vivo. When used in relapsed/refractory AML patients
who were pretreated with chemotherapy regimens, good tolerance was
observed at the maximum cell dose of approximately 10”/kg, yielding
an overall response rate of 55%. Additionally, NK cells manufactured by
this method can kill tumor cells regardless of the match status of KIR on
NK cells and HLA on the tumor cells. Although it is only an in vitro test,
and there is no statistical correlation between the match status of KIR-
HLA and the clinical outcomes, this strategy remains attractive [36].
Allogeneic NK cells have been widely used in several tumor therapy
clinical trials, including AML, CML, melanoma, breast cancer, ovarian
cancer, neuroblastoma, and some types of solid tumors, such as renal
cell carcinoma, colorectal cancer and hepatocellular cancer [128].
Some of these trials show exciting results with an enhanced response
rate, complete remission or 1-year event-free survival
[36,133,165-168].

5.2. Clinical outcomes of NK cell-based cancer therapy

5.2.1. Hematological malignancies

Miller J. S. et al. completed a study with 556 AML patients and
showed that the absence of one or more KIR ligands could reduce the
relapse incidence after unrelated HCT [169]. Further studies have
shown that NK cells from HLA-mismatched donor play an important
role in the graft-versus-leukemia (GVL) effect after T cell-depleted
haplo-hematopoietic stem cell transplantation (HSCT) [164,170]. But
NK cells from hematological malignancy patients, such as those with
AML, have been shown to exhibit impaired cell maturation and func-
tional activation [161,171]. After ex vivo activation, autologous NK
cells from patients show an enhanced cytotoxicity to reduce the tumor
burden [159,172]. However, as mentioned above, there are still lim-
itations to the use of autologous NK cells. Because these studies de-
monstrate that allogeneic NK cells can exert anti-leukemia effects in
patients without ligands for donor NK cell inhibitory KIRs, allogeneic
NK cell adoptive transfer therapy is currently mainly applied ther-
apeutically in patients with hematological malignancy in a transplan-
tation or a non-transplantation setting [140,173]. Allogeneic haploi-
dentical NK cells after ex vivo treatment have been used to treat various
hematological malignancies, such as AML, CML, ALL, CLL, MM, mye-
lodysplastic syndromes (MDS), and lymphoma. The outcomes are
summarized in Table 4.

5.2.2. Melanoma

Melanoma is a highly malignant tumor that is characterized by an
extremely high metastatic potential. Treatment using ex vivo-expanded
and activated tumor-infiltrating T cells results in a nearly 50% response
rate in patients [174]. However, approximately 60-80% of melanoma
cells in situ show an absent or diminished expression of HLA class I
molecules, which plays a key role in mediating the recognition of ma-
lignant cells by CD8* T cells [175]. Fregni et al. found that although
melanoma cells can inhibit NK cell function by modulating the ex-
pression of activating receptors, the expression of NKp46 in NK cells
from melanoma patients is positively correlated with the duration of
stage IV [176]. Thus, NK cells are considered effective candidates for
killing melanoma cells without the recognition of antigens presented by
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Table 3
Chimeric antigen receptor (CARs) gene modification.
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Target Intracellular signaling NK cells Indications

molecules

Outcome Ref.

NKG2DL DAP10, CD38 PB-NK All

GD2 CD38 NK-92 Neuroblastoma
Melanoma

Breast carcinoma

GD2 2B4, CD38 PB-NK from patient or Neuroblastoma

health donor

CD19
CD19

CD38
41BB, CD38

NK-92
PB-NK

B-ALL, CLL
B-ALL, CLL

CD20 CD38 NK-92 B-ALL, CLL

CD20 41BB, CD38 PB-NK B-ALL-CLL

SLAMF7  CD28, CD38 NK-92 MM

CD138 CD38 NK92 MM

CEA CD33 YT Colon carcinoma

GPA7 CD38 NK-92 Melanoma

EpCAM CD28, CD38 NK-92, NKL Breast carcinoma

HER-2 CD28, CD38 PB-NK Breast, ovarian,

HER2 CD33 or
CD28, CD38 or

41BB, CD38

NK-92 Breast cancer

EBNA3C 41BB, CD38 NK-92

EGFR CD28, CD38 NK-92

PB-NK

Breast cancer
Glioblastoma

EBV™ T cell lymphoma

Gains in cytotoxicity against REH, MOLT4, CEM-C7, U-20S, MG-
36, HOS, DU145, PC-3, RH36

[197]

Kelly (58% 5:1) [198]
LAN-1 (70% 6.3:1)
SK-Mel23 (92% 10:1)

SK-BR3 (40% 10:1)

CAR-patient NK cell overcome resistance of autologous leukemia [199]
cells

Enhanced activation response to JF cell line.

[200-203]
[145,204]

High cytotoxicity than anti-CD19 antibody.
OP-1 (> 80% 2:1)

Raji (> 80% 2:1)

Ramos (> 70% 2:1)

380 (> 70% 2:1)

RS4;11 (> 70% 2:1)

High cytotoxicity than anti-CD20 antibody

SUP-B15, TMD-5 (> 70% 2.5:1)

Raji, DOHH-2 (> 60% 10:1)

NK resistance was not overcome by CAR expression, e.g. NALM-
6

[200,201,205]

Raji-2R (> 40% 10:1)
Raji-4RH (> 35% 10:1)

[206]

IM9 (~100% 20:1)

L363 (80% 20:1)

Increased lysis against primary myeloma cells compared to NK-
92.

[207]

RPMI8266 (56% 10:1)

H929 (63% 10:1)

U266 (91.5% 10:1)

Increased lysis against primary myeloma cells compared to NK-
92.

[208]

Target cells (85-95% 15:1) [209]

Malme (70% 9:1)

MEL-624 (65% 9:1)

B16-AAD (50% 9:1)

Efficiently lysis primary or metastasis cells (55% ~75% 9:1)

[210]

K562 (77% 5:1)
MDA-MB468 (61% 5:1)
MDA-MB453 (64% 5:1)

[211]

Higher levels of IFNy (6400 pg/mL), enhanced degranulation [212]

against HER2* cells.

More prominent cytotoxicity for cells carry 2nd generation CAR  [213]

MDA-MB453 (55% 5:1)

Enhanced cytotoxicity than EBNA clone 315 scFv-Fc-mediated. [209]

MDA-MB-231 (> 50% 10:1)
MCF-7 (> 35% 10:1)
CAR-primary-NK show ~20% specific lysis against cell lines.

[214,215]

PB-NK, peripheral blood NK; MM, multiple myeloma; CEA, Carcinoembryonic antigen; GPA7, gp100/HLA/A2-specific antibody; EBNA, epstein-barr nuclear antigen.

HLA class I molecules. The recent NK cell-based trials are summarized
in Table 4.

5.2.3. Other solid tumors

There are also trials using NK cells for the treatment of breast
cancer, ovarian cancer, non-small cell lung cancer, colorectal cancer
and glioblastoma. Twenty patients (14 ovarian cancer and 6 breast
cancer) received haploidentical NK cells treatments, although the
adoptive NK cells could be detected in the blood after 1 week. However,
they did not show better expansion in vivo, and the outcome was poor
[177]. Sixteen patients with non-small cell lung cancer (13 adeno-
carcinoma and 3 squamous cell carcinoma) received ex vivo-expanded
and activated CD56 " donor NK cells accompanied by immunodepletion
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treatment, and only 2 patients showed a partial response [178]. Pro-
mising evidence of NK cell treatment in patients with solid tumors re-
mains sparse. Inadequate in vivo expansion, homing to tumor sites, or
suppression of the tumor microenvironment contributes to the low ef-
fectiveness of NK cell adoptive therapy for solid tumors. Thus, studies
are focusing on improving these issues. The related studies are sum-
marized in Table 4.

6. Future perspectives
6.1. Combination of multiple strategies

Although the results of previous studies using various strategies to
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= oo
< g % El target NK cells for tumor therapy are promising, their long-term anti-
S ':_ 3 tumor efficiency remains modest. To benefit patients, a combination of
n - A multiple strategies, including targeting NK cells, targeting tumor cells
— < I
NI § g and targeting the immune environment, is a focus of future research.
E g 3 g 2 The combination of cytokines with antibodies targeting tumor-specific
8 o E £ d antigens has been confirmed to augment NK function to a greater extent
U —_—
o | B ; g 2| & § than their use in isolation. IL-18 has been shown to augment NK cell
g $o& & é & g production via IFN-y stimulation through Fc receptors [79]. The com-
g 2 % S8 g 0 é ® bination of the overexpression of IL-15 and CAR in NK cells can sig-
g § nificantly increase proliferation and tumor cell-killing activity [122]. In
[=3
— g 2 addition, checkpoint inhibitors, antibodies targeting NK cells that ac-
£ p geting
=] ] . . . .. .
S E g = tivate receptors or drugs potentiating NK cell cytotoxicity can combine
g = -E i & with tumor-specific antibodies to significantly improve the treatment
£ 5 _; % E efficiency [83,92,179]. Furthermore, regular tumor treatment ap-
ERER: D roaches, such as chemotherapy, radiotherapy and surgery, can be used
§| 88, 25 p Py Py gery
RN R in combination with NK cell-based immunotherapy. NK cell adoptive
g p=
£ E 8 i 8 g transfer in combination with chemotherapy or radiotherapy has been
S|&5E § ’é widely used in clinical trials. Chemotherapy or radiotherapy could help
S E create space for NK cell expansion and integration [36,165]. Che-
<5 motherapy can also induce genotoxic stress, which promotes the tumor
5 g" cell sensitivity to NK cells [180]. In addition, adoptively transferred NK
;E E cells can be used as an adjuvant therapy combined with regular therapy
b § to elevate patient benefits. Dolstra et al. demonstrated that the adoptive
g transfer of CD34" cell-derived NK cells into elder AML patients who
& i had reached morphologically complete remission during the previous
@ ‘;’ £ treatment could prolong the disease-free duration for longer than 1 year
% % 'é [133]. This study demonstrated that a combination of HCT and che-
e g = motherapy with NK infusion could significantly delay relapse. Another
l § 5 study of childhood AML achieved 100% (10/10) disease free for two
£ - %" years, strongly indicating that NK cell immunotherapy as an adjuvant
2 § T therapy may effectively control or delay the recurrence. Although the
3 & g efficacy of the NK cell treatment alone in patients with solid tumors
E Z ) “g’ remains poor, the tumor burden and immune repression are largely
©
go 2 g _;;j reduced after regular therapy, such as chemotherapy, radiotherapy or
g 5) E) % surgery. Thus, the adoptive transfer of NK cells might exert its function
g |3 G5 to improve the therapeutic outcome. The combining scheme, treatment
5| 8§ o : order and intensity are challenges for the combination therapies.
= £ &
=
< & § ’E 6.2. Homeostatic proliferation of NK cells in vivo
L w = o
sE g3
E g g3 The differences in the NK cells ex vivo manufacture strategies and
. 3 g2 g5 patient preparatory regimen result in differences in vivo persistence
212 ‘; ‘.2 and proliferation. These factors are thought to affect clinical outcomes
&3 ::, £ g [34,55]. Miller J.S. et al. found that when patients received a pre-
=] Q
§1 89 . g g paratory regimen of Hi-Cy/Flu, the donor NK cells showed good ex-
E EIN § = % pansion, and nearly 30% of the poor-prognosis AML patients achieved
= — o P .
8 Eg = \3 2 £ complete remission (CR), although the CR was not long-lasting. When
E|6%5 g 3 total body irradiation was added to the initial protocol, a higher rate of
5 g NK cell expansion occurred, and an elevated leukemia clearance rate
L
_ ‘§ 3 was observed compared with patients who did not undergo NK cell
K g % 2 expansion in vivo [165]. Bachanova et al. found that four of six patients
5|8 3 _§ with advanced B cell non-Hodgkin lymphoma showed an objective
= > P . .
g 28 B clinical response, and two patients showed early donor cell persistence
>
8123 o [181]. The depletion of Treg cells could also improve the in vivo NK cell
= % E expansion and was associated with higher frequencies of CR in AML
E 53 patients [182]. Although the level of in vivo NK cell expansion has not
g 2 E’ been shown to be relevant to the clinical response and outcome, recent
S|~ g% studies using short-term cytokine-pretreated NK cells in AML therapy
80 —
& have reported favorable results. The combination of IL-12, IL-15 and IL-
> p
o 53 18 for the pretreatment of NK cells for approximately 12 h could result
&l 9 2} % in a memory-like NK cell phenotype. These NK cells showed a sig-
O @\
E 2 8 % nificant expansion and persistence in vivo, resulting in a nearly 55%
E b E = response rate in relapse and refractory AML patients [36]. Thus, chal-
9] Q..
v 8| § <2 . lenges remain for improving clinical outcomes with NK cell adoptive
Ll a2l B % 3 9 . . ... ..
z|al|=2 g GE transfer therapy, which can be achieved by optimizing clinical strate-
= ©v = O

gies to strengthen the persistence and proliferation of NK cells after
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