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ABSTRACT

Treatment-resistant cancers are a major challenge in clinical oncology, which requires the development of innovative treatment
strategies. NK cells are a unique population of lymphoid cells with an innate ability to identify and eliminate virus-infected cells and
cancer cells. The aim of this paper is to discuss the natural anticancer properties of NK cells, as well as the methods of their acquisition
and modification aimed at enhancing anticancer activity. In particular, the mechanisms of cytotoxicity and the ability of NK cells to
modulate the anti-tumour immune response were demonstrated. Problems related to the use of unmodified NK cells in cancer therapy
are discussed. Methods of obtaining and modifying the anticancer activity of NK cells, including genetic modifications and metabolic
reprogramming with the use of cytokines, were presented. Techniques such as chimeric antigen receptor (CAR) engineering and
receptor-based modifications are discussed in detail. The possibilities of enhancing antitumor reactivity and NK cell persistence
through costimulatory signalling, checkpoint inhibition and the use of cytokines are discussed. Preclinical and clinical studies
demonstrating the efficacy of genetically engineered natural killer cells against a variety of treatment-resistant cancers have been
reviewed with promising results. The development of allogeneic ready-to-use natural killer cell products has the potential to provide
patients with immediate treatment options, bypassing the limitations of autologous cell therapies. Challenges and issues related to
genetically modified NK cell therapies are discussed. Manufacturing scalability, potential side effects, and long-term safety concerns
are important factors to consider during clinical translation. Ongoing research and clinical trials are discussed, highlighting the need
for further validation and optimization of these therapies.

INTRODUCTION

Natural Killer cells play a crucial role within the innate immune system, serving as a frontline defence
against both viral infections and malignant cells. Their unique ability to detect and eliminate aberrant cells
without prior sensitization makes them highly attractive candidates for immunotherapy. However, despite
their innate cytotoxic capabilities, NK (Natural Killer) cells encounter significant hurdles when targeting
and eradicating therapy-resistant cancers. In recent years, the field of genetic engineering has emerged as
a promising avenue to enhance NK cells reactivity and empower them to overcome these formidable
barriers presented by resistant malignancies.

The aim of this work is to explore the intricacies of NK cell biology, uncovering their functions and
mechanisms of action, to provide a detailed analysis of the multifaceted strategies used by cancer cells to
develop resistance to therapies, shedding light on the intricate mechanisms at play, as well as to discuss
the natural anticancer properties of NK cells. Additionally, we will explore the exciting field of genetic
modifications that can significantly improve NK cell function and effectiveness against treatment-resistant
cancers. In an era characterized by innovative breakthroughs in genetic engineering that are changing the
landscape of cancer immunotherapy, this review aims to provide a comprehensive overview of the current
state of NK cell-based therapies and the promising avenues they open in the ongoing battle against therapy-
resistant cancers. By leveraging the powerful possibilities of genetic modification, we have the potential
to revolutionize this field and instil newfound hope in patients facing enormous therapeutic challenges.

The work is of a review nature. The basis for assessing the current state of knowledge was a systematic
review of the literature based on the following databases: PubMed, Science Direct and Wiley Online
Library and other sources and materials related to the topic of the work in a direct or indirect way. In order
to isolate all publications related to the topic of the work, selected sources were selected based on the use
of keywords and keywords such as: "NK cells cancer", "NK cells cancer immunotherapy”, "NK cells cancer
therapy”, "CAR-NK cells cancer", "NK cells cancer treatment". Based on this methodology, experimental
and clinical studies were identified, the results of which were published in the years 1990-2023, in order
to review and synthesize conclusions.

TREATMENR-RESISTANT TUMORS

Cancer treatment resistance remains a significant challenge in the field of oncology. Although the early
successes of chemotherapy were promising, the emergence of drug resistance in cancer cells quickly
overshadowed these achievements, leading to the adoption of combination chemotherapy (Vasan, 2019).
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This approach has proven effective for some types of cancer, such as breast cancer and testicular cancer
(Bonadonna, 1976; Bosl, 1986). However, it should be noted that the effectiveness of chemotherapy is
limited in almost 90% of cases due to the development of drug resistance in cancer cells. This not only
weakens the effectiveness of treatment, but also increases the aggressiveness of the cancer and facilitates
its metastasis to other parts of the body (Vasan, 2019; Emran, 2022). In response to these challenges, new
therapeutic strategies have emerged in oncology targeting fundamental cellular characteristics associated
with carcinogenesis. These strategies include targeted therapies, which encompass a range of approaches
including the use of tyrosine kinase inhibitors, nuclear receptor antagonists, and agents specifically designed
to target and disrupt molecular pathways that promote cancer growth. Importantly, targeted therapies have
shown significant effectiveness in certain types of cancer (Vasan, 2019). Another breakthrough in cancer
treatment is immunotherapy. Monoclonal antibodies, such as those directed against immune checkpoints
such as CTLA-4 (cytotoxic T cell antigen 4) and PD-1/PD-L1 (programmed death receptor 1/programmed
death ligand 1), have revolutionized cancer therapy by blocking negative regulators or checkpoints within
the immune system (Leach, 1996; Iwai, 2002). In some cases, these immunotherapies have achieved
remarkable anti-tumor responses, giving patients new hope (Vasan, 2019). Additionally, new therapies
such as dendritic cell therapy, CAR-T cell therapy, CAR-NK therapy, and many others have begun to
achieve early successes (Neelapu, 2017; Liau, 2016; Liu, 2020). Despite these significant advances, it must
be acknowledged that resistance remains a persistent challenge in the field of cancer therapy. Scientists
and clinicians continue to explore innovative approaches to overcoming mechanisms of resistance and
increasing the effectiveness of therapies, aiming to improve outcomes for people fighting cancer.

LIMITATIONS OF CONVENTIONAL THERAPIES AND MECHANISMS OF RESISTANCE

MDR (Multidrug Resistance) in cancer cells is a multifaceted phenomenon driven by a constellation of
complex factors, each of which contributes to the resistance of these cells to chemotherapy. One of the
hallmark aspects of MDR is the increased efflux of therapeutic agents through ABC transporters (ATP-
binding cassette transporters), for example P-gp (P-glycoprotein) and BCRP (breast cancer resistance
protein). These integral proteins exert significant control over the distribution, absorption, and elimination
of a variety of chemicals, thereby protecting cells from the cytotoxic consequences of elevated intracellular
drug concentrations. However, their presence may also interfere with drug delivery, leading to decreased
bioavailability and decreased intracellular drug concentration (Mesci, 2019). Moreover, genetic mutations,
widely considered a key cause of chemotherapy treatment failure, play a key role in this complex
landscape. Mutations in key genes such as MYC, RAS and TP53 significantly influence the development
of drug resistance (Duesberg, 2000). Furthermore, changes in the regulatory networks governed by miRNAs
(microRNAs) and IncRNAs (long non-coding RNASs) further highlight the genetic complexity of MDR
(Chen, 2016; Chen, 2019). Moreover, during carcinogenesis, the epigenome undergoes a series of profound
changes, including global loss of DNA methylation, local hypermethylation, and pervasive changes in
histone modification patterns. These epigenetic changes likely contribute significantly to the emergence of
multidrug resistance (Kanwal, 2012). The tumor microenvironment also plays a key role in inducing drug
resistance. In this complex environment, the antitumor functions of the immune system are disrupted, drug
absorption is impaired, and cancer cell proliferation is promoted. Conditions such as hypoxia and autophagy
in the tumor microenvironment further enhance drug resistance, significantly reducing the effectiveness of
therapeutic interventions against cancer cells (Liang, 1996; van Vuuren, 2019). Moreover, additional
factors, including selective therapeutic pressure that can lead to increased genomic instability and changes
in tumor growth kinetics, as well as physical barriers, further contribute to the complex phenomenon of
drug resistance (Sharma, 2019). This complex interplay of diverse factors highlights the powerful and
challenging nature of drug resistance in the context of cancer.

BIOLOGY AND FUNCTIONS OF NK CELLS

NK cells are a population of cells characterized by a larger size compared to T and B lymphocytes and the
presence of unique cytoplasmic granules (Chu, 2022). They originate from CD34+ hematopoietic stem
cells located in the bone marrow and are widely distributed in various tissues, including the bloodstream,
liver, and spleen (Yu, 2013). NK cells are part of the innate immune system and play a key role in
monitoring and eliminating virus-transformed or infected cells; their effect is independent of previous
immunization (Kwasnik, 2020). Unlike T cells, they lack the TCR (T-cell receptor) and the associated
CD3 complex responsible for signal transduction. NK cells are identified by the presence of the CD56
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surface antigen and the lack of CD3 expression. They also express receptors such as CD16 and CD57
(Dalle, 2005). NK cells can be divided into two main subpopulations based on CD56 surface expression,
each with distinct functions. CD56+ CD16-, characterized by high levels of CD56 and lack of CD16
expression, produce primarily cytokines. Conversely, CD56+CD16+ cells express moderate CD56 but
high CD16 expression, resulting in greater cytotoxicity. Approximately 90% of NK cells in peripheral
blood belong to the CD56+ CD16+ group (Kwasnik, 2020; Yu, 2013). NK cells have two primary
functions: cytotoxicity and immune regulation. In the absence of prior activation, NK cells can identify
and eliminate abnormal cells by releasing perforin and granzymes (Vivier, 2008). Stimulation of NK cells
by KARs (killer activating receptors) triggers the expression and release of death ligands such as TNFa
(tumour necrosis factor alpha), TRAIL (TNF-related apoptosis-inducing ligand), and FasL (Fas ligand),
initiating the apoptosis pathway (Martinez- Lostao, 2015). Additionally, through their CD16 receptor, they
can recognize cells coated with antibodies, initiating antibody-dependent cellular cytotoxicity (ADCC)
and cytokine production (Kwasnik, 2016). In their role as regulatory cells, NK cells produce a variety of
cytokines and chemokines, including I1L-10 (interleukin 10), IFN-y (interferon-gamma), CCL3 (chemokine
(CC matif) ligand 3), CCL4 (chemokine (CC motif) ) ligand 4), CCL5 (chemokine (CC motif) ligand 3)
and lymphotactin (Vivier, 2008). One study suggests that human NK cells may have memory-like properties.
In support of this idea, studies have shown that when NK cells are initially activated with IL-12 (interleukin
12), IL-15 (interleukin 15), and IL-18 (interleukin 18), followed by a rest period of 1-3 weeks, they can
induce a strong response characterized by increased production of IFN-y upon subsequent exposure to cyto-
kines or leukemic cells (Romme, 2012). This dual role of NK cells as both cytotoxic effectors and immune
regulators highlights their importance in the body's defence mechanisms against cancer and infection.

THE ROLE OF NK CELLS IN THE ANTI-CANCER IMMUNE RESPONSE —
MODIFYING IMPACT OF THE TUMOUR MICROENVIRONMENT

Anticancer mechanisms mediated by NK cells can be divided into direct and indirect actions. Direct
mechanisms include several strategies used by NK cells to directly target cancer cells. First, they induce
apoptosis in malignant cells by releasing perforin and granzyme upon direct contact. This approach is
mainly used by cells with the CD56+CD16+ phenotype, effectively eliminating target cells, including
those with reduced MHC (Major Histocompatibility Complex) class | expression (Chu, 2022). Second,
NK cells with a CD56+CD16- phenotype initiate apoptosis without direct contact by binding membrane
TNF family molecules to tumour cell ligands (Chu, 2022; Myers, 2021). Additionally, NK cells facilitate
antibody-dependent cellular cytotoxicity (ADCC) (Hatjiharissi, 2007). Furthermore, NK cells produce
cytokines, especially IFN-y, which inhibit tumour angiogenesis and activate a specific immune response
(Chu, 2022; Smyth, 2007). Turning to indirect mechanisms, NK cells possess immunomodulatory abilities
by influencing various immune cells, including macrophages, T cells, and B cells, resulting in the pro-
duction of numerous cytokines, growth factors, and chemokines (Chu, 2022). Upon activation, NK cells
release IFN-y, promoting the differentiation of CD8+ T cells into cytotoxic T cells and CD4+ T cells into
Th1 (T helper 1) cells. Additionally, NK cells play a role in eliminating tumour cells and delivering tumour
antigens to dendritic cells, causing dendritic cell maturation and antigen presentation (Nguyen-Pham,
2012). In the tumour microenvironment (TME), several mechanisms contribute to immunosuppression by
hindering NK cell activity.

IMMUNOSUPRESIVE CYTOKINES IN TUMOUR MICROENVIRONMENT

An example is TGFP (Transforming Growth Factor-beta), a strong immunosuppressive cytokine in the
TME. TGFB inhibits NK cell function through mechanisms such as phosphorylation of Smad2/3 (maternal
against decapentaplegic homolog 2/maternal against decapentaplegic homolog 3), limiting IFN-y secretion,
and influencing NK cell chemokine receptors (Du, 2021; Yu, 2006). TGFp, mainly from tumour and regu-
latory T cells, downregulates NKG2D expression, inhibits the mTOR (mammalian target of rapamycin)
pathway, and induces FBP1 (fructose-1,6-bisphosphatase) expression, collectively reducing NK cell
activity. Additionally, cytokines such as IL-6 (interleukin 6) and potentially 1L-8 (interleukin 8) contribute
to impaired NK cell function by activating the STAT3 (signal transducer and activator of transcription 3)
pathway (Wu, 2019).
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IMMUNOSUPRESIVE METABOLIC COMPONENTS IN TUMOUR MICROENVIRONMENT

In the metabolic realm, cancer cells compete with activated NK cells for vital resources like glucose and
glutamine, which are crucial for ATP (Adenosine triphosphate) generation and their rapid growth. Additio-
nally metabolic factors such as indoleamine 2,3-dioxygenase, adenosine, and PGE2 (Prostaglandin E2)
exert suppressive influences over NK cell proliferation and functional capacities (Du, 2021).

ABNORMAL LIGAND EXPPRESSION OF CANCER CELLS BOOSTS IMMUNE ESCAPE

A complex interaction involves the shedding of NKG2D ligands by cancer cells, facilitated by the ADAMs
(disintegrin and metalloproteinase) family. This shedding leads to the proteolytic cleavage of MICA (MHC
class | polypeptide—related sequence A), resulting in a reduction of MICA surface density (Waldhauer,
2008). Furthermore, cancer cells release soluble ligands like MICA/B, which bind to NKG2D. This binding
hinders the interaction between NK cells and their target cells, subsequently downregulating NKG2D
expression on the surface of NK cells, facilitating immune evasion (Du, 2021).

DYSFUNCTIONAL KREG CELLS REDUCE EFFECTOR CELL CYTOTOXICITY

In solid tumours, CD56bright NKreg (Natural Killer cell regulator) cells reshape the immunosuppressive
microenvironment. They do this through high CD94-NKG2A expression and low CD16 expression, reducing
cytotoxicity. These NKreg cells also secrete immunomodulatory factors, including 1L-10 (Interleukin 10)
and TGFp. Moreover, their NKG2D and NKp46 (Natural Killer cell p46) receptors inhibit T cells prolife-
ration and function (Fu, 2014).

INTERFERENCE BY OTHER IMMUNE CELLS IN TUMOUR MICROENVIRONMENT

Various immunosuppressive immune cells in the TME hinder NK cell activity. These include Tregs (regu-
latory T cells), MDSCs (myeloid-derived suppressor cells), TAMs (tumour-associated macrophages), and
CAFs (tumour-associated fibroblasts). They use a variety of tactics, such as secreting immunosuppressive
substances such as TGFpB and metabolites, disrupting interactions between NK cells and cancer cells
through competition or decoy mechanisms, and releasing vesicles containing IL-37 (interleukin 37), which
modifies NK cell function. Additionally, circulating platelet-coated tumour cells release TGFf or express
inhibitory receptor ligands, impeding NK cell activation and disrupting activating ligand expression
(Placke, 2012; Chu, 2021; Vitale, 2014). Together, these mechanisms illustrate the complex interactions
of factors in the TME that collectively contribute to suppressing NK cell activity in the context of cancer.

MECHANISMS OF REGULATION OF NK CELLS ACTIVITY

NK cells feature a balance of inhibitory and stimulatory receptors on their surface, crucial for regulating
their immune responses. KIRs (Killer cell immunoglobulin-like receptors) are among these receptors,
recognizing specific MHC class | alleles. NK cells also express NCRs (Natural cytotoxicity receptors) on
their surface, facilitating cytotoxic mechanisms against cells with reduced or absent MHC class | expression.
CD94/NKG2 lectin-like receptors constitute another essential group of NK cell receptors. CD94/NKG2
receptors detect non-classical HLA-E (Human Leukocyte Antigen E) class | molecules commonly found
on cancer cells (Kwasnik, 2020; Borrego, 1998).

We can divide receptors into inhibitory and activating ones:

¢ inhibitory receptors include KIRs and C-type lectin receptors such as CD94/NKG2A/B. These receptors
play a crucial role in maintaining NK cell quiescence (Chu, 2022);

o conversely, activating receptors play a pivotal role in stimulating NK cell responses and promoting their
cytotoxic activities. They complement the inhibitory signals to ensure a balanced response. Activating
receptors comprise cytotoxicity receptors (NKp44, NKp46, NKp30), C-type lectin receptors (NKG2E/H,
CD94/NKG2C, NKG2F, NKG2D), and select KIRs (KIR-3DS and KIR-2DS) (Chu, 2022).

NK cells perform a complex assessment of the combination of these stimulatory and inhibitory signals to
discern their target cells effectively. The ultimate outcome of NK cell activation depends on the unique
attributes of the target cells, allowing NK cells to selectively eliminate aberrant cells while sparing healthy
ones.
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MODIFIED NK CELLS IN THE TREATMENT OF TREATMENT-RESISTANT CANCERS

NK cells have potential for clinical use despite resistance from cancer cells. In recent years, research in the
field of NK cell-based cancer immunotherapy has flourished. Recent developments primarily focus on
various strategies, including cytokine supplementation, monoclonal antibodies, modifications of the intrinsic
signalling pathway, adoptive transfer, and genetic engineering of NK cells. These innovative approaches
have opened up new opportunities in the quest to harness the full potential of NK cells in the fight against
treatment-resistant cancers (Hodgins, 2019; Daher, 2018; Cheng 2013).

SOURCES AND METHODS OF OBTAINING NK CELLS

The use of NK cells in cancer therapy poses significant challenges due to their impaired functionality in
cancer patients and limitations associated with autologous production (Platonova, 2011). To address these
issues, allogeneic NK cells are favoured and can be derived from a variety of sources, including peripheral
blood mononuclear cells, umbilical cord blood, immortalized cell lines, hematopoietic stem, and progenitor
cells (HSPCs), and induced pluripotent stem cells (iPSCs). Each source has distinct advantages and disad-
vantages, influencing their genetic and functional characteristics (Laskowski, 2022). Primary NK cells can
come from peripheral blood (PB-NK cells) or umbilical cord blood (CB-NK cells). CB-NK cells are readily
available in blood banks, while PB-NK cells require donor-specific collection via apheresis (Laskowski,
2022; Dolstra 2017; Sharipo, 2022). Both sources have demonstrated successful applications in CAR
(chimeric antigen receptor) redirected therapies. The selection of an appropriate NK cell source can be
tailored to the specific requirements of patient populations and various diseases (Laskowski 2022). It is
worth noting that donor-to-donor variability and interactions between HLA-KIR genotypes can signifi-
cantly influence NK cell profiles and consequently influence clinical outcomes. The use of donor-derived
NK cells may provide benefits, particularly when administered despite HLA-KIR genotype differences to
counteract immune evasion by tumour cells (Ciurea, 2022). Selection of the NK cell source and consi-
deration of genetic factors are critical aspects in the design of effective NK cell-based anticancer therapies.

METHODS OF ENHANCING THE ANTICANCER ACTIVITY OF NK CELLS
GENETIC MODIFICATIONS

Genetic manipulation of NK cells is extremely promising in the field of cancer immunotherapy, especially
in the case of cancers that are resistant to destruction by NK cells (Kwasnik, 2020). NK cell functionality
is closely related to cytokines such as IL-2 (interleukin 2) and IL-15 (interleukin 15). However, systemic
administration of these cytokines may induce an undesirable expansion of regulatory T cells. To circumvent
these side effects, an interesting approach was used: direct introduction of the IL-2 gene into NK cells using
various methods, using retroviruses and cDNA molecules (Kwasnik, 2020; Maddineni, 2022). This inno-
vative strategy has yielded impressive results, especially when using NK-92 cells. The NK-92 cell line is
characterized by abundant activating receptors but lacks some inhibitory receptors. This unique profile of
NK-92 cells makes them suitable for clinical translation as they can be easily cultured in vitro (Ishikawa,
2018). These genetically modified NK-92 cells exhibit exceptional cytotoxicity and, even more remarkably,
they possess the ability to effectively attack cancer cells regardless of specific tumour antigens. This has
been convincingly demonstrated both in controlled laboratory conditions (in vitro) and in living organisms
(in vivo) (Jochems, 2016; Tonn, 2013). Nevertheless, a limitation arises due to the inability of NK-92 cells
to mediate antibody-dependent cellular cytotoxicity (ADCC). To address this limitation, Jochems and
colleagues genetically modified NK-92 cells to introduce the high-affinity molecule CD16, a key factor in
ADCC that is not normally found in NK-92 cells. In laboratory experiments, haNK (NK cells expressing
a high-affinity Fc receptor) demonstrated potent cytotoxicity against various types of cancer, including
lung and breast cancer. Moreover, the haNK system was further adapted to express a PD-L1-targeting
CAR (Programmed Death-Ligand 1) called t-haNK, which showed promising efficacy both in vitro and
in vivo, effectively controlling PD-L1-dependent tumours in mouse models (Klingemann, 2016; Jochems,
2016).

However, the use of NK-92 cell lines has specific limitations. First of all, these cell lines have limited
expansion potential in vivo, which limits their ability to generate strong and durable effector responses.
This limited expansion capacity ultimately reduces the maximum efficacy achievable with NK-92 cell
therapies (Kang, 2021). Similar strategies that were used through IL-2 gene insertion were also used for
the IL-15 gene, leading to increased NK cell proliferation and increased cytotoxicity (Kwasnik, 2020).
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Another method of modification focuses on increasing the ability of NK cells to detect cancer cells by
creating CARs (chimeric antigen receptors). CAR-developed T-cell therapies are at the forefront of
immuno-oncology applications. While CAR-T cells can indeed achieve long-lasting responses due to their
prolonged persistence and potential to differentiate into memory T-cell subsets, CAR-NK cells have the
added advantage of being able to eliminate tumour cells regardless of CAR functionality. Additionally,
CAR-T cells may be associated with significant associated toxicities, including cytokine release syndrome
and neurotoxicity. In contrast, CAR-NK cells typically exhibit less toxicity, mainly due to their limited
lifespan in circulation (Xie, 2020; Neelapu, 2017). CAR-NK cells are carefully designed to express receptors
capable of recognizing specific tumour-associated antigens, resulting in increased cytotoxicity (Kwasnik,
2020). The evolution of CAR technology has led to various generations of CARs, including first-generation
CARs with a basic structure and a single signalling region (Jensen, 2010); a second-generation CAR with
an additional co-stimulatory domain such as CD28 (Maher, 2002); Third-generation CARs containing
multiple co-stimulatory domains (Carpenito, 2009); and fourth-generation CARs combining multiple co-
stimulatory domains with cytokine signals (Chu, 2022). CARs have been meticulously designed to target
a wide range of antigens such as Her2/neu (erbB-2 receptor tyrosine-protein kinase/neurogenic differen-
tiation factor 1), CD33, CD20, CD19, DAP12 (DNAX activating protein 12), FLT3 (FMS-Like Tyrosine
Kinase 3) and/or CD33 (Kruschinski, 2009; Schirrmann, 2005; Muller, 2008; Imai, 2005; Topfer, 2015;
Tang, 2018). Notably, NK cells have inherent specificity and transient existence, making them an attractive
option for generating CAR-positive cells (Maddineni, 2022). Studies have demonstrated the effectiveness
and specificity of these cells in attacking cancer cells while maintaining a favourable safety profile, as seen
in the treatment of CD19-positive lymphoid malignancies (Liu, 2022). The recent FDA approval of CD19-
targeted CAR-T cell therapy represents a significant milestone in the development of CAR-positive cell
therapies.

METABOLIC REPROGRAMMING USING CYTOKINES

Cytokines play a key role in supporting NK cell function and survival, especially IL-2 and I1L-15, and this
is important in the field of immunotherapy. These cytokines serve as potent stimulators of NK cell activity,
but their systemic administration can sometimes lead to unintended side effects, such as the expansion of
regulatory T cells, which can dampen the immune response (Du, 2022). To overcome these challenges,
modified versions of these cytokines have been obtained. For example, a modified variant of IL-2 known
as "super-2" has been developed that has increased binding affinity for IL-2Rp (IL-2 receptor beta). This
modification helps bypass problems associated with Treg cell interaction (Rosenberg, 1985; Levin, 2012,
Du, 2022). Another innovative approach is to create an IL-2 fusion protein that selectively activates cells
carrying NKG2D. This targeted activation promotes NK cell expansion without the adverse consequences
associated with systemic IL-2 administration (Ghasemi, 2016). In the case of IL-15, early phase clinical
trials investigated the use of rIL-15 (recombinant IL-15) in the treatment of refractory solid tumours.
However, these studies have shown limited effectiveness, likely due to the inclusion of heavily pre-treated
patients and the presence of less cytotoxic NK cells (Miller, 2018; Du, 2021). They also focused on
obtaining hetlL-15 (heterodimeric IL-15), which offers extended half-lives and increased bioactivity.
HetlL-15 has demonstrated the ability to promote greater persistence and expansion of NK cells and CD8+
T cells, which shows promise in the field of immunotherapy (Bergamaschi, 2021). Moreover, new approaches
have emerged, such as N-803, an IL-15 superagonist. N-803 combines the IL-15 mutant with a fusion
protein, significantly increasing its biological activity and extending its half-life (Rosario, 2016; Du, 2021).
Clinical trials have provided evidence that N-803 when used in combination with immune checkpoint
inhibitors or anti-CD20 monoclonal antibodies can increase NK cell cytotoxicity and lead to improved
patient survival rates (Margolin, 2018). The goal of these innovative strategies is to unlock the full potential
of cytokines while alleviating their limitations, ultimately increasing the effectiveness of NK cell-based
therapy in cancer treatment.

BLOCKING KIR AND OTHER RECEPTORS USING MONOGLONAL ANTIBODIES

Inhibitory immunoglobulin-like receptors (KIRs) exert significant influence as potent regulators of NK
cell activity, capable of bypassing concurrent activating signals upon interaction with HLA class | ligands.
Due to their key role in suppressing NK cell function, inhibitory KIRs are of great interest scientists (Du,
2021). For example, IPH2101, an IgG monoclonal antibody directed against KIR2DL1/2/3 (killer immu-
noglobulin-like receptor domain long form 1/2/3), has undergone rigorous evaluation in clinical trials as
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a stand-alone therapeutic agent. Although it was well tolerated, its ability to significantly increase anticancer
potential was limited. Interestingly, its administration led to a reduction in the expression of inhibitory
receptors KIR2D (Killer Immunoglobulin-like Receptor 2D) on NK cells (Carlsten, 2016). Of note, when
IPH2101 was combined with Lenalidomide in people with relapsed/refractory multiple myeloma, a signi-
ficant increase in median free survival was observed (Benson, 2015). On the other hand, another anti-KIR
antibody, Lirilumab, failed to induce clinically significant responses in two early-stage clinical trials, thus
halting its developmental progression (Vey, 2017; Vey, 2018). Additionally, the IPH4102 antibody demon-
strated favourable tolerability in a Phase I clinical evaluation in people with relapsed/refractory cutaneous
T-cell lymphoma (Bagot, 2019). The study of alternative inhibitory receptors such as CD96 and TIGIT
(T cell immunoreceptor with immunoglobulin and ITIM domain) also shows great promise. These receptors
are selectively expressed in human NK and T cells and recognize nectin and nectin-like ligands found in
various types of cancer cells (Bottino, 2003; Martinet 2015). Notably, TIGIT expression is induced in NK
cells upon activation, whereas CD96 is constitutively expressed. Both molecules show strong binding
affinity to PVR (poliovirus receptor), although they have different effects on NK cell function. TIGIT
interaction with PVR reduces NK cell cytotoxicity by activating DNAM-1 (DNAX-1 accessory molecule),
while CD96 downregulates NK cell production of IFN-y (Bernhardt, 2014; Chan, 2014). Fascinatingly,
studies in melanoma and prostate cancer cell lines have provided evidence that administration of antibodies
directed against CD96 increases the effectiveness of NK cells in fighting metastasis, primarily by hindering
the CD96-CD155 interaction (Blake, 2016). Moreover, various immune checkpoints show potential in this
context, including NKG2A and CD94 (Seymour, 2015). These multifaceted approaches highlight the
complexity of modulating inhibitory receptors to enhance NK cell function in the field of cancer immuno-
therapy. Although some strategies show promise in clinical trials, others require further study and optimization.

USE OF BISPECIFIC AND MULTISPECIFIC ANTIBODIES

Bispecific antibodies (BsAbs) have received much attention, especially since the FDA approval of blinatu-
momab for the treatment of acute myeloid leukaemia (AML) (Labrjin, 2019). These antibodies are valued
in the field of cancer therapy due to their characteristic ability to simultaneously bind two different epitopes
(Viardot, 2018). Initially, the use of BsAbs was primarily oriented toward redirecting T cells toward tumour
cells, an approach that emphasized enhancing the interaction between the extracellular CD3 subuniton T
cells and tumour-associated antigens (VValdman, 2020). However, BsAb has also been studied in the context
of NK cells. NK cells exhibit strong cytotoxicity, are less susceptible to exhaustion, and their cytotoxic
activity does not involve binding to the MHC-Epitope complex (Ordonez-Reyes, 2022). Work has begun
on the development of NKCE (Natural Killer Cell Angers), a subclass of BsAb, with a modified Fc domain
(fragment capable of crystallisation) to activate NK cells via NKp46. NKp46 plays a key role in inducing
NK cell cytotoxicity, particularly in HLA class | unprotected cells, which is a common occurrence in cancers
characterized by reduced HLA class | expression (Demaria, 2021). Growing evidence suggests that treat-
ment with these antibodies can increase tumour infiltration by NK cells, consequently leading to strong
anti-tumour responses in animal models (Gauthier, 2019).

Innovative NK cell strategies also include the development of NK cell engagers targeting CD186, in parti-
cular FcyRIIIA (Fe receptor gamma I11A), the CD16A isoform. Currently, most NK cell engagement agents
target antigens commonly expressed in hematologic malignancies, including CD19, CD20, CD30, and
CD33. This trend is consistent with the trajectory of other immunotherapies such as CAR-T cells and CAR-
NK cells (Ellwanger, 2019; Ordoniez-Reyes, 2022). As a pioneering FDA-approved bispecific antibody
for the treatment of B-cell malignancies, blinatumomab represents a significant clinical milestone. However,
many challenges remain, including issues related to treatment resistance and limited efficacy in solid
tumours. In response to these challenges, significant efforts have been made to develop multispecific anti-
bodies (Tapia-Galisteo, 2023). Multispecific antibodies are carefully designed to target activating NK cell
receptors in combination with TAA (tumour-associated antigen), marking a promising trajectory in the cancer
therapy landscape. The spectrum of NK cell receptor activation has been established in a hierarchical order
based on their ability to activate quiescent NK cells, with CD16 > NKp46 > NKG2D dominating in
potency (Bryceson, 2006). In the context of acute myeloid leukaemia, an antibody construct targeting
CD33/CD16/CD123 was developed, resulting in enhanced NK cell-mediated lysis of primary leukemic
cells compared to a trivalent bispecific antibody (Braciak, 2018). Moreover, other triumvirate antibody
constructs have been developed targeting CD33 or HLA-DR (human leukocyte antigen-DR) and CD19.
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These constructs engage NK cells via an anti-CD16 moiety or use the NKG2D ligand (Vyas, 2016).
Additionally, a trispecific antibody format, called aTriFlex, was used to recalibrate NK cell cytotoxicity
against two antigens found in multiple myeloma, significantly increasing its selectivity and efficacy
(Gantke, 2018). In parallel to these multifaceted formats, 1gG-like TsAbs (quadrivalent bispecific antibodies)
have been carefully designed using various advanced technologies, including SEEDbody and common light
chain technology. These TsAbs have the characteristic ability to simultaneously target multiple antigens
such as EGFR (epidermal growth factor receptor), CD16, and PD-L1. This leads to increased binding
affinity and increased potency of antibody-dependent cellular cytotoxicity (Pekar, 2020; Bogen, 2021).

Another notable strategy involves dual targeting of NK cell activation receptors. The ANKET (Antibody-
based NK cell Engage Therapeutics) platform has achieved significant progress in this field, creating
promising NKCEs targeting a diverse set of tumour antigens. These trifunctional NKCEs contain two Fab
antibody fragments targeting NKp46 and TAA (CD19, CD20, EGFR), interspersed with an Fc domain to
facilitate CD16-mediated ADCC. Preclinical studies have shown that these NKCEs demonstrate remar-
kable efficacy across a spectrum of cancer types, outperforming results obtained with monoclonal antibody
treatment in a Raji B lymphoma model (Gauthier, 2019). Furthermore, in a study focusing on paediatric
B-ALL (B-cell acute lymphoblastic leukaemia), trifunctional NKCEs targeting CD19 or CD20, engaging
NKp46 or NKp30, demonstrated highly effective NK cell-mediated killing of leukaemia cell lines and
primary blasts, in including resistant to the action of NK cells (Colomar-Carando, 2022). Additionally, the
TriNKET (Triple-Negative Killer Engager Therapy) platform offers an alternative route to the development
of multifunctional NKCEs. A notable agent within this platform, DF1001, is tailored to target HER2 while
interacting with CD16 and NKG2D (Myers, 2021). The therapeutic potential of bispecific and multispecific
antibodies, especially in the context of NK cell involvement, is a source of hope in the fight against cancer.
As research and clinical trials progress, the continued search for multifaceted antibodies offers hope for
better treatment outcomes for patients suffering from serious malignancies.

EFFICACY OF MODIFIED NK CELLS IN CANCER TREATMENT — CLINICAL TRIALS

NK cell therapy has shown promising anti-cancer effects in preclinical studies, targeting various malignan-
cies like leukaemia, lymphoma, myeloma, ovarian cancer, and glioblastoma (Daher, 2021).

CAR-NK CELLS

When it comes to clinical trials, as of September 2023, there are more than 30 ongoing clinical trials inve-
stigating CAR-NK constructs for the treatment of various hematologic and solid tumour malignancies.
These trials are registered on ClinicalTrials.gov. Approximately 70% of these trials are focused on haema-
tological malignancies. Here are some noteworthy examples:

e immunotherapy combination: irradiated PD-L1 CAR-NK cells plus pembrolizumab plus N-803 for
subjects with recurrent/metastatic gastric or head and neck cancer (NCT04847466);

e study of anti-PSMA CAR NK Cell (TABP EIC) in metastatic castration-resistant prostate cancer
(NCT03692663);

o study of DLL3-CAR-NK cells in the treatment of extensive stage small cell lung cancer
(NCT05507593);

e NKXO019, intravenous allogeneic chimeric antigen receptor natural killer cells (CAR NK), in adults with
B-cell cancers (NCT05020678);

e NKX101, intravenous allogeneic CAR NK cells, in adults with AML or MDS (NCT04623944).

These trials represent a promising avenue of research in the field of immunotherapy, where CAR-NK cells
are being investigated for their potential to target and treat a range of cancers.

HERE ARE HIGHLIGHTED THE MOST IMPORTANT CLINICAL STUDIES ASSOCIATED WHITH THIS REVIEW
ACUTE MYELOID LEUKEMIA (AML)

In a significant development in 2018, the commencement of a first-in-human phase I clinical trial intro-
duced CD33-CAR NK cells as a therapeutic modality for patients grappling with relapsed and refractory
AML. This pioneering study, which enrolled a trifecta of participants, placed paramount emphasis on eva-
luating the safety profile of CD33-CAR-NK cells. Notably, the investigation yielded a noteworthy absence
of reported adverse events (Tang, 2018; Chu, 2022).
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MULTIPLE MYELOMA (MM)

As previously highlighted, a noteworthy clinical trial phase involving IPH2101, when combined with lena-
lidomide in a cohort of fifteen individuals afflicted by relapsed/refractory multiple myeloma, demonstrated
a substantial enhancement in median progression-free survival (Benson, 2015). Additionally, an indepen-
dent exploration of IPH2101 as a monotherapy among a group of nine patients revealed overall tolerability
but limited efficacy in significantly enhancing anti-cancer potential (Carlsten, 2016).

LYMPHOMA

In 2020, a remarkable milestone was achieved in the treatment of high-risk B-cell lymphoma and CD19+
chronic lymphocytic leukaemia (CLL) through the use of allogeneic cord blood-derived CAR-NK cells.
This approach was characterized by a favourable safety profile, in particular it did not cause side effects
such as cytokine release syndrome, neurotoxicity or GVHD (graft-versus-host disease). Impressively, 73%
of patients responded positively to this intervention, achieving complete or partial remission. These
responses were rapid and lasted for at least 30 days after infusion (Liu, 2020). Additionally, Bachanova
and colleagues presented preliminary clinical results with FT596, an off-the-shelf induced pluripotent stem
cell (iPSC)-derived CAR-NK therapy targeting CD19 in the context of B-cell lymphoma. Preliminary
observations on the effects of FT596 treatment in one patient indicated a partial response characterized by
with a reduction in tumour volume exceeding 50%. However, it is worth noting that several adverse events
have been reported, including leukopenia, neutropenia, anaemia, and urinary tract problems (Bachanova,
2020).

SOLID TUMOURS

In the Phase | dose escalation study, the primary objectives were to evaluate the feasibility of large-scale
expansion and to assess the safety of administering ex vivo-expanded NK-92 cells as allogeneic cellular
immunotherapy to patients with refractory cancer, renal cell carcinoma and melanoma. This study included
a cohort of twelve patients, and infusion toxicities associated with NK-92 cell administration were mainly
mild. Interestingly, one patient demonstrated durable disease survival four years after NK-92 infusion.
Additionally, among the patients, one person with metastatic melanoma showed a modest response during
the study period, while another patient had a mixed response (Arai, 2008). Additionally, in a clinical trial,
a cohort of fifteen people diagnosed with advanced and refractory cancers, mainly solid tumours and sar-
comas, and in some cases leukaemia or lymphoma, received two doses of NK-92 cells given 48 hours apart.
Impressively, no adverse events were reported during or after the infusion. Notably, 75% of lung cancer
patients showed some form of positive response (Tonn, 2013). In recent developments, ongoing clinical
trials are aimed at evaluating the PD-L1 t-haNK system. These cells, derived from NantKwest's proprietary
master NK-92 (aNK) cell bank, are genetically engineered to target PD-L1 and produce intracellular 1L-2,
thereby enhancing their capacity for antibody-targeted cellular cytotoxicity. CD16. Preliminary observations
from this study, pending peer review, showed no dose-limiting toxicities in a cohort of six patients diagnosed
with locally advanced or metastatic solid tumours. This trial is registered under the identifier
(ClinicalTrials.gov: NCT04050709). As previously mentioned, a Phase | clinical trial provided evidence
of the utility of recombinant rIL-15 in the treatment of refractory solid tumours in 19 patients. Although
no objective responses were observed, several patients experienced disease stabilization (Miller, 2018).
Additionally, as previously highlighted, a Phase | clinical trial involving a cohort of 24 patients provided
evidence that the use of ALT-803 in combination with immune checkpoint inhibitors or anti-CD20
monoclonal antibodies may increase NK cell cytotoxicity and contribute to better patient survival rates
(Margolin, 2018).

CHALLENGES ASSOCIATED WITH MODIFIED NK CELL-BASED THERAPIES

NK cell-based therapy faces several significant challenges. First, ex vivo NK cell expansion represents
a significant hurdle, primarily attributed to the inherent difficulties in obtaining sufficient NK cells from
a single donor (Chu, 2022). Second, the crucial task of selecting the most appropriate CAR transduction
method into NK cells cannot be underestimated. Although viral vectors such as retroviruses are commonly
used, their use is associated with potential risks, including insertional mutations and carcinogenesis (Myers,
2021). Third, the complex and multifaceted tumour microenvironment introduces a multitude of complexities
into the field of NK therapy (Daher, 2021). Finally, evaluation of preclinical outcomes faces significant
obstacles due to the lack of clinically relevant animal models that can faithfully reproduce the intricacies
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and interactions in the TME. Unfortunately, the vast majority of studies continue to rely on immunocom-
promised mice, which, while valuable, do not sufficiently mimic the clinically relevant TME and do not
provide a precise assessment of NK cell functionality (Chu, 2022). To optimize NK cell therapeutic strate-
gies, it becomes necessary to obtain a comprehensive understanding of the impact of metabolic markers and
signalling pathways on NK cell persistence. Additionally, it is critical to refine manufacturing procedures
to ensure consistency and uniformity in NK cell infusions. It is equally important to explore strategies to
preserve NK cell persistence without inducing lymphodepletion, especially in the context of co-admini-
stration with chemotherapy or radiotherapy (Du, 2021).

DIRECTIONS FOR FURTHER RESEARCH ON THE USE OF MODIFIED NK CELLS
IN CANCER THERAPY

The landscape of clinical trials pertaining to NK cell-based immunotherapy encompasses phases | and 11,
with a predominant focus on haematological malignancies (Wu, 2020). However, NK cells have consistently
demonstrated remarkable safety and efficacy profiles in these clinical trials. Whether administered as stan-
dalone interventions or in conjunction with other therapeutic modalities, both allogeneic and autologous
approaches have exhibited promising outcomes (Laskowski, 2022). Of particular significance is the appli-
cation of chimeric antigen receptor (CAR)-engineered NK cells, which have proven to be highly effective
in targeting tumour-specific antigens and thereby amplifying anti-tumour responses (Zhang, 2022).

Moreover, the development of antibodies meticulously tailored to selectively target inhibitory receptors
on NK cells, encompassing KIRs, NKG2A, and TIGIT, has unveiled their potential in enhancing NK cell
responses and fortifying the elimination of tumour cells. Several of these antibody candidates are currently
undergoing rigorous clinical validation (Du, 2021). Capitalizing on the expansive recognition capabilities
intrinsic to NK cells, the integration of NK cell-based therapies into multifaceted immune combination
strategies holds substantial promise for further augmenting anti-tumour efficacy. Prospective innovations
may involve more intricate genetic modifications aimed at bolstering the longevity and functionality of
NK cells while mitigating the risk of unintended side effects (Maddineni, 2022). A forthcoming challenge
in the adoption of NK cell-based therapy lies in the need for a more precise characterization of distinct NK
cell subsets. This necessitates the identification of specific markers, functional attributes, and regulatory
pathways unique to each subgroup. Such insights will facilitate the development of tailored therapeutic
approaches for the treatment of tumours that are infiltrated by distinct NK cell populations. Furthermore,
to mitigate off-target effects induced by conventional anti-tumour medications within the tumour micro-
environment, future clinical trials should incorporate meticulously selected combination therapies. This
strategic refinement is pivotal to ensure that treatment effectiveness remains uncompromised (Wu, 2020).

Delving into other subsets of ILCs (Innate Lymphoid Cells) beyond NK cells, such as intraepithelial ILC1-
like cells, holds the potential to bolster antitumor responses and broaden the horizons of NK cell therapies
in the realm of cancer immunotherapy (Moreno-Nieves, 2021).

CONCLUSIONS

The development and application of genetically modified NK cells with enhanced reactivity hold significant
promise in the treatment of therapy-resistant cancers. NK cells exhibit a remarkable ability to target and
eliminate cancer cells through various mechanisms, both directly and indirectly. Genetic modifications, such
as CAR expression and cytokine supplementation, have shown immense potential in augmenting NK cell
cytotoxicity and persistence within the tumour microenvironment. Moreover, the use of monoclonal antibo-
dies targeting inhibitory receptors on NK cells, along with advancements in allogeneic NK cell therapies,
offers novel approaches to overcoming immune evasion strategies employed by tumour cells. These strategies
broaden the horizons of cancer immunotherapy and hold the potential to improve patient outcomes, parti-
cularly in cases where conventional treatments have failed.

While challenges persist, such as optimizing expansion protocols, selecting appropriate sources for NK
cells, and improving our understanding of the intricate interactions within the tumour microenvironment,
ongoing research and innovation continue to drive the field forward. As we delve into the realm of emer-
ging NK cell subtypes and their potential synergies with other immune therapies, the future of genetically
modified NK cell-based treatments for therapy-resistant cancers appears promising.
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