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Summary

Natural killer (NK) cells possess the innate ability to eliminate cancerous cells effectively. Their crucial role in immunosurveillance has been
widely recognized and exploited for therapeutic intervention. Despite the fast-acting nature of NK cells, NK adoptive cell transfer lacks favorable
response in some patients. Patient NK cells often display diminished phenotype in preventing cancer progression resulting in poor prognosis.
Tumor microenvironment plays a significant role in causing the downfall of NK cells in patients. The release of inhibitory factors by tumor micro-
environment hinders normal function of NK cells against tumor. To overcome this challenge, therapeutic strategies such as cytokine stimulation
and genetic manipulation are being investigated to improve NK tumorkilling capacity. One of the promising approaches includes generation of
more competent NK cells via ex vivo cytokines activation and proliferation. Cytokine-induced MI:NK demonstrated phenotypic alterations such
as enhanced expression of activating receptors which help elevate their antitumor response. Previous preclinical studies showed enhanced cyto-
toxicity and IFNy production in ML=NK cells compared to normal NK cells against malignant cells. Similar effects are shown in clinical studies in
which MK-NK demonstrated encouraging results in treating hematological cancer. However, there is still a lack of in-depth studies using ML-NK
in treating different types of tumors and cancers. With convincing preliminary response, this cell-based approach could be used to complement
other therapeutic modalities to achieve better clinical outcomes.
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release syndrome; CTLA-4: cytotoxic T lymphocyte associated protein-4; DNAM: DNAX accessory molecule 1; ECM: extracellular matrix; GvDH: graft versus
host disease; HCC: hepatocellular carcinoma; IFNy: interferon gamma; IL: Interleukin; ILC: innate lymphoid cells; KIR: killer immunoglobulin-like receptor;
MCMV: murine cytomegalovirus; MDS: myelodysplastic syndrome; MDSC: myeloid derived suppressor cells; MHC: major histocompatibility complex; miRNA:
microRNA; ML-NK: memory-like natural killer cells; MMP: matrix metalloproteinase; NK: natural killer; NKG2A: natural killer group 2 member A; NSCLC: non-
small cell lung cancer; PD-1: programmed cell death-1; PD-L1: programmed cell death ligand-1; RCC: renal cell carcinoma; SEMA7A: semaphorin 7A; TAM: tumor
associated macrophages; TGFf3: transforming growth factor beta; TME: tumor microenvironment; TNFo: tumor necrosis factor alpha; TRAIL: tumor necrosis

factor-related apoptosis inducing ligand; Treg: regulatory T cells.

Introduction

Cancer immunotherapy has been an emerging field over the
last decade. The objective of immunotherapy is to enhance the
ability of the immune system in recognizing and destroying
malignant cells. Immunotherapy consists of several treat-
ment modalities; including oncolytic therapy, cancer vaccines,
cytokine therapy, adoptive cell therapy, and immune check-
point inhibitors [1-5]. Each approach targets specific cancer
cells by enhancing antitumor immunity in a unique way thus
generating durable responses in some cancers. One example
is the adoptive transfer of genetically altered T cells known
as CAR-T which significantly improved clinical outcomes in
patients with hematological malignancies by achieving remis-
sion rates of 81% and 71% in pediatric acute lymphoblastic
leukemia (ALL) and adult B-cell acute lymphoblastic leu-
kemia (B-ALL) patients, respectively [6-8]. Aside from that,
immune checkpoint blockades comprising of monoclonal
antibodies which target cytotoxic T lymphocyte associated
protein-4 (CTLA-4), programmed cell death-1 (PD-1), and
programmed cell death ligand-1 (PD-L1) also showed re-
markable results in enhancing T-cell response against various
tumor types; for instance, metastatic melanoma, non-small
cell lung cancer (NSCLC), bladder cancer, renal cell car-
cinoma (RCC), and colorectal cancer (CRC) [5]. These ap-
proaches have benefited some patients in terms of achieving
remission and preventing relapse. However, severe adverse ef-
fects such as cytokine release syndrome (CRS), neurotoxicity,
and graft-versus-host disease (GvHD) are still major concerns
despite promising outcomes [9].

Natural killer (NK) cells have been long known for their
role in mediating immune response against tumor develop-
ment and infections. Researchers believe that NK cells can
be harnessed in developing alternative approaches to curtail
cancer. Early clinical studies utilizing NK cells have shown
safety and efficacy against hematological malignancies.
Complete remission was reported in 5 out of 19 acute mye-
loid leukemia (AML) patients with poor prognosis after infu-
sion of haploidentical allogeneic NK cells [10]. Another study
on pediatric AML indicates all patients achieved complete re-
mission and remained event-free for approximately 2 years
[11]. No serious adverse effects (such as GvHD) with limited
toxicities were reported in these studies suggesting that NK
cell therapy is generally well-tolerated in patient [10, 12].
With this, NK-cell-based immunotherapy is gathering more
attention revolving around its clinical potential and applica-
tion. Currently, autologous or allogeneic NK cell transfers are
being explored as a form of immunotherapy [13]. Clinical
trials leveraged on NK cells show promising results which
encourage further studies and continuous innovation [14].
Strategies for improving NK cell function such as cytokine
induction and engineering exogenous receptors are currently
ongoing [15, 16].

In this review, we briefly discuss the role of NK cells in
eliminating cancer and how NK cell function becomes de-
pleted in the tumor microenvironment (TME). We also

provide an overview of cytokine-induced memory-like NK
(ML-NK) cells and their key features in mediating antitumor
response. We describe the changes in ML-NK cells, which at-
tribute to their elevated responsiveness against tumor cells.
Lastly, this review highlights the clinical significance and pos-
sible future applications of ML-NK cells in cancer immuno-
therapy.

NK cell biology and function

Defined as key mediators of the innate immunity, NK cells
are the first responders against harmful infections and malig-
nancies. NK cells arise from the bone marrow and are usu-
ally found in lymphoid tissue, spleen, and peripheral blood
circulating at low frequency (5-15%). They are identified as
large granular lymphocytes derived from a single lymphoid
progenitor cell [14]. Known to exhibit powerful cytotoxic
activity, NK cells have the capacity to recognize and elim-
inate a wide spectrum of cancer cells rapidly without prior
sensitization. Unlike other immune cells, NK cells are able
to mediate cytotoxicity without the need for antigen specifi-
city. Human NK cells can be divided into two subpopulations
based on the expression level of cluster of differentiation
(CD) markers; namely CDS56" and CDS56%™ [17]. Each
population has its distinctive properties and function. Based
on previous research, CD56"" cells (roughly make-up 10%
of the NK-cell population) are suggested to be more prolifera-
tive and have greater cytotoxicity when stimulated yet pos-
sess poor cytotoxicity during resting conditions [18]. Another
research showed that CD56¢™ cells which make-up 90% of
the NK-cell population are potently cytotoxic without prior
stimulation and are able to produce cytokines after stimula-
tion [19].

In general, NK cells can destroy numerous target cells in the
absence of antibodies or via antibody-dependant cellular cyto-
toxicity (ADCC) [20]. Cytotoxic action occurs either through
the direct release of perforin and granzymes which then bind
to the target cell resulting in cell lysis or through the engage-
ment of death ligands such as Fas ligand and TNF-related
apoptosis inducing ligand (TRAIL) to their respective recep-
tors to initiate apoptosis following caspase activation. Besides
that, NK cells can indirectly mediate antitumor immunity
through their role as immunoregulatory cells. The release of
tumor necrosis factor alpha (TNFa) and interferon gamma
(IFNy) by NK cells promotes activation and recruitment of
other immune cells, enabling the action of adaptive immunity
against malignancy [21-23]. Additionally, NK cells can detect
target cells in the presence of antibodies by forming ADCC
complexes upon the engagement of CD16 receptors to those
target cells, resulting in cell lysis and cytokine release [20, 24].

NK-cell activation is strictly regulated by the expression
of inhibitory, activating, and cytokine receptors on NK cells
[23]. Surface expression of human killer immunoglobulin-
like receptors (KIR and CD94/NKG2A inhibitory receptors
allows recognition of major histocompatibility complex
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(MHC) class I commonly expressed by normal healthy cells,
sparing these healthy cells from NK-cell-mediated killing.
In the event of decrease or lack of MHC class I expression
in tumor cells, NK cells will recognize tumor cells as “non
self”, distinguishing tumor cells from MHC class I expressing
normal healthy cells. The lack of NK inhibitory signals un-
leashes the brakes for NK-cell activation and permits the re-
lease of inflammatory cytokines that selectively destroy tumor
cells. At the same time, cancer or virus-induced stress stimu-
lates NK activating receptors (namely NKp46, NKp44 and
NKp30, CD16, NKG2D, and DNAM-1) facilitating the en-
gagement of NK cells to the ligands of target cancer cells and
exerting killing mission. Consequently, NK cells will produce
inflammatory cytokines and perform cytotoxic killing of
tumor cells. The equilibrium between activating and inhibi-
tory receptors and the interaction with target cells are crucial
in directing NK cells to proceed or abort their killing mission
[21-23].

NK cells in cancer

NK cell deficiency

Previous case studies have shown that patients with poor
prognoses in cancer are correlated to relatively low levels of
NK cells in their body [235, 26], suggesting that NK cells are
possibly vital in cancer prevention. This is in line with a pre-
clinical study by Mamessier et al. where the NK cells isolated
from different stages of breast cancer showed reduced func-
tionality against leukemia cell line [27]. The expression of
activating and inhibitory receptors was significantly altered in
the collected samples, in addition to that, more severe impair-
ment is observed in NK cells from the advanced stage cancer
group. In another correlation study by Bachanova et al., NK
cells from Non-Hodgkin’s Lymphoma patients and healthy
subjects were evaluated for their antitumor effect [28]. NK
cells from cancer patients demonstrated poor effector func-
tion in vitro including poor degranulation, impaired cyto-
toxicity, and cytokine release compared to healthy controls.
Similarly, Zhang et al.‘s study have shown that patients with
myelodysplastic syndrome (MDS) had a decreased in CD16*
NK-cell population in comparison to healthy controls [29].
Despite the alteration in the expression of activating and in-
hibitory receptors, patient NK cells failed to produce suffi-
cient perforin and granzyme. These findings imply that NK
cells have impaired cytotoxic and antibody-mediated killing
mechanisms which led to an ineffective antitumor response in
cancer patients.

Additionally, functional and metabolic defects were evident
in NK cells retrieved from metastatic breast cancer patients
who undergo chemotherapy or treatment-free for a year [30].
Apart from impaired cytotoxicity and cytokine production,
this study also reported significant mitochondrial alterations,
reduced glycolysis, and oxidative phosphorylation in cancer
patients. Such metabolic changes hinder normal functioning
of NK cells, hence contributing to uncontrollable tumor
growth and immune evasion. Strategies to augment and re-
store NK cells are needed to overcome challenges imposed by
tumors. To achieve this, we must first address the root cause
of the inhibition or dampening of NK-cell activity.

Tumour microenvironment (TME) suppression

Generally, tumor microenvironment (TME) is the main con-
tributing factor in impeding NK-cell activity. TME disrupts

antitumor immunity through the formation of an extracel-
lular matrix (ECM), creating oxygen and nutrient-depleted
environments, the release of soluble factors, and producing
an immunosuppressive cell population [31-34]. Disruption in
cellular immunity not only perturbs NK cells but also limits
the efficacy of other therapeutic strategies [33]. To facilitate
the disruption, TME comprises immunosuppressive cells such
as regulatory T cells (Treg), stromal cells, tumor associated
macrophages (TAMs), cancer-associated fibroblasts (CAFs),
and myeloid-derived suppressor cells (MDSC) which inter-
fere NK-cell interaction with cancer cells that promote tumor
progression and metastasis [33, 35, 36]. The ECM compo-
nents such as matrix metalloproteinase (MMP) as well as a
disintegrin and metalloproteinase (ADAM) form a tissue bar-
rier surrounding the tumor, preventing NK cells from pene-
trating its core and restricting tumor infiltration [32]. TME
creates an inconducive environment consisting of hypoxia, an
acidic condition with low nutrient levels that reduces NK-cell
survival and expansion [34]. Besides that, these components
release soluble factors and immunosuppressive cytokines such
as transforming growth factor beta (TGF) and Interleukin
10 (IL-10) which restricts NK effector and cytotoxic function
[35, 36].

TGEFp is a pleiotropic factor involved in the development
and progression of tumors. Expressed in either soluble or
membrane-bound form, TGFf is an essential cytokine in
modulating inflammation and preventing tumor forma-
tion in healthy tissues. However, tumor suppressive effects
of TGFp are being compromised in cancer after acquiring
mutation leading to dysfunctionality. Instead of suppressing
tumor growth, TGFf may interfere NK-cell activity by pro-
moting or repressing specific mechanisms, which disrupt
activating receptor expression, manipulate cell metabolism,
and convert NK cells to less cytolytic ILC1 as described in
Fig. 1 [37-39]. At the transcriptional level, TGF reduces
the T-box transcription factors (T-bet and Eomes) respon-
sible for NK-cell development and recruitment [37, 38].
This occurrence is demonstrated in Kiekens et al.’s experi-
ment, whereby a reduction of NK cells and immature NK
phenotypes were observed in T-bet and Eomes deficient
mice [40]. Besides that, TGFf also plays a role in reducing
cytokine production in NK cells by acting as a repressor
of IFNy [38]. In terms of metabolic alteration, TGFf in-
hibits mTOR pathway essential in NK-cell proliferation
[41]. This leads to a decrease in oxidative phosphorylation
and glycolysis as well as developing mitochondrial defects
evidently shown in NK cells from breast cancer patients
where fragmented and elongated morphology was observed
[30]. Without these essential metabolic processes, NK cells
are incompetent to expand, proliferate, and execute their
killing mechanism.

In addition to that, TGFB could mediate miRNAs to
perturb the expression of activating receptors at post-
transcriptional level [42]. Overexpression of different
miRNAs (such as miR-1245, 146a, and 183) causes
downregulation of NKG2D, NKG2C, KIR, and NKp44
surface expression affecting cytokine production [43-45].
Decline in activating signals contributes to the impairment
of NK-cell recognition [37, 46]. Therefore, TGFf exploits
miRNA machinery to repress NK-cell activity. Furthermore,
TGEFp also promotes the transition of NK cells to Group
1 innate lymphoid cells (ILC1s) which are less effective
against tumors. Despite having similar functions in IFNy
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production, ILC1s lack perforin-dependant cytotoxicity and
overall capacity to reduce tumor burden [39]. Consequently,
the release of TGFB by tumor and their surrounding cells
have the ability to counteract immune cells which promotes
tumor immune escape as shown in Fig. 2 [37, 38]. On the
whole, TME is not the sole factor in driving NK-cell sup-
pression. Multiple factors such as the immunosuppressive
effects of chemotherapy, radiation, surgery, and cancer itself
may also be responsible for the deterioration of NK cells af-
fecting the overall antitumor immunity [47].

Foo et al.

NK-cell therapy

Since NK cells in cancer patients are mostly comprom-
ised by the effects of TME, researchers have been looking
for ways to restore NK-cell function. According to Miller
et al.’s study, infused donor NK cells persisted iz vivo and
induced an antitumor effect [10]. Five out of 19 AML pa-
tients from this study have achieved complete remission while
previous studies using autologous NK cells reported having
no significant antitumor effects [48, 49]. Another study con-
ducted on patients with refractory Non-Hodgkin’s lymphoma
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reported notable improvement using allogeneic NK cells
[28]. According to that study, transplantation of allogeneic
NK cells was well tolerated without inducing severe adverse
effects, even in an HLA-mismatch setting. The study re-
ported that 4 out of 15 had objective responses at 2 months.
Additionally, a clinical study using NK-cell therapy has suc-
cessfully prolonged cancer remission and reduce the risk of
relapse in children with AML [11]. On top of that, a phase 1
study performed on adult patients with ALL had also shown
promising results in reducing relapse [50]. However, the study
by Nguyen et al. on pediatric ALL did not produce similar
results. The failure to respond to adoptive NK therapy may
be due to the transient nature of pure NK cells and the low
infusion dose given to this specific cohort [51]. From these
findings, it is worth mentioning that the response rates to-
ward NK-cell therapy vary among patients.

Based on previously mentioned studies, the preference for
using donor cells compared to the patient’s own NK cells
for treating cancer is still debatable. Therefore, it is crucial
for future studies to investigate the efficacy of allogeneic NK
cells. Patient’s own NK cells may be less sensitive to cytokine
stimulation and are mostly functionally impaired. According
to Terren et al.’s review, NK cells can be activated by many
means including exposure to a tumor antigens [52]. Donor
NK cells may have prior exposure to tumor antigen or car-
cinogens which could trigger the development of innate
memory. When infused into cancer patients, these donor NK
cells could recognize and attack cancer cells more effectively.

Memory-like NK cells

Recently, immense efforts have been made to improve NK-cell
performance to become better fighters. Immunological
memory in NK cells may confer the ability to recognize and
react more rapidly against infection upon secondary en-
counter. It had been highlighted that the emergence of NK-cell
memory can take place in two scenarios: antigen-dependent
(hapten exposure and virus infection) or antigen-independent
(cytokine induction) [53]. The characteristics, molecular
mechanisms, and therapeutic opportunities of memory-like
NK (ML-NK) cells are discussed in the second part of this
review.

First discovered in mice deficient of T & B cells, re-
sults show that NK cells were able to mediate contact
hypersensitivity response against specific haptens such as
2,4-dinitrofluorobenzene and oxazolone following secondary
exposure [54]. Adoptive transfer of previously sensitized NK
cells persisted about for 4 weeks. Besides their memory re-
sponses to haptens, NK cells also exhibit responses to vir-
uses. In a murine cytomegalovirus (MCMYV) model, NK cells
demonstrated robust secondary expansion and protective
immunity when re-encountered with viral antigen [55]. Prior
exposure to viral antigen triggered a massive proliferation
of preactivated NK cells, leading to the increased degranula-
tion and cytokine release compared to naive NK cells when
rechallenged with virus. Theoretically, cytokine-mediated ac-
tivation could generate NK cells that express similar memory
traits. When subjected to cytokines, NK cells change the way
they respond and transform into ML-NK cells [53, 56, 57].
This idea was shown in a previous experiment conducted
by Cooper et al., pre-activated murine NK cells have shown
enhanced IFNy production against leukemia cells [58].
Consistent with Cooper et al’s study, Jin et al. also suggested

that cytokines are capable of inducing memory-like proper-
ties and these traits are passed down to the next generation
[59]. Apart from that, increased expression of activating re-
ceptors was observed in cytokine-treated NK-cell population
[60]. The transplantation of pre-activated NK cells success-
fully prolonged survival in leukemia mice. These studies sup-
port the notion that NK cells have the capabilities to develop
memory-like features and recognize tumor or infected cells
during reencounter [58-60].

Epigenetic changes in NK cells

Epigenetic regulation in immune cells is not only crucial for
cell growth, development, and function but it also plays a
vital role in initiating innate and adaptive immune memory
[61-63]. Few studies suggested that epigenetic remodeling
contributes to the persistence and development of memory
in NK cells [64-66]. Epigenetic changes can influence the
states of NK cells varying “from ‘at rest’, ‘active’, ‘memory’,
‘repressed’ and ‘exhausted’.” [67]. Epigenetics depicts chro-
matin modifications that regulate gene expression without
affecting the gene sequence. Epigenetic events include DNA
methylation, histone modification, chromatin remodeling,
and non-coding RNA activity [68]. Rapid and effective innate
immune response is triggered upon repeated stimuli resulting
from immune-related gene activation [65].

According to study by Lau et al., memory NK cells have dis-
tinct epigenetic profiles compared to naive NK cells. The study
pointed out that Prfl1 locus, involved in NK cell-mediated
cytotoxicity has enhanced chromatin accessibility in memory
NK cells. Apart from that, the study also revealed that NK
cells have undergone chromatin remodeling of genes involved
in innate and adaptive immune function when encountering
with pathogen. The overlap of accessible chromatin regions
between NK cells and CD8 + T cells is of interest, given that
genes known to mediate memory formation in T cells such as
Bach2, Tcf7, and Zeb2 may be associated with memory for-
mation in NK cells as well. Different experimental models of
infection show distinct epigenetic rewiring in NK cells during
infection (Table 1) [55, 64-66, 69-74]. Epigenetic changes
appear to be stable in memory-like NK cells and memory
phenotypes are maintained in daughter cells [64]. Despite the
lack of understanding of the epigenetic molecular mechanism
governing NK cells, cytokines may have an impact on the epi-
genetic remodeling of chromatin structure [75]. Cytokines are
capable of improving the accessibility of transcription factors
such as STAT proteins which are involved in numerous genes
associated with NK-cell activation and immune function [68,
75]. Similarly, epigenetic mechanisms in exhausted CD8+ T
cells may be repressed [76]. Treatment with IL-15 could in-
duce epigenetic reconfiguration to revert its normal function.
Hence, this concept may be applied to revert exhausted NK
cells in cancer patients. Therefore, further studies to explore
epigenetic signatures in regions associated with NK immune
memory will be beneficial.

Cytokine-induced ML-NK cells

Early studies revealed that pre-activation with specific com-
bination of cytokines is necessary to produce ML-NK cells
and support expansion in vitro [16, 58, 77]. Cytokines such
as IL-2, IL-12, IL-15, IL-18, and IL-21 are vital for the de-
velopment, survival, activation, and promotion of effective
antitumor response of NK cells [78-81]. Exposure to these
cytokines has significant impact on NK cells as cytokines have
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the ability to stimulate immune effector function [78]. This
indicates that direct exposure to cytokines can be used as a
strategy to strengthen antitumor immunity. One example is
applying Interleukin-2 (IL-2) in treatments for renal cancer
and metastatic melanoma due to their capability of promoting
proliferation, enhancing cytolytic action, and increasing cyto-
kine release of NK cells [82]. Indeed IL-2 play a crucial func-
tion in activating NK cells through JAK1/3-STATS signaling
pathway by binding to IL-2R comprising of subunits CD235,
CD122, and CD132. Despite its vital role in promoting
NK-cell growth, a major increase in IL-2 would most likely
induce the expansion of regulatory T cells (Tregs) in turn may
restrict NK-cell activity. Alternatively, IL-15 could mediate
NK-cell development and activation in a similar manner as
IL-2 [78]. It could activate NK cells through JAK-STATS and
mTOR pathways without stimulating regulatory T-cells.

An experiment conducted by Cooper et al. showed that brief
exposure to human NK cells with IL12,15,and 18 could trigger
proliferation signals leading to NK-cell activation [58]. Upon
receiving signals, these cells undergo expansion and “training”
to become more efficient at targeting cancer cells. Profound ef-
fects such as enhanced proliferation and cytokine production
were reported after restimulation 7 vitro. Similar results were
observed in a study by Romee et al. where cytokine-induced
ML-NK cells were co-cultured with leukemia cell lines [16].
Their subsequent study revealed that transplantation of
cytokine-induced ML-NK cells displayed antitumor response
in mouse models [77]. The synergistic effects of interleukins
combination resulted in increased IFNYy production and cyto-
toxicity against leukemia targets in treated NK cells compared
to untreated NK cells [16, 83]. Other studies have employed
this method to characterize and potentially apply ML-NK cells
for immunotherapy [59, 60, 83, 84].

Phenotypic modification of NK to ML-NK cells
Cytokine re-stimulation is able to induce a series of pheno-
typic alterations correlated with memory-like traits. This has
been associated with observable changes including elevated ex-
pression of nutrient transporters (CD71, CD98, GLUT1, and
GLUT?3), activating receptors (NKG2D, NKp30, and NKp44),
and downregulation of KIR and TGFf receptors [16, 52,57, 85,
86]. Elevated activating signals enable ML-NK cells to recognize
tumor more rapidly compared to their naive counterparts [57].
Further evidence suggested that these changes may contribute
to the enhancement of cell differentiation, long-term persist-
ence, effector function, and recall response observed in ML-NK
cells [52, 57]. Up-regulation of potent stimulators such as
Semaphorin 7A (SEMA7A) was also observed in ML-NK cells
which promotes IFNy release and differentiation of ML-NK
cells [46]. Of note, increased IFNy production in ML-NK cells
mediates more cytotoxic killing and triggers a greater immune
response against tumor cells [83]. The interaction between IFNy
and TME induces different pathways which halt the growth of
cancer cells. For example, initiation of JAK/STAT1 signaling
increases caspase activity resulting in apoptosis of tumor cells
[87]. Apart from that, IFNy triggers other pathways which in-
hibit tumor metastasis and angiogenesis, along with promoting
tumor dormancy and senescence [88-91].

Preclinical and clinical studies

Following the success of generating ML-NK cells ex vivo,
the antitumor effects of ML-NK cells are evaluated against

a panel of cell lines and rodent models including HCC, mel-
anoma, and ovarian cancer [83, 84, 92]. These preclinical
studies have demonstrated robust responses against tumor
targets as described in Table 2. In vivo study conducted by Ni
et al. showed mice exposed to radiotherapy prior to the adop-
tive transfer of preactivated NK cells resulted in a significant
reduction in tumor growth and prolonged lifespan in tumor-
bearing mice [60]. Overall, these preclinical studies support
the notion that cytokine-activated ML-NK cells inflict greater
response against tumor cells compared to untreated coun-
terparts. Enhanced IFNy production and cytotoxic killing
are evidence of enhanced antitumor response observed in
ML-NK in vitro and in vivo.

In recent clinical studies, progress has been made in using
ML-NK cells in providing therapeutic benefits to leukemia
patients [86, 93]. Infusion of donor ML-NK cells is reported
safe with limited toxicities, achieving robust expansion and
proliferation post-infusion. Another pilot study that inte-
grated chemotherapy and ML-NK cells for treating relapsed
AML patients showed comparable outcomes [93]. Patients
who received both treatment types showed a more favor-
able response than chemotherapy alone. ML-NK cells have
safely induced remission with minimal toxicities in relapsed
patients. Despite convincing preliminary results, there are still
limited reported studies on treating hematological-related
cancers and other cancer types with ML-NK cells. Having
said that, ML-NK cell therapy could be further developed and
potentially be applied to other cancers.

Future prospects

Current application of ML-NK cells is limited and mostly still
undergoing clinical investigation. ML-NK cell therapy has
great potential as an adjuvant or if used with other forms of
treatment such as conventional therapy or monoclonal anti-
bodies to boost antitumor effects with the goal of achieving
significant clinical response [94-98]. Several clinical studies
investigating the efficacy of NK cells in addition to their usual
treatment regime to potentiate the therapeutic effects. For ex-
ample, Ishikawa et al. used both adoptive NK-cell therapy and
monoclonal antibodies for treating patients with advanced
colorectal and gastric cancer [94]. Interestingly, encouraging
results were obtained in four out of eight patients treated with
combination therapy (monoclonal antibodies + NK), three of
which displayed decreased tumor burden. In a separate study
by Lee et al., breast cancer patients showed encouraging re-
sponses after receiving NK-cell therapy and trastuzumab [95].
This treatment combination has proven to be well-tolerated
and improved overall outcomes in 25% of the cohort. On
the other hand, combined NK-cell therapy with chemo-
therapy had considerably improved clinical outcomes for
gastric cancer and colon cancer patients and was well toler-
ated [96-98]. Patients receiving combination therapy showed
better quality of life and notably higher progression-free sur-
vival compared to chemotherapy alone. Another study con-
ducted by Kim et al. also showed the therapeutic effects of
combination therapy in a triple-negative breast cancer xeno-
graft model [99]. Reduction of tumor growth was evident
in the combination group (radiotherapy + NK) compared to
the group receiving only NK cells. Given the great potential
to prevent relapse and prolong survival in patients with ad-
vanced cancers using combination therapy, the same could be
applied to ML-NK cells to yield more favorable outcomes.
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There is potential in developing allogeneic ML-NK cells as
“off the shelf” products. This therapeutic modality offers the
advantage of being non-patient-specific and may appeal to a
wider population including the aging population. Recently, a
unique combination of chimeric antigen receptors (CARs) and
memory-like features on NK cells is proposed, CAR-ML-NK
model is designed to achieve a greater on-target off-tumour
effect [100]. It is important that ML-NK cells expand, persist,
and maintains memory-like phenotype after infusion to gen-
erate longer-lasting antitumor effects. In a preliminary study
on the efficacy of CAR-ML-NK against lymphoma cell lines
using a xenograft model, the CAR-ML-NK cells demonstrated
effective expansion, persistence, and enhanced antitumor
response against lymphoma targets and controlled tumor
burden in a mouse model [100]. Nevertheless, the current pro-
gress of this novel technique is limited and still in a very early
stage of development. This could be the next venture in cancer
immunotherapy given that further studies are warranted.

Conclusion

Overall, accumulating evidence shows that ML-NK-cell
therapy holds promising results in improving adoptive NK-cell
therapy. Here, we explored the features of ML-NK cells and
opportunities to translate this therapeutic approach into a clin-
ical setting. There are areas of ML-NK cells that are not well
elucidated, particularly the molecular mechanisms associated
with the development of ML-NK cells. In terms of clinical pro-
gress, notable improvements in early blood cancer trials have
paved way for other cancer types and encouraged further in-
vestigation [86, 93]. Other aspects such as persistency and
expansion capacity in patients, as well as their therapeutic effi-
cacy in different cancer types should be further evaluated. With
the advances and breakthroughs in cellular immunotherapy,
ML-NK-cell therapy stands as a remarkable candidate with
the potential at improving clinical outcomes in the long run.
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