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Natural killer (NK) cells are innate cytotoxic lymphocytes capable of eliminating malignant cells independent
of prior antigen sensitization, thereby constituting a critical first-line defense in tumor immunosurveillance.
Within the tumor microenvironment (TME), metabolic dysregulation profoundly impairs NK cell effector
function, and accumulating studies have investigated the regulatory effects of extracellular metabolites on NK
cells. This review systematically delineates the direct mechanistic interplay between extracellular metabolites
and NK cell antitumor immunity, with particular emphasis on their roles as structural components, bioenergetic
substrates, metabolic reprogramming inducers, modification donors, gene transcription regulators,
stress response mediators, intracellular pH modulators, and ligands engaging cognate receptors to initiate
downstream signaling cascades. Furthermore, we discuss the therapeutic strategies targeting metabolites
to potentiate NK cell functionality, encompassing modulation of metabolite availability within the TME and
exploitation of metabolite-sensitive signaling axes. In addition, combination of metabolic interventions with
other modalities, such as adoptive NK cell transfer and anti-programmed cell death protein 1/programmed
death-ligand 1 therapy, is also evaluated for prospective applications. This review provides a conceptual
framework for understanding the metabolic regulation of NK cells, highlighting emerging directions for
advancing NK-cell-centered cancer immunotherapy through metabolic modulation.
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Introduction

Natural killer (NK) cells are cytotoxic lymphocytes derived from
bone marrow (BM) hematopoietic stem cells (HSCs) that can
rapidly eliminate infected, allogeneic, or stressed cells without
prior antigen exposure. As a critical component of the innate
immune system, NK cells participate in various physiological
and pathological processes, including promoting angiogenesis
at the fetal-maternal interface during pregnancy and sustaining
autoimmune responses [1]. Furthermore, NK cells also function
as potent antitumor effectors capable of recognizing and elimi-
nating tumor cells of diverse histological origins, thereby con-
tributing to cancer immunosurveillance [2].

Metabolites, including carbohydrates, amino acids, lipids,
and their derivatives, are essential biomolecules that serve as
fundamental building blocks, energy sources, and function
regulators required for biological activities. Metabolites within
the tissue microenvironment can be acquired from exogenous
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sources such as dietary intake and subsequently distributed
through the circulatory system or alternatively derived from
cellular secretion within the local milieu. For NK cells, extracel-
lular metabolites refer specifically to those present in the
microenvironment, as distinct from metabolites generated
intracellularly through NK-cell-intrinsic metabolic processes.
Within the tumor microenvironment (TME), such metabo-
lites profoundly regulate NK cell antitumor function through
diverse direct mechanisms.

At present, multiple strategies have been developed to har-
ness NK cells for cancer therapy. Although these approaches
have shown considerable efficacy in both preclinical and clini-
cal studies, their therapeutic efficacy and durability are yet to
be fully optimized, underscoring the need for complementary
strategies. Considering the regulatory effects of extracellular
metabolites on NK cells, modulating NK cell function through
metabolite-based interventions represents a promising strategy
for NK-cell-centered cancer therapy.
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Here, we outline the physiological and functional charac-
teristics of NK cells, with a particular focus on the mechanisms
by which extracellular metabolites regulate NK cell antitumor
immune response, as well as strategies targeting metabolites
and metabolite-sensitive axes to enhance NK cell antitumor
function. This review also provides a conceptual framework
for the future development of NK-cell-centered metabolite-
based antitumor interventions, along with their potential inte-
gration with other therapeutic modalities.

Physiological and Functional Characteristics of
NK Cells

NK cells constitute a distinct subset of cytotoxic lymphocytes
and play a pivotal role in innate immunity. As a specialized
immune population, NK cells undergo a tightly regulated
development process to acquire effector functions and sustain
effective immune surveillance.

Development and maturation

Originating from HSCs, NK cells undergo a series of tightly
regulated developmental processes to achieve lineage commit-
ment, differentiation, and functional maturation.

The prevailing linear model postulates that NK cells exist as a
continuum as follows [3]: Human HSCs differentiate into multi-
potent progenitors, which subsequently give rise to common lym-
phoid progenitors that can further develop into NK progenitors
and other innate lymphoid cell precursors. NK progenitors subse-
quently differentiate into immature NK cells, and appearance
of cluster of differentiation 56 (CD56) denotes the final transition
from immature NK to mature NK cells. Based on CD56 expression
levels, mature NK cells are categorized into CD56""8"CD16~ NK
cells and CD56""CD16" NK cells. CD56™"¢"CD16 NK cells
exhibit low cytotoxicity and robust cytokine production upon
stimulation, displaying a relatively immature functional profile. By
contrast, CD564™CD16" NK cells represent a more mature stage,
characterized by potent cytotoxicity. Moreover, recent studies reveal
that NK cell development is considerably more intricate than previ-
ously appreciated, highlighting the diverse origins of NK cells [4].

Effector function
Once recruited to target sites, NK cells exert their effector func-
tions principally through 3 mechanisms [2]. First, NK cells
form immune synapses with target cells, where cytotoxic gran-
ules are polarized and secreted. These cytotoxic granules con-
tain perforin, cathepsin C, and granzyme, which collectively
induce lysis and apoptosis of target cells. Second, NK cells
secrete a variety of cytokines that induce target cell death and
modulate the activity of other immune cells, including inter-
feron (IFN). Third, Fas ligand and tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL) on NK cells engage
their corresponding receptors Fas and TRAILR on target cells,
leading to caspase-8 activation and apoptosis of target cells.
Unlike CD8" T cells, activation of NK cells is independent of
prior antigen presentation. Instead, NK cell responses are deter-
mined by a subtle balance between activating and inhibitory
signals transmitted through surface immune receptors, which
exhibit cross-talk or synergistic interactions. Properties of these
receptors have been comprehensively discussed in previous stud-
ies [1,5], and we briefly depict the most canonical ones in Table 1.
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Impact of Extracellular Metabolite on
NK-Cell-Mediated Antitumor Immunity

Extracellular metabolites refer to metabolic factors present within
the tissue microenvironment that are acquired through external
supply and delivered to tissues via systemic circulation or gener-
ated locally through metabolic events and secretion of neighboring
cells, rather than being synthesized by NK cells themselves. For
NK cells, they serve not only as essential building substrates for
growth and maintenance, but also as critical energy fuels and signal
modulators that shape NK-cell-mediated antitumor immune
response. In the followings, we summarize how major classes of
extracellular metabolites directly regulate NK-cell-mediated anti-
tumor immune response through diverse mechanisms.

Carbohydrates and their metabolites

Carbohydrates represent one of the most abundant metabo-
lites in the microenvironment, playing indispensable roles
in sustaining systemic and cellular functions, and can be
further converted into diverse metabolites through metabolic

Table 1. Immune receptors regulating NK cell effector function

Receptor Ligand(s)

Activating  CD16 Fc portion of
immunoglobulin G
antibody

NCR family (NKp46,  calreticulin P domain,

NKp30, and NKp44)  MLL5, PCNA, and
B7-H6

NKG2D MIC-A/B and
ULBP1-6

SLAM family (2B4, CD48 and self-ligands

NTB-A, and CRACC)

DNAM-1 PVR and Nectin-2

Inhibitory KIR MHC-|

CD94/NKG2A Nonclassical MHC-|

TIGIT PVR, PVRL2, PVRL3,
and PVRL4

TIM-3 Galectin-9,

CEACAM-1, phospha-
tidylserine, and
HMGB1

NK, natural killer; CD16, cluster of differentiation 16; TIM-3, T cell immu-
noglobulin and mucin-domain containing-3; NCR, natural cytotoxicity
receptor; NKp46, natural killer cell p46-related protein; NKG2D, natural
killer group 2 member D; SLAM, signaling lymphocytic activation mol-
ecule; DNAM-1, DNAX accessory molecule 1; KIR, killer cell immunoglob-
ulin-like receptor; TIGIT, T cellimmunoreceptor with immunoglobulin and
immunoreceptor tyrosine-based inhibitory motif domains; MLL5, mixed-
lineage leukemia protein 5; PCNA, proliferating cell nuclear antigen; B7-
H6, B7 homolog 6; ULBP1-6, UL16-binding protein 1-6; PVR, poliovirus
receptor; MHC-I, major histocompatibility complex-I; PVRL2, poliovirus-
receptor-related protein 2; CEACAM-1, carcinoembryonic antigen-related
cell adhesion molecule 1; HMGBL, high mobility group box1.
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processing. For NK cells, carbohydrates and their derived
metabolites modulate their antitumor immune response pri-
marily by serving as metabolic fuel, supplying precursors for
protein modification, as well as inducing intracellular acidi-
fication (Fig. 1).

Carbohydrates

Glucose as metabolic fuel

Activated NK cells increase glucose uptake, glycolytic rate, and
oxidative phosphorylation (OXPHOS) to maximize their effec-
tor function. More specifically, excessive glucose consumption
by tumor cells depletes glucose in the TME, leading to reduced
IFN-y production and impaired antitumor responses of NK
cells [6].

In terms of mechanism, glucose serves as the primary ener-
getic substrate sustaining NK cell metabolism. Upon uptake,
extracellular glucose is catabolized through glycolysis into
pyruvate, which can either be reduced to lactate via anaerobic
glycolysis or enter the mitochondria for further metabolism.
Within mitochondria, a portion of pyruvate enters the tricar-
boxylic acid (TCA) cycle, while the remainder is converted to
citrate and participates in the citrate-malate shuttle (CMS),
providing an alternative mechanism for mitochondrial nicotin-
amide adenine dinucleotide (NADH) generation and enhanc-
ing glycolytic flux. Unlike TCA cycle, which can utilize multiple
fuel sources, CMS relies exclusively on glucose, underscoring
the glucose dependence of NK cells [7].

However, in vitro exposure to high concentrations of glu-
cose markedly diminishes NK cell cytotoxicity [8], indicating
that extracellular glucose can modulate NK cell function through
mechanisms beyond bioenergetic support.

Carbohydrates as substrates for protein glycosylation

Upon uptake, carbohydrates such as glucose, mannose, and fucose
can be converted into glycosyl donors for N-linked or O-linked
glycosylation, thereby modifying multiple function-associated
molecules. These glycosylation modifications exert dual effects
on NK cell antitumor activity, either enhancing or attenuat-
ing immune function depending on the specific targets and
context.

N-linked glycosylation directly modulates immune recep-
tor stability and affinity to ligands. Natural cytotoxicity recep-
tors (NCRs) are predicted to possess multiple N-glycosylation
sites, and mutations of these sites accelerates degradation of
NCRs, indicating that N-glycosylation sustains their stabil-
ity and thus promotes NK cell activation [9]. Moreover,
N-glycosylation of 2B4 is indispensable for its ligand binding,
and loss of this modification impairs NK cell cytotoxicity [10].
Likewise, N-glycosylation has also been reported to modulate
ligand-binding capacity of natural killer cell p30-related pro-
tein (NKp30) and CD16, thereby regulating the antitumor
functionality of NK cells [11,12].

N-glycosylation can also modulate NK cell antitumor func-
tionality by modulating the glycosylation status of critical
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Fig. 1. Impact of carbohydrates and their metabolites on natural killer (NK)-cell-mediated antitumor immunity. Extracellular glucose modulates NK cell antitumor functionality
by serving as a primary energetic substrate. Other carbohydrates, such as mannose, regulate NK cell activity by providing precursors for glycosylation, thereby influencing
protein stability, protein cellular localization, and receptor-ligand affinity. Lactate, the most abundant carbohydrate metabolite within the tumor microenvironment (TME),
impairs the antitumor capacity of NK cells by inducing intracellular acidification. Furthermore, upon cellular uptake, lactate can influence NK cells through the lactylation and
promotion of their proliferation. Additional carbohydrate-derived metabolites, including pyruvate, also regulate NK cell function via distinct mechanisms.
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signaling and effector proteins. N-glycosylation is indispens-
able for the proper lysosomal localization of cystatin F, where
it inhibits cathepsin C activity and thereby impairing NK cell
cytotoxicity [13]. Furthermore, fucosyltransferase-8 deficiency
and consequent core fucosylation impairment down-regulates
the expression of proteins associated with interleukin-15 recep-
tor (IL-15R) signaling, NK cell activation, and type I IFN
responses, thereby impairing degranulation capacity and IFN-y
production of NK cells, compromising their antitumor immune
response [14].

Beyond N-linked glycosylation, O-linked glycosylation also
plays a critical role in NK cell receptor regulation. O-glycosylation
at Thr225 of NKp46 is essential for tumor recognition [9], while
O-glycosylation of 2B4 weakens its binding to CD48 and impairs
2B4-mediated lysis of CD48" tumor targets [10]. O-linked-f-N-
acetylglucosaminylation, a subtype of O-glycosylation, further
modulates NK cell receptor expression and effector mole-
cule production. Pharmacologic inhibition of O-linked-p-N-
acetylglucosamine (O-GlcNAc) transferase with OSMI-1 down-
regulates the expression of activating receptors NKp44 and natu-
ral killer group 2 member D (NKG2D), along with inhibitory
receptor NKG2A, while up-regulating killer cell immunoglobulin-
like receptor 2DL1 (KIR2DL1) and suppressing TNF-a, IFN-y,
perforin, and granzyme secretion, ultimately diminishing NK
cell cytotoxicity [15].

Carbohydrate-derived metabolites

Beyond modulating NK cells by themselves, carbohydrates can
be catabolized into a spectrum of downstream metabolites to
modulate diverse aspects of NK cell biology. Among them,
lactate is one of the most abundant and extensively studied
molecule, while others also contribute to the modulation of NK
cell antitumor immune responses.

Lactate

Lactate overproduction represents a hallmark metabolic feature
of tumor cells, driven by the shift toward glycolysis mediated
through the induction of key metabolic enzymes such as lactate
dehydrogenase A (LDHA). The excess lactate produced in tumor
cells is further exported by monocarboxylate transporters (MCTs),
resulting in substantial accumulation of lactate in the TME [16].

Extracellular lactate markedly impairs NK cell viability and
functionality. Lactate exposure has been reported to induce
NK cell apoptosis, reduce their infiltration within tumors,
down-regulate activating receptors such as NKp46, and dimin-
ish perforin and granzyme release, thereby impairing NK cell
antitumor function [17,18].

Mechanistically, lactate compromises the antitumor func-
tionality of NK cells by inducing their intracellular acidifica-
tion. Lactate accumulation in the TME results in impaired
proton efflux and subsequent intracellular acidification of NK
cells, which induces mitochondrial stress and reactive oxygen
species (ROS) production, thereby triggering apoptosis [19].
Intracellular acidification also suppresses nuclear factor of acti-
vated T cell (NFAT) transcription, thereby attenuating IFN-y
and cytokine production, ultimately impairing NK-cell-mediated
antitumor immune responses [17].

Beyond inducing intracellular acidification, lactate can also
modulate NK cell antitumor immune response through its
uptake by NK cells and subsequent conversion that promotes
protein lactylation (Kla). Elevated lactate levels have been
reported to increase global lactylation [20], which negatively
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correlates with tumor infiltration of NK cells [21]. Further study
demonstrates that lactate induces Kla of Rho-associated coiled-
coil containing protein kinase 1 (ROCKI1) at Lys13, promoting
phosphorylation of dynamin-related protein 1 (DRP1) at Ser616,
resulting in mitochondrial fission and reduced oxygen consump-
tion rate (OCR), thereby dampening NK cell cytotoxicity [22].
However, lactate seems to exert multifaceted effects on NK
cells. Lactate uptake via MCT1 by NK cells induces calcium/
calmodulin-dependent protein kinase kinase 2 (CaMKK2)
expression in NK cells and enhances NK cell survival, prolifera-
tion, and motility without directly affecting their cytotoxicity
[23], potentially representing an adaptive mechanism that
enables NK cells to function within lactate-enriched TME.

Other carbohydrate-derived metabolites

Apart from lactate, other carbohydrate-derived metabolites also
contribute to the regulation of NK-cell-mediated antitumor
immune responses.

Pyruvate is the terminal product of glycolysis, and exoge-
nous pyruvate has been demonstrated to maintain NK cell
metabolism through fueling TCA cycle. Endogenous glycolysis-
derived pyruvate is limited and preferentially directed toward
serine biosynthesis, resulting in insufficiency of TCA cycle sub-
strate. Thus, uptake of extracellular pyruvate serves as an indis-
pensable energy resource to maintain bioenergetic metabolism,
adenosine triphosphate (ATP) content and NAD level of NK
cells, thereby supporting their viability and functionality [24].

Amino acids and their metabolites

Amino acids and their downstream metabolites play multifaceted
roles in vital physiological processes, including energy metabo-
lism and signal transduction. For NK cells, amino acids and their
metabolites modulate antitumor immunity primarily by supply-
ing precursors for the biosynthesis of other cellular components,
inducing metabolic reprogramming, supplying precursors for
RNA modification, maintaining intracellular redox homeostasis,
and binding to specific receptors on NK cells and subsequently
initiating associated signaling pathways (Fig. 2).

Kynurenine

Kynurenine is derived from tryptophan by indoleamine 2,3-
dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO)
[25] and regulates NK cell antitumor immune responses through
multiple mechanisms, predominantly exerting immunosup-
pressive effects.

Kynurenine suppresses NK-cell-mediated antitumor immu-
nity by impairing their survival and proliferation. Exposure to
kynurenine elevates ROS level, activates caspase-3, and triggers
cytochrome c release in NK cells, ultimately culminating in
apoptosis [26]. Kynurenine also promotes the accumulation of
lipid peroxides in NK cells, leading to ferroptosis and impaired
tumor infiltration of NK cells [27].

Kynurenine is also a ligand of aryl hydrocarbon receptor
(AHR) and can modulate NK cell antitumor immunity through
AHR activation. AHR regulates NK cell development and matu-
ration by binding to the enhancer region of miR-29b, as well as
the promoters of CD56 and KIT, thereby enhancing their tran-
scription [28,29]. AHR activation also enhances NK cell migra-
tion by binding to the promoter of ASB2, thereby increasing ASB2
expression and promoting ASB2-dependent filamin-A protea-
somal degradation [30]. Moreover, by activating AHR, kynuren-
ine can also regulate NK cell functionality. Kynurenine-induced
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AHR activation reduces the phosphorylation of signal transduc-
ers and activators of transcription 3 (STAT3) and STAT1, leading
to decreased expression of NKG2D and NKp46 and consequent
impairment of NK cell cytotoxicity [31]. Kynurenine-induced
AHR activation also up-regulates nicotinamide adenine dinu-
cleotide (phosphate) hydrogen [NAD(P)H], NAD(P)H quinone
dehydrogenase-1 (NQO1), and thioredoxin (TXN) expression,
thereby modulating oxidative stress and cellular metabolism,
ultimately inhibiting NK cell cytotoxicity [28].

Arginine-NO axis

Arginine depletion inhibits NK cell antitumor functionality
through multiple ways. Arginine is the principle metabolic activa-
tor of mammalian target of rapamycin (mTOR) pathway, and
reduced arginine availability weakens mTOR activation in NK
cells, which, in turn, increases eukaryotic translation initiation
factor 4E-binding protein 1 (4EBP1) activity and restrains transla-
tion of IFN-y transcripts, subsequently diminishing IFN-y pro-
duction and impairing NK cell antitumor immune response [32].

Moreover, arginine can also be converted into nitric oxide
(NO) by inducible NO synthase (iNOS) in NK cells, and NK-cell-
derived NO synthesis has been proposed to act as an accessory
cytotoxic mechanism that contributes to DNA fragmentation
and lysis of target cells. While arginine supplementation mark-
edly enhances the proportion of tumor-infiltrating and cyto-
toxic NK cells, as well as suppresses tumor growth in Inos"/"Ctrl
mice, NK-cell-specific Inos deletion completely abrogates these
effects, demonstrating that arginine in the TME critically poten-
tiates NK-cell-mediated antitumor immunity by augmenting
intra-NK-cell NO synthesis [33].

However, arginine can also be converted to NO by iNOS
extracellularly, which negatively modulates NK-cell-mediated
antitumor immune responses. Mesenchymal stem cell (MSC)
conditioned medium impairs NK cell cytotoxicity, and the sup-
pressive effects are abrogated by iNOS inhibition, suggesting
that MSC-derived iNOS and associated NO accumulation con-
tributes to the impairment of NK cell antitumor responses [34].
In terms of mechanism, the inhibitory effects of extracellular
NO exert on NK cells are closely associated with protein nitra-
tion. Exposure to NO induces nitration of signaling proteins
in NK cells, such as extracellular signal-regulated kinase (ERK)
and STAT, thus inhibiting Fc-receptor-activation-induced acti-
vating signaling and leading to impairment in NK cell effector
functions, including antibody-dependent cellular cytotoxicity
(ADCC) and cytokine production [35]. Moreover, extracellular
NO also decreases mitochondrial membrane potential (MMP)
of NK cells, thereby promoting the elevation of ROS levels and
NK cell apoptosis [36].

Glutamine-glutamate axis

Glutamine availability can enhance NK-cell-mediated antitumor
immunity through support of proliferation and functional com-
petence. Restricted glutamine availability to NK cells resulting
from elevated glutamine uptake by colorectal cancer (CRC) cells
markedly decreases expression of CD107a, perforin, and gran-
zyme B (GZMB) in NK cells, increases apoptosis of intratumoral
NK cells, and ultimately impairs NK cell antitumor immunity [37].
Mechanistically, glutamine promotes NK cell antitumor function
mainly by maintaining their metabolic reprogramming. Upon
uptake by NK cells, glutamine stabilizes c-Myc expression, thereby
sustaining the enhancement of glycolysis and OXPHOS following
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NK cell activation. Consistently, glutamine deprivation increases
glycogen synthase kinase 3 (GSK3)-mediated c-Myc degradation,
leading to impaired NK cell metabolic reprogramming, decreased
IFN-y and GZMB expression, and substantially compromised
NK-cell-mediated antitumor immune responses [38].

Glutamine can be metabolized to glutamate, which can also
be taken up from the extracellular. Acting as a ligand for metabo-
tropic glutamate receptors (mGluRs), glutamate activates these
receptors and modulates NK cell antitumor functionality. NK
cells primarily express mGluR1, mGluR3, mGluR4, mGluR5,
and mGluR8, among which mGluR1 and mGluR5 are activating
receptors, whereas mGluR3, mGluR4, and mGluR8 are inhibi-
tory receptors [39,40]. Activation of mGluR5 by glutamate
increases expression of GZMB and perforin in NK cells via the
mitogen-activated protein kinase (MAPK) kinase/ERK signal-
ing pathway, thereby augmenting NK cell cytotoxicity and
tumor infiltration [39,40]. Conversely, mGluR4-deficient NK
cells displays markedly elevated Ki-67 expression, enhanced
transcriptional activation, and increased IFN-y production,
implying the inhibitory role of glutamate-induced mGluR4 acti-
vation in NK cell antitumor immunity [41].

Cysteine-glutathione axis

Cysteine is transported into NK cells through neutral amino acid
transporters and subsequently utilized by y-glutamylcysteine
synthetase for glutathione (GSH) synthesis [42].

Acting as a direct substrate for GSH peroxidase 4 (GPX4),
cysteine counteracts lipid peroxidation and stress-induced fer-
roptosis in NK cells [42]. Likewise, decrease in intracellular
GSH levels in NK cells disrupts redox homeostasis and elevates
mitochondrial ROS level, resulting in mitochondrial dysfunc-
tion and impaired OXPHOS, thereby diminishing NK cell
proliferation and cytotoxic capacity [43].

Serine

Serine contributes to NK cell antitumor functionality by pro-
viding precursor for crucial biomolecules. Serine deficiency
impairs NK cell sphingolipid synthesis and cellular sphingo-
myelin (SM) level, as well as membrane protrusions formation,
thereby diminishing NK cell cytolytic immune synapses and
cytotoxicity [44]. Serine also participates in the serine-glycine-one
carbon (SGOC) pathway as a one-carbon donor, promoting
the generation of downstream one-carbon metabolites that
sustain NK cell proliferation and IFN production. Moreover,
serine also contributes to the synthesis of GSH and mainte-
nance of mitochondrial ROS homeostasis, thereby enhancing
IFN production in NK cells [45].

However, it is also reported that extracellular serine down-
regulates c-Fos (FOS) and Fos-related antigen 2 (FOSL2) in
NK cells, which are 2 key transcription factors involved in the
MAPK signaling pathway, thereby suppressing the expression
of functional molecules and cytotoxicity of NK cells [46]. Thus,
the dual role of serine underscores the need for a more nuanced
investigation into underlying mechanisms.

Other amino acids

Beyond the aforementioned amino acids, other amino acids

also regulate NK-cell-mediated antitumor immune response.
Methionine can be converted to S-adenosylmethionine (SAM),

providing substrates for methylation and regulating NK-cell-

mediated antitumor immune responses [47]. For instance, the gene

encoding Src homology region 2 domain-containing phosphatase
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2 (SHP-2) in NK cells is m°A modified, and deficiency of m°A
writer METTL3 notably decreases SHP-2 expression, thereby ren-
dering NK cells hyporesponsive to IL-15, which is associated with
suppressed activation of the AKT and MAPK signaling pathways
[48]. Moreover, effector function genes of NK cells, such as Prfl
and Gzmb, also requires methylation to sustain NK cell homeo-
stasis, maturation, and antitumor immunity following activation
[49], highlighting methionine-derived methylation as a critical
mechanism governing NK cell antitumor immunity.

Moreover, leucine can activate the metabolic sensor mechanis-
tic target of rapamycin complex 1 (mTORCI), and leucine
deprivation distinctly suppresses NK-cell-mediated antitumor
functionality via mTORCI impairment [38].

Polyamines

Polyamines can be acquired exogenously, and 3 major poly-
amines identified in mammalian cells are putrescine, spermi-
dine, and spermine [50].

Polyamines regulate NK cell functionality to modulate their
antitumor immunity. Tumor-induced depletion of polyamines
reduces c-Myc and subsequent hwxokinase 2 (HK2), pyruvate
kinase M2 (PKM2), and LDHA expression of NK cells and
disrupts NK cell metabolic reprogramming, thereby compro-
mising NKG2D, GZMB, and IFN-y expression and diminishing
NK cell cytotoxicity [50]. Moreover, polyamines can also be
converted into substrates for hypusination of eukaryotic trans-
lation initiation factor 5a (eIF5A) by deoxyhypusine synthase
(DHPS) and deoxyhypusine hydroxylase (DOHH), thus regu-
lating eIF5A activity and NK cell function. Notably, treatment
of NK cells with DHPS inhibitor GC7 impairs NK cell growth,
proliferation, and cytotoxicity [51].

Lipids and their metabolites

Lipids are a class of biologically diverse molecules characterized
by hydrophobic or amphipathic properties. They serve not only
as the principal structural components of biological mem-
branes but also as key forms of energy storage and signaling
mediators. Lipids are primarily categorized into fatty acyls,
glycerolipids, glycerophospholipids, sphingolipids, sterol lipids,
prenol lipids, saccharolipids, and polyketides and can be further
metabolized into bioactive derivatives such as prostaglandins
and oxysterols. Lipids and their metabolites regulate the anti-
tumor immune functions of NK cells by functioning as struc-
tural component, supplying metabolic fuel, inducing metabolic
reprogramming, engaging specific receptors to activate down-
stream signaling pathways, as well as modulating redox homeo-
stasis. (Fig. 3).

Fatty acids

Fatty acids (FAs) can fuel NK cells by serving as substrates for
FA oxidation (FAO). Activated NK cells exhibit increased FAs
uptake, and those capable of generating energy from FAs dis-
play enhanced cytotoxicity marker up-regulation and target-
cell killing capacity [52]. Peroxisome-proliferator-activated
receptor y (PPARy) and FA-binding protein 4/5 (FABP4/5) are
key regulators of lipid metabolism, and inhibition of PPARy or
FABP4/5 suppresses lipid metabolism and IFN-y expression in
activated NK cells, whereas PPARy agonist rosiglitazone mark-
edly increases IFN-y production [53].

However, in general, FAs attenuate NK-cell-mediated anti-
tumor immune responses. Treatment with free FAs (FFAs)
markedly impairs NK cell proliferation and decreases IFN-y
and GZMB expression in NK cells [54]. Moreover, when FAs
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Fig. 3. Impact of lipids and their metabolites on natural killer (NK)-cell-mediated antitumor immunity. Fatty acids, cholesterol, triglycerides, and phospholipids modulate NK cell
antitumor functionality through multifaceted ways. They can supply metabolic fuel and induce metabolic reprogramming, engage specific receptors to activate downstream
signaling pathways, promote the formation of membrane-associated structures, modulate redox homeostasis, and remodel plasma membrane order.

Zang et al. 2026 | https://doi.org/10.34133/research.1316


https://doi.org/10.34133/research.1316

Research

are transferred from tumor cells to NK cells, the proportion of
CD56"IFN-y*GZMB™ NK cells decreases, leading to dimin-
ished NK-cell-mediated cytotoxicity in coculture system [55].

Mechanism underlying is that FAs can also reprogram NK cell
metabolism and suppress NK-cell-activation-related signaling
pathways. FFAs can activate PPARa/ and induce expression of
lipid metabolism-associated genes such as PPARS and FABP4/5,
thereby driving NK cells toward lipid metabolism. Meanwhile,
FFAs inhibit the phosphorylation of mTORCI regulatory factor
AKT and mTORCI itself, thereby impairing the ability of NK
cells to up-regulate glycolysis and OXPHOS upon stimulation.
These metabolic defects result in reduced ATP generation and
decreased IFN production and cytotoxicity, and ultimately pre-
vent NK cells from polarizing the microtubule-organizing center
(MTOC) and lytic granules toward tumor cells, as well as subse-
quent degranulation at the immune synapse [53,54]. Further
study refines this mechanism, showing that FFA-uptake-driven
PPAR activation induces phosphatase and tensin homolog
(PTEN) expression, thereby inhibiting the phosphatidylinositol
3-kinase (PI3K)-AKT-mTOR/forkhead box O1 (FOXO1) signal-
ing axis and impairing glycolysis in NK cells. In addition, FA
uptake up-regulates CD36 expression, promoting enhanced lipid
influx and forming a positive feedback loop that reinforces meta-
bolic reprogramming toward lipid metabolism [56]. Thus,
canonical-activation-related metabolic reprogramming such as
glycolysis and OXPHOS of NK cells is disrupted, and NK-cell-
mediated antitumor immune response is compromised.

FAs can also modulate NK cell antitumor immunity by regu-
lating mitochondrial function. In Ep-myc lymphoma, which is
abundant in FAs, NK cells exhibit markedly reduced mitochon-
drial mass and membrane potential, indicating mitochondrial
impairment [53].

Although collectively referred to as FAs, distinct FAs and
their metabolic derivatives exert diverse effects on NK cell regu-
lation. In the following sections, the regulatory mechanisms
through which distinct FAs and their metabolites modulate NK
cells are discussed.

Prostaglandin E,

Prostaglandin E, (PGE,) is converted by arachidonic acid
through cyclooxygenase-2 (COX-2) [57] and acts locally on
neighboring cells to exert effects.

PGE, regulates NK cell antitumor functionality at multiple
levels. Treatment of PGE, suppresses NK cell proliferation,
promotes NK cell apoptosis, and inhibits NK cell maturation
[58,59]. PGE, can also alter NK cell migratory mode, and for
following PGE, exposure, C-X-C chemokine receptor type 3
(CXCR3) expression on NK cells is down-regulated, whereas
CXCR4 expression is up-regulated, thereby reducing NK cell
responsiveness to C-X-C motif chemokine ligand 10 (CXCL10)
and enhancing NK cell responsiveness to CXCL12 [60]. PGE,
also suppresses NK cell functionality. PGE,-treated NK cells
display reduced surface expression of activating markers,
increased surface expression of inhibitory receptors, impaired
cytokine production, diminished GZMB and perforin produc-
tion, as well as attenuated cytotoxicity [57,59]. Moreover, PGE,
also delays the polarization of MTOC toward immune synapse,
impairs lytic granule release, and lowers both the frequency
and kinetics of tumor cell killing [60], resulting in impaired
NK-cell-mediated antitumor immunity.

Studies investigating PGE, regulation of NK cells have mainly
centered on its activation of E-prostanoid (EP) receptors. EPs are
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G-protein-coupled receptors comprising 4 subtypes (EP1 to EP4)
that share structural similarity but engage distinct intracellular
signaling pathways. At present, most investigations have concen-
trated on the PGE,-EP2/EP4 signaling axis. Upon PGE, binding
to EP2 or EP4, intracellular adenylyl cyclase is activated, leading
to elevated cyclic adenosine monophosphate (cAMP) level and
activation of type I protein kinase A (PKA I). PKA I activation
subsequently inhibits early signaling proteins in cytotoxic lym-
phocytes, resulting in down-regulation of NCRs, NKG2D, and
CD16, as well as reduced NK cell cytotoxicity [61]. It is further
revealed that PKA I-mediated phosphorylation of Lck at Y505
and Y192 alters conformation of Lck, preventing its activation-
associated Y394 phosphorylation. Consequently, Lck-dependent
NK cell activation cascades, including ERK and p65 phosphory-
lation, are suppressed, accompanied by down-regulation of VAV
guanine nucleotide exchange factor 1 (VAV-1), c-Fos, and c-Jun,
thereby leading to impairment in NK cell antitumor functionality
[59,62]. Moreover, PGE,-induced EP2 /EP4 activation increases
cAMP-responsive element modulator (CREM) expression via
cAMP signaling pathway and impairs chromatin remodeling of
genes associated with chemokine and cytokine signaling, which
prevents promoter regions from adopting an open configuration,
consequently decreasing chromatin accessibility and transcrip-
tion, and ultimately compromising NK-cell-mediated antitumor
immunity [57]. In contrast, PGE,-EP1/3 engagement promotes
NK cell migration while suppressing cytokine secretion and cyto-
toxicity, effects that are likely mediated by alterations in cAMP
levels or EP1-driven phospholipase C (PLC) activation, which
causes downstream release of inositol 1,4,5-trisphosphate (IP3)
and activation of protein kinase C [63].

Oleic acid
Oleic acid, a monounsaturated FA, has been reported to
play vital biological roles in energy provision and cellular
signaling.

Several studies indicate that oleic acid suppresses NK cell
antitumor function. It has been demonstrated that oleic acid
treatment activates PPARS in NK cells and promotes the enrich-
ment of PPARS at the P300 promoter, thereby suppressing P300
transcription. Consequently, reduced P300-mediated acetyla-
tion of c-Myc leads to its destabilization and decreased abun-
dance, thereby diminishing c-Myc binding to the promoters of
IFN, PFEN1, and GZMB. This further diminishes P300 recruit-
ment mediated by c-Myc as a sequence-specific transcription
factor and decreases subsequent H3K27 acetylation at these
promoters, thereby transcriptionally repressing the expression
of IFN-y, perforin, and GZMB, ultimately attenuating the anti-
tumor functionality of NK cells [64].

Conversely, there also exist studies suggesting that oleic acid
enhances NK cell antitumor immunity. Deficiency of myocyte
enhancer factor 2C (MEF2C) disrupts lipid metabolism and
impairs NK cell activity, whereas supplementation with oleic
acid restores cytotoxic function in MEF2C-deficient NK cells.
Furthermore, administration of oleate alone can increase NK cell
cytotoxicity [65]. Therefore, the precise regulatory mechanisms and
overall impact of oleic acid on NK-cell-mediated immune
responses remain to be further elucidated.

Cholesterol and their metabolites

Cholesterol, a type of sterol, is an essential component of mem-
brane-associated structures and serves as the precursor for
oxysterols and bile acids.
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Cholesterol enhances NK cell antitumor immune responses
by promoting the formation of membrane-associated struc-
tures. Lipid rafts are lipid structures rich in cholesterol, sphin-
golipids, and gangliosides, in which cholesterol is presumed to
act as a spacer connecting sphingolipids within the phospho-
lipid bilayer of the cell membrane [66]. Lipid rafts on the cyto-
membrane can recruit NK-cell-activation-related molecules,
thereby regulating NK cell function. NK cells isolated from
tumor-bearing mice with high serum cholesterol levels exhibit
augmented cholesterol accumulation and lipid raft formation,
increased immune signal activation, and activating receptors
expression, as well as enhanced cytokine and chemokine pro-
duction. Consequently, these primed NK cells display potent
antitumor functionality against both primary hepatocellular
carcinoma and its metastases [67]. Similarly, cholesterol
uptake by CD16" neutrophils in CRC restricts cholesterol
availability for NK cells, thereby reducing lipid raft formation
and expression of NCR1 and NKG2D on these rafts, which
leads to blocked receptor signaling and subsequent impair-
ment in the production of TNF-a, perforin, granzyme, and
IFN-y, as well as NK cell cytotoxicity [68]. Furthermore, cho-
lesterol also facilitates the establishment of mature immune
synapses in NK cells, thereby enabling efficient and targeted
killing of tumor cells [69].

Cholesterol can also undergo enzymatic or nonenzymatic
oxidation to generate oxysterols, which exert diverse effects on
NK cell antitumor functions. Certain oxysterols directly com-
promise NK cell viability. 7-ketocholesterol (7-KC) reduces
cytomembrane-accessible cholesterol in NK cells and, in turn,
weakens the protective presynaptic lipid membrane at the NK
cell immune synapse, thereby rendering NK cells susceptible
to perforin-mediated self-lysis following degranulation [70].
Similarly, 7-hydroxycholesterol (7-OHC) induces NK cell death
by triggering early lysosomal membrane permeabilization, fol-
lowed by oxidative stress [71]. Oxysterols also impair NK
cell function through alternative ways. 25-Hydroxycholesterol
inhibits sterol regulatory element-binding protein (Srebp) acti-
vation, down-regulates the expression of ATP-citrate lyase
(ACLY) and solute carrier family 25 member 1 (Slc25al), and
impairs glycolysis and OXPHOS in NK cells, thereby suppress-
ing cytokine-induced IFN-y production and GZMB expres-
sion and diminishing NK cell cytotoxicity [7]. In contrast to
these immunosuppressive effects, 7a,25-dihydroxycholesterol
(70,25-OHC), a downstream metabolite of 25-hydroxycholes-
terol, exerts a stimulatory effect by binding to its receptor
G-protein-coupled receptor 183 (GPR183) on NK cells. This
interaction up-regulates adhesion-related genes (such as ECM2)
and membrane organization genes (such as DOCK2), while
down-regulating metabolic genes (such as GLUL) of NK cells,
thereby enhancing NK cell tumor infiltration and antitumor
capacity [72].

Bile acids, another class of cholesterol-derived metabolites,
are synthesized in the liver and further metabolized by the gut
microbiota. Iso-lithocholic acid (iso-LCA), one of the second-
ary bile acids, binds to G-protein-coupled bile acid receptor
1 (GPBARI) and suppresses the phosphorylation of cAMP-
response-element-binding protein 1 in NK cells, a transcrip-
tion factor that governs cytokine-related gene expression. This
inhibition reduces IFN-y and TNF-a production, attenuates
NK cell cytotoxicity, and induces NK cell apoptosis, thereby
impairing intratumoral NK-cell-mediated antitumor immune
responses [73].
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Triglycerides

Triglycerides are a major component of glycerides and the prin-
cipal form of neutral lipids, and proper levels of neutral lipids
are essential for NK cell function. NK cells in ovarian cancer
ascites, burdened with excessive lipid accumulation, lose their
intracellular buffering and storage capacity for neutral lipids,
which restricts their antitumor immune response [74]. Similarly,
NK cells in the lungs of patients with breast cancer accumulate
intracellular lipids after taking up neutral lipids from exosome-
like vesicles secreted by metastatic cancer cells, leading to
impaired glycolysis and OXPHOS [75]. Consequently, NK-cell-
mediated antitumor immune response is compromised by the
excessive neutral lipids.

Phospholipids

Phospholipids are essential components of biological mem-
branes and play crucial roles in signal transduction, with dif-
ferent phospholipid subtypes exerting distinct mechanistic
effects on NK cells.

Phosphatidylcholine (PC) is the most abundant phospho-
lipids, and is the main component of lecithin. PC has been
reported to inhibit the AKT pathway, consequently impairing
NK cell tumor infiltration, IFN-y and GZMB secretion, and
cytotoxicity [76]. Moreover, treatment with PC(36,1), a subtype
of PC, disturbs NK cell plasma membrane order by altering the
transcription of genes involved in plasma membrane lipid
remodeling, thereby disrupting the capacity of NK cells to
polarize toward target cells, compromising NK-cell-mediated
antitumor immune responses [74].

Phosphatidylethanolamine (PE), an effector metabolite pro-
duced by ketogenic diet, participates actively in protein biogenesis
and functional regulation. By inhibiting the p62-Kelch-like ECH-
associated protein 1 (Keapl)-nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway and attenuating cellular antioxidant
defenses, PE induces ferroptosis in NK cells, leading to cytotoxic-
ity and cytokine production impairment, thereby facilitating the
metastatic growth of CRC in the liver [77].

Lysophosphatidic acid (LPA) is another essential extracel-
lular mediator with diverse biological functions. While LPA
activates GSK3p and p38 in NK cells and enhances IFN-y pro-
duction, it can also suppress perforin release from NK cells
against melanoma cells in a dose-dependent manner. This
inhibitory effect is likely mediated by the binding of LPA to its
receptor LPA2, which triggers the release of the regulatory sub-
unit of PKA I via cAMP pathway. In addition, LPA also regu-
lates NK cell chemotaxis by activating G;-dependent transient
reorganization of the actin cytoskeleton [78].

Integrated view

Carbohydrates, amino acids, and lipids represent 3 distinct yet
interconnected classes of metabolites, each comprising multiple
subcategories. Owing to their unique molecular properties,
these extracellular metabolites and their derivatives modulate
NK cell antitumor activity directly through diverse mecha-
nisms. Nevertheless, when examined from a holistic perspec-
tive, 9 principal regulatory mechanisms can be identified:

o Structural component: Extracellular metabolites can
be taken up by NK cells and incorporated as structural
components. Cholesterol, for example, serves as a critical
constituent of lipid rafts in NK cells and plays an essential
role in the formation of immune synapse [68,69].
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Bioenergetic fuel: Extracellular metabolites can be taken

up by NK cells and metabolized to fuel cellular bioener-

getics. Glucose generates ATP through aerobic glycolysis
and TCA cycle, while pyruvate and FAs provide energy

via TCA cycle and FAQ, respectively [7,24,52].

o Metabolic reprogramming: Extracellular metabolites can

be taken up by NK cells and reprogram their metabolic

patterns. For instance, glutamine enhances NK cell gly-
colysis and OXPHOS through c-Myc stabilization, while

FAs suppress glycolysis and promote a metabolic shift

toward FAO [38,56].

Protein modification: Extracellular metabolites can be taken

up by NK cells and converted into substrates for posttrans-

lational modification. For instance, carbohydrates such as
glucose, mannose, and fucose can be converted into glycosyl

donors for N-linked or O-linked glycosylation [10]

o RNA modification: Extracellular metabolites can be taken
up by NK cells and converted into substrates for RNA mod-
ification. Methionine, notably, can be converted to SAM,
which serves as a methyl donor for the methylation of genes
such as SHP-2, perforin, and Gzmb [47-49].

o Transcriptional regulation: Extracellular metabolites can

also be taken up by NK cells and regulate gene transcription.

Lactate transported via MCT1 induces CaMKK2 expression

in NK cells, whereas PGE, down-regulates CXCR3 expres-

sion and up-regulates CXCR4 expression [23,60].

o Cellular stress response: Extracellular metabolites can mod-
ulate stress responses in NK cells. Kynurenine exposure,
for instance, elevates ROS levels in NK cells, whereas GSH
uptake helps maintain intracellular redox balance [26,42].

o pH modulation: Extracellular metabolites can influence envi-
ronmental pH and thereby regulate intracellular pH in NK
cells. Extracellular lactate, for example, inhibits proton efflux
from NK cells, leading to their intracellular acidification [19].

o Ligand-receptor interaction: Extracellular metabo-
lites can also act as ligands that bind to receptors of NK
cells. Kynurenine binds to and activates AHR, and PGE,
serves as a classical ligand for EP receptors [31,62].

Through these 9 principal mechanisms, along with others
that are not yet fully characterized, extracellular metabolites
shape NK cells in terms of proliferation and death, maturation,
migration, tumor recognition, and cytotoxicity, ultimately
regulating their antitumor functionality (Fig. 4).

Tumor Therapeutic Strategies Targeting
Extracellular Metabolite for NK Cell Regulation

TME is characterized by nutrient scarcity and waste accumula-
tion, and antitumor immune response of NK cells is tightly
regulated by the distinctive metabolite profile [79]. Accordingly,
these metabolites and associated signaling pathways can serve
as potential targets to enhance NK cell functionality. Here, we
discuss the current strategies, recent progress, and future direc-
tions of metabolite-based modulation therapy in the context
of NK-cell-mediated tumor immunotherapy.

Modulating extracellular metabolite abundance

The concentration of extracellular metabolites can be modulated
by altering their uptake amount or biochemical forms, whereas
the levels of their downstream metabolites can be regulated
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through recalibrations in their biosynthesis, secretion, or deg-
radation. This section delineates strategies to manipulate the
availability of extracellular metabolites with the aim of augment-
ing NK-cell-mediated antitumor immune responses (Fig. 5).

Carbohydrates and their metabolites

Carbohydrates

Enhancing the availability of glucose to NK cells can improve
NK-cell-mediated antitumor immune responses. Anti-programmed
death-ligand 1 (PD-L1) antibodies have been reported to sup-
press the translation of glycolytic enzymes in tumor cells,
thereby attenuating glycolysis and decreasing glucose uptake
of tumor cells, which consequently increases the level of avail-
able glucose for NK cells within TME [80].

Supplementation with fucose can also enhance NK-cell-
mediated antitumor immune responses by promoting fucosylation
in NK cells. Fucoidan extracted from Durvillaea antarctica,
which consists sulfate groups and polysaccharides such as
fucose, has been reported to up-regulate CD69 expression and
increase the production of IFN-y, perforin, and GZMB in NK
cells, thereby augmenting NK cell cytotoxic activity and sup-
pressing the growth of metastatic TC-1 lung carcinoma [81],
which may be associated with improved fucosylation modifica-
tions in NK cells.

Carbohydrate metabolites

Reducing lactate accumulation in the TME can be achieved by
suppressing lactate synthesis in tumor cells. Lactate in tumor
cells is primarily generated by LDHA; thus, inhibition of LDHA
represents an effective strategy to improve NK-cell-mediated
antitumor immune responses. Studies have demonstrated that
the LDHA inhibitor GNE-140 enhances the expression of per-
forin, GZMB, and TNF-« in NK cells when cocultured with
pancreatic cancer cells [82]. Intraperitoneal injection of the
LDHA inhibitor FX-11 also markedly elevates the proportion
of NKG2D-, NKp46-, and DNAX accessory molecule 1 (DNAM-
1)-positive NK cells in peripheral blood, accompanied by a
distinct reduction in PanO2 tumor volume and weight [82]. In
addition, nanoparticles have been developed for LDHA gene
editing. The lipoplex pCas9-sgLDHA/F3, for example, effec-
tively silences LDHA expression in tumor cells and decreases
lactate production [83].

Reducing lactate accumulation in the TME can also be achieved
by inhibiting lactate secretion from tumor cells. Tumor cells export
lactate into the TME primarily through MCTs (particularly MCT1
and MCT4); thus, blockade of MCTs constitutes an effective strat-
egy to enhance NK-cell-mediated antitumor immune responses.
Inhibition of MCT1 with AZD3965 lowers lactate level in the TME,
resulting in tumor growth suppression [84]. Intraperitoneal admin-
istration of the MCT1/4 blocker 7ACCI also substantially increases
the proportion of NKG2D-, NKp46-, and DNAM-1-positive NK
cells in peripheral blood, elevates NK cell perforin secretion,
strengthens NK cell cytotoxic activity, and leads to a marked reduc-
tion in tumor volume [82]. However, MCT1 is also expressed on
NK cells and mediates their lactate uptake from the TME. Hence,
MCT1 inhibition can also impair NK cell proliferation and migra-
tion by attenuating CaMKK2 up-regulation [23]. Therefore, the
overall impact of MCT1 inhibition on NK-cell-mediated antitumor
immune responses remains to be fully elucidated.

Furthermore, lactate accumulation within TME can be
mitigated by enhancing its degradation and consumption.
ALMDn, a bioresponsive nanoreactor containing lactate oxidase,
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Fig. 4. Overarching principles of extracellular metabolite regulation on natural killer (NK) cells. Although different extracellular metabolites regulate NK cell antitumor function
through distinct mechanisms, from a holistic perspective, these mechanisms can be categorized into 9 major types: structural component, bioenergetic fuel, metabolic
reprogramming, RNA modification, protein modification, cellular stress response, ligand-receptor interaction, and pH modulation, along with others. In addition, several other

llular metabolites regulate NK cell proliferation and death, maturation, migration, tumor

recognition, and cytotoxicity, ultimately shaping NK cell antitumor capacity. ER, endoplasmic reticulum.

can degrade lactate through catalytic oxidation and exhibits
potent antitumor efficacy [85]. NaHCO,@Flip, a novel NaHCO,-
containing biomaterial, can also neutralize lactate within
the TME and restore NK-cell-mediated antitumor immune
responses [86].

In addition, supplying pyruvate can energize NK cells.
Supraphysiological concentrations of pyruvate can serve as
an energy source to sustain NK cell metabolism and enhance
NK cell functions in a dose-dependent manner [24].

Amino acids and their metabolites

Kynurenine

Kynurenine accumulation within the TME can be mitigated by
inhibiting the metabolism of tryptophan to kynurenine. IDO1
inhibitor 1-methyl-DL-tryptophan (1-MT) has been reported
to restore NK cell cytolytic activity [31]. IDOI inhibitors can
also be structurally optimized to achieve enhanced pharmaco-
kinetic profiles and tumor accumulation, as exemplified by
epacasome, which demonstrates superior performance com-
pared with epacadostat [87]. However, inhibition of IDO1 also
induces compensatory up-regulation of TDO2 in the TME,
thereby compromising the suppressive capacity of IDO1 block-
ade on kynurenine production. Dual IDO1/TDO?2 inhibitor
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IDO/TDO-IN-3 markedly restores NK cell cytotoxicity suppressed
by podoplanin-positive cancer-associated fibroblasts (CAFs)
that express both IDO1 and TDO2, highlighting the superiority
of dual-target inhibition [25].

Arginine-NO axis

The concentration of arginine within TME can be increased by
enhancing exogenous arginine uptake. Supplementation with
arginine has been shown to enhance NK cell cytotoxicity, cyto-
kine secretion, and tumor infiltration, while reducing the meta-
static burden in tumor-bearing mice [33,88].

Arginine availability within TME can also be enhanced
by inhibiting arginase (ARG)-mediated catabolism. On one
hand, suppression of arginine degradation in the TME can be
achieved by reducing the infiltration of ARG-expressing cells
and their ARG expression levels. Treatment with dichloroac-
etate (DCA) decreases ARG expression in tumor-infiltrating
immune cells and increases the population of IFN-y-producing
NK cells in the spleens of tumor-bearing mice [89]. On the
other hand, inhibition of ARG activity provides another strat-
egy to limit arginine degradation in the TME. CB-1158, a
potent and selective inhibitor of extracellular ARG, enhances
NK cell infiltration into tumors and up-regulates cytokines and
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IFN-inducible genes, thereby improving NK-cell-mediated
antitumor immune responses [90]. Moreover, AZD0011, a
novel peptide boronic acid prodrug acting as an ARG inhibi-
tor, also attenuates tumor growth in an NK-cell-dependent
manner [91].

Current NO-related therapeutic approaches primarily
aim to reduce extracellular NO synthesis through inhibition
of iNOS. On one hand, NO generation in the TME can be
suppressed by limiting the infiltration of iNOS-expressing
cells. Chemotherapeutic agents such as 5-fluorouracil (5-FU)
and gemcitabine can deplete myeloid-derived suppressor cells
(MDSCs), which express iNOS, thereby enhancing NK cell
cytotoxicity in tumor-bearing mice [35]. On the other hand,
the enzymatic activity of iNOS within the TME can be inhib-
ited to decrease NO synthesis. The iNOS inhibitor L-NIL
has been demonstrated to enhance the ADCC activity of NK
cells against pancreatic cancer cells [35], and L-NMMA has
also been reported to restore MSC-conditioned medium-
induced impairment of NK cell cytotoxicity [34]. However,
iNOS inhibition has been reported to partially impair the
antitumor efficacy of NK cells, possibly due to the inadver-
tent suppression of intracellular NO synthesis within NK
cells [92]. Hence, this duality underscores the necessity for
a nuanced approach when targeting iNOS to maximize thera-
peutic benefit.
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Glutamine-glutamate axis

Enhancing exogenous glutamine uptake can increase glutamine
availability within the TME. Long-term oral supplementation
of glutamine has been reported to promote NK cell prolifera-
tion, enhance NK cell cytotoxicity, and consequently suppress
tumor growth [93].

Increase in glutamine availability in TME can also be achieved
by inhibiting glutamine uptake in tumor cells. An antisense oli-
gonucleotide-based inhibitor targeting Prader Willi/Angelman
region RNA 6 (PWARG6) has been shown to reduce glutamine
uptake in tumor cells and enhance glutamine availability for NK
cells, thereby promoting NK cell infiltration in both subcutaneous
and hepatic tumor burdens [37]. Compound V-930 can selec-
tively block glutamine uptake in cancer cells by inhibiting gluta-
mine transporters [94], which can improve glutamine availability
for NK cells. Moreover, although glutamine serves as a critical
metabolic substrate supporting tumor cell growth and survival,
NK cell metabolism and effector functions remain largely unaf-
fected by glutamine metabolism inhibition. Therefore, targeting
glutamine metabolism can selectively block glutamine utilization
in tumor cells and increase glutamine availability within the TME
without compromising NK cell functionality [38]. For instance,
DRP-104, a novel prodrug derivative of the broad-spectrum glu-
tamine antagonist 6-diazo-5-oxo-l-norleucine (DON), inhibits
multiple glutamine-utilizing pathways in tumor cells and increases
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intratumoral glutamine concentrations, thereby promoting NK
cell infiltration and proliferation within the TME [95].
Exogenous glutamate supplementation can elevate gluta-
mate levels within the TME, thus modulating the antitumor
immune response of NK cells. Subtypes of mGluRs exhibit
distinct affinities for glutamate, and the effects of glutamate
supplementation on NK-cell-mediated antitumor immune
responses vary depending on the administered dose. It is dem-
onstrated that low concentration of monosodium glutamate
enhances NK cell functionality, whereas high concentration
concurrently activates inhibitory mGluRs and counteracts the
stimulatory effects observed at lower doses [40]. Therefore, the
optimal glutamate dose for enhancing NK-cell-mediated anti-
tumor immune responses remains to be further investigated.

Cysteine-GSH axis

Exogenous GSH supplementation can enhance NK-cell-mediated
antitumor immune responses. Oral administration of liposomal
GSH, which allows for more efficient absorption of GSH, markedly
augments NK cell cytotoxicity [96]. In addition, supplementation
with the GSH precursor glutathione reduced ethyl ester (GSHEE)
effectively restores intracellular GSH levels in NK cells from acute
leukemia models, thereby enhancing NK cell cytotoxicity and
improving NK-cell-mediated antitumor immune responses [43].

Serine and other amino acids

Dietary serine restriction, which lowers systemic serine con-
centrations, impairs cytokine production in NK cells and sup-
presses NK-cell-mediated antitumor immune responses [45].
Accordingly, serine supplementation represents a potential
strategy to restore NK cell antitumor function. However, given
the dual role of serine in regulating NK cells, Eubacterium rec-
tale transplantation, which consumes serine in the environ-
ment, could also be a novel approach to enhancing NK cell
antitumor capacity [46]. Moreover, exogenous leucine supple-
mentation sustains CD16-triggered IFN-y expression in NK
cells, thereby enhancing NK cell functionality [97].

Polyamines

Exogenous polyamine supplementation can enhance NK-cell-
mediated antitumor immune responses. Addition of exogenous
polyamines has been shown to restore metabolic flux, IFN-y
and GZMB production, and overall functionality in SREBP-
deficient NK cells [51]. Supplementation with spermidine also
increases expression of GZMB and IFN-y in NK cells [50].

Lipids

In general, limiting lipid accumulation can enhance NK-cell-
mediated antitumor immune responses. High-fat diets have been
demonstrated to compromise NK cell immune function through
multiple mechanisms. Therefore, restricting dietary fat intake may
help sustain NK cell functionality [54]. Moreover, depletion of
lipids within ascitic fluid restores expression of GZMB, IFN-y, and
TNF-o in NK cells, thereby augmenting NK cell cytotoxicity and
overall antitumor efficacy [52,74]. Reducing lipid uptake by
NK cells can also enhance their antitumor immune responses.
Inhibition of the phospholipid uptake receptor scavenger receptor
class B member 1 (SR-B1) has been demonstrated to up-regulate
the expression of GZMB and perforin in most NK cells, thereby
promoting cytotoxicity in vitro [74]. Furthermore, IL-1f blockade
can suppress neutral lipid accumulation and secretion by pulmo-
nary macrophages, diminish subsequent lipid deposition within
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lung NK cells, and restore their effector molecules expression along
with cytotoxicity in the murine breast cancer models [75].

Supplementation with specific type of lipids can also enhance
NK-cell-mediated antitumor immune responses. Exogenous
administration of cholesterol notably enhances NK cell CD107a
expression and cytotoxicity over the range of 10 to 100 pg-ml ™",
while no further enhancement is observed at concentrations
approaching physiological serum levels (approximately 1,000
to 2,000 pg‘ml_l), indicating a concentration-dependent immu-
nomodulatory role of cholesterol with optimal effects at moder-
ate levels [68].

Moreover, decreasing PGE, abundancy in the TME by inhibit-
ing the metabolism of arachidonic acid to PGE, can also enhance
NK-cell-mediated antitumor immune responses. Inhibition of
COX-2 with celecoxib in cocultures of acute myeloid leukemia
(AML) blasts and NK cells prevents AML-induced suppression of
NK cell effector function [62]. Similarly, administration of another
COX-2 inhibitor, NS§398, also effectively restores NK cell function-
ality impaired by exogenous PGE, [58]. Furthermore, novel
material-based strategies have also been developed to improve
the pharmacological performance of COX-2 inhibitors, such
as COX-2-inhibitor-based nanomedicine formulations [98].

Targeting functional molecules involved in

extracellular-metabolite-mediated NK cell regulation
Extracellular metabolites regulate NK cells through multiple
mechanisms, including activating receptors and triggering
downstream signaling pathways, entering NK cells and serving
as metabolic substrates or modification donors, and modulat-
ing the expression and activity of function-related proteins or
pathways within NK cells. Targeting these metabolite-induced
molecular alterations offers a potential strategy to enhance
NK-cell-mediated antitumor immune responses (Fig. 6).

Carbohydrates and their metabolites

Enhancing the ability of NK cells to utilize glucose can improve
their antitumor immune responses. Inhibition of fructose-
1,6-bisphosphatase (FBP1) by MB05032 restores NK cell glyco-
Iytic flux, thereby augmenting cytokine-induced NK cell activation
and cytotoxicity, contributing to tumor suppression [99].

Targeting NK cell glycosylation also represents an effective
approach to enhancing their antitumor functionality. Inhibition
of O-glycosylation by benzyl-2-acetoamido-2-deoxy-a-d-
galactopyranoside (BADG) or blockade of N-glycosylation by
N-acetyl-d-glucosamine-calix[4]arene (GN4C) has been shown
to enhance NK cell cytotoxicity [10]. Likewise, tunicamycin,
an inhibitor of N-glycosylation, suppresses N-glycosylation of
CD16 and increases its affinity for immunoglobulin G, thereby
potentiating ADCC of NK cells [100]. Tunicamycin also pre-
vents the lysosomal localization of cystatin F through inhibition
of N-glycosylation, thereby increasing cathepsin C activity,
promoting perforin and granzyme activation [13].

In addition, targeting NK cell lactylation can improve their
antitumor immune responses. Supplementation with nicotin-
amide riboside (NR) can reduce lactylation level in NK cells, thus
up-regulating the expression of activating receptors such as
NKG2D, CD38, and CD160 and potentiating NK cell cytotoxic-
ity and tumor-killing capacity. Furthermore, combination treat-
ment of NR with honokiol (HKL), which directly activates
NAD-dependent protein deacetylase sirtuin-3 (SIRT3)-mediated
delactylation, leads to a more pronounced decrease in NK cell
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Fig. 6. Metabolite-based modulation therapy by targeting associated functional molecules. Extracellular metabolites trigger a series of alterations within natural killer (NK)
cells, including transcription, posttranslation modification, metabolism, redox homeostasis, and signal cascades. By either inhibiting or activating these functional molecules

and corresponding alterations, the antitumor functionality of NK cells can be enhanced.

lactylation level and a more substantial suppression of tumor
burden, along with distinct prolongation of survival in tumor-
bearing mice [22].

Amino acids and their metabolites

Kynurenine

Targeting ROS can enhance NK-cell-mediated antitumor
immune responses. Treatment of NK cells with the anti-
oxidant N-acetylcysteine (NAC) prevents cytochrome c release
and caspase-3 activation, thereby protecting NK cells from
kynurenine-induced apoptosis [26].
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Targeting the AHR represents another promising approach to
counteract kynurenine-mediated NK cell suppression. AHR
antagonist CH223191 facilitates NK cell differentiation, increases
the proportion of mature NK cells expressing CD94, TRAIL, and
CD56 and up-regulates the expression of activating receptors such
as NKG2D and NKp46, consequently restoring NK cell infiltra-
tion and cytotoxic activity [31]. Inhibition of AHR using
StemRegenin-1 (SR-1) also alleviates oxidative stress and restores
NK cell effector functions [28]. However, both AHR inhibition
and activation can influence NK cell function, as the AHR agonist
6-formylindolo[3,2-b]carbazole (FICZ) has also been shown

14


https://doi.org/10.34133/research.1316

Research

to enhance NK cell migration [30]. Therefore, the selection
between AHR antagonists and agonists for therapeutic modulation
of NK cell antitumor function warrants further investigation.

Arginine-NO axis

NO induces MMP loss and apoptosis in NK cells, impairing their
effector functionality. Treatment with vitamin E analog Trolox par-
tially restores the NO-induced decline in MMP of NK cells [36],
implicating the role for antioxidants in maintaining mitochondrial
homeostasis and alleviating NO-mediated NK cell dysfunction.

Glutamine-glutamate axis

Selective modulation of mGluRs represents an effective strategy
to enhance NK cell functionality. Specifically, activation of
mGluR5 by quercetin or chlorohydroxyphenylglycine (CHPG)
enhances the cytotoxicity of NK cells [40], whereas inhibition
of mGluR4 with (RS)-a-methylserine-O-phosphate (MSOP)
increases the number of intratumoral NK cells and suppresses
tumor growth in male mice [41]. Intravenous delivery of MSOP
via nanoparticles further improves its bioavailability and tumor-
targeting efficiency, augmenting its antitumor efficacy [41].

Cysteine-GSH Axis

GSH deficiency disrupts redox homeostasis within NK cells,
leading to impaired NK cell functionality. Treatment with the
antioxidant NAC effectively restores redox balance in NK cells
from patients with acute leukemia, thereby enhancing NK-cell-
mediated cytotoxicity and suppressing tumor growth [43].

Serine and other amino acids
Serine regulates NK cell functionality by serving as a precursor
for SM synthesis. Selective inhibition of SM catabolism in NK cell
membranes using the acidic sphingomyelinase inhibitor LCL521
and the neutral sphingomyelinase inhibitor GW4869 increases
the number of protrusions on intratumoral NK cells, elevates their
expression of IFN-y, CD107a, and perforin, and markedly
enhances NK-cell-mediated antitumor immune response both
in vivo and in vitro [44].

Methionine participates in the regulation of NK cell methyla-
tion dynamics, and exogenous SAM supplementation can effec-
tively restore IFN-y secretion and cytotoxicity of NK cells [49].

Lipids

Enhancing lipid utilization capacity of NK cells can improve
their antitumor immune responses. Pharmacological activation
of PPARY by the agonist rosiglitazone enhances lipid utilization
in NK cells and markedly increases their IFN-y production,
although it fails to delay disease progression or reduce lym-
phoma burden [53].

Targeting FA-induced metabolic reprogramming also rep-
resents an effective approach to improving NK-cell-mediated
antitumor immune response. Pharmacological inhibition of
PPARa/S prevents FA-driven metabolic reprogramming, thereby
reversing NK cell metabolic paralysis and restoring their cyto-
toxicity following FFA exposure [54]. Using etomoxir to inhibit
carnitine palmitoyltransferase 1 (CPT1), the enzyme respon-
sible for FA transport, also restores the metabolic reprogram-
ming toward glycolysis in NK cells, thereby reinstating their
ability to polarize the MTOC and lytic granules to the synapse,
ultimately recovering NK cell cytotoxicity [54].
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Restoring redox homeostasis disrupted by lipids can also
enhance NK-cell-mediated antitumor immune responses.
Pharmacological activation of the NRF2 antioxidant pathway
by RTA-408 or inhibition of ferroptosis with ferrostatin-1 effec-
tively alleviates lipid-peroxidation-driven oxidative stress,
thereby improving redox homeostasis and antitumor function-
ality of NK cells [52].

Targeting PGE, activated EP receptors provides another
promising avenue to enhance NK cell antitumor immune
response. Pharmacological inhibition of EP4 using ONO-AE3-208
and AH23848 restores IFN-y production and cytotoxicity of NK
cells suppressed by PGE, [59]. In animal models, EP4 antagonists
AH23848 and RQ-15986 also reduce both spontaneous breast
tumor metastasis and pulmonary colonization in an NK-cell-
dependent manner [101]. Likewise, the EP2 antagonist AH6809
reverses PGE,-induced suppression of NK cell cytotoxicity [59].
Blockade of EP2/4 signaling with PF-04418948 and L-161982
further prevents the down-regulation of activating receptor
NKG2D and restores cytokine production, as well as degranula-
tion capacity of NK cells, when cocultured with AML blasts [62].
Since EP receptors also activates PKA, which suppresses proxi-
mal activation events in cytotoxic lymphocytes, inhibition of
PKA I using Rp-8-Br-cAMP also counteracts the PGE,-mediated
suppression of NK cell degranulation and cytotoxicity [61].

In addition, targeting iso-LCA and PE-related pathways can
further enhance NK cell functionality. Application of GPBAR1
antagonist spironolactone (SPI) counteracted iso-LCA-induced
suppression of p-CREM signaling, thereby reducing tumor
burden in mice [73]. Likewise, treatment of Nrf2-specific ago-
nist tert-butylhydroquinone (TBHQ) effectively reverses the
suppression induced by PE, protecting NK cells from ferrop-
tosis and increasing IL-2, IFN-y, and TNF-a production [77].

Combination with adoptive NK cell transfer therapy
Metabolite-based modulation therapy comprises strategies that
modulate extracellular metabolite availability, as well as those tar-
geting functional molecules involved in metabolite-mediated NK
cell regulation. Beyond monotherapy, these approaches can also be
integrated with other therapeutic modalities to enhance efficacy.
Adoptive NK cell transfer therapy represents an advanced
avenue of cancer immunotherapy that enhances the immune
system's capacity to recognize and eradicate malignant cells by
isolating, modifying, and expanding NK cells derived from
patients or donors before reinfusion. Given the distinct antitumor
properties of NK cells, this therapeutic approach has emerged as
a promising strategy for treating diverse malignancies. However,
several studies have reported that adoptive NK cell transfer ther-
apy shows limited efficacy against solid tumors, as NK cells often
exhibit restricted infiltration into tumors and become functionally
impaired within TME, thereby losing their antitumor activity [75].
In this context, metabolite-based modulation therapy can help
restore NK cell functionality within TME and reinvigorate the
antitumor potential of adoptively transferred NK cells (Fig. 7).

Preconditioning and genetically engineering NK cells
before adoptive transfer
Preconditioning and genetic engineering of NK cells constitute
effective strategies to augment their cytotoxicity before adoptive
transfer.

Inhibition of FBP1 with MB05032 improves glucose utilization
in NK cells, and adoptive transfer of MB05032-preconditioned
NK cells markedly slows tumor growth in vivo [99]. Incubating
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Fig. 7. Metabolite-based modulation therapy in combination with adoptive natural killer (NK) cell transfer therapy. Combining metabolite-based modulation therapy with
adoptive NK cell transfer therapy can achieve synergic effects. Before transfer, NK cells can be pretreated with therapeutic agents or genetically engineered, enabling them
to better adapt to the harsh conditions of tumor microenvironment (TME). Alternatively, therapeutic agents can be administered concurrently with adoptive NK cell transfer
therapy to remodel the TME. Thereby, the antitumor functionality of transferred NK cells is restored.

T-cell-depleted BM progenitors with Helicobacter pylori a-1,3-
fucosyltransferases and guanosine diphosphate fucose can gener-
ate ex vivo fucosylated NK cells, and recipients of these cells exhibit
profound antitumor responses along with prolonged survival,
accompanied by increased NK cell accumulation within lym-
phoma-involved organs, compared with those receiving unmodi-
fied NK cells [102]. Moreover, compared to untreated NK cells,
adoptive transfer of NK cells activated by the Nrf2-specific agonist
TBHQ considerably suppresses CRC liver metastasis, underscor-
ing the value of counteracting PE-mediated inhibition to enhance
the antitumor function of NK cells [77].

Genetically modifying NK cells prior to adoptive transfer
represents another promising strategy to enhance their resil-
ience against metabolic stress within the TME. Under serine-
restricted conditions, conventional adoptive NK cell transfer
fails to alleviate tumor burden or prolong survival in murine
melanoma models. In contrast, transfer of NK cells whose phos-
phoglycerate dehydrogenase (PHGDH) expression is induced by
electroporation of messenger RNA encoding a dCas9-VPR-
based CRISPRa and single guide RNAs targeting the PHGDH
promoter (PHGDH “*™™?), whose serine biosynthesis is up-
regulated, distinctly reduces tumor size and extends survival
in mice fed a serine-restricted diet [45]. Similarly, GPX4-
overexpressing NK-92 cells (NK-92°"**8") exhibit resistance
to kynurenine-induced cell death and display enhanced
intratumoral infiltration and tumor suppression than control
groups [27]. Moreover, intravenous transfer of either GPR183**
NK-92 cells or GPR183°" chimeric antigen receptor (CAR)
NK-92 cells into NOD-scid ILZRgammanlll (NSG) mice bearing
MDA-MB-231 xenografts notably delays tumor growth com-
pared to controls [72]. Beyond single-target modifications,
engineering approaches targeting broader metabolic regulators
have also demonstrated efficacy. c-Myc*?-engineered NK cells,
characterized by enhanced c-Myc transcription and protein
stability, exhibit markedly improved metabolic adaptability and

Zang et al. 2026 | https://doi.org/10.34133/research.1316

elevated effector molecule expression, markedly suppress tumor
growth, and prolong survival in tumor-bearing mice [64].

Incorporating metabolite-based modulation therapy
during adoptive NK cell transfer

The therapeutic efficacy of adoptive NK cell transfer can also
be augmented through the concurrent application of metabo-
lite-based modulation therapy.

Pharmacologic inhibition of IDO1 with BMS-986205 attenu-
ates the immunosuppressive impact of IDO1 on the cytotoxicity
of adoptively transferred GD2.CAR-NK cells, enhancing their
antitumor functionality [103]. Likewise, in CT26 tumor-bearing
mice, coadministration of the ARG inhibitor CB-1158 with NK
cells distinctly reduced pulmonary metastases compared with
adoptive NK cell transfer monotherapy [90]. IL-1f induces neu-
tral lipid accumulation and secretion of pulmonary macro-
phages, which, in turn, promotes intracellular lipid deposition
in NK cells and impairs their cytotoxic function. While either
IL-1p blockade or adoptive NK cell transfer alone confers mod-
erate therapeutic benefits, their combined administration yields
a synergistic and potent antitumor response, reducing meta-
static burden by approximately 7-fold [75].

Combination with other therapies

Metabolite-based modulation therapy can also integrate with other
strategies, including chemotherapy, immunotherapy, and targeted
therapy. Such combination regimens often achieve superior thera-
peutic efficacy compared with single-agent treatments, through
either cooperative or complementary mechanisms (Fig. 8).

Combination with PD-1/PD-L1 blockade

Compared with monotherapy, the incorporation of bicarbonate
therapy with anti- programmed cell death protein 1 (PD-1)
antibody markedly improves therapeutic outcomes in pancreatic
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Fig. 8. Metabolite-based-modulation therapy in combination with other therapeutic modalities. By integrating metabolite-based modulation therapy with immunotherapy,
targeted therapy, and chemotherapy, the antitumor efficacy is further reinforced, suggesting promising potential for clinical combination strategies.

carcinoma and bicarbonate-resistant B16 melanoma models
[104]. Codelivery of IDO1/TDO2 inhibitor AT-0174 along
with anti-PD-1 antibody also elicits a more potent antitumor
response in cisplatin-resistant non-small-cell lung cancer mod-
els compared with monotherapy [105]. Likewise, the glutamine
antagonist DRP-104, when used in combination with anti-PD-1
antibody, improves survival and durable remission in colon
cancer models [95]. Similarly, the mGluR4 antagonist MSOP
paired with anti-PD-1 therapy more effectively restrains the
growth of B16, MC38, and 3LL tumors [41]. In addition, E
rectale administration substantially enhances the therapeutic
efficacy of anti-PD-1 treatment and prolongs the survival of
anti-PD-1-treated mice [46]. Furthermore, iso-LCA antagonist
SPI, when partnered with PD-1 blockade, markedly impedes
hepatocellular carcinoma progression [73].

When it comes to anti-PD-L1 therapy, co-treatment of
lipoplex pCas9-sgLDHA/F3 and anti-PD-L1 antibody elicits
synergistic antitumor effect and prolonged survival of tumor-
bearing mice [83]. Moreover, combination use of ARG inhibitor
CB-1158 and anti-PD-L1 antibody also achieves a pronounced
suppression of tumor expansion [90], further demonstrating
the synergistic effect between metabolite-based modulation
therapy and anti-PD-L1 antibody treatment.

Combination with other immunotherapeutic strategies

Metabolite-based modulation therapy offers broad opportunities
to reinforce the efficacy of diverse immunotherapies beyond
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anti-PD-1/PD-L1 therapy, including anti-cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) therapy, anti-T-cell immunoglobu-
lin and mucin-domain containing-3 (TIM-3) therapy, and other
immunomodulators.

In preclinical models, bicarbonate therapy enhances anti-
CTLA-4 efficacy in bicarbonate-resistant B16 melanoma [104].
Likewise, the mGluR4 antagonist MSOP coapplied with anti-
CTLA-4 antibodies further strengthens the suppression of B16,
MC38, and 3LL tumor growth [41]. Furthermore, concurrent
administration of ARG inhibitor CB-1158 with dual anti-PD-1
and anti-CTLA-4 antibodies markedly reduces primary tumor
burden and diminishes pulmonary metastases across diverse
cancer models [90]. Administration of glutamine antagonist
DRP-104 alongside anti-CTLA-4 or anti-T cell immunorecep-
tor with immunoglobulin and immunoreceptor tyrosine-based
inhibitory motif domains (TIGIT) antibody also improves sur-
vival of tumor-bearing mice and induces durable tumor regres-
sion [95]. When combined with anti-TIM-3 antibodies, both
neutral sphingomyelinase inhibitor GW4869 and acidic sphin-
gomyelinase inhibitor LCL521 notably enhance NK-cell-mediated
cytotoxicity and achieve superior tumor suppression effect com-
pared with monotherapy in vivo [44].

Combination with targeted therapy

Metabolite-based modulation therapy complements targeted
therapies by alleviating metabolic suppression and remodeling
the TME, thereby enhancing therapeutic responsiveness. 5-FU
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augments the efficacy of trastuzumab by depleting MDSCs and
attenuating their ARG/INOS-mediated inhibition of NK cell
cytotoxicity, which consequently reduced tumor burden in
murine models [35]. Similarly, when administrated together
with iNOS inhibitor L-NIL, trastuzumab results in a marked
reduction in tumor volume [35].

Combination with chemotherapy

Metabolite-based modulation therapy can potentiate the anti-
tumor effects of conventional chemotherapeutics agents. For
instance, oral administration of IDO inhibitor 1-MT along with
paclitaxel markedly enhances the therapeutic efficacy of pacli-
taxel [106], and concurrent treatment of 1-MT with temozolo-
mide (TMZ) also exhibits synergistic antitumor activity [107].
Similarly, combining ARG inhibitor CB-1158 with gemcitabine
markedly suppresses tumor growth in CT26, LLC, and 4T1
models [90].

Translational prospects and challenges

Beyond the preclinical evidence discussed above, numerous
clinical trials have evaluated metabolite-based modulation
therapies. While the majority of these studies did not specifi-
cally assess NK-cell-related outcomes, several studies have
investigated the association between metabolic interventions
and NK cell functional improvement.

Arginine supplementation represents the most extensively
studied intervention in this context. Enhanced NK cell cytotox-
icity following arginine supplementation has been observed in
patients with breast cancer receiving chemotherapy and patients
with CRC after surgical resection [108,109]. Similarly, glutamine-
enriched nutritional therapy during chemotherapy in patients
with acute lymphoblastic leukemia has been shown to increase
the proportion of circulating NK cells [110]. In addition, as
adoptive NK cell transfer emerges as a promising immunothera-
peutic approach, clinical trials integrating this strategy with
metabolite-based modulation therapies are also being con-
ducted, including combination therapy with 5-FU (NCT-
05040438) and glycoengineering of adoptively transferred
NK cells (ChiCTR2000041024).

Given the regulatory roles of extracellular metabolites on NK
cell antitumor capacity, metabolite-based modulation therapy
represents a promising therapeutic strategy. However, sev-
eral key considerations merit particular attention during clini-
cal translation.

First, ensuring drug safety is paramount. Given the ubiquity
of metabolic processes throughout the body, interventions lack-
ing tumor specificity may inadvertently disrupt normal physi-
ological metabolism. ARG inhibitors, for example, enhance NK
cell antitumor capacity by reducing extracellular arginine deg-
radation. However, ARG also participates in the hepatic urea
cycle, which is essential for ammonia detoxification, and systemic
ARG inhibition may consequently precipitate hepatotoxicity
[90]. Furthermore, nonspecific exposure to nanocarrier-delivered
drugs may also lead to chronic inflammation, tissue injury, or
immunotoxicity [111]. Therefore, strategies enabling TME-specific
targeting would offer a superior safety profile. Alternatively,
rigorous safety monitoring is warranted in the clinical imple-
mentation of metabolite-based modulation therapy to mitigate
the risk of severe adverse events.

Second, translation efforts should be informed by evidence
of therapeutic efficacy in clinical settings. Unlike in vitro exper-
iments, the human body functions as an interconnected system,

Zang et al. 2026 | https://doi.org/10.34133/research.1316

and different malignancies possess distinct characteristics. IDO1
inhibitors have been shown to reduce kynurenine production
and thereby relieve its suppressive effects on NK cells. However,
in patients with advanced urothelial carcinoma, addition of the
selective IDO1 inhibitor epacadostat to the PD-1 inhibitor
pembrolizumab failed to improve progression-free survival or
overall survival compared to pembrolizumab alone [112], sug-
gesting that other effects of IDOI inhibition may counteract
its enhancement of NK cell antitumor capacity or that urothe-
lial carcinoma may be inherently insensitive to IDO1 inhibi-
tion. Therefore, given that preclinical and clinical trial outcomes
do not always align, rigorous clinical validation is imperative
prior to clinical implementation. Such validation not only con-
firms therapeutic efficacy but also informs subsequent drug
optimization based on clinical findings.

Finally, pharmacokinetic considerations and standardiza-
tion of clinical administration protocols warrant careful atten-
tion. While dietary or nutritional supplementation constitutes
a common and relatively safe approach to metabolic modula-
tion, exogenously administered nutrients are subject to rapid
metabolism, and variations in dosage and administration
frequency can substantially influence therapeutic outcomes
[108,113]. Accordingly, both drug design and clinical trial pro-
tocols should be oriented toward practical clinical applicability,
with particular emphasis on ensuring effective and sustained
delivery of therapeutic agents.

Taken together, as a therapeutic approach that has demon-
strated preliminary potential in cancer treatment, metabolite-
based modulation therapy holds considerable translational
promise and warrants further clinical investigation, while careful
attention must be given to drug safety, efficacy, and standardiza-
tion of administration protocols during translational process.

Conclusion and Perspectives

With the expanding understanding of tumor-immune interac-
tions, the multifaceted functions and regulatory mechanisms
of NK cells in tumors have attracted substantial interest. As a
crucial component of TME, extracellular metabolites play piv-
otal roles in directly remodeling NK cell antitumor biology.
They not only act as metabolic substrates or energetic fuels but
also function as signaling mediators that modulate NK cell
activation, transcriptional programs, and effector responses,
thereby collectively modulating NK-cell-mediated antitumor
immunity. Despite accumulating evidence has underscored the
importance of these metabolic cues in regulating NK cell func-
tion, the regulatory mechanisms within have yet to be system-
atically elucidated.

In this review, we highlight the direct regulatory effects of
carbohydrates, amino acids, lipids, and their corresponding
metabolites on NK cell antitumor immune response. These
metabolites regulate NK cell functionality through multiple
mechanisms, including functioning as structural components,
providing metabolic substrates, inducing metabolic reprogram-
ming, serving as substrates for protein and RNA modifications,
regulating gene transcription, maintaining stress homeostasis,
engaging receptors and triggering downstream signaling cas-
cades, modulating intracellular pH, among others. Furthermore,
as an emerging area of interest, gut-microbiota-derived metab-
olites have also been implicated in regulating NK cell antitumor
functions. Microbiota-derived butyrate has been reported to
enhance NK cell viability, cytotoxicity, and migration [114],
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while another study demonstrated that butyrate restricts NK
cell function by down-regulating their metabolic capacity
[115]. Such contradictory findings are not unique to butyrate,
and many other metabolites are found to exert opposing effects
on NK cell function through distinct mechanisms. For example,
FAs can serve as metabolic fuel to enhance NK cell activity
[116] yet can also bind to PPARs and induce metabolic repro-
gramming of NK cells, which diminishes their glycolytic capac-
ity and impairs antitumor function [56]. This phenomenon
underscores the complexity of metabolite-mediated regulation
of NK cells, as NK cells at distinct developmental stages, activa-
tion states, or tissue locations may respond differently to the
same stimulus through distinct mechanisms or with varying
sensitivities. Furthermore, in addition to direct regulation of
NK cells, extracellular metabolites can also modulate NK cell
antitumor function indirectly by acting on other cell types. For
instance, fructose enhances CAF proliferation and activation
[117], while CAFs promote NK cell migration into stromal
areas and down-regulate their activating receptor expres-
sion, ultimately impairing NK cell antitumor capacity [118].
Therefore, advancing methodological innovations in NK cell
functional analysis and refined investigations into NK cell biol-
ogy are essential to precisely delineate how metabolites shape
the antitumor immune response of NK cell.

Given that functionality and antitumor response of NK cells
are always impaired by extracellular metabolites within the
immunosuppressive TME, restoration of NK cell activity can
be achieved by modulating the availability of metabolites in the
TME or by targeting associated signaling pathways. Specifically,
the antitumor response of NK cells can be enhanced through
several strategies including (a) altering dietary intake or adopt-
ing alternative strategies to alter the concentrations of metabo-
lites within the TME; (b) targeting metabolic enzymes to adjust
metabolite catabolism and metabolic flux, thereby modulating
the level of downstream metabolites; (c) modulating enzymes
responsible for metabolite secretion or transport to reshape
their spatial distribution within the TME; and (d) targeting
metabolite-induced signaling pathways within NK cells to restore
their activation and cytotoxic capacity. Furthermore, these
metabolite-based modulation approaches can be effectively inte-
grated with other therapeutic modalities, not only exerting
complementary effects but also generating synergistic benefits.

Notably, several critical issues regarding the overall efficacy
and clinical translation of metabolite-based modulation ther-
apy warrant careful consideration. TME functions as an inte-
grated system, encompassing not only NK cells but also tumor
cells and various immune or stromal populations such as T cells,
dendritic cells, and CAFs. Therefore, alterations in the levels of
metabolites within the TME can also influence these cells,
which may, in turn, affect the overall therapeutic effect. An
illustrative example of synergistic antitumor activity following
treatment is that COX-2 inhibitors can enhance NK-cell-
mediated antitumor immune response by reducing environmental
PGE2 production, concurrently suppress tumor cell prolifera-
tion, augment CD8" T-cell-mediated cytotoxicity, inhibit mac-
rophage’s polarization toward the M2 phenotype, and promote
the recruitment and activation of dendritic cells [98]. Consequently,
these pleiotropic but intrinsically synergic effects contribute to
the potent antitumor efficacy of COX-2 inhibitors. An example
of antagonistic antitumor effects following treatment can be
observed with glutamine metabolism inhibitor. Although
functionality of NK cells is largely independent of glutamine

Zang et al. 2026 | https://doi.org/10.34133/research.1316

metabolism, both tumor cells and T cells within the TME are
highly dependent on it to sustain their proliferation and activi-
ties [119,120], and the application of glutaminase inhibitors
will not only suppress tumor growth but also compromise
T-cell-mediated antitumor immune responses, yielding complex
effects. Therefore, the overall therapeutic outcome of metabo-
lite-based modulation therapy represents a subtle balance
among multiple interacting factors within the TME.

Moreover, while dysregulation of specific metabolite domi-
nates the impact on NK cell antitumor function in certain con-
texts, the metabolite profile within the TME is typically a
complicated and interconnected network. For instance, it remains
challenging to discern which specific component in the tumor
interstitial fluid medium is responsible for inducing proteostasis
imbalance and functional impairment in human NK cells [121].
Furthermore, given the integrative nature of human physiology,
systemic supplementation or modulation of metabolites could
inevitably affect multiple organs, and responses of these nontu-
mor organs may, in turn, influence the overall therapeutic effects
within tumor-infiltrating organs. Hence, a holistic perspective is
essential when using metabolite-based modulation therapy to
enhance NK cell antitumor function, and the ultimate clinical
efficacy warrants validation through large-scale cohort trials.

In summary, NK cell functionality within the TME is intri-
cately shaped by diverse metabolites through multiple regu-
latory mechanisms. Therapeutic strategies targeting these
metabolic cues in the TME represent a promising avenue for
restoring NK cell antitumor immune response and, when com-
bined with other modalities, can yield superior antitumor effi-
cacy. Hence, the complicated interplay between NK cells and
tumor warrants continued attention and investigation. With
the ongoing advancement of NK-cell-centered research, it is
anticipated that the therapeutic potential of NK cells will ben-
efit a broader range of patients with cancer and provide valuable
insights into lifestyle and dietary interventions for cancer pre-
vention and management.
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