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Abstract

Nitric oxide (NO) is a key bioactive signaling molecule produced primarily by L-arginine by inducible NO synthase (iNOS), which is
involved in signal transduction and performs a variety of biological functions. As the mainstay of the immune response, macrophage
polarization is a dynamic and reversible process, allowing them to shift their functional states and immune-inflammatory properties
in response to changing environmental cues. M1-type macrophages are polarized by stimuli such as lipopolysaccharide or interferon
gamma. These pro-inflammatory cells secrete tumor necrosis factor alpha, interleukin-1β (IL-1β), IL-6, and other pro-inflammatory
factors, which serve to initiate and amplify the inflammatory response. By contrast, M2-type macrophages are induced by IL-4 or IL-13
and express high levels of anti-inflammatory mediators such as IL-10 and transforming growth factor beta, which inhibit inflammation
and promote tissue repair. Macrophages in the tumor immune microenvironment produce NO via arginine metabolism, with important
impacts on tumorigenesis and immune escape. In turn, NO production regulates macrophage function by inducing a shift from the
M2 type (which promotes tumor growth) to the M1 type (which suppresses tumor growth). In addition, NO affects the tumor immune
response by regulating T-cell activity. Relevant therapeutic strategies for targeting NO include arginase (ARG) inhibitors, NO donors,
and iNOS overexpression. This review summarizes the complex role of NO in tumor immunity and related therapeutic strategies. While
the findings provide new directions for cancer immunotherapy, further research is needed to fully understand specific mechanisms, such
as the dynamic regulation of the NO concentration threshold, the clinical translation of these findings, and the seemingly contradictory
role of NO in immune cell function, ultimately leading to more effective treatment options.

Keywords: tumor immune microenvironment; macrophages; nitric oxide; arginine; nitric oxide synthase

1. Introduction
As a gaseous signaling molecule, nitric oxide (NO)

plays diverse biological roles beyond modulating vascular
tone and nerve conduction. Its dual role in the tumor im-
mune microenvironment (TIME) has attracted increasing
attention. Studies have shown that the concentration gradi-
ent of NO directly determines its pro-cancer or anti-cancer
effects [1,2]. This review systematically summarizes the
metabolic regulatory network of NO within the TIME, elu-
cidates its dual mechanisms of action and impact on im-
mune cells (particularly macrophage polarization), and ex-
plores novel therapeutic strategies targeting the NO path-
way.

The duality of NO stems from its spatiotemporal
heterogeneity within the TIME, a phenomenon rooted in
the competitive metabolism of the common substrate L-
arginine by two key enzymes: inducible NO synthase
(iNOS) and arginase (ARG) [3–5]. This competition cre-
ates discrete microenvironments where defined concentra-
tion thresholds dictate opposing functional outcomes: acti-
vating or inhibiting specific signaling pathways in both tu-
mor and immune cells [6,7].

Early studies on NO focused on its direct cytotoxic
effects. For example, activated macrophages produce high
concentrations of NO from L-arginine using iNOS, which
kill tumor cells by inhibiting the mitochondrial respiratory
chain and DNA replication, thereby killing tumors. In
addition, the synergistic effect of NO with tumor necro-
sis factor alpha (TNF-α) can enhance the oncolytic ef-
fect [8]. Grobben [9] provided additional evidence that S-
nitrosylation of mitochondrial fatty acid metabolizing en-
zymes by NO inhibits tumor cell proliferation. However,
most of these findings are based on in vitro models and do
not explain how arginine depletion in the TIME limits NO
production.

Recent studies have revealed the contradictory role of
NO in immunosuppression. Although high concentrations
of NO directly kill tumor cells, it simultaneously weakens
the overall anti-tumor immune response. This weakening
occurs because NO inhibits the activation and proliferation
of T cells and can even induce the production of regulatory
T cells, which suppress the immune system’s activity.

In addition, tumor cells competitively deplete L-
arginine by upregulating ARG1. This depletion of
L-arginine prevents macrophage iNOS from producing
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enough NO. To make matters more complicated, the re-
mainingNO can hinder T cells from reaching the tumor core
by nitrifying chemokine C-C motif ligand 2 (CCL2). These
findings suggest that simply increasing the concentration of
NO can worsen immune escape; therefore, it is necessary to
explore spatiotemporal-specific regulatory strategies [10].

To address these abovementioned issues, researchers
have significantly enhanced the therapeutic potential of NO
through metabolic interventions. For example, L-arginine
supplementation has been shown to not only effectively re-
store macrophage iNOS activity but also clearly improve
survival rates in patients with gastric cancer in clinical ap-
plications [11]. However, the heterogeneity of arginine
transporter expression in the TIME may limit efficient drug
delivery. Furthermore, the short half-life and non-specific
targeting of NO donors necessitate the development of in-
telligent delivery systems capable of adapting to the unique
physicochemical properties of the TIME.

Therefore, this review first delineates the sources and
regulation of NO in the TIME. It then provides a detailed,
concentration-dependent analysis of its pro-tumor and anti-
tumor mechanisms, with a particular focus on its role in
orchestrating macrophage polarization and T-cell function.
Finally, we critically evaluate the current landscape of NO-
based therapeutic interventions and discuss future direc-
tions for harnessing NO in cancer immunotherapy.

2. NO Source and Regulation
Macrophages play a critical and undeniable role in

tumor development and progression, a process signifi-
cantly influenced by their uptake of NO. Additionally, im-
mune cells within the TIME are integral components of
the body’s anti-tumor defense mechanisms [12]. Argi-
nine enters the cell via the cationic amino acid transporter
(CAT) proteins CAT-1 and CAT-2B. Once inside, the intra-
cellular metabolism of arginine is a pivotal control point
in tumor immunity, primarily governed by the enzymatic
competition between NOS and ARG, which drive diver-
gent immunological outcomes (Fig. 1). Depending on the
iNOS/ARG ratio, L-arginine can be catalytically metabo-
lized to NO and citrulline by NOS or to ornithine and urea
by ARG1 or ARG2. Neuronal NO synthase (nNOS), en-
dothelial NOS (eNOS), and iNOS are isozymes of NOS
[13]. The first two types of NOS, nNOS and eNOS, are
continuously expressed in neuronal cells, endothelial cells,
and platelets under normal physiological conditions. By
contrast, iNOS is primarily produced by immune cells and
is not expressed under physiological conditions. Instead,
iNOS is highly expressed in tumors and during inflamma-
tion, suggesting a strong association with these pathological
conditions [5]. The competition between iNOS and ARG
for their shared resource, L-arginine, establishes a key reg-
ulatory axis within the TIME.

2.1 iNOS Pathway and Anti-Tumor Immunity

iNOS is upregulated in classically activated (M1)
macrophages by inflammatory stimuli such as interferon
gamma (IFN-γ) and lipopolysaccharide (LPS). It catalyzes
the production of sustained, high levels of NO. This NO
pool exerts direct anti-tumor effects by damaging tumor
cell DNA, inhibiting mitochondrial respiration, and induc-
ing apoptosis [8]. Concurrently, NO enhances the M1
macrophage phenotype, characterized by the secretion of
pro-inflammatory cytokines such as TNF-α and IL-12, ul-
timately activating a potent T helper 1 (Th1)-mediated anti-
tumor immune response.

2.2 ARG Pathway and Pro-Tumor Immunosuppression
ARG (with the cytosolic ARG1 isoform being dom-

inant in this context) is highly expressed in alternatively
activated (M2) macrophages and myeloid-derived suppres-
sor cells in response to cytokines such as interleukin 4 (IL-
4) and IL-13. ARG hydrolyzes L-arginine to L-ornithine,
which serves as a precursor for polyamines that fuel tumor
cell proliferation and tissue remodeling [14,15]. A critical
immunosuppressive mechanism of ARG is depletion of the
local L-arginine pool. This substrate starvation impairs T-
cell function by downregulating expression of the T-cell re-
ceptor CD3ζ chain and arresting T-cell cycle progression,
leading to T-cell anergy and establishment of an immuno-
suppressive microenvironment [4].

Three known metabolic pathways are involved in the
in vivo metabolism of arginine: one primarily mediated
by ARG, another by NOS, and a third pathway involving
glycine transaminase (Fig. 1).

ARG1 and ARG2 are two types of the enzyme ARG,
which plays an essential role in the metabolic functions of
organisms. In the liver, ARG1, sometimes referred to as
“hepatic ARG”, is highly active and hydrolyzes L-arginine
into urea and L-ornithine, a process known as the urea cy-
cle. ARG2, also referred to as “extrahepatic ARG”, is found
in many tissues such as the kidney, brain, small intestine,
mammary gland, and macrophages. It primarily controls
the amount of intracellular arginine, which in turn controls
the production of NO, proline, polyamines, and other chem-
icals in living organisms [14,15]. However, it does not par-
ticipate in the urea cycle.

NO-mediated immunometabolic reprogramming ex-
tends beyond arginine metabolism; rather, NO directly
modulates the tricarboxylic acid (TCA) cycle in immune
cells by S-nitrosylating key enzymes (e.g., aconitase and
succinate dehydrogenase), thereby impairingmitochondrial
respiration in T cells while promoting glycolysis in M1
macrophages [8]. This metabolic switch reinforces the pro-
inflammatory phenotype of M1 macrophages but concur-
rently suppresses effector T-cell function, illustrating NO’s
paradoxical role in immune regulation. Furthermore, NO-
derived peroxynitrite (ONOO−) enhances the immunosup-
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Fig. 1. Metabolic pathways of L-arginine in the TIME and their immunologic consequences. L-arginine is imported via CATs
and serves as a substrate for three major metabolic pathways. Left panel (Alternative pathway): A third pathway involving glycine
transaminase converts arginine to creatine. Middle panel (Arginase pathway, M2): ARG1/2 catalyzes the hydrolysis of L-arginine
to ornithine and urea. Ornithine fuels polyamine synthesis, supporting tumor proliferation. Right panel (NOS pathway, M1): iNOS
catalyzes the oxidation of L-arginine to NO and L-citrulline. NO mediates direct tumor cytotoxicity and promotes M1-like macrophage
polarization, driving anti-tumor immunity. The competition between iNOS and ARG for L-arginine is a critical determinant of the overall
immune phenotype in the TIME. TIME, tumor immunemicroenvironment; CAT, cationic amino acid transporter; NO, nitric oxide; iNOS,
inducible NO synthase; IFN-γ, interferon gamma; LPS, lipopolysaccharide; ARG, arginase; IL-4, interleukin 4.

pressive activity of programmed cell death protein 1 (PD-1)
in the TIME by nitrating the tyrosine residues on PD-1 [9].

3. Dual Functions of NO: From
Concentration Thresholds to Cell Fate
Decisions

Due to its source, timing, and concentration, NO func-
tions as a dual mediator in cancer. It is also linked to the
sensitivity of tumor cells to the NO they produce them-
selves [16–18]. The pleiotropic effects of NO in the TIME
are governed by its local concentration, which can be cat-
egorized into distinct functional windows: low-level (pM
to low nM) NO primarily mediates signaling functions that
can promote tumor progression; intermediate-level NO can
exert context-dependent pro- or anti-tumor effects; and
high-level (high nM to µM) NO induces nitrosative stress
and direct cytotoxicity [6]. The transition between these
functional states is dynamically regulated by the compe-

tition for L-arginine between iNOS and ARG, the intrin-
sic stability of NO, and the expression of downstream sen-
sors such as soluble guanylyl cyclase (sGC) and hypoxia
inducible factor 1 alpha (HIF-1α) [7]. The molecular basis
and functional consequences of these concentration thresh-
olds for immune cells are summarized in Fig. 2.

3.1 Concentration Thresholds and Their Molecular Basis

The concept of concentration thresholds is central to
understanding NO’s duality; thus, this subsection details
the basis of the concentration-dependent effects of NO.
The molecular basis for these thresholds lies in the dif-
ferential affinity of NO for its molecular targets. For in-
stance, low-level NO primarily activates the high-affinity
sGC-cyclic guanosine monophosphate (cGMP) pathway,
influencing cell proliferation and vascular tone [19,20]. By
contrast, high-level NO saturates these pathways and en-
gages lower-affinity targets, leading to pervasive protein S-
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Fig. 2. NO concentration determines immune cell metabolic fitness and functional fate. The level of NO directly and differentially
regulates the metabolism and function of key immune cells, creating a concentration-dependent immunological switch. (Right) In low
NO environments (nM range), T cells experience mild metabolic impairment leading to a dysfunctional or anergic state, characterized
by defective TCR signaling and proliferation arrest. Concurrently, macrophages are skewed towards an M2-like phenotype, supported
by oxidative metabolism (oxidative phosphorylation [OXPHOS] and fatty acid oxidation), and secrete immunosuppressive cytokines
such as IL-10 and TGF-β. This combination suppresses anti-tumor immunity. (Left) In high NO environments (µM range), T cells
undergo metabolic paralysis due to inhibition of mitochondrial complex I and DNA repair machinery, resulting in functional exhaustion
or apoptosis. By contrast, macrophages undergo a glycolytic shift and adopt anM1-like phenotype, secreting pro-inflammatory cytokines
(TNF-α, IL-12) and enhancing antigen presentation, which collectively potentiate anti-tumor immunity. This direct regulation of immune
cell metabolism by NO is a critical determinant of the overall immune state in the TIME. TCR, T-cell receptor; TGF-β, transforming
growth factor beta; TNF-α, tumor necrosis factor alpha.

nitrosylation, mitochondrial dysfunction, and DNA dam-
age. The dynamic interplay between iNOS (driving NO
production) and ARG (limiting the L-arginine substrate)
creates spatially and temporally restricted concentration
gradients within the TIME, establishing discrete microen-
vironments where either pro- or anti-tumor programs dom-
inate [7].

3.2 Low NO Concentrations May Promote Tumor Growth
and Metastasis

Low NO levels can encourage the growth and spread
of tumors. These pro-tumor effects operate through two
interconnected axes: direct stimulation of tumor cells and
suppression of anti-tumor immunity.

First, low NO concentrations directly stimulate tu-
mor growth through several mechanisms. They directly
stimulate cancer cell proliferation and survival via the
NO/sGC/cGMP-dependent pathway [3]. In addition, low
NO levels induce tumor protein p53 (p53) mutations and
other pathways to prevent apoptosis. The p53 gene nor-
mally expresses various microRNAs (miRNAs), and its en-
coded p53 protein is crucial for mediating cell cycle ar-
rest and apoptosis. This process can cause tumor cells
to undergo apoptosis. However, when the p53 gene is
mutated, the ability of NO to cause tumor cell apopto-
sis is blocked. Finally, at low concentrations, NO par-
ticipates in the activation and phosphorylation of extra-
cellular signal-regulated kinase, phosphoinositide 3-kinase
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(PI3K)/Akt/mammalian target of rapamycin, signal trans-
ducer and activator of transcription (STAT), and rat sarcoma
virus oncogene (Ras) pathways; dilates blood vessels in tu-
mor tissues; and promotes tumor angiogenesis [5].

Second, and perhaps more critically, low concentra-
tions of NO potently suppress anti-tumor immunity, foster-
ing an immunosuppressive microenvironment. This multi-
faceted suppression occurs on several fronts. On T cells,
low-dose NO can impair T-cell receptor (TCR) signaling
by S-nitrosylating key proximal signaling molecules such
as lymphocyte-specific protein tyrosine kinase (Lck) and
zeta-chain-associated protein kinase 70 (ZAP-70), leading
to defective T-cell activation and effector function [21]. On
macrophages, the low-level NO/sGC/cGMP axis helps sus-
tain the immunosuppressive M2 phenotype, promoting the
secretion of anti-inflammatory mediators such as IL-10 and
transforming growth factor beta (TGF-β) [22]. Regarding
immune cell infiltration, low NO concentrations downreg-
ulate the expression of adhesion molecules (e.g., vascular
cell adhesion molecule-1) on tumor vascular endothelial
cells, thereby inhibiting the adhesion and transendothelial
migration of T cells and natural killer (NK) cells into the
tumor core [23]. Collectively, these mechanisms underlie
the establishment of a suppressed immune state under low
NO conditions, as depicted in the right panel of Fig. 2.

3.3 High Concentrations of NO Inhibit the Growth and
Metastasis of Tumor Cells

The growth and spread of tumors are inhibited by high
NO concentrations; the NO concentration that inhibits tu-
mor growth is 10–100 times greater than the concentration
promoting tumor growth. The anti-tumor mechanisms of
high-level NO operate through two synergistic arms: direct
cytotoxicity toward tumor cells and reprogramming of the
immunosuppressive TIME into an anti-tumor state.

The direct cytotoxic effects are well-established and
multifaceted. The cytotoxic effector molecule NO, which
is produced by activated macrophages in the TIME, can
inhibit the metabolic processes of tumor cells, including
DNA replication and aerobic respiration, which causes tu-
mor cells to lose a significant amount of iron and ultimately
die [24]. Moreover, NO and TNF-α synergistically en-
hance the ability of macrophages to eliminate target cells,
which in this context refers to tumor cells rather than TNF-
α itself. NO is implicated in mediating endothelial cell
lysis, and the NO produced by vascular endothelial cells
can cause the cells to undergo lysis; the higher the con-
centration of NO is, the more pronounced the lysis effect
[25]. Other NOs can drive tumor cells to undergo apopto-
sis by increasing the production of p53 [26–30]. NO can
react with superoxide anions (O2−) to form peroxynitrite,
which is rapidly protonated into more toxic hydroxyl rad-
icals and stable NO2. The former is more reactive, and in
vivo, it can induce multiple types of cellular damage, such
as lipid peroxidation, amino acid cross-linking of proteins,

and covalent binding of DNA and RNA, resulting in an
anti-tumor function. Thus, NO has anti-tumor functions.
Specifically, NO can inhibit tumor cell metastasis by pre-
venting platelet aggregation [31]. Additionally, a high con-
centration of NO can alleviate tissue hypoxia through va-
sodilation, thereby increasing the sensitivity of tumor cells
to radiotherapy and facilitating the penetration and efficacy
of chemotherapeutic drugs in killing tumor cells [32,33].
The multifaceted anti-tumor mechanisms activated by high
levels of NO, including direct cytotoxicity and immune cell
reprogramming, are integrated in the left panel of Fig. 2.

4. NO Orchestrates Macrophage Plasticity
and Epigenetic Reprogramming in the TIME
4.1 NO Regulation of Macrophage Type Transformation in
the TIME

NO influences macrophage polarization through
metabolic rewiring. When the M1 inflammatory state oc-
curs, iNOS produces NO, which helps stabilize HIF-1α,
driving glycolysis and IL-1β production via activation of
the nucleotide-binding oligomerization domain (NOD) -
like receptor family pyrin domain containing 3 inflamma-
some [34]. In M2 polarization, ARG1-dependent ornithine
synthesis fuels polyamine production, which suppresses
iNOS activity via epigenetic silencing of its promoter
(e.g., trimethylation of lysine 27 on the histone H3 protein
[H3K27me3] modification) [14]. Notably, low-dose NO
donors (e.g., S-nitroso-N-acetylpenicillamine [SNAP], an
organic NO donor) disrupt this balance by inhibiting ARG1
through S-nitrosylation, shifting macrophages toward an
M1 phenotype.

Macrophages constitute the most prominent phago-
cytic cell population within the innate immune system and
are found throughout the body’s tissues [35]. Upon tumor
development, contingent upon the specific microenviron-
mental context, monocytes originating from the bone mar-
row are mobilized to the tumor site where they undergo
differentiation into either the classically activated M1-type
macrophages, which suppress tumor growth, or into the al-
ternatively activated M2-type macrophages, which facili-
tate tumor progression, expansion, and metastasis [34]. NO
regulates metabolic reprogramming of macrophages in the
TIME, mainly through the TCA cycle. Tumor-associated
macrophages (TAMs) can be reprogrammed into the tumor-
killing M1-type through stimulation with M1-associated
signals such as IFN-γ and LPS. This M1 repolarization
converts M2macrophages from tumor-promoting to tumor-
killing states. The upregulation of intracellular iNOS ex-
pression in macrophages via the use of LPS promotes the
endogenous production of NO, which in turn facilitates
the transition of macrophages from the M2 to M1 pheno-
type (Fig. 3). In addition, the use of a novel NO nan-
odelivery system promotes NO production from NO donor
catabolism, thereby biasing TAMs toward an anti-tumor
phenotype [36].
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Fig. 3. Integrated dual role of NO in shaping the TIME. This schematic synthesizes the metabolic and cellular mechanisms to show
how NO contributes to spatial heterogeneity and functional outcomes within the TIME. The competition for L-arginine (as detailed in
Fig. 1) creates two distinct microenvironments. (Left, anti-tumor niche) In regions with high iNOS activity and elevatedNO,macrophages
are polarized to an M1 state (glycolytic metabolism), secreting pro-inflammatory cytokines that activate and recruit effector T cells.
High NO also directly induces tumor cell death. This synergy creates a localized anti-tumor niche. (Right, pro-tumor niche) In regions
with high ARG1 activity and low NO, macrophages are polarized to an M2 state (oxidative metabolism), secreting immunosuppressive
cytokines such as IL-10 and TGF-β. ARG1-derived polyamines promote tumor cell proliferation, while L-arginine depletion and the
cytokine milieu lead to T-cell dysfunction. This combination fosters a pro-tumor niche characterized by immunosuppression and tumor
growth. The dynamic balance between these two niches determines the overall trajectory of the tumor. In the figure, the upward arrow
“↑” indicates upregulation or increased activity.

Arginine utilization is themost researchedmetabolism
in terms of distinguishing M1 from M2 macrophages. M1
andM2macrophages in tumor microcircuits use arginine in
various ways. M1 TAMs are regulated primarily by iNOS,
which converts L-arginine to NO and citrulline [37,38], as
well as by reactive oxygen species (ROS) production and
the expression of major histocompatibility complexes I and
II (MHC-I/MHC-II), which activate the Th1 immune re-
sponse and play a tumor-killing role. Type M2 TAMs are
primarily controlled by ARG, which converts L-arginine to
ornithine and urea, dictating the quantity of NO generated
by TAMs [39]. NO generated by activated macrophages
in response to iNOS plays a role in cytotoxicity and anti-
tumor activity [40,41]. However, macrophages themselves
are also targets of self-initiated NO production, and NO has
been shown to induce apoptosis in activated macrophages
[42–44].

The genotoxic potential of NO metabolites was con-
firmed because NOS inhibitors prevented DNA damage
in activated macrophages. NO produces localized reac-
tive nitrogen species (RNS) at high fluxes of 1–5 µM.
These RNS react with sulfhydryl-containing peptides to
form nitrosothiols, which change the functions of ion chan-
nels [45], p21ras [45], protein tyrosine phosphates [46],
and cyclooxygenases [47]. These changes can damage
activated macrophage DNA, which can cause apoptosis
and mitochondrial damage. The suppression of DNA
repair proteins by protein S-nitrosylation, such as zinc-
containing formamidopyrimidine DNA glycosylase (Fpg
protein) [48] and O-6-methylguanine-DNA methyltrans-
ferase [49], also increases the DNA-damaging activity of
NO and its metabolites. The natural vascular system causes
immune cell attachment and extravasation into nearby tis-
sues when exposed to pathogens or LPS. However, by
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downregulating the expression of adhesionmolecules in the
tumor vasculature, low levels of NO inhibit immune cell ad-
hesion and homing, preventing immune cells from entering
the tumor and thus potentially contributing to the growth of
additional cancers [50].

Low-dose NO donor treatment modulates M2 to
M1 polarization [46,51], and NO donors (e.g., S-
nitrosoglutathione [GSNO] and S-nitrosothiol) can be con-
verted to NO by intracellular metabolic processes to modu-
late the macrophage polarization status; however, the exact
mechanism remains unclear. Collectively, these findings
highlight that fine-tuning NO levels in the TIME can repro-
gram TAMs into a tumor-suppressive state, enhancing both
local and systemic anti-tumor immunity.

In addition to metabolic reprogramming, NO di-
rectly reshapes the expression of co-stimulatory molecules
on macrophages. Low-dose SNAP significantly upreg-
ulates M1 phenotypic markers (cluster of differentiation
80 [CD80], CD86, and MHC-II) while downregulating
M2 markers (CD206 and programmed death-ligand 1 [PD-
L1]), thereby enhancing their antigen presentation and T-
cell co-stimulation capabilities [52,53]. Mechanistically,
NO promotes the nuclear translocation of nuclear factor
kappa B (NF-κB) p65 by S-nitrosylating it at Cys38, sub-
sequently driving the transcription of CD80/CD86 [54–
56]. Conversely, sustained high concentrations of NO in-
hibit STAT3 phosphorylation via S-nitrosylation, blocking
STAT3-mediated PD-L1 upregulation and thereby alleviat-
ing T-cell suppression [57].

At the cytokine level, NO fine tunes the M1/M2 cy-
tokine balance. In M1 polarization, iNOS-derived NO sta-
bilizes HIF-1α, promoting the secretion of IL-12p70 and
TNF-α while suppressing IL-10 production [58,59]. In
M2 polarization, ARG1-dependent NO depletion leads to
polyamine accumulation, which silences the IL-12 pro-
moter via histone methylation (H3K27me3), sustaining
high expression of IL-10 and CCL22 [60,61]. Conversely,
in hypoxic TIME, NO suppresses HIF-2α, reducing vas-
cular endothelial growth factor and TGF-β secretion, and
weakening the pro-tumor functions of M2 macrophages
[62].

4.2 Epigenetic Modulation of Macrophage Fate by NO

In the tumor microenvironment (TME), NO affects
the polarization state of macrophages by regulating their
metabolic reprogramming (such as the iNOS/ARG1 bal-
ance). Recent studies have indicated that NO can further
strengthen the polarization of macrophages by altering their
phenotype through epigenetic modifications. This form of
epigenetic regulation provides a more durable molecular
basis for NO-mediated immune regulation.

NO not only regulates macrophage polarization
through classical metabolic pathways (such as the TCA cy-
cle and arginine metabolism), but also affects macrophage
polarization through dynamic modification of epigenetic

regulatory factors, such as DNAmethylation, histonemodi-
fication and non-coding RNA, thereby influencing the long-
term functional status of cells. NO influences all three ma-
jor layers of epigenetic regulation as follows.

4.2.1 DNA Methylation
NO can modulate the activity of DNA methyltrans-

ferases (DNMTs), which are enzymes that add methyl
groups to cytosine-phosphate-guanine (CpG) islands, typi-
cally leading to gene silencing. For example, under hypoxia
conditions, NO-derived RNS can inhibit DNMT1 activity,
potentially through S-nitrosylation or by altering the cell’s
redox state. This inhibition reduces the methylation level in
the promoters of key genes (e.g., M1-associated genes like
TNF-α and IL-12), facilitating their expression and promot-
ing M1-type polarization [63]. Conversely, the depletion of
NO inM2-polarized conditions allows for sustainedDNMT
activity, contributing to the silencing of M1-related genes.

4.2.2 Histone Modifications
NO directly and indirectly alters “histone marks”

(chemical tags on the proteins that package DNA), which
control chromatin accessibility.

4.2.3 Histone Acetylation
NO can modify and inactivate histone deacetylases

(HDACs), through S-nitrosylation. A specific example of
this modification is inactivation of the Cys274 site on the
HDAC2 protein after it is nitrosylated. This inactivation
prevents HDAC2 from removing acetyl groups from his-
tones, which causes the acetyl groups to accumulate and re-
sults in increased levels of histone H3 lysine 9 acetylation
(H3K9ac) and H3K27ac. These active chromatin marks,
specifically H3K9 acetylation, occur at the promoters of
pro-inflammatory genes, leading to the increased produc-
tion of cytokines such as TNF-α, IL-6, IL-12, which in turn
enhances their transcription, reinforcing the M1 phenotype
[64].

4.2.4 Histone Methylation
The NO-ARG balance influences metabolites that act

as co-factors for histone-modifying enzymes. For in-
stance, ARG1-driven production of polyamines can con-
sume S-adenosylmethionine (SAM), a universal methyl
donor. A reduction in SAM availability can lead to
H3K4me3 (an active mark) at M1 gene promoters. Further-
more, M2-associated signals can promote the activity of hi-
stone methyltransferases like Enhancer of Zeste Homolog
2 (EZH2), which catalyzes the repressive mark H3K27me3
at the iNOS and IL-12 promoters, silencing them. NO, by
inhibiting ARG1 and shiftingmetabolism, can reverse these
repressive methylation patterns [60,61].
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4.2.5 Non-Coding RNAs

NO can influence the expression of miRNAs that form
feedback loops in polarization. For instance, high concen-
trations of NO have been shown to induce the expression
of miR-21-5p. This miRNA targets and inhibits the tumor
suppressor Phosphatase and TensinHomolog (PTEN), lead-
ing to activation of the PI3K/Akt pathway, which can para-
doxically promote cell survival and potentially impair the
sustained tumor killing capacity of M1 macrophages, illus-
trating a negative feedback mechanism.

These findings suggest that NO plays a dual role in
macrophage polarization through epigenetic mechanisms,
potentially enhancing both anti-tumor immunity and pro-
moting immune escape. More importantly, these epigenetic
mechanisms demonstrate that NO does not merely trigger
transient phenotypic changes but can “lock in” macrophage
characteristics by altering the epigenetic landscape, offer-
ing novel targets for durable reprogramming of the TIME.

5. NO Influences the Activity of Other
Immune Cells
5.1 Regulation of T Cells in Tumor Microcircuits by NO

NO acts as a signaling molecule and plays an impor-
tant regulatory role in multiple aspects of T-cell develop-
ment, differentiation, and activation. NO synthesized by
iNOS in T cells, as well as NO produced by dendritic cells
(DCs) and macrophages in the TME, can act on T cells.
High concentrations of NO have broad immunosuppressive
effects, including impacts on the differentiation and effector
functions of Th1, Th2, Th17, and Treg cells (Tregs) [65].

In the TME, the interaction between macrophages
and T cells is a key aspect of NO-mediated immune reg-
ulation. IFN-γ produced by CD8+ T cells can promote
NO production by macrophages in the TME. However,
NO derived from macrophages has strong pro-apoptotic
effects on CD8+ T cells, thereby weakening their cyto-
toxic activity against tumor cells. Additionally, the expres-
sion of iNOS by CD4+ T cells can inhibit the production
of TGF-β, which in turn suppresses the differentiation of
CD4+Foxp3+ Tregs and reduces tumor tolerance [66,67].

NO not only affects tumor immunity by modulating
T-cell function but also regulates the behavior and activ-
ity of CD8+ T cells by promoting vascular normalization
and degradation of the extracellular matrix, thereby exert-
ing anti-tumor effects. In NOD/SCID (severe combined
immune deficiency) mouse models, low doses of exoge-
nous NO donors fail to inhibit tumor growth. However,
anti-tumor effects have been observed in immunocompe-
tent mouse models, and these effects disappeared with the
depletion of CD8+ T cells [2,67]. These findings indi-
cate that the anti-tumor effects of NO depend on the pres-
ence of CD8+ T cells. Moreover, low-dose treatment with
SNAP can promote the depletion of Tregs, thereby enhanc-
ing the immune system’s response to tumors. NO, as an

immunotherapeutic agent, can also synergize with anti-PD-
1 therapy [68]. Therefore, the combination of low-dose
SNAP and anti-PD-1 antibodies may have a synergistic ef-
fect on tumor regression.

NO exerts concentration-dependent effects on T-cell
function through distinct metabolic and signaling mecha-
nisms, creating a biphasic regulatory paradigm. The molec-
ular basis for this duality lies in the differential engagement
of specific pathways.

5.1.1 cGMP-Dependent Pathway (Low NO
Concentrations, Typically <100 nM)

At physiologically low concentrations, NO primarily
activates the high-affinity soluble sGC, leading to a sus-
tained increase in intracellular cGMP. Elevated cGMP lev-
els activate protein kinase G, which phosphorylates down-
stream targets. This pathway can promote T-cell migration
by modulating cytoskeleton dynamics and integrin affin-
ity, and mildly enhance T-cell proliferation by regulat-
ing transcription factors like nuclear factor of activated T
cells. In the context of anti-tumor immunity, this path-
way contributes to vascular normalization, improving per-
fusion and enhancing CD8+ T-cell infiltration into tumor
cores. Concurrently, low-level NO can mediate the ni-
trosative inactivation of TGF-β, a key immunosuppressive
cytokine, thereby suppressing Treg-mediated immunosup-
pression [67].

5.1.2 cGMP-Independent Pathways (Moderate to High
NO Concentrations, High nM to µM)

As NO concentrations rise, it modifies lower-affinity
targets primarily through S-nitrosylation, a redox-based
post-translational modification that can irreversibly alter
protein function, resulting inwidespread suppression of cel-
lular activities.

5.1.3 TCR Signaling Impairment
Key proximal signaling molecules in the TCR cas-

cade, such as Lck and ZAP-70, are susceptible to S-
nitrosylation, which inhibits their kinase activity. This re-
sults in defective TCR signal transduction, impaired im-
munological synapse formation, and ultimately, defective
T-cell activation and effector function [4].

5.1.4 Metabolic Paralysis
NO directly S-nitrosylates and inhibits key compo-

nents of the mitochondrial respiratory chain, particularly
complex I. This inhibition disrupts oxidative phosphoryla-
tion (OXPHOS), severely damaging the metabolic fitness
of T cells which require robust mitochondrial function for
sustained activity and memory formation [8].

5.1.5 DNA Damage and Impaired Repair
High levels of NO can cause DNA damage directly or

through RNS. Furthermore, S-nitrosylation of DNA repair

8

https://www.imrpress.com


enzymes, such as poly(ADP-ribose) polymerase-1, sup-
presses their activity, exacerbating genomic instability and
potentially leading to T-cell apoptosis or functional exhaus-
tion [8]. Thus, the impact of NO on T-cell fate is heav-
ily concentration-dependent. At low levels, it can support
anti-tumor immunity by enhancing T-cell trafficking and
altering the cytokine milieu. However, as concentrations
rise into the pathological range, a dramatic shift occurs:
the cumulative inhibition of TCR signaling, mitochondrial
metabolism, and DNA repair machinery leads to a state of
metabolic paralysis and functional exhaustion in T cells, ef-
fectively crippling their anti-tumor capacity.

This biphasic regulation explains why strategies to
boost NO in TIME must be precisely controlled, as ex-
cessive production can inadvertently suppress the very im-
mune cells needed for tumor eradication. It also high-
lights the therapeutic potential of precisely tuned NO mod-
ulation, particularly when combined with immune check-
point blockade to simultaneously overcome metabolic im-
munosuppression and enhance T-cell effector function in
the TIME [68].

5.2 Regulatory Role of NO in NK Cell Function
NO exerts a concentration-dependent dual modulation

of NK cell functions. Low concentrations of NO enhance
NK cell cytotoxicity by upregulating activating receptors
(e.g., NK group 2D) and granzyme B expression, thereby
potentiating direct tumor cell lysis. Conversely, high con-
centrations of NO may impair NK cell activity by inhibit-
ing the mitochondrial respiratory chain or triggering apop-
totic signaling cascades [69,70]. Within the TIME, tumor-
derived NO downregulates NK cell chemokine receptors
such as C-X-C motif chemokine receptor 3, restricting NK
cell infiltration into tumor sites. By contrast, inducible NO
produced by macrophage or DC-derived iNOS can pro-
mote NK cell-mediated tumor lysis via STAT5 activation
[71]. These mechanisms provide a rationale for combina-
tion therapies, and it is postulated that NO donors (e.g.,
GSNO) combined with IL-2 could significantly augment
the anti-tumor efficacy of NK cells.

5.3 Regulatory Role of NO in Mast Cell Function
NO alleviates tumor-associated inflammation by in-

hibiting mast cell degranulation through S-nitrosylation
modification of key signaling proteins (e.g., spleen tyro-
sine kinase), which in turn reduces the release of histamine
and pro-inflammatory factors (e.g., TNF-α). However, per-
sistently high concentrations of NO may induce mast cell
apoptosis through mitochondrial ROS accumulation [72].
In the TME, TAM-derived NO indirectly impairs the Th2-
type immune response and promotes immune escape by in-
hibiting mast cell IL-4 secretion. Preclinical studies have
shown that targeting the NO–mast cell axis, such as with
iNOS inhibitors, reduces tumor fibrosis and improves T-cell
infiltration [73,74].

5.4 Regulatory Role of NO in DC Function

NO affects the anti-tumor immune response by regu-
lating the maturation state of DCs. The physiological con-
centration of NO promotes the expression of MHC-II and
co-stimulatory molecules (CD80/CD86) on the surface of
DCs by activating the NF-κB pathway, and enhances their
antigen presentation ability, whereas high concentrations of
NO block DC maturation by inhibiting inhibitor of NF-κB
(IκBα) degradation, leading to immune tolerance [74,75].
At themetabolic level, NO drivesDC glycolytic reprogram-
ming by stabilizing HIF-1α, supporting its differentiation
into a pro-inflammatory phenotype (M1-type) [76]. How-
ever, tumor-derived NO may promote Treg differentiation
by inducing DCs to express indoleamine 2,3-dioxygenase
(IDO), a mechanism suggesting that the combination of
IDO inhibitors may enhance DC vaccine efficacy [77,78].

5.5 Effect of NO on Neutrophils

NO participates in tumor immune balance by regu-
lating neutrophil function. On the one hand, NO inhibits
NADPH oxidase activity and reduces neutrophil extracellu-
lar trap (NET) formation, thereby reducing the risk of NET-
mediated tumor metastasis [79,80]. On the other hand,
low concentrations of NO promote neutrophil chemotaxis
to tumor sites by upregulating CD11b expression, whereas
high concentrations of NO induce their apoptosis through
caspase-3 activation, limiting chronic inflammatory dam-
age [81]. In addition, NO donors, such as nitroglycerin, at-
tenuate chemotherapy-induced neutropenia, suggesting its
potential value in protecting immune cells [82,83].

6. NO-Based Therapeutic Interventions:
From Metabolic Inhibition to Immune
Reprogramming
6.1 ARG Inhibitors

ARG generated from TAMs is becoming a signifi-
cant therapeutic target for a number of malignancies [84].
T-cell function is inhibited when ARG breaks down argi-
nine. Certain inhibitors of arginine metabolic enzymes
(e.g., NG-monomethyl-L-arginine [L-NMMA] and L-N5-
(1-iminoethyl)ornithine [L-NIO]) not only compete to in-
hibit the CAT-1 transporter but also enable iNOS in argi-
nine. Clinically, the upregulation of ARG activity and the
expression of ARG are linked to a number of cancers, in-
cluding gastric cancer, breast cancer [85], hepatocellular
carcinoma [86], renal carcinoma [87,88], and head and neck
cancers [89]. There is an advantage in the competitive reg-
ulation of acid metabolic enzymes (iNOS and ARG), which
further elevates the concentration of NO, inhibiting tumori-
genesis [90].

6.2 NO Donors Induce iNOS Overexpression

Given the dual role of NO in the growth, proliferation,
and metastasis of tumor cells [3], controlling parameters
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Table 1. Applications and mechanisms of different NO donors in tumor immunotherapy.
NO donor type Mechanism of action in the TIME Reference

Organic Nitrates Release NO to inhibit tumor cell DNA replication and aerobic respiration, in-
ducing apoptosis.

[3]

S-Nitrosothiols Modulate immune cell function in the TME, enhancing anti-tumor immunity. [8]
Nitrosoamines Release NO locally at the tumor site to inhibit tumor cell proliferation, invasion,

and metastasis.
[22]

Metal–NO Complexes Release NO to enhance tumor cell sensitivity to radiotherapy and chemotherapy. [8]
Nanoparticle-Delivered NO Release NO locally at the tumor site to inhibit tumor cell growth, avoiding sys-

temic toxicity.
[64]

Gene Therapy-Induced NO Production Enhance tumor cell sensitivity to chemotherapeutic drugs through iNOS gene
transfection.

[8]

Cationic Liposome-Mediated iNOS
Transfection

Enhance the anti-tumor effects of cisplatin in lung cancer. [66]

eNOS Activators Target eNOS activation to prevent lung metastasis in breast cancer. [67]
TME, tumor microenvironment; eNOS, endothelial NOS.

such as the site of NO delivery, NO concentration, and the
rate of NO release is crucial for developingNO-related ther-
apies. Inducing iNOS overexpression (via gene therapy)
or administering NO donors are emerging strategies for
NO-based tumor treatment [91–93]. Clinical studies have
shown that NO donors and NO synthesis induced by iNOS
can kill certain hematologic tumor cells, such as leukemia,
lymphoma, and myeloma cells [94]. The following are
the applications and mechanisms of different NO donors
in tumor immunotherapy (Table 1, Ref. [3,8,22,64,66,67]).
These NO donors demonstrate the diversity and potential of
NO-based therapies, providing new ideas and approaches
for future cancer treatment.

Current NO donors may cause systemic toxicity, such
as cytokine release syndrome, necessitating the develop-
ment of novel NO donors with localized action to prevent
systemic effects [91]. Recent approaches have focused on
controlling the release and delivery of NO to inhibit cancer
cell growth. For example, the use of nanoparticles for NO
delivery has shown promising results. Another method in-
volves targeting NO production via gene therapy to avoid
systemic toxicity. A study found that NO deficiency due to
reduced eNOS activity may be an early cause of lungmetas-
tasis in breast cancer, suggesting that targeting eNOS acti-
vation can prevent lung metastasis. Additionally, research
has developed gene therapies that transfect cancer cells with
the iNOS gene. For example, cationic liposome-mediated
iNOS transfection can enhance the anti-tumor effects of cis-
platin on lung cancer [95].

6.3 Macrophage Reprogramming

An appealing strategy for cancer immunotherapy is
the re-culturing of TAMs from the M2 to M1 phenotype.
By promoting the conversion of arginine to NO, NOS in
M1 macrophages can increase the amount of NO in the
TIME, which helps suppress tumor growth. One intrigu-
ing new treatment to enhance tumor immunotherapy is the

reprogramming of TAM cells to restore their ability to at-
tack tumors. Various TAM-targeting strategies are currently
being investigated at the preclinical and clinical levels.
These include reprogramming TAMs to become anti-tumor
macrophages [26,96], such as Toll-like receptor (TLR) lig-
ands, anti-signal regulatory protein alpha, and anti-CD40
antibodies [34], interfering with TAM survival, blocking
monocyte recruitment, and thus recruiting TAMs to tu-
mors (e.g., colony-stimulating factor 1 receptor and C-C
chemokine receptor type 2 inhibitors).

7. Future Prospects and Challenges
7.1 Technological Breakthrough Directions

Future research should focus on developing spa-
tiotemporally controllable NO delivery systems, such as
photoresponsive NO-releasing metal–organic frameworks
or TME enzyme-triggered (e.g., matrix metalloproteinase
2-activated) nanoparticles, to precisely regulate local NO
concentration windows [97,98]. This approach requires in-
tegration with real-time monitoring tools (e.g., implantable
NO microsensors) to establish closed-loop feedback sys-
tems [99], thereby avoiding pro-tumor risks caused by con-
centration fluctuations. Concurrently, leveraging single-
cell multi-omics technologies (e.g., single-cell RNA se-
quencing [scRNA-seq] coupled with spatial metabolomics)
will enable the systematic dissection of NO’s heterogeneous
regulatory effects on immune cell subsets, particularly the
crosstalk betweenmetabolic reprogramming and epigenetic
modifications, providing novel targets for combination im-
munotherapy [100].

7.2 Clinical Translational Pathways and Challenges for
NO-Based Immunotherapy

Future clinical translations should prioritize combina-
torial strategies that synergize NO modulators with exist-
ing immunotherapies to overcome the immunosuppressive
TME. For example, low-dose NO donors or iNOS inducers
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can enhance the efficacy of immune checkpoint inhibitors
(ICIs) by reprogramming TAMs to the M1 phenotype and
restoring CD8+ T-cell infiltration [101]. To guide these
strategies, robust biomarkers are critical. Real-time imag-
ing of iNOS activity (e.g., 18F-labeled positron emission
tomography [PET] tracer) and multiplexed analysis of ni-
trosine stress markers (e.g., 3-nitrotyrosine) can enable the
dynamic monitoring of treatment response and patient strat-
ification [102,103].

However, key challenges remain in translating these
preclinical advances. First, the dichotomous effect of NO
requires the precise control of its spatiotemporal transfer.
For example, while NO-releasing nanoparticles have shown
efficacy in repolarizing TAMs in murine models, their clin-
ical applicability is limited by the lack of humanized mod-
els that recapitulate the complexity of NO gradients in the
human TME. Addressing these barriers requires combin-
ing multi-omics profiling (e.g., metagenomics of the micro-
biota and scRNA-seq of immune cell states) with intelligent
delivery systems (e.g., matrix metalloproteinase-2 [MMP-
2]-responsiveNOnanocarriers) for environment-dependent
NO regulation.

7.3 Mechanisms and Prospects of Intestinal
Microorganisms Influencing Tumor Immunotherapy by
Regulating NO Levels

In recent years, it has been found that the gut micro-
biome can affect tumor immunotherapy response by reg-
ulating host NO metabolism [104]. Specific probiotics
(e.g., Lactobacillus and Bifidobacterium) can upregulate
the expression of host iNOS, promote the production of
NO in the TME, and in turn enhance the M1 polarization
of macrophages and the infiltration of CD8+ T cells [105,
106]. In addition, microbial metabolites such as short‑chain
fatty acids (SCFAs) have been shown to enhance the effi-
cacy of ICIs, for example by promoting CD8+ T cell ef-
fector function through HDAC inhibition and metabolic re-
programming [107]. However, certain pathogenic bacteria
such as Enterobacteriaceae may promote immunosuppres-
sive microenvironment formation by limiting NO synthe-
sis through the production of endogenous NOS inhibitors
such as asymmetric dimethylarginine [108]. These findings
suggest that targeting the microbe–NO axis (e.g., probiotics
combined with NO donors) may become a new strategy to
overcome tumor immunotherapy resistance; however, chal-
lenges remain in areas such as developing individualized
flora intervention and precisely regulating NO concentra-
tions. Future research should combine multi-omics tech-
nologies to resolve microbe–host–NO interaction networks
to optimize combination therapy options.

7.4 Current Challenges

Despite these advances, critical hurdles remain in
translating NO-based therapies. A primary challenge lies
in controlling the dichotomous effects of NO, where pre-

cise maintenance of its concentration within the therapeutic
window (100–500 nM) is essential to avoid accidental pro-
tumorigenic switching due to threshold fluctuations. This
necessitates advanced delivery systems with real-time feed-
back control, as discussed in Section 6. Furthermore, trans-
lational bottlenecks persist in preclinical models to clini-
cal application. Although both organoid and murine mod-
els provide valuable mechanistic insights, they fail to fully
recapitulate the complexity of human TMEs, particularly
regarding immune cell recruitment and accurately replicat-
ing the spatial heterogeneity of NO gradients. Addressing
these gaps requires developing humanized models that in-
tegrate vascularized tumor–stroma interactions and micro-
biome components.

8. Conclusion
This review systematically elucidated the complex,

concentration-dependent role of NO in tumor immunity,
highlighting its context-specific functions as both a tumor
suppressor and tumor promoter. At high concentrations,
NO exerts direct cytotoxic effects by damaging tumor DNA
and mitochondria while polarizing macrophages toward the
anti-tumor M1 phenotype. Conversely, low concentra-
tions of NO promote immunosuppression by inhibiting T-
cell function, facilitating angiogenesis and sustaining M2
macrophage polarization. The spatiotemporal heterogene-
ity of NO production, governed by the competitive inter-
play between iNOS and ARG pathways, underscores the
need for precise delivery strategies. Emerging evidence
has further revealed NO’s epigenetic regulation of immune
cells (e.g., via HDAC S-nitrosylation and DNA methyla-
tion), adding another layer to its immunomodulatory po-
tential. These findings collectively position NO as a master
regulator of the TIME, with implications for targeted ther-
apy.

Current NO-based therapeutic strategies, including
ARG inhibitors, NO donors, and macrophage repro-
gramming, demonstrate promise in preclinical models
but face significant translational hurdles. For instance,
nanoparticle-delivered NO donors enhance TAM repolar-
ization and synergize with immune checkpoint inhibitors;
however, their clinical efficacy is limited by poor pharma-
cokinetics and off-target effects. Similarly, while gut mi-
crobiota modulation (e.g., probiotics to boost iNOS) of-
fers a novel avenue to optimize NO levels, interspecies dif-
ferences in microbiome–immune crosstalk complicate hu-
man applications. Critical gaps remain in understanding
the threshold dynamics of NO concentration, the impact of
tumor-specific mutations (e.g., p53 status) on NO sensitiv-
ity, and the long-term consequences of epigenetic modifica-
tions induced byNO. To address these challenges, advanced
tools such as real-time NO microsensors and humanized
mouse models incorporating microbial ecosystems are ur-
gently needed to bridge preclinical and clinical research.
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Future research should prioritize the following con-
crete directions. First, developing smart NO-releasing
nanocarriers responsive to specific TME cues (e.g., MMP-
2, low pH) for spatiotemporally controlled delivery. Sec-
ond, integrating single-cell multi-omics approaches (e.g.,
scRNA-seq coupled with spatial transcriptomics) to sys-
tematically dissect the heterogeneous responses of immune
cell subsets to NO and its associated metabolic and epi-
genetic rewiring. Third, employing implantable NO mi-
crosensors for real-time monitoring of NO fluxes in pre-
clinical models to establish concentration-efficacy correla-
tions. Additionally, combining NO modulators with exist-
ing immunotherapies (e.g., anti-PD-1) or ferroptosis induc-
ers could overcome resistance mechanisms in “cold” tu-
mors. Clinically, validating NO-related biomarkers, such
as iNOS PET imaging or plasma nitrosative stress markers,
will be essential for monitoring therapeutic efficacy.

Ultimately, a deeper mechanistic understanding of
NO’s interplay with metabolism, epigenetics, and the mi-
crobiome will unlock its full potential as a cornerstone of
next-generation cancer immunotherapies, paving the way
for personalized and combination treatment paradigms.
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