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Abstract

This review synthesizes how neurotransmitters—including glutamate, acetylcholine (ACh), y-aminobutyric acid
(GABA), serotonin (5-HT), and catecholamines—modulate T-cell immunity in the tumor microenvironment through
activation, differentiation, trafficking, and checkpoint dependence. Glutamate amplifies T-cell receptor signaling but
is counterbalanced by tumor-derived glutamate export. Cholinergic pathways exert dual effects through nicotinic
and muscarinic receptors, whereas GABA generally imposes metabolic and signaling brakes that favor regulatory
programs. Serotonin shows spatial divergence—suppressing peripheral responses but enhancing intratumoral
cytotoxicity—and chronic B-adrenergic stress dampens effector function and limits immunotherapy efficacy. Ad-
vances in spatial multi-omics, single-cell profiling, and neuromodulation will help discover new targets across these
axes. This review provides mechanistic insights and translational implications, highlighting emerging strategies
such as glutamate receptor, metabotropic glutamate receptor 4 (mGIuR4) or xCT (SLC7A11) inhibition, receptor
subtype modulation, and B-blockade. Integrating neurotransmitter-receptor targeting with checkpoint inhibitors or
cell therapies may improve the depth and durability of cancer immunotherapy.
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Introduction

T cells are central effectors of the adaptive immune system and are
essential for maintaining immune homeostasis and orchestrating
antitumor immune responses [1,2]. T cells are broadly classified
into cytotoxic T lymphocytes (CD8* T cells), which eliminate cancer
cells primarily through perforin- and granzyme-mediated killing,
and helper T cells (CD4* T cells), which secrete cytokines to shape
the immune microenvironment, promote immune-cell activation,
and sustain antigen-specific responses [3-5]. Studies in tumor
immunology have shown that T cells play a pivotal role in
recognizing and clearing malignant cells, whereas cancer cells
evade immune elimination by upregulating immune checkpoints,
secreting immunosuppressive factors, and recruiting regulatory T
cells (Tregs) [6,7].

Neurotransmitters are chemical signaling molecules released by
neurons and other cell types. They include classical small-molecule
transmitters—such as acetylcholine, y-aminobutyric acid, and
glutamate—and monoamines (e.g., dopamine and 5-hydroxytryp-

tamine/serotonin), as well as peptide transmitters. Their functions
extend beyond synaptic signaling within the nervous system to
important roles in immune regulation [8-10]. Growing evidence
indicates that immune cells, including T cells, also express
neurotransmitters and their receptors and can modulate their
proliferation, differentiation, and effector functions through these
pathways. This phenomenon underpins a fundamental axis of
neuro-immune crosstalk [11,12]. There are bidirectional signaling
pathways between the nervous system and immune system: the
nervous system modulates peripheral inflammation and immune
responses via the vagus nerve, the sympathetic nervous system, and
associated neurotransmitters, whereas the immune system can
influence central nervous system activity through cytokines and
other mediators [13-15]. Within the tumor microenvironment,
nerve fibers can innervate tumor tissue and release specific
neurotransmitters that shape immune-cell function and may
directly promote tumor-cell proliferation and metastasis [16-18].
For example, norepinephrine released by sympathetic nerves can
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suppress the antitumor activity of CD8* T cells via B-adrenergic
receptors, thereby accelerating tumor progression [19].

Accordingly, interrogating the “neurotransmitter-receptor-T-cell”
axis to elucidate neuro-immune-tumor interactions not only reveals
new routes of immune evasion but also identifies potential
intervention targets for cancer immunotherapy. This review
synthesizes current advances, summarizes the mechanisms by
which neurotransmitter-receptor signaling shapes T-cell-mediated
tumor immunity and cancer immunotherapy, and discusses
prospects for translational application (Figure 1).

Glutamate

Within the tumor microenvironment (TME), glutamate (Glu), the
most abundant excitatory neurotransmitter, is increasingly recog-
nized to reshape T-cell fate and antitumor immunity along three
axes: receptor, transport, and metabolism [20,21]. First, T cells
intrinsically express multiple glutamate receptors, and receptor
signaling is functionally coupled to the T-cell receptor (TCR).
Second, many cancer cells and selected myeloid immune cells (e.g.,
dendritic cells and myeloid-derived suppressor cells) export
glutamate via system xc- (SLC7A11/xCT), which exchanges extra-
cellular cystine for intracellular glutamate. This elevates local
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glutamate levels, rewires the relevant receptor pathways, and shifts
the immune balance toward a suppressive state [22,23]. Third,
glutamate production and utilization within T cells influence
effector-memory differentiation trajectories, thereby determining
the quality and durability of responses to immunotherapy [24-26].

Recent studies have revealed that glutamate receptors participate
in T-cell activation not only as passive metabolic sensors but also as
integral signaling components. In CD8* T cells, ionotropic and
metabotropic glutamate receptors can physically and functionally
associate with the T-cell receptor (TCR) complex, amplifying
proximal activation cascades such as Ca2* influx and MAPK and
NFAT signaling. Disruption of this interaction attenuates clonal
expansion and cytotoxic activity in vitro and in vivo, indicating that
glutamate receptor signaling contributes to the co-stimulatory layer
of T-cell activation and may represent a pharmacologically tractable
axis for immunomodulation [27]. In line with this, additional
studies reported the upregulation of both ionotropic and metabo-
tropic glutamate receptors (iGluRs and mGluRs) in tumor-infiltrat-
ing T cells. Antagonizing these receptors reduces CD69/CD25
expression, dampens Lck/Akt and Ca?* signaling, and decreases
cytotoxicity, supporting the use of receptor agonists or pathway
enhancement as sensitization strategies [27].
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Figure 1. Neurotransmitter-mediated modulation of T-cell function within the tumor microenvironment

Neurons, tumor cells, and certain

immune cells release neurotransmitters into the tumor microenvironment. These neurotransmitters bind to specific neurotransmitter receptors
expressed on T cells, thereby influencing T-cell activity. This process can lead to either the activation or inhibition of T-cell responses, ultimately
impacting antitumor immunity. The dashed lines represent neurotransmitter transport, the solid arrows indicate activation, and the T-bar lines

denote inhibition.

Fan et al. Acta Biochim Biophys Sin 2026



Neurotransmitter-receptor pathways in T-cell tumor immunology

69

In specific pathological contexts, receptor expression on the host
or tumor side can modulate antigen-specific T-cell responses in a
non-cell-autonomous manner. For example, overexpression of
metabotropic glutamate receptor 1 (mGluR1) in melanocytes
suppresses the function of gp100-specific CD8* T cells [28]. From
a longer-term perspective of receptor plasticity, human T cells
express the functional a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA)-type receptor GluR3, and low concentrations of
glutamate are sufficient to trigger adhesion and chemotaxis [29].
However, following sustained TCR activation, GIuR3 undergoes
granzyme B-mediated proteolytic downregulation from the plasma
membrane, creating a negative feedback mechanism that dynami-
cally modulates T-cell responsiveness to glutamate signaling [30]. At
the level of immune synapses, dendritic cells (DCs) can release
glutamate via system x.~. Initially, signaling through T-cell mGluRS
moderately restrains early activation; subsequently, during a phase
of TCR-driven mGIuR1 upregulation, the same pathway shifts to
promote proliferation and Thl-type cytokine secretion. This
dynamic switch in mGIuR signaling contributes to an additional
layer of immune regulation that aligns with the emerging concept of
a “fourth signal” in T-cell activation, integrating neurochemical cues
into the canonical three-signal framework [22,25,31].

Within the tumor microenvironment (TME), the mGluR4 (GRM4)
axis has been identified by multiple in vivo studies as an
immunosuppressive hub. In murine B16, MC38, and 3LL models,
genetic or pharmacologic inhibition of GRM4 markedly delays
tumor progression and acts synergistically with immune checkpoint
therapy [21]. Mechanistic analyses across several models further
revealed that GRM4 loss releases constraints on DC maturation and
antigen presentation, thereby enhancing CD8* T-cell and NK-cell
effector responses—non-neuronal evidence supporting the negative
immunoregulatory role of GRM4 in the TME [24]. Collectively, these
data position GRM4 as a potential dual target linking immunome-
tabolism and receptor signaling, providing a strong translational
rationale for combination immunotherapy [21,24].

In addition to GRM4, T-cell glutamate signaling differs markedly
by receptor subtype and tumor context. Ionotropic AMPA/NMDA
(N-methyl-D-aspartate receptor) receptors amplify proximal TCR
signaling and downstream Ca?*-NFAT/MAPK/mTOR cascades,
whereas metabotropic mGluRs bifurcate into Gg- and Gi-coupled
programs with opposing effects on cAMP-PKA and co-stimulation
[27,32,33]. Among these, GRM4 acts as an immunoregulatory brake
—its inhibition enhances DC priming and CD8* effector responses
and synergizes with programmed cell death protein 1 (PD-1)/PD-L1
blockade in vivo[21,24]. Tumor-specific receptor expression further
modulates these dynamics: pathological mGluR1 drives melanoma
progression, whereas gliomas exhibit heterogeneous ionotropic
glutamate receptor (iGluR) expression patterns [27]. This receptor-
tumor heterogeneity argues for precision strategies that quantify
receptor panels within both tumor and tumor-infiltrating lympho-
cytes (TILs), match subtype-specific modulators to the metabolic
context, and combine with XCT (SLC7A11) blockade to maximize
co-stimulatory and antigen-presenting gains [22,23,34,35]. These
subtype-resolved frameworks provide a practical roadmap for
designing receptor-guided, timing-sensitive immunotherapies.

The glutamate “donor-transporter” axis likewise reshapes the
tumor microenvironment (TME). Tumor cells depend on xCT
(SLC7A11) to sustain antioxidant defenses and metabolic adapta-
tion, and KRAS-driven tumorigenesis is particularly sensitive to xCT

activity; activation of xCT promotes glutamate efflux, creating a
local “high-glutamate” landscape [22,23]. In glioblastoma, anti-
VEGF (vascular endothelial growth factor) therapy induces xCT
upregulation and perturbs glutamate homeostasis, thereby enhan-
cing Treg suppressive function and driving resistance; this effect
can be reversed by combination with Treg blockade [36].

In the myeloid compartment, macrophage-specific xCT deletion
inhibits M2 polarization, increases CD8* T-cell recruitment and
activation, and improves immune control in lung cancer [37].
Tumor-associated macrophages (TAMs) also express the NMDA
receptor (NMDAR); its activation promotes immunosuppression,
whereas pharmacologic NMDAR antagonists (e.g., MK-801 or
memantine) reprogram TAMs and act synergistically with PD-1
blockade [38]. In addition, tumor-released glutamate can blunt
neutrophil cytotoxicity and indirectly suppress CD8* T-cell prolif-
eration; riluzole, which inhibits glutamate release, restores innate
immune cytotoxicity and suppresses tumors in mice [34]. Notably,
the biphasic regulation mediated by dendritic cell-derived gluta-
mate acting on T-cell glutamate receptors provides a mechanistic
basis for how timing, dose, and receptor composition together
determine the direction of immune responses [25,31].

Metabolism-receptor coupling further shapes T-cell trajectories. In
CD8* T cells, glutamate-oxaloacetate transaminase 1 (GOT1) is a
metabolic node required for effector differentiation; its loss restricts
effector function while biasing cells toward a memory fate,
suggesting that steering glutamate flux via transamination can tune
the effector-memory balance [26]. From the perspective of exogen-
ous metabolic intervention, the glutamine antagonist JHU-083
selectively suppresses tumor metabolism and alleviates hypoxia-
induced acidosis while inducing effector T cells to acquire a highly
activated, long-lived phenotype with enhanced mitochondrial
function [35]. In melanoma models, the inhibition of tumor
glutaminolysis (using the GLS inhibitor CB-839) improved the
efficacy of multiple T-cell-based immunotherapies [34]. In addition,
IL-16 promotes Thl polarization by inhibiting the glutamine-to-
glutamate pathway in CD4+* T cells, thereby indirectly strengthening
CD8* T cells and antitumor immunity and establishing an actionable
“cytokine-glutamate metabolism-T-cell function” axis [39].

These mechanistic insights are beginning to translate. Lowering
extracellular glutamate with a “blood glutamate scavenger” (BGS)
strategy slows tumor growth and enhances CD8* T-cell infiltration
and apoptotic signaling in models of melanoma brain metastasis
[40,41]. Direct AMPA receptor-mediated excitatory neuron-tumor
synapses have been demonstrated by histology and electrophysiol-
ogy, providing a biological rationale for the clinical testing of a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) antagonists (e.g., perampanel trials targeting peritumoral
hyperexcitability) [42]. On the tumor side, vaccination strategies
that immunologically target xCT (SLC7A11) synergize with HER2-
directed therapy, reduce metastasis, and induce immune-mediated
suppression of tumor stem-like cells [43].

Taken together, existing evidence supports combined interven-
tions against GluRs—particularly the inhibitory receptor GRM4—
and xCT, paired with PD-1/PD-L1 blockade or cellular therapies, to
achieve additive effects across three axes: releasing inhibition,
enhancing co-stimulation, and reprogramming metabolism
[21,24,38,40,42,43]. Moreover, it is essential to account for the
dynamic nature of TCR activation states and receptor repertoires
(e.g., rapid downregulation of GluR3), as well as tissue- and tumor-
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derived receptor heterogeneity (e.g., pathological mGIuR1 expres-
sion), to avoid provoking opposite immune effects under different
timing and dosing conditions [27,30,32].

Taken together, glutamate shapes the magnitude and quality of
antitumor immunity through three coordinated axes: coupling
glutamate receptor signaling to the TCR; shaping ligand availability
within the TME via xCT and related pathways; and modulating T-
cell effector programs through intracellular metabolic nodes.
Building on these principles, multi-target combinations—centered
on GRM4 inhibition, NMDAR/AMPAR modulation, xCT blockade,
and reprogramming of glutamine-glutamate metabolism—constitute
an emerging framework to enhance T-cell-mediated immunother-
apy. These strategies warrant clinical evaluation with careful patient
stratification and timing optimization [21-24,26,36,37,40,42,44]
(Figure 2).

Acetylcholine

Within the tumor microenvironment (TME), acetylcholine (ACh)
production is not restricted to parasympathetic vagal terminals;
cancer cells and immune cells also possess a complete nonneuronal
cholinergic system (NNCS) [45-48]. This system includes the
essential enzymatic and transport machinery: cells express choline
acetyltransferase (ChAT) to synthesize ACh; acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE) to degrade ACh; and
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high-affinity choline transporter 1 (CHT1) together with vesicular
acetylcholine transporter (VAChT)-like components to mediate
choline uptake and vesicular loading [49-52].

In studies of immune regulation in hepatocellular carcinoma
(HCC), a striking observation has emerged: both HBV-associated
multi-hit mouse models and human HCC specimens show clonal
expansion of ChAT*, which are tumor-specific CD4* T cells [53].
Furthermore, T-cell-specific deletion of Chat weakens immune
surveillance and promotes the accumulation of premalignant
lesions, indicating that T-cell-derived ACh is a critical component
of liver cancer immune defense [53,54]. Mechanistically, ACh limits
excessive TCR-induced Ca2+-NFAT signaling, preventing functional
imbalance and maintaining the effector-tolerance equilibrium of T
cells [53,55]. In addition to liver cancer, gastric cancer studies
likewise reveal an autocrine ACh circuit within cancer cells [56,57].
In gastric cancer cells, ACh and ChAT are upregulated and drive
proliferation, providing substrates for downstream receptor signal-
ing [56]. In addition, HCC tissues are enriched in cholinergic
neurons or neurogenic features and display a targetable muscarinic
receptor phenotype, supporting the presence of a “neuro-choliner-
gic-tumor” axis in liver cancer [58].

Acetylcholine (ACh) signals through two major receptor families:
nicotinic acetylcholine receptors (nAChRs) and muscarinic acet-
ylcholine receptors (mAChRs) [59-61].
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Figure 2. Glutamate release in the tumor microenvironment modulates T-cell function via glutamate receptors
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glutamate via the cystine/glutamate antiporter system x.~. Extracellular glutamate activates ionotropic and metabotropic glutamate receptors
(iGluRs) on T cells, modulating signaling, cytokine production, proliferation, and effector functions.
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nAChRs are ligand-gated cation channels; the a7, o5, and o9
subtypes are commonly found in tumor and immune cells [62-64].
Nicotine or endogenous ACh can activate the JAK2/STAT3 axis via
a7-nAChR, promoting pathways associated with tumor immune
evasion [65]. In lung squamous cell carcinoma, nicotine-a7-nAChR
signaling directly upregulates PD-L1 expression through STAT3-
dependent transcriptional control [66-68]. In melanoma, a9-nAChR
mediates nicotine-induced PD-L1 expression and cross-talks with
AKT/ERK and STAT3 signaling, thereby enhancing tumor cell
proliferation and migration [69]. Under conditions of chronic stress
or cholinergic upregulation, 05-nAChR interacts with the neuronal
synaptic protein NETO2 to drive lung adenocarcinoma progression
and participate in immune regulation [70,71]. Recent work has
shown that o5-nAChR activates a STAT3-Jabl-PD-L1 axis to
mediate immune escape in lung adenocarcinoma: STAT3 binds to
the PD-L1 promoter to promote transcription while also inducing
Jabl, which inhibits PD-L1 ubiquitin-mediated degradation—thus
integrating transcriptional and protein stability control [68].

mAChRs (M1-MS5) are G protein-coupled receptors that activate
multiple downstream pathways, including the Ca?*/PKC, MAPK/
ERK, and PI3K/AKT pathways [72,73]. In gastric cancer, the M3
receptor is functionally coupled to the epidermal growth factor
receptor (EGFR); an ACh—M3R—EGFR activation cascade drives
proliferation and increases sensitivity to 5-fluorouracil [56,74]. In
contrast, in pancreatic cancer, enhancing M1-receptor signaling can
suppress the MAPK/EGFR and PI3K/AKT pathways, contract the
cancer stem-like cell pool, and downregulate TNF-a-associated
myeloid inflammation [75-77].

Cholinergic signaling has a complex, bidirectional regulatory
pattern across T-cell subsets [78-80]. Research has shown that
CD8* effector function and exhaustion are strongly affected by
smoking or nicotine exposure. Through nAChRs, nicotine remodels
the microRNA (miRNA) regulatory network in CD8+ T cells,
inducing an exhausted phenotype and weakening anti-tumor
cytotoxicity. Mechanistically, nicotine elevates miR-155 while
suppressing miR-381, driving the functional exhaustion of CD8* T
cells [67,81,82]. Clinical and animal studies further indicate that
nicotine rewires the FOXO1-miRNA program and perturbs tran-
scriptional networks governing memory differentiation, suggesting
that the cholinergic/nicotinic axis has lasting effects on T-cell
memory [83-85]. In parallel, exposure to electronic cigarettes
reveals additional layers of complexity: their constituents increase
PD-1 and CTLA-4 (cytotoxic T-lymphocyte-associated protein 4)
expression on T cells both within and outside tumors and promote
tumor metastasis, implying that exogenous nicotinic stimulation
may represent a significant risk factor for immunotherapy [86]. In
CD4+* T cells, cholinergic signaling likewise modulates the balance
between T helper (Th) cells and regulatory T cells (Tregs). In a liver
cancer model, a distinct ChAT*CD4+*T-cell subset—encompassing
Tregs and a PD-1* “dysfunctional” lineage—was identified [53].
These cells help sustain immune surveillance through cholinergic
activity. Deleting the Chat gene specifically in T cells exacerbates
protumor immune imbalance, which is characterized by Treg
hyperactivation and impaired function of conventional CD4* T cells
[53,87].

Across multiple cancers, the cholinergic pathway is linked to
immune checkpoint regulation: in melanoma, lung cancer, and
colorectal cancer, cholinergic receptor expression is correlated with
PD-L1/PD-L2 levels, and the upregulation of specific subtypes (a7/

a9, M3) is often accompanied by increased PD-L1 expression
[69,88]. In clinical and preclinical studies of non-small cell lung
cancer (NSCLC), noninvasive transcutaneous vagus nerve stimula-
tion (tVNS) enhances the activation profile of tumor-infiltrating
CD8* T cells; when used alone, it is insufficient to control tumors,
but it shows promise when combined with radiotherapy or
immunotherapy [54,86]. Lifestyle-related exposure to electronic
cigarettes or nicotine increases PD-1 and CTLA-4 expression on T
cells inside and outside the tumor and promotes metastasis,
suggesting that exogenous nicotinic stimulation may pose a risk to
immunotherapy [89].

In gastric cancer, surgical or chemical denervation and pharma-
cologic blockade of the M3 receptor (M3R) significantly suppress
tumorigenesis and the stem cell-Wnt axis, with greater benefit
when combined with chemotherapy [46,47,90]. In colorectal cancer
(CRC), selective M3R inhibition or broad cholinergic blockade
reduces tumor growth and downregulates the expression of
immunosuppressive and cholinergic markers [48,91].

With respect to immunotherapy biomarkers, studies of patients
with multiple tumor types receiving pembrolizumab have shown
that an early increase in serum choline (ACh) is significantly
associated with longer progression-free survival, indicating a
measurable link between peripheral choline metabolism/choliner-
gic signaling and the response to immune checkpoint inhibitors
(ICIs) [91,92]. In adoptive cell therapy, chimeric antigen receptor T
(CAR-T) cells targeting the fetal acetylcholine receptor y subunit
exhibit specific cytolytic activity in preclinical rhabdomyosarcoma
models, indicating that AChR-related antigens may be druggable in
select solid tumors [93].

On the muscarinic side, M3 receptor (M3R) antagonists (e.g.,
darifenacin) have demonstrated peripheral selectivity and a
controllable safety window in conditions such as an overactive
bladder, providing pharmacologic support for a “peripheral block-
ade-central sparing” repurposing strategy in oncology
[46,88,90,94,95]. In gastric and colorectal models, M3R blockade
suppresses tumor growth and mitigates immunosuppression [74].
On the nicotinic side, a7-nAChR agonists (e.g., GTS-21/DMXB-A)
have shown acceptable safety in multiple early clinical studies and
are supported by immunologic and anti-inflammatory rationales.
However, their role in tumor immunology warrants caution to avoid
pro-tumor effects mediated by nAChRs on cancer cells [96-98].
Repurposing clinically approved neurotransmitter-modulating
drugs requires rigorous pharmacological and translational evalua-
tion. Peripherally selective muscarinic antagonists such as darife-
nacin, which exhibit minimal central nervous system penetration,
have demonstrated a consistent efficacy-safety balance in phase III
studies for overactive bladders, providing a rationale for potential
adaptation in oncology where M3 receptor blockade suppresses
tumor-promoting cholinergic signaling. The KarXT (xanomeline-
trospium) combination exemplifies a central-peripheral segregation
approach that may inform safer neuroimmune therapeutic designs.
In addition, the nanoformulation of monoamine oxidase inhibitors
(MAOIs) has been shown to reduce central toxicity and improve
antitumor immune activation in preclinical studies. A structured
risk assessment is recommended, emphasizing cardiovascular,
psychiatric, and metabolic monitoring in combination with ICIs.
[99-101].

These pharmacological insights highlight that rational AChR
targeting requires subtype discrimination and spatial control to
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balance efficacy with safety [45,60,72,73]. At the systems level,
cholinergic signaling integrates the muscarinic (M1/M3 vs M2/M4)
and nicotinic (a7/09/a5) pathways with distinct immunologic
outcomes [60,61]. In T cells, M1/M3 (Gq) muscarinic receptors
favor ERK/AKT activation and cytokine release, whereas M2/M4
(Gi) muscarinic receptors constrain cAMP; a7-nAChR may signal
via JAK2-STAT3 and shape exhaustion markers. Tumor-type
heterogeneity is salient: M3 dependency in gastric/colorectal
cancers versus M1-linked suppression of inflammatory programs
in the pancreas [56,89]. Translationally, peripherally selective M3
antagonists and central/peripheral segregation designs (e.g., com-
bining central agonism with peripheral blockade) exemplify safety-
by-design principles when targeting AChRs in oncology. For
immunotherapy, avoiding non-selective exogenous agonists (e.g.,
nicotine) and prioritizing subtype-selective, site-selective modula-
tion reduces the risk of amplifying tumor-intrinsic nAChR programs
that upregulate PD-L1 [62-64,68]. Overall, nonselective exogenous
agonists such as nicotine should be avoided. When AChRs are
expressed in both the tumor and immune compartments, receptor
subtype selectivity together with site-selective delivery is essential
for safety (Figure 3).
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y-Aminobutyric acid (GABA) is the principal inhibitory neurotrans-
mitter in the central nervous system and functions as an important
modulator of immune cell activity. In the immune context, GABA
signaling regulates T-cell activation, proliferation, and cytokine
secretion, thereby influencing the overall intensity and quality of
immune responses [102].

GABA mediates its biological functions through two major
receptor families: ionotropic GABA_A receptors and metabotropic
GABA_B receptors. GABA_A receptors are heteropentameric ligand-
gated chloride (Cl-) channels composed of various subunits (o, B, v,
8, m, and p). Distinct subunit compositions confer unique
conductance, desensitization kinetics, and pharmacological pro-
files. The = subunit (GABRP) is preferentially expressed in epithelial
and tumor cells, where it contributes to membrane potential
modulation, cytoskeletal organization, and intercellular adhesion.
In contrast, GABA_B receptors are obligate GABA_B1/GABA_B2
heterodimers that couple to Gi/o proteins, inhibit adenylate cyclase,
decrease cyclic AMP (cAMP) levels, and regulate downstream
targets such as protein kinase A (PKA), GSK3p, and Ca2* or K+
channels. These structural and signaling differences underpin their
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Figure 3. Cholinergic cues in the tumor microenvironment modulate T-cell function via nicotinic and muscarinic acetylcholine receptors

Within

the tumor microenvironment, parasympathetic neurons, tumor cells, and ChAT+ immune cells release acetylcholine (ACh). ACh engages nicotinic
(nAChRs) and muscarinic (mAChRs) receptors on T cells. nAChRs primarily mediate Ca2* influx and JAK2-STAT3 signaling, whereas mAChRs
activate the PI3K-AKT, MAPK-ERK, and Ca?/PKC pathways. These cascades collectively shape T-cell activation, differentiation, and effector

function in a context-dependent manner.
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divergent cellular outcomes.

Foundational studies first demonstrated the presence of func-
tional GABA_A receptors on the surface of T cells. Exogenous GABA
selectively suppressed T-cell proliferation in response to antigen
and anti-CD3 stimulation and inhibited delayed-type hypersensi-
tivity in vivo, thereby establishing the basis of the GABA-T-cell
inhibitory axis [103]. Research in both autoimmune disease models
and human PBMC systems has consistently confirmed that GABA
suppresses the release of proinflammatory cytokines (such as IFN-
v), reduces T-cell proliferation and metabolic activity, and conse-
quently alleviates inflammatory responses [102,104-106]. Collec-
tively, these findings indicate that GABA serves not only as a cross-
system neuroimmune signal but also as a critical factor in shaping
the tumor immune microenvironment (TME). Its influence—both in
magnitude and direction—depends on factors such as its cellular
origin, receptor subtype, metabolic state, and tumor type [107-109].

Extensive evidence has demonstrated that GABA_A receptor
activation frequently results in protumorigenic properties. In
various epithelial malignancies—including breast, pancreatic, and
ovarian carcinomas—elevated GABRP expression is correlated with
enhanced cell proliferation, migration, EMT, and invasion, as well
as unfavorable clinical outcomes [110]. Mechanistically, GABA_A-
mediated Cl- conductance influences cell volume regulation and
membrane depolarization, which facilitate actin cytoskeleton
remodeling and promote cellular motility. Additionally, GABA_A
signaling can modulate extracellular matrix turnover and epithelial
polarity, further supporting tumor invasion and metastasis.

Conversely, activation of GABA_B receptors is generally asso-
ciated with anti-proliferative and tumor-suppressive effects. In non-
small cell lung cancer (NSCLC), high GABA_B2 expression is
correlated with improved prognosis, and receptor activation
suppresses tumor cell proliferation and induces apoptosis [111].
Mechanistic studies indicate that GABA_B-dependent inhibition of
the AC-cAMP-PKA cascade reactivates GSK3p, leading to reduced p-
catenin activity and downregulation of proliferative- and survival-
related genes. In hepatocellular carcinoma and prostate cancer,
pharmacological stimulation of GABA_B signaling promotes cell
cycle arrest and restrains tumor growth, supporting its inhibitory
role in tumor progression. However, more recent findings suggest
that the effects of GABA_B signaling are highly context-dependent,
particularly within the tumor microenvironment (TME). In settings
characterized by excessive GABA accumulation or reduced ABAT
expression, GABA_B activation can instead stabilize B-catenin,
repress CCL4 and CCL5 expression, limit CD8+/CD103* dendritic cell
infiltration, and enhance suppressive myeloid programs—collec-
tively producing immunosuppressive rather than tumor-suppres-
sive outcomes.

In tumor biology, aberrant accumulation of GABA is often driven
by metabolic reprogramming. Many solid tumors upregulate
glutamate decarboxylase GAD1 while downregulating the GABA
transaminase ABAT, thereby redirecting glutamine metabolic flux
toward GABA synthesis and export. This shift promotes the
accumulation of GABA within the TME through autocrine and
paracrine pathways [107]. Tumor-derived GABA not only acts
directly on cancer cells themselves but also indirectly modulates T-
cell infiltration and effector function by altering chemokine profiles
and shaping myeloid cell polarization [107,112]. The immune
system itself can also serve as a source of GABA: activated B cells
synthesize and secrete GABA, which drives monocytes to differ-

entiate into IL-10* anti-inflammatory macrophages, subsequently
suppressing the cytotoxic activity of CD8* T cells. In mouse models,
either B-cell depletion or B-cell-specific knockout of GAD67 reduces
systemic GABA levels and enhances anti-tumor immunity [108].
Within T cells, GABA functions both as a signaling molecule and as
a metabolic substrate. When ABAT is present, GABA is directed
toward mitochondrial metabolism, supporting pro-inflammatory
Th17 differentiation. In contrast, when ABAT is absent or inhibited,
extracellular GABA accumulates and promotes iTreg differentiation,
thereby shifting the overall immune response toward a more
“suppressive” profile [109]. This axis has translational importance
in hepatocellular carcinoma: ABAT expression is downregulated in
tumor tissues, whereas forced ABAT expression reduces intra- and
extracellular GABA levels, suppresses Treg differentiation, and
enhances the anti-tumor activity of CD8* T cells. Conversely, ABAT
loss leads to GABA accumulation, increased Treg levels, and
impaired CD8* function [112,113]. Notably, in neural tumors such
as glioblastoma (GBM), GABA-related signaling and its associations
with the spatial distribution of immune cell subsets and clinical
prognosis have been captured at the single-cell level, further
supporting the link between “origin-metabolism-immune remodel-
ing” [114]. In lung cancer models, tumor-secreted GABA has also
been shown to drive tumor-associated macrophages (TAMs)
toward a pro-angiogenic and immunosuppressive phenotype [112].

T cells express functional GABA_A receptors, which, upon
activation, open Cl- channels and induce changes in the membrane
potential. This, in turn, enhances intracellular Ca2* influx via CRAC
channels, coupling NFAT activity with the reprogramming of
metabolic pathways—such as the suppression of hexokinase HK1
and glycolysis—thereby reducing metabolic activity and IFN-y
release [103,115]. This effect is pronounced under physiological or
low-glucose conditions (approximately 5.6 mM glucose). Insulin
can upregulate the p2 subunit of the GABA_A receptor and amplify
GABA-mediated currents, further strengthening the inhibitory
effect. In contrast, under high-glucose conditions (10-16.7 mM),
the suppressive effects of GABA on metabolism and cytokine
production are markedly diminished or even abolished, suggesting
that the peripheral metabolic status serves as a critical tuner of the
GABA-T-cell axis [115]. Functionally, GABA_A receptor agonists
(including benzodiazepines) suppress CD4* and CD8* T-cell
proliferation in a dose-dependent manner, which is consistent with
their rapid inhibitory effects on T-cell activation [116].

GABA_B receptors, as Gi/o-coupled receptors, further amplify
immunosuppression through distinct pathways in tumor and
immune cells. In cancer cells, GABA_B signaling inhibits GSK3p,
stabilizes B-catenin, drives proliferation, and downregulates che-
mokines (such as CCL4/5), thereby reducing the recruitment of
CD8* T cells and CD103* dendritic cells [107]. On the myeloid side,
GABA_B signaling enhances arginine metabolism and NOS2
expression in granulocytic myeloid-derived suppressor cells
(MDSCs), reinforcing immunosuppression and accelerating tumor
progression in glioblastoma (GBM) [114]. In addition, GABA or the
GABA_B receptor agonist baclofen can downregulate the E3 ligase
STUBI, reducing PD-L1 ubiquitination and stabilizing its protein
expression. This reshapes the immune checkpoint landscape and
has significant implications for combination immunotherapy [117].

At the intersection of metabolic and immunoregulatory signaling,
tumor-derived 4-acetylaminobutyric acid (4-Ac-GABA) selectively
binds to the GABA_Aa3 subunit on CD8* T cells, suppressing AKT1

Fan et al. Acta Biochim Biophys Sin 2026



74

Neurotransmitter-receptor pathways in T-cell tumor immunology

phosphorylation while leaving ERK and PKA signaling unaffected.
This diminishes IFN signaling without altering ERK or PKA
pathways [110].

Integrating evidence from both human and murine studies, GABA
generally suppresses T-cell proliferation and effector molecule
production, thereby attenuating the intensity of inflammatory
responses [102-106,115,116]. At the level of migration, tumor-
derived GABA downregulates CCL4 and CCL5 via the GABA_B-f-
catenin axis (accompanied by reductions in CXCL9/10), markedly
diminishes the intratumoral infiltration of CD8* T cells and CD103*
dendritic cells, and shapes a “non-T-cell-inflamed” TME [107]. On
the stromal side, B-cell-derived GABA promotes the expansion of IL-
10* macrophages, further suppressing CD8*cytotoxicity [108]. In
parallel, tumor-associated macrophages (TAMs) shift toward pro-
angiogenic and immunosuppressive phenotypes under GABA
signaling, jointly weakening adaptive immunity [112].

With respect to T-cell exhaustion, the 4-Ac-GABA-GABA_Aa3-
AKT1 inhibitory axis coincides with reduced CD8* T-cell respon-
siveness, diminished infiltration, and an increasing trend in
exhaustion markers such as PD-1 and TIM-3. These findings
suggest that GABAergic signaling may establish a molecular link
between “metabolic restraint” and the exhaustion phenotype [110].
Moreover, receptor subunit-specific expression of GABA pathways
is also associated with an immunosuppressive milieu. For example,
GABRP (the GABA_A = subunit) is overexpressed in pancreatic
cancer, where it promotes the accumulation of suppressive cells
(Tregs, M2-like macrophages); targeting GABRP or applying
GABA_A antagonists can reduce the tumor burden and restore T-
cell function [111].

However, the role of GABA receptors in tumor biology is not
uniformly unidirectional. In non-small cell lung cancer (NSCLC)
samples, high GABA_B2 expression is correlated with improved
prognosis, and in vitro studies have indicated that GABA can
suppress cancer cell proliferation through GABA_B receptor
signaling [118]. These findings underscore the context-dependent
and bidirectional roles of the GABA axis, which vary according to
cell type, receptor subtype, and disease context.

Evidence from human and animal tumor models supports the
view of the GABA axis as a dual-pathway therapeutic target linking
tumor-cell proliferation and immune suppression: inhibiting GAD1
or blocking the GABA_B receptor counteracts p-catenin-mediated
pro-proliferative signaling and chemokine repression, restores CD8*
T-cell infiltration, and enhances the efficacy of anti-PD-1 therapy
[107]. Upregulating ABAT or supplementing ABAT activity sup-
presses Treg differentiation and augments CD8* effector function
through the “metabolic clearance” of GABA, suggesting a metabo-
lism-immunity combination strategy for hepatocellular carcinoma
and other solid tumors [113]. On the other hand, pharmacologic
activation of GABA_B can stabilize PD-L1 and act synergistically
with anti-PD-L1 therapy, but it may also exacerbate immunosup-
pression or shift checkpoint dependencies, necessitating careful
control of sequencing and dose [117].

With respect to GABA_A signaling, enhancing GABA_A receptor
activity within cancer cells (e.g., with benzodiazepines) induces
tumor-cell membrane depolarization and promotes cell death,
resulting in triple synergy with radiotherapy and anti-PD-L1 therapy
[119]. However, in T cells, GABA_A receptor activation generally
suppresses proliferation and IFN-y production, indicating that these
bidirectional effects—tumor-cell cytotoxicity versus T-cell inhibi-
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tion—require tissue-selective optimization with respect to delivery
specificity and the therapeutic window [115,116]. Synthesizing
these findings, strategies centered on the GABA axis can be
organized along three fronts: (i) source-level control—suppressing
GAD1, upregulating ABAT, or limiting B-cell-derived GABA—to
reduce the GABA burden within the TME; (ii) pathway blockade—
selective antagonism of GABA_B and subunit-specific modulation
of GABA_A (e.g., GABRP/a3)—to leverage key nodes spanning
chemotaxis, metabolism, and exhaustion; and (iii) context-specific
combinations (with anti-PD-1/PD-L1 therapies, radiotherapy, etc.),
with consideration of metabolic status (blood glucose/insulin) and
sex differences, to minimize T-cell suppression while maximizing
effects on cancer cells and immunosuppressive lineages
[105,110,115,117,119]. In addition, commonly used GABAergic
medications (such as benzodiazepines and baclofen) may pose
extrapolation risks in cancer patients: on one hand, they may
sensitize tumors to radiotherapy and anti-PD-1/PD-L1 therapy; on
the other hand, they may exacerbate peripheral immunosuppres-
sion or worsen outcomes in specific populations. Accordingly,
biomarker-guided, individualized risk-benefit assessment—incor-
porating receptor subtypes, ABAT/GAD1 expression, and metabolic
state—is warranted [110,119] (Figure 4).

Serotonin

Serotonin (5-hydroxytryptamine, 5-HT) is a classic neurotransmit-
ter and, at the same time, an important paracrine/autocrine
signaling molecule within the immune microenvironment. T cells
not only express multiple 5-HT receptors (5-HTRs) but also possess
the full complement of machinery for serotonin synthesis, trans-
port, and metabolism. Together, these features constitute a “5-HT-
T-cell axis” that profoundly shapes T-cell activation thresholds,
effector lineages, and patterns of tumor infiltration in tumor
immunity [120,121].

Serotonin receptors and downstream signaling are diverse and
context-dependent. T cells express receptor subtypes, including 5-
HT1, 5-HT2, and 5-HT7, among others. In general, 5-HT1A/1B
signals via Gi to lower cAMP/PKA activity and tends toward
inhibitory outcomes; 5-HT2A/2B act through Gg-PLC/PKC to
regulate cytokine release and migration; and 5-HT7 receptors
couple to Gs to increase cAMP and promote ERK and NF-xB
activation, which can enhance signaling downstream of the TCR
[120,122]. Classic studies have shown that blockade or loss of 5-
HT1B suppresses T-cell proliferation, whereas activation of 5-HT7
enhances IL-2 and IFN-y expression [122,123]. Receptor expression
and function vary with T-cell lineage and activation state: CD4*
effector subsets and regulatory T cells exhibit distinct profiles of 5-
HT receptors, the biosynthetic enzyme tryptophan hydroxylase-1
(TPH1), and serotonin-metabolizing enzymes, leading to subset-
specific and context-dependent effects of 5-HT [121].

The metabolism-signaling coupling of serotonin spans from
receptor-mediated signaling to “protein serotonylation”. Beyond
canonical receptor pathways, an atypical 5-HT effect operates in
CD8* T cells: under the mediation of transglutaminase TGM2, 5-HT
covalently serotonylates the glycolytic enzyme GAPDH at GIn262,
promoting its retention in the cytosol and enhancing glycolysis and
effector function; meanwhile, monoamine oxidase A (MAO-A)
degrades 5-HT within T cells, forming a negative regulatory loop
[124,125]. These findings extend the use of 5-HT from a mere
membrane receptor agonist to a metabolism-posttranslational
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Figure 4. GABA-mediated suppression of T-cell immunity in the TME

Inhibitory neurons, tumor cells, and subsets of B cells release y-ami-

nobutyric acid (GABA), which engages GABA_A and GABA_B receptors on T cells. GABA_A receptor-mediated CI- influx is associated with reduced
proliferation, glycolysis, and IFN-y production, whereas GABA_B receptor signaling has been linked to B-catenin stabilization, impaired CD8* T-cell
infiltration, increased Treg frequency, and PD-L1 stabilization. Tumor cells frequently upregulate GAD1 and downregulate ABAT, promoting GABA

accumulation.

modification signal and provide actionable metabolic augmentation
strategies for engineered T cells (e.g., CAR-T cells overexpressing
TPH1 or inhibiting MAO-A) [124,125].

Peripheral and intratumoral 5-HT exert opposing effects. Recent
animal and human studies suggest that peripheral 5-HT—especially
that derived from platelets—tends to suppress anti-tumor immunity:
lowering peripheral 5-HT (e.g., via Tphl deficiency, TPH1 inhibi-
tion, or depletion of platelet 5-HT) slows the growth of multiple
transplantable tumors, increases CD8* T-cell infiltration, and
synergizes with PD-1/PD-L1 blockade [126]. In contrast, local
intratumoral 5-HT is often insufficient yet has the potential to
increase effector T-cell activity: CD8* T cells can secrete 5-HT in an
autocrine manner to activate their own receptors and increase tumor
killing; however, their expression of the serotonin transporter
(SERT) facilitates the reuptake of extracellular 5-HT, thereby
reducing its local availability and limiting effector responses.
Blocking SERT with selective serotonin reuptake inhibitors (SSRIs)
elevates intratumoral 5-HT, strengthens CD8* T-cell efficacy, and
acts synergistically with PD-1 blockade [127]. Consistent with this,
studies in lung cancer indicate that tumor tissues are generally 5-HT-
deficient; supplementing exogenous 5-HT can improve dendritic cell

and CD8* T-cell infiltration and prolong survival, suggesting that a
spatially partitioned strategy—reducing peripheral 5-HT while
replenishing it within tumors—may be a promising direction [128].

Targeting distinct serotonin receptor subtypes can serve as an
immunotherapeutic strategy. In a murine hepatocellular carcinoma
model, blocking 5-HT2A on T cells (e.g., with ketanserin or Htr2a
knockout) markedly enhances the cytotoxic phenotype of CD8* T
cells and improves in vivo tumor control, with further survival
benefit when combined with anti-PD-L1 plus anti-VEGF-A therapy
[129]. Conversely, agonizing specific receptors can enhance
immunogenicity from the tumor-cell side: 5-nonyloxytryptamine
(5-NL) upregulates tumor-cell MHC-I without a concomitant
increase in PD-L1, thereby improving T-cell recognition and
synergizing with PD-1 blockade [130]. In stress-associated tumor
models, HTRIE signaling exerts protective effects by suppressing
stress-driven tumor promotion, underscoring tissue and context
specificity across receptor subtypes [128,131]. In contrast, activa-
tion of the 5-HT1A receptor on cancer cells can upregulate PD-L1 via
the autophagy/STAT3 pathway, expand Tregs, induce immune
escape, and is linked to poor prognosis in depression-associated
lung adenocarcinoma [132].
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Building upon these mechanistic insights, serotonin signaling
integrates Gi-(5-HT1), Gg- (5-HT2), and Gs-(5-HT7)-coupled
programs that intersect with cellular metabolism via MAO-A
activity and protein serotonylation [121,122,124,125,129]. A spatial
dichotomy further refines this framework: reducing peripheral 5-HT
(e.g., via TPH1 inhibition or platelet depletion) enhances antitumor
immunity and responsiveness to PD-1/PD-L1 blockade, whereas
increasing intratumoral 5-HT—through the inhibition of SERT or
MAO-A within the tumor microenvironment—can potentiate CD8*
effector function [125,127,133]. At the receptor level, targeted
modulation offers complementary strategies: blockade of 5-HT2A
on T cells or selective 5-HT agonists that increase tumor MHC-I
expression without concurrent PD-L1 induction both provide
rational combinatorial strategies with immune checkpoint inhibi-
tors [129,130]. Because 5-HT can also drive inflammation or
context-dependent immune escape, such designs should be guided
by biomarker panels (TPH1/MAO-A/SERT and HTR expression) and
delivery systems capable of distinguishing central versus peripheral
compartments [121,125,132].

Myeloid cells and T cells communicate through the 5-HT/MAO-A
axis. MAO-A not only constrains 5-HT signaling within T cells but also
drives immunosuppressive polarization in tumor-associated macro-
phages (TAMs) through oxidative stress [125]. Inhibiting MAO-A
reprograms TAMs toward a pro-inflammatory phenotype, enhances
T-cell-mediated anti-tumor immunity, and synergizes with PD-1
blockade [133]. To mitigate the central nervous system side effects of
MADO inhibitors (MAOIs), nanodelivery strategies (e.g., nano-phenel-
zine) have increased anti-tumor efficacy in mouse models while
avoiding adverse effects such as aggressive behavior [134].

Multiple studies support the therapeutic potential of applying
existing drugs and combination treatment strategies that target the
5-HT-T-cell axis. Selective serotonin reuptake inhibitors (SSRIs),
such as fluoxetine and citalopram, exhibit anti-tumor and im-
munosensitizing effects across multiple models, including reversal
of stress-induced kynurenine pathway activation, enhancement of
tumor immunogenicity (via GLUT1 targeting and reversal of the
Warburg effect), and synergy with PD-1/PD-L1 blockade [135,136].
Retrospective clinical data likewise suggest that concomitant
fluoxetine use is associated with improved overall survival in
patients receiving PD-1/PD-L1 therapy, although prospective trials
are still needed for confirmation [137]. In addition, serotonin
receptor-targeting agents such as tegaserod (a 5-HT4 agonist) and
S-nonyloxytryptamine (5-NL) also have the potential to augment
immune clearance [130,138]. Notably, however, 5-HT can promote
an inflammatory microenvironment and colorectal tumorigenesis
through TIAM2S-mediated disruption of homeostasis, indicating
that interventions along this axis must balance immunologic
efficacy with inflammation-related safety [139] (Figure 5).

Catecholamines

The sympathetic nervous system (SNS) is activated by diverse
stressors—including cold exposure, surgery, psychological stress,
and tumor-derived stimuli—triggering the release of large amounts
of norepinephrine (NE) and adrenal medulla-derived epinephrine
(EPI) into the circulation. These catecholamines bind to B-
adrenergic receptors (B-ARs), especially B,-ARs, which are highly
expressed on immune cells, thereby engaging the downstream Gs-
cAMP/PKA signaling axis. This pathway profoundly influences T-
cell metabolism, differentiation, trafficking, effector function, and
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response to immunotherapy, with pronounced context and tempor-
al dependence [19,140-142]. Under most conditions of chronic,
high-level stress, this axis tends to suppress Thl and cytotoxic T
lymphocyte (CTL) activity, constituting a key neuroendocrine
mechanism of tumor immune evasion [143-145]. Adrenergic
receptors are categorized into a- and p-families with distinct
subtypes and G-protein coupling profiles: a;-ARs (o;A/0;B/0;D;
Ga/11), a,-ARs (aA/0,B/a,C; Gi/o), and B-ARs (B1/B./Bs; Gs) [146].
The polarity of these second-messenger pathways provides a
mechanistic framework for understanding their immunological
consequences within the TME. Specifically, p-AR—Gs-cAMP/PKA
signaling generally attenuates proximal T-cell receptor (TCR)
activation and aerobic glycolysis; a,-AR—Gi signaling reduces
intracellular cAMP, thereby potentially counteracting p-adrenergic
suppression; and o;-AR—Gq/PLC-IP3;/DAG-Ca?*/PKC signaling eli-
cits calcium-dependent responses that vary according to the
lymphocyte state and microenvironmental context. This mechan-
istic taxonomy elucidates why persistent B-AR activation impairs
CTL function in tumors, whereas selective 0,-AR stimulation may
mitigate such immunosuppressive effects [146-148].

In tumor-bearing animal models, extensive experimental evidence
has shown that sustained sympathetic activation weakens CD8* T-
cell activation and effector function, resulting in reduced efficacy of
immune checkpoint inhibitors (ICIs). In a study by Bucsek et al.
[140], housing mice at standard laboratory temperature (~ 22°C)
induced chronic cold stress and elevated plasma NE. Through f,-
adrenergic receptor (B,-AR) signaling, tumor-infiltrating CD8* T cells
(TILs) exhibit downregulation of T-bet, IFN-y, and granzyme B
(GzmB); upregulation of PD-1; loss of the effector phenotype; and a
markedly blunted response to anti-PD-1 therapy. Raising the
housing temperature to thermoneutrality (~30°C), administering
the nonselective B-blocker propranolol, or deleting the host §,-AR
gene reversed TIL dysfunction, restored cytotoxic activity, and
improved survival. Similarly, in B-cell lymphoma immunotherapy,
Nissen et al. [141] reported that chronic B-AR stimulation
suppressed antigen-driven proliferation and IFN-y secretion by
CD8*T cells, reduced their target-cell killing capacity, and ultimately
weakened the efficacy of combined PD-1 and 4-1BB therapy.

The negative regulation of T cells by epinephrine (EPI) and
norepinephrine (NE) involves not only signal transduction but also
disruption of metabolic reprogramming. Using isoproterenol to
model stress, Qiao et al. [142] found that B,-AR activation
suppresses GLUT1 expression, glucose uptake, glycolysis, and
mitochondrial respiration at the critical early phase of CD8* T-cell
activation, resulting in metabolic incapacitation of T cells and
severely impairing their effector function. In addition, chronic p,-AR
signaling can drive the expansion of myeloid-derived suppressor
cells (MDSCs) and maintain their high suppressive activity, which is
characterized by the upregulation of arginase-1 (ARG1) and PD-L1
and an increased capacity to inhibit T-cell proliferation [19].
Deletion of B,-AR or treatment with the nonselective B-blocker
propranolol reduces MDSC survival and immunosuppressive
function, effectively removing this constraint on T-cell function.
Further studies have shown that chronic adrenergic stress imprints
tumor-infiltrating lymphocytes (TILs) with a terminally exhausted
phenotype marked by elevated expressions of inhibitory receptors
(PD-1, TIM-3, and others) and low metabolic activity; B-blockade or
B,-AR deficiency restores glycolysis, CD28 expression, and cytokine
release, thereby promoting tumor control [144].
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This neuroendocrine immunosuppression has important implica-
tions across multiple treatment settings. Radiotherapy depends on
systemic T-cell immunity to elicit the so-called abscopal effect;
Chen et al. [143] reported that mice under high sympathetic stress
exhibited virtually no regression of distant tumors (i.e., lacked an
abscopal response). Warm housing, g-blockade, or genetic deletion
of B,-AR markedly enhanced the radiotherapy-induced systemic T-
cell response, and in bilateral tumor models, the growth of
contralateral, non-irradiated tumors was significantly restrained.
In the context of ICI therapy, extensive animal experiments and
clinical analyses have consistently shown that nonselective pB-
blockers can enhance the efficacy of anti-PD-1 or anti-CTLA-4
antibodies through mechanisms including increased CD8* TIL
infiltration, reduced proportions of Tregs and MDSCs, and
improved cytokine profiles [149-151]. Notably, selective B,-AR
blockers have shown no benefit—and may even be unfavorable—in
combination with anti-PD-1 therapy, underscoring the importance
of specifically targeting B,-AR [140,152].

The effects of B-adrenergic signaling on T cells are bidirectional
and context-dependent. In chronic psychological stress models such
as social isolation, Zhao et al. [153]reported that isolated housing
elevates norepinephrine (NE) within the tumor microenvironment

and enhances B,-AR signaling, markedly reducing CD8* T-cell
infiltration and IFN-y production and accelerating tumor progres-
sion; pharmacologic blockade of B,-AR restores T-cell function and
improves the efficacy of anti-PD-1 therapy. Surgical stress likewise
suppresses CD8+T-cell and natural killer (NK) cell functions
through catecholamine release, promoting postoperative metasta-
sis, whereas perioperative B-blockade significantly reduces meta-
static formation. In ovarian cancer patient samples, high
intratumoral NE is associated with increased infiltration of M2-like
macrophages and Tregs, diminished CD8* T-cell activity, and
poorer prognosis [154]. However, transient, low-level increases in
epinephrine (EPI) can promote immunity under certain physiolo-
gical conditions. For example, Miao et al. [155] reported that
moderate-intensity exercise elevated serum EPI in murine lung
cancer models; upregulated CCL5 and CXCL10 within tumors;
promoted the recruitment, activation, and effector differentiation of
CD8* tumor-infiltrating lymphocytes (TILs); increased IFN-y, TNF-
a, and granzyme B (GzmB) levels; and slowed tumor growth. Low-
dose exogenous EPI injections recapitulated the effects of exercise.
These findings indicate that the immune consequences of EPI/NE
depend on the dose, exposure duration, and microenvironmental
context: high-intensity, chronic stimulation tends to be immuno-
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suppressive, whereas low-level, acute stimulation can mobilize
effector T cells.

Interventions targeting the p-adrenergic axis are under active
exploration. The nonselective B-blocker propranolol has shown
synergy with anti-PD-1 and anti-CTLA-4 antibodies in multiple
animal models [140,142,149,151], and retrospective analyses in
patients with melanoma and other cancers have associated its use
with longer relapse-free and overall survival. In colorectal cancer,
perioperative administration of propranolol combined with a COX-2
inhibitor attenuated postoperative pro-metastatic and inflammatory
markers while preserving T-cell activation phenotypes [156].

Additionally, Ajmal et al. [157] genetically removed f3,-AR from
CAR-T cells, which led to increased activation (CD69, IFN-y, and
GzmB), increased proliferation, and reduced apoptosis in vitro and
in vivo. These findings indicate that endogenousp,-adrenergic
signaling within tumor-infiltrating lymphocytes exerts a cell-
intrinsic inhibitory effect on T-cell activation and persistence,
thereby limiting the sustained antitumor efficacy of adoptive T-cell
therapies [147]. While most studies emphasize B-AR-mediated
suppression of T-cell function, a-adrenergic signaling represents a
complementary and potentially actionable pathway. In particular,
activation of presynaptic a,-ARs (Gi/o-coupled autoreceptors)
reduces NE release and thereby attenuates 3,-AR signaling on TILs.
Consistent with this mechanism, a,-AR agonists (e.g., clonidine and
guanfacine) limit tumor growth in immunocompetent murine
models (melanoma and breast cancer), increase intratumoral PD-
1*CD8* T-cell infiltration, and improve the response to anti-PD-1
therapy [147]. These observations support a model in which a,-AR
agonism indirectly restores CTL trafficking and effector programs by
mitigating B-AR-driven cAMP-PKA signaling within the tumor
microenvironment without requiring generalized ablation of sym-
pathetic input. Notably, direct a,-AR expression on T cells appears
to be low and context-dependent, and current evidence favors a
predominantly presynaptic/neuromodulatory mechanism that en-
hances T-cell-mediated tumor control; careful dose scheduling and
safety monitoring, including cardiovascular and central nervous
system assessments, are needed for clinical translation [147].

In addition to direct effects on T cells, B-AR signaling can
influence T-cell trafficking and positioning by modulating blood
vessels, lymphatic vessels, and the stroma. For example, Devi et al.
[145] reported that acute B-AR stimulation induces local vasocon-
striction and hypoxia, immediately blocking the trafficking of CD4+
and CD8* T cells between tissues; oxygen supplementation or -
blockade restores their motility. Under chronic stress, NE signaling
remodels peritumoral lymphatic networks, increasing permeability,
promoting metastasis, and diminishing immune-cell influx—effects
that are partially reversible with B-blockade [158]. In specific tumor
types, B-AR signaling also mediates distinct immune evasion
mechanisms. In neuroblastoma, Bruno et al. [159] reported that
B,-AR signaling drives IFN-y produced by TILs to upregulate tumor
PD-L1, creating an immunosuppressive feedback loop; B,-AR
antagonists disrupt this loop and restore T-cell efficacy. In lung
adenocarcinoma, Geng et al. [160] reported that NE activates
Wnt7A-B-catenin signaling to downregulate CXCL9 and increase
adenosine levels, thereby reducing CD8* T-cell infiltration and IFN-
v production and leading to anti-PD-1 resistance; B-AR blockade
reverses this process.

Recent clinical data demonstrate that p-adrenergic blockade in
combination with immune checkpoint inhibitors (ICIs) provides
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measurable efficacy and acceptable safety in patients with
advanced malignancies [161]. In a phase I trial of propranolol plus
pembrolizumab for advanced melanoma, the objective response
rate (ORR) reached 78%, with propranolol administered at 30 mg
twice daily as the recommended phase II dose (RP2D) [161]. The
most frequent treatment-related adverse events included rash,
fatigue, and vitiligo. Ongoing trials (NCT03384836 and
NCT05968690) are further evaluating this combination in larger
cohorts [162,163]. Similarly, a prospective randomized trial
(NCT07174947) is assessing the efficacy and safety of fluoxetine
combined with PD-1/PD-L1 blockade in the treatment of hepato-
biliary malignancies. These data collectively indicate the potential
clinical importance of neurotransmitter-targeted strategies in
enhancing immunotherapy efficacy while maintaining acceptable
tolerability [164].

Overall, the EPI/NE-B-adrenergic axis serves as a key link between
neuroendocrine stress and T-cell immunity [165]. Its impact on
cancer immunotherapy is highly context-dependent: chronic, high-
level activation generally suppresses CTL responses and diminishes
the efficacy of ICIs, CAR-T-cell therapy, and radiotherapy, whereas
low-dose, acute activation can mobilize T cells [152,166]. Prospec-
tively designed, stratified clinical studies are urgently needed to
define the benefits and risks of B-AR modulation across different
stress patterns and transmitter levels and to identify and refine
combination strategies that integrate f-blockade with immunothera-
pies to maximize patient benefit [140,143,167] (Figure 6).

New Technologies

In recent years, rapid advances in multi-omics and neuroscience
tools have transformed approaches to studying neuro-immune
interactions. Spatial transcriptomics (ST) and its multi-omics
extensions now enable analysis of gene expression landscapes
across cell populations with spatial resolution within tissues [168-
170]. In the tumor immune microenvironment, spatial multi-omics
can finely map the proximity of nerve fibers to immune cells and
reveal spatial associations between specific neurotransmitter
signaling axes and T-cell functional states. For example, combining
ST with immunohistochemistry can identify, at single-cell resolu-
tion, the distribution patterns of T-cell subsets expressing glutamate
or adrenergic receptors within tumor-infiltrated regions [171-174].

Optogenetics and chemogenetics provide powerful tools to
interrogate causality. By expressing light-gated ion channels (e.g.,
ChR2) in defined neuronal populations or deploying designer
receptors exclusively activated by designer drugs (DREADDs),
investigators can selectively activate or inhibit neural circuits and
then assess the impact on T-cell recruitment, activation, and
effector function [175-177]. These approaches have been validated
in infectious and inflammatory models and show strong promise for
applications in tumor immunology.

Neurotracing and denervation models can dissect the contribu-
tion of neural inputs to the tumor immune microenvironment.
Anterograde and retrograde tracers label the types of nerve fibers
projecting into tumor tissue; combined with surgical transection or
chemical blockade of specific neural signals, these methods directly
evaluate how loss of neural input affects T-cell infiltration and
function. For example, peripheral sympathetic denervation can
markedly alter the polarization of tumor-associated macrophages
and the effector capacity of CD8* T cells [178].

Single-cell RNA sequencing (scRNA-seq) integrated with T-cell
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Figure 6. Adrenergic signaling in the tumor microenvironment suppresses T-cell metabolism and effector function

Stress, cold exposure,

surgery, and tumor-derived cues activate sympathetic nerves and the adrenal medulla, releasing catecholamines. In some tumors, cancer cells
may also contribute to local catecholamine levels. These mediators act on the cAMP-PKA pathway, which reduces glucose uptake, glycolysis,
mitochondrial respiration, and the expressions of effector molecules (granzyme B, T-bet, and IFN-y while increasing the expression of inhibitory
receptors (PD-1 and TIM-3). Catecholamines also enhance PD-L1 expression on myeloid-derived suppressor cells, further inhibiting T-cell activity.

receptor (TCR) sequencing offers an opportunity to link neuro-
transmitter receptor expression with T-cell clonal expansion [179].
Associating TCR sequences with the gene expression profiles of
neurotransmitter receptors can reveal the clonal dynamics of T-cell
subsets bearing specific receptor signatures during anti-tumor
immunity. By linking TCR clonotypes with the transcriptional
signatures of receptors such as GABBR1/2, HTR2A, or CHRM3,
these datasets can reveal how neuromodulatory pathways influence
T-cell expansion, exhaustion, and effector differentiation. The
integration of single-cell multi-omics methods, such as ATAC-seq
for chromatin accessibility and CITE-seq for surface proteins,
further refines the regulatory context connecting neurotransmitter
signaling with immunometabolic reprogramming [180]. Moreover,
the integration of single-cell multi-omics (transcriptome + ATAC-
seq + surface proteome) with spatial information may enable the
reconstruction of neuro-immune microdomains and elucidate how
distinct transmitter signals regulate immunometabolism, polariza-
tion, and trafficking [173,181,182]. These integrative maps deline-
ate how receptor-expressing immune subsets colocalize with neural
fibers or glial niches and how neurotransmitter gradients shape
immune-cell states. For example, Slide-TCR-seq and SPTCR-seq

achieve spatially resolved TCR and transcriptome co-profiling,
revealing clonal positioning and local activation cues within tumor
tissues [173,183,184]. Collectively, such integrative single-cell and
spatial multi-omics frameworks provide a technical foundation for
constructing high-resolution atlases of neural-immune interactions
in the TME.

To refine the current pharmacological analysis framework, it is
necessary to integrate multi-omics data mining approaches to
systematically identify neurotransmitter-related therapeutic targets
and predictive biomarkers. Through the combined use of spatial
transcriptomics and single-cell sequencing, receptor expression
patterns can be localized at cellular and tissue resolutions,
providing a basis for mapping receptor heterogeneity within tumor
and immune compartments. Subsequent receptor-ligand network
inference enables the reconstruction of intercellular communication
pathways that define neurotransmitter-mediated modulation of
immune responses. Integrating metabolic flux data with receptor
signaling analyses further elucidates the functional coupling
between neurotransmitter metabolism and immune cell activation.
These molecular and cellular insights can then be linked to clinical
datasets and drug-repurposing resources to assess translational
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relevance and therapeutic feasibility. Quantitative assessment of
druggability, structural accessibility, and pharmacokinetic suitabil-
ity allows prioritization of viable molecular targets, whereas the
integration of transcriptomic, proteomic, and metabolomic corre-
lates supports the development of composite biomarker panels for
patient stratification and efficacy prediction. This integrative
analytical paradigm provides a robust, data-driven foundation for
rational target discovery and precision drug repurposing, aligning
with the recent multi-omics and network pharmacology frame-
works proposed in Current Pharmaceutical Analysis [185-187].

Microbiome-neurotransmitter Axis and Tumor
Immunity

Recent evidence indicates that microbial communities within the
host play pivotal roles in shaping tumor immunity through
bidirectional interactions with the nervous and immune systems.
The microbiome-neurotransmitter axis functions as a critical
communication network linking microbial metabolism to neuro-
transmitter signaling pathways, thereby influencing immune
regulation within the TME. Commensal and intratumoral bacteria
can synthesize or metabolize key neurotransmitters such as
acetylcholine (ACh), y-aminobutyric acid (GABA), serotonin (5-
HT), and catecholamines or can modulate their precursors and
degradation products. For example, short-chain fatty acids (SCFAs)
derived from microbial fermentation of dietary fibers upregulate
host enzymes such as choline acetyltransferase (ChAT) and
tryptophan hydroxylase-1 (TPH1), thereby enhancing cholinergic
and serotonergic tone in immune cells [188,189]. Microbial GABA
production through glutamate decarboxylase (GAD) activity can
alter dendritic cell differentiation and T-cell effector polarization,
whereas dysbiosis characterized by reduced microbial diversity has
been associated with lower intratumoral neurotransmitter avail-
ability, impaired antigen presentation, and resistance to immune
checkpoint blockade [190]. These findings highlight that neuro-
transmitter flux in the tumor milieu is not solely neuron-derived but
also modulated by microbial metabolism, which in turn establishes
local immune thresholds and determines the amplitude of anti-
tumor responses [191,192].

At the molecular and pharmacological levels, the microbiome-
neurotransmitter axis exerts complex regulatory effects on receptor-
mediated signaling and immune checkpoints. Microbial metabolites
interact with neurotransmitter receptors expressed on tumor and
immune cells, modulating canonical pathways such as GPCR-RTK
coupling, cAMP/PKA-NF-«xB signaling, and B-catenin-dependent
chemokine repression [190,193]. For instance, bacterial GABA can
activate GABA_B receptors to suppress CCL4/CCL5 secretion and
inhibit CD8* T-cell recruitment, whereas microbial modulation of
serotonin availability influences SERT-dependent uptake and T-cell
metabolic activity [188,189]. The restoration of microbial diversity
through fecal microbiota transplantation (FMT) or probiotic
administration has been shown to normalize neurotransmitter
homeostasis, enhance dendritic-cell antigen presentation, and
improve responsiveness to PD-1 blockade [194]. Integrative spatial
transcriptomics combined with microbial detection (FISH/ISH or
spatial meta-omics) provides a framework to map the co-localization
of microbes, neurotransmitter synthesis or transport genes (e.g.,
SLC6A4/SERT, CHRM1-3, GABBR1/2, and ADRB2), and immune-
cell transcriptional states within the same tissue domain [188].
Collectively, these findings define the microbiome-neurotransmitter
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axis as an essential regulatory layer of tumor immunology,
emphasizing that the coordinated analysis of microbial composi-
tion, neurotransmitter metabolism, and receptor signaling is crucial
for predicting therapeutic response and designing precision inter-
ventions targeting tumor immunity.

Membrane and Secreted Proteins in Neurotransmitter
Regulation

Membrane proteins and secreted peptides serve as essential
mediators in neurotransmitter-regulated immune communication,
bridging neural signaling with immune modulation. Among them,
ligand-gated ion channels and G protein-coupled receptors (GPCRs)
act as the primary molecular conduits for neurotransmitter signals
[9,120,195]. Ionotropic receptors such as NMDA, AMPA, and
GABA_A directly regulate calcium influx and the membrane
potential, thereby influencing immune-cell activation thresholds
and cytokine secretion. In contrast, metabotropic receptors,
including mGluR4, GABA_B, and 5-HT2A/5-HT7, couple to in-
tracellular cascades such as MAPK, mTOR, and cAMP-PKA,
modulating immune metabolism, antigen presentation, and the
differentiation of T-cell subsets [196-198]. These membrane
proteins not only transmit neurotransmitter cues but also undergo
ligand-dependent trafficking, internalization, and post-translational
modification, which dynamically reshape receptor availability and
signaling strength. Such fine-tuned regulation enables neurons and
immune cells to coordinate their activities across inflammatory,
degenerative, and tumor microenvironments.

Secreted proteins and peptides further amplify this neuro-
immune crosstalk. Neuropeptides such as substance P, vasoactive
intestinal peptide (VIP), neuropeptide Y (NPY), and calcitonin gene-
related peptide (CGRP) bind to specific GPCRs on immune and glial
cells, modulating the release of IL-10, IFN-y, and TNF-a and thereby
influencing the balance between pro- and anti-inflammatory states
[77,120,196]. Secreted signaling proteins, including cytokine-like
neurotrophic factors, can reciprocally regulate neurotransmitter
receptor expression and membrane protein phosphorylation,
reinforcing bidirectional communication between the nervous and
immune systems [9]. Collectively, membrane and secreted proteins
function as integrated signaling modules that synchronize neuro-
transmitter dynamics with immune surveillance and tolerance.

Given their structural diversity and high receptor selectivity,
peptide drugs are emerging as promising modulators of neuro-
transmitter receptors in neural-immune regulation. Structure-
guided and peptide engineering strategies have enabled the
development of selective ligands targeting mGluR, GABA_B, and
S5-HT receptor subtypes with improved stability and minimal off-
target activity [199]. These agents can fine-tune immune signaling
by promoting anti-inflammatory pathways or inhibiting excessive
neuronal excitation. For instance, mGluR4 antagonistic peptides
may restore dendritic cell activation and cytotoxic T-cell function,
whereas peptidic GABA_B agonists can suppress neuroinflamma-
tion through the cAMP-CREB axis [24,198]. Future development of
these therapeutics should emphasize biased agonism to preferen-
tially engage beneficial signaling routes, peripheral restriction to
avoid central nervous system side effects, and nanocarrier delivery
to achieve tissue-specific targeting. The integration of spatial
transcriptomics and proteomics data will further support the
rational design of peptide modulators tailored to patient-specific
receptor landscapes. Together, these advances position peptide-
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based neurotransmitter modulators as a new class of precision
neuroimmune therapeutics, offering novel avenues for treating
immune dysfunction, neurodegeneration, and tumor progression.

Conclusions

Overall, recent studies have demonstrated that neurotransmitters
influence T cells and overall immune responses through multiple
layers and mechanisms.

At the molecular level, different neurotransmitters and their
receptors (such as NMDA receptors, mAChRs, f-adrenergic
receptors, 5-HT receptors, and GABA_A/B receptors) directly
regulate T-cell signaling pathways, including Ca?*-dependent
signaling, the cAMP-PKA pathway, MAPK cascades, and the mTOR
metabolic axis. These signaling modulations not only reshape
cytokine secretion profiles (e.g., IFN-y, IL-2, and IL-10) but also
directly affect the cell cycle and survival programs.

At the cellular level, neurotransmitters modulate T-cell differ-
entiation and effector states. For example, adrenergic signaling via
B, receptors suppresses Thl immunity while promoting Th2 and
Treg expansion, thereby creating an immunosuppressive bias.
GABA signaling may inhibit Ca?* mobilization, thereby reducing
CD8* T-cell cytotoxicity. Conversely, glutamate-metabolism cou-

pling can enhance T-cell activation and strengthen anti-tumor
responses.

At the tissue microenvironment level, neurotransmitters con-
tribute to the formation of so-called neuro-immune cell units
(NICUs), which are functional microdomains composed of neurons,
immune cells, and stromal elements. Within these units, neural
terminals release neurotransmitters that act on neighboring T cells
and antigen-presenting cells to fine-tune their functional states,
thereby achieving precise regulation of immune responses.

At the systemic level, tumors can exploit neural plasticity to
remodel local nerve density and neurotransmitter release patterns,
reshaping the immune microenvironment. For example, certain
tumors induce sympathetic remodeling, increasing norepinephrine
release and thereby suppressing CD8* T-cell effector function. This
bidirectional interaction highlights neurotransmitters as not only
modulators of immunity but also key participants in tumor immune
evasion.

Overall, the multi-layered effects of neurotransmitters on T-cell
immunity and tumor immune evasion can be systematically
summarized. Table 1 provides an overview of the receptor-
mediated signaling mechanisms and immunomodulatory conse-
quences across major neurotransmitter classes, while Table 2

Table 1. Mechanisms and targeting strategies of neurotransmitter-receptor pathways in T cell immunomodulation

Neurotrans-
mitter class

Receptors & T cell mechanisms

Net effect on T cell immunity Targeting strategies Ref.

(examples & combinations)

Glutamate iGluR (AMPAR/NMDAR); mGIuR1/4/5; Context-dependent: Inhibit GRM4; modulate NMDAR/AMPAR [21-24,27,
(Glu) TCR-coupled Lck/Akt and Ca?*; generally co-stimulatory; (e.g., perampanel); block or immunotarget  33]
DC-released Glu tunes mGluR5— GRM4 axis and high XCT; reprogram glutamine-glutamate
mGluR1; GRM4 restrains DC extracellular Glu can metabolism (JHU-083, CB-839); combine
maturation; tumor/myeloid xCT suppress. with PD-1/PD-L1 and TAM reprogramming.
exports Glu.
Acetylcholine nAChR (a7/05/09): JAK2/ Bidirectional; exogenous Block M3R (e.g., darifenacin) or [72-76]
(ACh) STAT3— 1 PD-L1; mAChR (M1-M5):  nicotine generally impairs consider local denervation in select
PI3K-AKT, MAPK-ERK, Ca%/PKC; CD8* effector function. settings; avoid nicotine; investigational
M3R—EGFR; ChAT* CD4* T cells a7-agonism (tumor-cell risk); transcuta-
restrain Ca2-NFAT; nicotine drives neous vagus stimulation as adjunct;
CD8* exhaustion. combine with ICIs/radiotherapy.
GABA GABA_A (CI”™ channel; a3/GABRP Broadly suppresses Reduce source ( | GAD1, T ABAT); [105,107,
subunits) | glycolysis and IFN-y; CD4*/CD8* proliferation GABA_B antagonists; subunit-selective 115-117]
GABA_B (Gi/o) | cAMP/PKA, and effector function; GABA_A modulation (e.g., target GABRP/
B-cateninstabilization, | CCL4/5 — magnitude depends on a3); consider benzodiazepine-sensitization
fewer CD8*/CD103* DCs; ABAT/GAD1  glucose/insulin, sex, and of tumor cells with RT + anti-PD-L1;
set GABA burden; PD-L1 stabilization. tumor type. combine with PD-1/PD-L1; sequence/dose
carefully.
Serotonin 5-HT1A/1B (Gi), 5-HT2A/2B (Gq), Peripheral 5-HT tends to Lower peripheral 5-HT (TPH1 inhibition); [121,122,
(5-HT) 5-HT7 (Gs); TGM2-mediated GAPDH suppress immunity; raise intratumoral 5-HT (SSRIs/SERTblock); 124,127,
serotonylation T glycolysis; MAO-A intratumoral 5-HT can MAO-A inhibitors to reprogram TAMs; 129-131]
limits T cell 5-HT and polarizes augment CD8" effector block 5-HT2A on T cells; 5-nonyloxytryp-
TAMs; SERT (SLC6A4) clears function; receptor subtype tamine/tegaserod to T tumor MHC-I;
intratumoral 5-HT. and location matter. combine with PD-1/PD-L1 + anti-VEGF.
Catechol B2-AR—Gs/cAMP-PKA: | GLUTI, Chronic/high-level Non-selective B-blockade that includes [145,148,
amines glycolysis, respiration; | T-bet/IFN-y/  B-adrenergic signaling B2-AR (e.g., propranolol); a2-AR 151,152,
(NE/EPI) GzmB; 1 PD-1; expands MDSCs; suppresses CTL function agonists to limit NE; perioperative 157]

02-AR autoreceptors | NE release;

and limits ICIs/RT; acute/

B-blockade + COX-2 inhibitor;

acute low-dose EPI (exercise) can
mobilize T cells.

low-level EPI may transiently
enhance immunity.

ADRB2-deleted CAR-T; combine with
PD-1/CTLA-4 and radiotherapy.

Notes: Effects are context-dependent (receptor repertoire, timing/dose, tissue localization, metabolic state). Symbols: T increase; | decrease; — leads to. Abbreviations:
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR, N-methyl-D-aspartate receptor; DC, dendritic cell; TIL, tumor-infiltrating lymphocyte;
ICls, immune checkpoint inhibitors; RT, radiotherapy; MAO-A, monoamine oxidase A; SERT, serotonin transporter; TPH1, tryptophan hydroxylase 1; xCT, SLC7A11; GOT1,
glutamate-oxaloacetate transaminase 1; MDSC, myeloid-derived suppressor cell; ADRB2, p2-adrenergic receptor; EGFR, epidermal growth factor receptor.
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Table 2. Neurotransmitter-linked mechanisms driving immune checkpoint inhibitor (ICl) resistance and potential combinatorial strategies

Neurotransmitter Key nodes Mechanism Impact on T cells / Ref.
system checkpoint axis
Glutamate xCT/SLC7A11 Glutamate efflux elevates extracellular CD8* infiltration/function | ; [22,23,
(Glu) (tumor, myeloid) Glu, rewires receptor signaling, increases Treg 1 ; reduced responsiveness 34-38,43]
Treg; anti-VEGF upregulates xCT; excess to PD-1/PD-L1 blockade.
Glu impairs neutrophil cytotoxicity.
GRM4 (mGIuR4) on GRM4 constrains DC maturation and Impaired priming and [21,24,26]
myeloid/DCs antigen presentation, promoting a CD8*/NK recruitment;
non-inflamed phenotype. suboptimal ICI responses.
NMDAR on TAMs; NMDAR activation skews TAMs toward Myeloid niche reprogramming [36,44]
neuronal-tumor immunosuppression; AMPAR-mediated supports CD8* activity when
AMPAR synapses neuron-tumor synapses reinforce tumor NMDAR is blocked; potential
excitability and immune evasion. sensitization to PD-1 blockade.
GOT1 (CD8* T Loss of GOT1 diverts glutamate flux Effector programming and [26]
cell metabolism) away from effector differentiation, cytokines | ; weaker ICI benefit.
limiting acute cytotoxic programs.
Acetylcholine a7-nAChR (tumor) 07-nAChR—JAK2/STAT3 increases Tumor PD-L1 T ; increased [47,96]
(ACh) PD-L1 transcription and promotes dependence on PD-1/PD-L1 axis.
immune escape under cholinergic input.
a9-nAChR Nicotine—a9-nAChR engages AKT/ERK Sustained PD-L1; impaired [69]
(melanoma, others) and STAT3 cross-talk, inducing PD-L1 CD8* cytotoxicity.
and pro-migratory programs.
a5-nAChR a5-nAChR activates a STAT3-Jab1-PD-L1 Stabilized, elevated tumor [68]
(lung adenocarcinoma) axis integrating transcriptional induction PD-L1.
with inhibition of PD-L1 ubiquitin-
mediated turnover.
Exogenous nicotine/ Remodels miRNA and elevates Exhausted CD8* phenotypes; [67,83,86]
e-cig exposure— PD-1/CTLA-4 on T cells, reinforcing reduced ICI benefit.
T cell nAChRs exhaustion and metastatic risk.
M3 muscarinic ACh—M3R—EGFR/MAPK signaling Proposed: increased checkpoint [46,47,89,90]
receptor (M3R) promotes tumor growth and ligand expression and immune
(gastric/colorectal immunosuppressive milieu; receptor exclusion limit ICI efficacy.
tumors) upregulation often coincides with
PD-L1/PD-L2.
GABA GABA_B receptor GABA_B—f-catenin lowers CCL4/CCLS, Immune exclusion; attenuated [107,114,117]
(tumor/myeloid) reduces CD8* and CD103* DC recruitment; PD-1/PD-L1 responses.
promotes suppressive myeloid
programs.
B-cell-derived GABA—  Activated B cells synthesize GABA that Myeloid-mediated suppression [108]
IL-10* macrophages polarizes IL-10* macrophages, suppressing of CD8* cytotoxicity; ICI
CD8"* effector function. dampening.
ABAT loss (GABA ABAT downregulation increases GABA Treg 1 ; CD8" effector molecules 1 [109,112]
catabolism) burden, favoring Treg differentiation and weakened ICI responses.
constraining CD8" programs.
GABA_A 03 on CDS8"; 4-Ac-GABA engages GABA_Ada3 to suppress Exhaustion-like program; reduced  [110]
tumor-derived 4-Ac- AKT1 phosphorylation, lowering cytotoxicity and ICI benefit.
GABA IFN-y and granzyme B independent of
TCR.
GABA/baclofen— Downregulation of STUB1 reduces PD-L1 Tumor PD-L1 T ; potential [117,118]
PD-L1 stabilization ubiquitination and stabilizes PD-L1 protein. shift to anti-PD-L1 sensitivity.
Serotonin Peripheral 5-HT Elevated systemic 5-HT dampens Systemic effector attenuation; [126,128]
(5-HT) (platelet-stored) antitumor immunity; lowering peripheral reversal upon 5-HT reduction.
5-HT enhances CD8* infiltration and
potentiates PD-1/PD-L1 blockade.
SERT on CD8* SERT clears intratumoral 5-HT and limits Enhanced CD8* effector function; [127]

T cells

autocrine activation; SSRIs inhibit SERT,
increase local 5-HT, and augment ICI
efficacy.

improved PD-1 responses when
SERT is blocked.
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(Continued)
Neurotransmitter Key nodes Mechanism Impact on T cells / Ref.
system checkpoint axis
Serotonin 5-HT1A on tumor cells  5-HT1A activation triggers autophagy/ Tumor PD-L1 T; Tregs 1;reduced [130-132]
(5-HT) STAT3—PD-L1 upregulation and Treg ICI efficacy.
expansion; linked to poor outcomes in
depression-associated LUAD.
MAO-A (macrophages/ MAO-A drives suppressive TAM programs;  Reduced suppressive TAM activity; [125-133]
T cells) inhibition reprograms TAMs improved T cell function.
and synergizes with PD-1 blockade.
5-HT2A on T cells Blocking 5-HT2A enhances CD8* CDS8* activation T ; improved [129]
cytotoxic phenotype and tumor control; checkpoint responses.
further benefit with anti-PD-L1 + anti-VEGF.
Catecholamines B2-AR on CD8* TILs B2-AR—cAMP/PKA suppresses early Terminal exhaustion features and  [140,142,149]
(NE/EPI) (chronic stress / cold) metabolic reprogramming (GLUT1 |, low metabolic fitness in TILs.

NE—Wnt7A-B-catenin
(LUAD)

B2-AR-conditioned
MDSCs

B3-AR on TILs
(neuroblastoma)

a2-AR activation
(presynaptic)

glycolysis | ), T-bet/IFN-y/GzmB | and
PD-1 1 ; limits response to PD-1 blockade.

NE activates Wnt7A-B-catenin, decreasing
CXCL9 and increasing adenosine,

limiting CD8* recruitment and creating
PD-1 resistance.

B-adrenergic signaling sustains MDSC
survival and suppressive function
(ARG1 T, PD-L1 1), constraining T cell
responses.

3-AR signaling maintains IFN-y-driven
tumor PD-L1 in a feedback loop that
limits T cell cytotoxicity.

a2-AR agonism lowers NE release,
indirectly mitigating p2-AR-driven
suppression; increases TIL infiltration
and improves anti-PD-1 responses.

Immune exclusion with low CD8*  [160]
infiltration.

Myeloid PD-L1 1 ; T cell [19,152]
suppression; poorer ICI outcomes.

Sustained tumor PD-L1; reduced [159]
efficacy of ICls.

Restored CTL trafficking and [147,152]

effector programs.

Notes: Effects are context-dependent (receptor repertoire, timing/dose, tissue localization, metabolic state). Mechanisms and strategies summarized from refs. listed in the

table and corresponding main-text sections. Symbols: T increase; | decrease; — leads to. Abbreviations: AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor; DC, dendritic cell, GBM, glioblastoma; GC, gastric cancer; CRC, colorectal cancer; HCC, hepatocellular carcinoma; ICI, immune checkpoint inhibitor; LUAD,

lung adenocarcinoma; MAQ-A, monoamine oxidase A; MDSC, myeloid-derived suppressor cell; NE, norepinephrine; EPI, epinephrine; PD-1, programmed cell death protein

1; PD-L1, programmed death ligand 1; TAM, tumor-associated macrophage; TIL, tumor-infiltrating lymphocyte; Treg, regulatory T cell.

highlights neurotransmitter-linked pathways that contribute to
immune checkpoint inhibitor (ICI) resistance and outlines rational
combination strategies.

In summary, the integrated application of spatial multi-omics,
optogenetics and chemogenetics, neurotracing and denervation
models, and single-cell immune sequencing can reveal, at spatial,
functional, and dynamic levels, the full landscape of neurotrans-
mitter-receptor regulation of T-cell immunity. Peptide ligands and
neuropeptides add a crucial dimension to neuro-immune regula-
tion. Their receptor-selective modulation may offer new avenues for
precise and context-specific immunotherapy. These insights pro-
vide a solid foundation for future tumor immunotherapy strategies
that target neuro-immune interactions.
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