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Tumor immune evasion and incomplete responses to immunotherapy are some

of the most significant obstacles in current cancer treatment. Since tumor-

draining LNs (tdLNs) are cradles for anti-tumor immunity, and tumor-specific

memory cells in tdLNs are the bona fide responders to immune-checkpoint

blockade, tdLNs are increasingly valued in oncoimmunology research and

cancer treatments. Recent progress has revealed that lymph nodes (LNs) are

innervated and regulated by sensory and sympathetic nerve fibers. Because

tumor cells, nerves, and immune cells coexist inside tdLNs—sites where anti-

tumor immunity is initiated and compromised—it is critical to investigate whether

tumor-neuro-immune crosstalk also occurs in these nodes. Although direct

evidence in tdLNs is lacking, we synthesize emerging evidence supporting this

possibility. We argue that validating this hypothesis will be essential for

elucidating immune evasion mechanisms and advancing surgical and

immunological strategies against tumors. In this review, we first introduce LN

anatomy, highlighting its innervation by sensory and sympathetic fibers. We then

examine the neural regulation of immune activities, especially those within LNs

and those associated with a tumor context. We further discuss the multifaceted

roles of tdLNs in tumor immunology, including orchestration of anti-tumor

immunity and local immunosuppression, pre-metastatic LN remodeling, and

induction of systemic tumor-specific immune tolerance. Furthermore, we look

into tumor-neural interactions from two angles: tumor-induced nerve growth

and activation, and neural regulation of tumor progression. Finally, we propose

potential tumor-neuro-immune interactions in tdLNs, discuss current

perspectives on LN handling in cancer therapy, and discuss clinical

implications of the progress summarized in this review.
KEYWORDS
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1 Introduction

Lymph nodes (LNs) are kidney-shaped secondary immune organs where adaptive

immunity is initiated. By constant filtration of lymph drained from local tissue sites, LNs

detect exogenous and autologous immune stimuli and quickly generate antigen-specific

immune responses (1). During such responses, naïve T and B lymphocytes circulating
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through LNs become activated, differentiate into effector or

memory subtypes, and re-enter the circulation to exert various

immune functions. Effector B cells, also named plasma cells, migrate

to the bone marrow and secrete antigen-binding antibodies. Effector

T cells, on the other hand, travel to peripheral sites of infection and

function by direct cytotoxicity. Memory B and T cells circulate in

the bloodstream, ready to respond to future immune challenges (2).

Impaired anti-tumor immunosurveillance is now widely

recognized as a key factor in tumorigenesis, and tumor immune

evasion is one of the biggest obstacles in cancer treatment (3).

Against this background, tumor-draining lymph nodes (tdLNs), the

initiation sites of anti-tumor adaptive immunity, are increasingly

valued in oncoimmunology research. Notably, tdLNs are at the

crossroads of anti-cancer immunity, cancer immune evasion, and

cancer treatment (4). In the presence of tumors, tdLNs are cradles of

both B- and T-cell-mediated anti-tumor immunity (5, 6).

Conversely, tumors can alter the structure of tdLNs, influence

immune and parenchymal cells within, and induce tumor-specific

immune tolerance (7, 8). Emerging evidence also suggests that

tumors can co-opt tdLNs to facilitate systemic immune

suppression, potentially driving the development of distant

metastasis (9). Furthermore, tdLNs hold significant clinical

relevance. While lymphadenectomy was once a standard

therapeutic approach, its benefits have become controversial (10,

11). In the era of immunotherapy, tdLNs are recognized as

initiation sites of therapy-induced responses, and neoadjuvant

therapies have shown clear advantages (12, 13). Novel strategies,

such as tdLN-targeted immunotherapy, have also shown promising

results (14, 15). Although tumor-specific immunosuppression in

tdLNs has been well-characterized, the underlying mechanisms

remain incompletely understood.

The peripheral neural system innervates a wide range of non-

lymphoid tissues, such as the skin (16), airway, and gut (17); and

lymphoid tissues including the bone marrow (18–20), thymus (21),

and spleen (22), where immune responses are regulated by

neuropeptides and neurotransmitters, including neuromedin U

(NMU), calcitonin gene-related peptide (CGRP), vasoactive

intestinal peptide (VIP), substance P (SP), and norepinephrine

(NE) (23–25). Neuroscience and immunological studies have

highlighted complicated tumor-neuro-immune interplays within

cancers (26–28).

Recent progress has revealed innervation of LNs by sensory and

sympathetic nerve fibers (29–31), which suggests the coexistence of

tumor cells, nerves, and immune cells with the tdLNs, where anti-

tumor immunity is initiated and compromised. Thus, a

comprehensive understanding of tumor-neuro-immune crosstalk

within tdLNs is critical for unravelling the mechanisms behind

tumor immune evasion. This review focuses on the latest findings

regarding LN innervation, neural regulation of immune activity,

tumor-nerve interplay, and the potential tripartite tumor-neuro-LN

interactions. We also discuss the potential clinical relevance of

tdLNs in tumor surgical and immunological therapies.
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2 An overview of lymph node
innervation

LNs are anatomically composed of three regions: cortex,

paracortex, and medulla. The parenchyma of an LN is composed

of innate and adaptive immune cells, while the stroma provides

structural support and houses blood vessels, maintaining the

integrity of the node (1). LN innervation, a special stromal

component that facilitates bidirectional neuro-immune crosstalk,

was first characterized by Felten et al. in the 1980s (31). The field

remained relatively quiet until advanced tracing and imaging

techniques allowed for a more detailed characterization of LN

anatomy and its dense innervation by both sympathetic and

sensory fibers (Figure 1). The facts that 6-hydroxydopamine (6-

OHDA)-mediated chemical sympathectomy does not alter sensory

innervation and diphtheria toxin A (DTA)-mediated genetic

ablation of sensory neurons does not affect TH+
fibers indicate

that sympathetic and sensory innervation in LNs were mutually

independent (30). There is a lack of definitive evidence of

parasympathetic innervation inside LNs (30), although

acetylcholine (Ach)-producing cells were identified (32).
2.1 Sympathetic innervation

Adrenergic neurons signal by releasing NE, which binds to a-
or b-adrenergic receptors. As shown by catecholamine or tyrosine

hydroxylase (TH) stain, sympathetic plexuses enter LNs in the hilar

region and the fibers further extend into the parenchyma, wrapping

around blood vessels (30, 33). TH+
fibers innervate the cortical and

paracortical regions without reaching the follicles or germinal

centers (GCs), while the subcapsular distribution of these fibers is

controversial (30, 33).
2.2 Sensory innervation

The cell bodies of somatic sensory neurons are located in either

the dorsal root ganglia (DRG) or the trigeminal ganglia (TG). When

activated, these sensory neurons propagate action potentials to the

central nervous system (CNS). However, upon reaching axonal

branch points, these action potentials can also travel back to the

peripheral nerve terminals, resulting in calcium influx and the rapid

release of neuropeptides (30). Recent work used single-cell RNA-

sequencing (RNA-seq) to reveal that LN-innervating sensory

neurons mainly comprise four types of peptidergic nociceptors.

Sensory fibers enter popliteal LNs at the hilus alongside arteries.

However, unlike TH+
fibers, they not only aligned with blood

vessels, but also branched extensively into the LN interstitial

spaces. Some fibers penetrate the parenchyma and are located in

the medulla, mostly terminating before arteries and arterioles
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branch into the capillary network. Other plexuses densely innervate

the outer cortical region of the LNs, forming a capsular/subcapsular

network. Fibers forming the network branch extensively in the LN

capsule and extend into and below the subcapsular sinuses (SCSs),

making contact with CD169+ SCS macrophages. Sensory fibers were

rarely seen in the deep LN cortex and were absent from high

endothelial venules (HEVs) (30).
3 Neural regulation of lymph node
functions

Nerve fibers that densely innervate LNs have been shown to

play crucial roles in modulating LN functions (Figure 2). Huang

et al. performed single-cell RNA-seq of LNs and DRG, and made

ligand-receptor predictions based on cell-specific gene expression.

Their analysis has identified lymphatic endothelial cells (LECs),

neutrophils, mast cells, and dendritic cells (DCs) as potential

targets of sensory fibers in LNs (30). Moreover, sensory nerves

modulate antigen flow and retention (30, 34). Fragment

crystallizable region receptor (FcR)-mediated antigen-specific

activation of a subset of Nav1.8+TRPV1− nociceptors resulted in

restriction of antigen transit between LNs (34). Ablation of

Nav1.8+ DRG neurons during bacterial infection increased the

draining LN’s local immune infiltration and lymphadenopathy
Frontiers in Immunology 03
(16). Furthermore, sympathetic innervation regulates LN

immune responses. Activation of sympathetic nerves, NE

administration, and b-adrenergic receptor (b-AR) excitation have

been shown to impair anti-tumor immune responses within LNs

by reducing the motility of T cells, B cells, and antigen-presenting

cells (APCs), as well as inducing vasoconstriction (35).

Additionally,b2-AR signaling in lymphocytes can induce their

retention in LNs via CXCR4/CCR7 while suppressing

inflammation (36, 37). Loss of direct adrenergic innervation

induced the expression of interferon-gamma (IFN-g) in LN

CD8+ T cells, which is responsible for LN expansion (38).

Accumulating evidence suggests that neural signals may also

contribute to the development of LNs (detailed in (39)). Although

validation is needed, studies on tertiary lymphoid structures (TLSs)

may provide inspiration. LNs are closely resembled in formation,

structure, and function by the transient lymphoid structures called

TLSs (40). TLSs appear in sites with chronic inflammation, and GC-

positive TLSs correlate with a favorable prognosis in most solid

cancer types (40). It is now known that the formation of TLSs is

under neural regulation. Sympathetic innervation facilitates TLS

formation during acute lung inflammation (41), while sensory

denervation in the skin enhances TLS formation in the melanoma

tumor microenvironment (TME) and reduces tumor growth (42).

Notably, a recent study shows that TLSs are induced by activated

group 2 innate lymphoid cells (ILC2s) (43). Since CGRP can
FIGURE 1

Anatomic overview of LN innervation Both sympathetic and sensory fibers enter LNs along blood vessels at the hilus region. Sympathetic nerves
primarily innervate the vasculature, extending into the cortical and paracortical regions without penetrating the follicles or germinal centers. Sensory
nerves not only aligned with blood vessels, but also branched extensively into the LN interstitial spaces. They penetrate shallow into the medulla but
densely innervate the outer cortical region, forming a capsular/subcapsular network. CGRP, calcitonin gene-related peptide; DC, dendritic cell; DRG,
dorsal root ganglia; FDC, follicular dendritic cell; NE, norepinephrine; SCS, subcapsular sinus; SP, substance P; VIP, vasoactive intestinal peptide.
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suppress ILC2 function (24), this study may explain the suppression

of TLS formation by sensory nerves.
4 Tumor-draining lymph nodes in
anti-cancer immunity and cancer
immune evasion

Even before the formal concept of anti-tumor immunity

emerged, physicians were already leveraging the immune system

to fight malignancies (44). While the “cancer immunosurveillance”

hypothesis proposed by Thomas and Burnet spurred extensive

research into anti-cancer immunity (45), most of this research

has focused on the TME. Instead, LNs had been viewed as passive

organs susceptible to colonization by tumor cells (46). Clinical

observations that LN involvement often preceded the occurrence of

distant metastases in most solid organ malignancies led the 20th-

century surgeon William Halsted to consider LN metastasis as a

prerequisite for distant spread (47). However, molecular
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reconstruction of clonal phylogenies demonstrated that LN and

distant metastases often arose from independent subclones within

the primary tumor (48, 49), and tumor cells colonizing LNs were

found to disseminate through LN blood vessels instead of efferent

lymphatic vessels (50, 51). Rather than simply serving as passive

staging posts during metastasis, accumulating evidence suggests

that LNs have pivotal roles in anti-cancer immunity, cancer

immune evasion, and cancer immunotherapy.
4.1 Tumor-draining lymph nodes are
cradles for anti-tumor immunity and
immunotherapy-induced responses

A widely accepted framework for anti-tumor immunity is the

cancer-immunity cycle (CIC). In short, it holds that dying tumor

cells release antigens, which are then captured by DCs and

presented to T cells in the LNs. Activated T cells subsequently

migrate to the tumor site, attack tumor cells, and release additional
FIGURE 2

Neural regulation of LN functions. RNA-seq identified LECs, neutrophils, mast cells, and DCs as potential targets of sensory fibers in LNs. Sensory
nerves modulate antigen flow and retention. Nociceptor activation results in restriction of antigen transit between LNs. Moreover, ablation of DRG
neurons increased local immune infiltration and lymphadenopathy of the draining LN. Sympathetic innervation regulates LN immune responses.
Sympathetic activation impairs anti-tumor immune responses within LNs and induces lymphocyte retention in LNs. Loss of direct adrenergic
innervation induced the expression of IFN-g in LN CD8+ T cells, which is responsible for LN expansion. b2AR, b2-adrenergic receptor; CGRP,
calcitonin gene-related peptide; DC, dendritic cell; GC, germinal center; IFN-g, interferon-gamma; LEC, lymphatic endothelial cell; NE,
norepinephrine.
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antigens, further driving this cycle (52). Recent advances suggest

key revisions to the CIC model. First, while the conventional CIC

model emphasizes CD8+ T cell-centered immunity, the roles of

other immune cells in anti-tumor immunity are increasingly

appreciated. CD4+ T cells and DCs are crucial maintainers of the

cycle, while B cells may combat tumor cells via antibody production

(53, 54). Second, T-cell mediated anti-tumor immunity comprises

two phases, and the first phase occurs in tdLNs (5). Current

opinions regarding tdLN-mediated anti-tumor immunity are

reviewed below.

4.1.1 CD8+ T cell responses
In acute infections, CD8+ T cells are primed in LNs to become

fully-activated effector cells with antigen-specific cytotoxic

functions (55). However, CD8+ T cell activation in cancer

comprises an initial phase in tdLNs, followed by final

differentiation within the tumor (5). One of the characteristics of

chronic infections, including cancer, is that CD8+ T cells

responding to antigenic stimulation would gradually lose their

efficacy and become terminally exhausted T cells (Texterm cells).

They are characterized by persistent upregulation of inhibitory

receptors and decreased secretion of effector molecules (56).

Recent research indicated that Texterm cells arose from a subset of

T cell factor-1 (TCF-1) expressing CD8+ T cells called “progenitor

exhausted” (Tpex) cells inside tdLNs. They robustly proliferate but

have diminished cytotoxicity. Tpex cells from tdLNs constantly

migrate to the tumor site (56). In the TME, when sufficient CD4+ T

cells and APCs are present, Tpex cells initially differentiate into

effector-like intermediate Tex cells (Texint) with augmented effector

cytotoxic functions, which then differentiate into Texterm cells (57).

The mechanisms behind the two-phase activation of tumor-specific

CD8+ T cells are under investigation. One study linked T cell

differentiation trajectory to tumor antigen dominance, revealing

that T cells specific for “dominant” antigens that stably bind major

histocompatibility complex (MHC) molecules were enriched for

“effector” and “exhausted” T cell signatures. In contrast, recognizing

subdominant antigens kept T cells in a TCF-1+ stem-like state (58).

Another study demonstrated that the differentiation of naïve T cells

into effector cells depends on their positioning at the periphery of

the LN. In the tumor context, the lack of CXCR3 signaling restricts

T cells to the center of the LN, inducing their differentiation into

stem-like memory cell precursors (59).

Notably, TCF-1+ CD8+ T cells inside tdLNs establish memory-

associated epigenetic program early in tumorigenesis, and are bona

fide responders to programmed death 1 (PD-1)/programmed death

ligand 1 (PD-L1) blockade (60, 61). Lineage tracing further revealed

them as progenitors of tumor-specific exhausted CD8+ T cells in the

TME after immune checkpoint blockade (ICB) (62, 63). A recent

study demonstrated that LN-targeted chemoimmunotherapy can

elicit stem-like CD8+ T cell responses, which evokes systemic tumor

control (64). Interestingly, while TCF1 maintains CD8+ T cell

stemness, a recent finding revealed that TCF1 is essential for

CD8+ T cell priming and ICB response in poorly immunogenic

tumors, but is dispensable in highly immunogenic tumors that

efficiently expand transitory effectors (65).
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4.1.2 CD4+ T cell responses
Unlike CD8+ T cells, the roles of CD4+ T cells during

carcinogenesis are still relatively unclear. However, studies have

revealed that they act as crucial helpers of CD8+ T cells. In humans

and mice, priming of tumor-specific CD4+ T cells primarily occurs

in tdLNs (53). During the first anti-tumor CD8+ T cell activation

phase, CD4+ T cells inside tdLNs “license” APCs for efficient

cytotoxic lymphocyte priming and maintenance as memory cells

(66). Meanwhile, CD4+ follicular helper T cells (Tfhs) provide help

for tumor-specific B cell activation (67). During the second phase of

CD8+ T cell activation, CD4+ T cells promote the accumulation,

expansion, trafficking, and differentiation of tumor-specific CD8+ T

cells within tumors (68). A recent study of triple-negative breast

cancer found preferred T helper type 2 (Th2) cell polarization

within tdLNs of “cold” (with <10% tumor infiltrating lymphocytes)

tumors compared with “hot” (with >60% tumor infiltrating

lymphocytes) tumors. Intriguingly, Th2/Th1 ratios in cold tumors

were also significantly higher than in hot tumors, indicating

coordination in Th subset differentiation between tdLNs and the

TME (69).

CD4+ T cells in tdLNs also respond to immunotherapies. CD4+

naive/central-memory T cells from tdLN directly respond to anti-

cytotoxic T lymphocyte antigen-4 (anti-CTLA4) therapy, trafficking

via blood to the tumor, where they acquire a Th1 phenotype (70). In

addition, anti-PD-1 therapy triggers Tfh cell-dependent interleukin

(IL)-4 release that boosts CD8+ T cell responses in tdLNs (71).

Interestingly, a recent study showed that the persistence of anti-

tumor CD4+ T cells is critical for effective PD-1 and CTLA4-based

cancer immunotherapies in elderly mice, as correcting DCs’

migratory defects in the elderly induced Th1 CD4+ T cells with

cytolytic activity that drive anti-tumor immunity (72).

4.1.3 Dendritic cell responses
Recent studies are increasingly focused on the roles of DCs in

anti-cancer immunity and immunotherapy. Like CD4+ T cells, DCs

also play crucial roles in both tumor-specific CD8+ T cell activation

phases. DCs transport antigens from tumors to LNs and present

them to T cells, facilitating their initial activation inside tdLNs (73).

A recent study in melanoma showed that tumor antigens were

primarily transferred to tdLNs by DCs instead of arriving as

microparticles or exosomes. On arrival, tumor antigens are

further transferred from migratory conventional type 1 DCs

(cDC1s) and conventional type 2 DCs (cDC2s) to resident DCs

(rDCs) via direct synaptic transfer (74). Similarly, cDCs activate T

cells in the TME, which is positively associated with patient survival.

Notably, although cDC2s and monocyte-derived DCs comprise

most of the myeloid APCs in the TME (5), a recent study showed

that tumor-specific T cells were primarily activated in the TME by

cDC1s (75), which functioned simultaneously to support both

CD8+ and CD4+ T cell priming (66).

DCs have recently been identified as essential orchestrators of

anticancer immunotherapy (76). A high density of PD-1/PD-L1

interactions in tdLNs is associated with early disease relapse after

surgery in patients with stage II melanoma, and these interactions

occur mainly between T cells and DCs (77). In preclinical models of
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melanoma, anti-PD-1 antibodies increased CD5+ cDCs in both the

TME and tdLNs via reduced production of IL-6, driving the

activation of CD5high CD4+ and CD8+ T cells (78). In addition, a

recent study developed a bispecific DC-T cell engager that

promoted the formation of DC-T cell crosstalk in the tumor and

tdLNs, which enhanced the efficacy of anti-PD-1 immunotherapy

(79). In mouse models, T cell immunoglobulin and mucin domain-

containing-3 (TIM3) blockade reduced the number of tumor

antigen-loaded cDCs in tdLNs, which impaired therapeutic

effects (80).

4.1.4 B cell responses
B cells and plasma cells inside tdLNs also have essential roles in

shaping anti-tumor immune responses. GCs can be induced in

tdLNs, with B cell expansion and increased antibody production

(81). Although the anti-tumoral effects of antibodies produced by

plasma cells primed in tdLNs are yet to be proven, antibodies

derived from tumor-infiltrating B cells can directly fight against

tumor cells. Tumor B-cell-derived IgA antagonizes the growth of

ovarian cancer via tumor-antigen-specific and antigen-independent

mechanisms (82). IgG produced by intratumoral plasma-like B cells

can cause the degradation of target proteins inside tumor cells (83).

Since B cells are rarely found on their own in the tumor but, rather,

associate intimately with T cells, myeloid cells, and other immune

cells inside TLSs that closely resemble LNs (6), it is possible that

antibodies produced by plasma cells primed in tdLNs can exert

similar effects. Importantly, B cells can present cognate tumor-

derived antigens to CD4+ T helper cells and cytotoxic CD8+ T cells.

In patients with colorectal cancer, carcinoembryonic antigen

(CEA)-specific, CD21low CD86+ B cells in tdLNs were able to

induce IFN-g secretion by autologous CD3+ T cells in vitro in the

presence of a CEA peptide pool (84). Their roles as APCs make B

cells potential targets for immunotherapies, as intra-tumoral

injection of TLR9 agonist induced a body-wide immune response

that required antigen presentation by B cells to naive T cells in

tdLNs (85).
4.2 Tumor remodels draining lymph nodes
to induce local and systemic immune
tolerance

It is now well-established that the primary tumor actively

remodels its tdLNs before colonization, creating pre-metastatic

niches (86). A key aspect of this process is the alteration of LN

vasculature, including increased HEV density and a shift to flatter

endothelial cell phenotypes before tumor cell arrival (87). In

addition, changes in LECs, such as local lymphatic expansion,

compromised integrity, and the upregulation of adhesion

molecules, also mark the formation of pre-metastatic niches (7).

Fibroblastic reticular cells (FRCs), the primary extracellular matrix

(ECM) producers in LNs, are also critical targets. FRCs mediate

ECM remodeling, particularly by producing laminin a4 (88). In

vivo models have shown a more proliferative, fibrotic FRC

phenotype in pre-metastatic tdLNs, leading to fibrosis and
Frontiers in Immunology 06
restricted trafficking of lymphocytes and DCs (89). Other FRC

alterations include downregulation of IL-7 and CCL21 (7) and

suppression of FRC contractility, which lead to the relaxation of the

FRC network (90). Notably, immunological changes were also

shown to precede metastatic progression, as summarized in Table 1.

Notably, whether or not a tdLN is colonized by tumor cells,

immune cells inside the tdLN are under heavy suppression. Effector

cells decrease in number and exhibit more immature or anergic

phenotypes, and immune suppressive cells undergo expansion.

Notably, mounting evidence suggests that tdLNs are progressively

suppressed with disease progression, as cell populations in tdLNs

with metastatic lesions exhibit heavier patterns of immune

suppression. This progressive, tumor-specific immune tolerance

has been observed in various LN-resident cell types, as

discussed below.

4.2.1 Immunosuppression in CD8+ T cells
As noted earlier, stem-like CD8+ T cells could develop into

transitory effector cells before becoming terminally exhausted.

Using prostate and kidney tumor models, a study showed that all

activated CD8+ T cells in non-metastatic LNs were phenotypically

stem-like (5). However, single-cell RNA-seq performed on tdLNs

from melanoma patients showed increased exhaustion profiles in

CD8+ T cells and a decrease in stem-like CD8+ T cells in metastatic

LNs. The immunotolerant environment in metastatic tdLNs was

further indicated by reduced CD8+ CD69+ and CD4+ CD69+

activated T cells, high PD-1 and CTLA-4 expression, and

increased proportions of CD8+ CD57+ CD27+ PD-1+ effector cells

(100). In addition, single-cell RNA-seq revealed that during LN

metastasis, exhausted CD8+ T cells with high CXCL13 expression

strongly interacted with tumor cells. This promoted tumor cells to

acquire more aggressive phenotypes of extranodal expansion, which

is associated with the poorest outcomes in patients with head and

neck squamous cell carcinoma (101). Taken together, these studies

demonstrate that the presence of tumor cells in the tdLN correlates

with more severely suppressed CD8+ T cell responses.

In line with this, robust T cell responses to ICB seen in non-

metastatic LNs are impaired in metastatic nodes. For HNSCC

patients, Tpex were found to colocalize with DCs, regulatory T

cells (Tregs), and CD4+ T cells exhibiting more immunosuppressive

properties in metastatic vs. non-metastatic tdLNs. As a result, the

expansion and activation of Tpex cell populations are suppressed in

metastatic LNs compared to uninvolved LNs in response to

immunotherapy (102).

4.2.2 Immunosuppression in CD4+ T cells
CD4+ T cells also experience immunosuppression in tdLNs.

Subsets of intratumoral CD4+ T cells were shown to be effectors,

which exhibit anti-tumoral abilities. Th cells could control tumors

by releasing cytokines like tumor necrosis factor (TNF) and IFNg
(103). A subset of cytotoxic CD4+ T cells was shown to kill cancer

cells in an antigen-specific manner (104). However, using a

spontaneous lung adenocarcinoma model, a study showed that

naive tumor-specific CD4+ T cells activated and underwent

proliferation in the tdLN do not differentiate into effectors, as
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1674174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2025.1674174
they either become Tregs or enter a state of anergy from the early

stage of tumor development. Moreover, these anergic cells do not

accumulate in tumors (105). In addition, it is well established that

Tregs enhance both primary tumor growth and the formation of

distant metastasis in many tumors (106, 107). Expansion and

increased suppressive profiles of Tregs following LN metastasis

indicate progressive immunosuppression. Single-cell profiling of

human breast cancer metastatic LNs (108) and an orthotopic

murine model of breast cancer with spontaneous LN metastasis

(109) both found expansion of LN Tregs upon LN metastasis.

Moreover, Tregs isolated from metastatic LNs were more

proliferative and expressed higher costimulatory markers PD-1

and CTLA-4 (108, 109).
4.2.3 Immunosuppression in dendritic cells
It is also evident that DCs are suppressed in tdLNs. LN rDCs

were critical for activating CD8+ T cells (110). However, LN

resident DCs in the context of tumor exhibited suboptimal

priming abilities compared with those in viral infection (111).

Flow cytometric profiling of DCs from tdLNs also revealed

impaired maturation in melanoma (112) and breast cancer

patients (93). Progressive suppression of DCs was also notable.

While intratumoral stem-like CD8+ T cells acquire dysfunctional

features and decrease in number as tumors progress, their frequency

in the tdLN remains stable. This reservoir of stem-like CD8+ T cells

is maintained by cDC1s in tdLNs, which were shown to decrease in

number with tumor progression (113). In addition, both migratory
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DCs (mDCs) and rDCs are polarized toward a cDC2 type in

metastatic LNs, which expresses higher levels of PD-L1 compared

with cDC1s (107).

4.2.4 Immunosuppression in B cells
Although less well-characterized than adaptive responses,

recent evidence indicates suppressed humoral immunity inside

tdLNs. Unsupervised graph clustering found a cluster of TIM-1+

B cells that poorly infiltrated the tumor but preferentially

aggregated within the tdLN in melanoma. These cells express

high levels of various co-inhibitory and immunoregulatory

molecules that are usually detected on T cells, and their selective

deletion substantially enhanced the type 1 IFN response in B cells,

enhanced effector T cell responses, and inhibited tumor growth

(114). High accumulation of IL-10-producing regulatory B cells and

plasmablasts was also found within tdLNs (115). Progressive

suppression of humoral immunity is also observed in tdLNs. In

mice with LN metastasis, T to B cell ratio reductions were observed

in involved versus uninvolved nodes (107). In addition, LNs

identified as non-metastatic by pathological examination had

increased B cells of regulatory phenotype in node-positive breast

cancer pat ients compared with pat ients without LN

involvement (116).

4.2.5 Immunosuppression in myeloid cells
Myeloid cells inside tdLNs, such as macrophages and

neutrophils, are also immunosuppressed. In metastatic LNs,
TABLE 1 Immunological alterations in lymph node pre-metastatic niches.

Cell type Alteration Tumor type(s)

Various types

Copy number aberrations and ectopic KLK3 expression in immune cells, leading to
micrometastases (91)

Prostate cancer

Production of S1PR1/STAT3-activating factors by various cells, which enables myeloid
cell colonization and consequent metastasis (92)

Melanoma and bladder cancer

Increased activity of MDSCs (93) Breast cancer

T cell
Lower levels of Th1 response (94) Breast cancer

Increased Treg activity and general anergy of T cells (93) Breast cancer

B cell
B cell recruitment and proliferation; production of antibodies targeting HSPA4/ITGB5
that can activate Src/NF-kB signaling within tumor cells, ultimately supporting
metastasis (8)

Breast cancer

DC

Decreased maturation and impaired activation (94) Breast cancer

Induction of Treg recruitment via COX-2/EP3/SDF-1 production (95) Lewis lung carcinoma

Accumulation of TAMs, resulting in increased VEGF and MMP production and IL-10
release (96)

Gastric cancer

Increased PD-L1 expression on macrophages (97) Non-small-cell lung cancer

Fibroblasts IL-8 production by CAFs induces CD8+ T cells to upregulate PD-1 (92) Gastric cancer

Neutrophils

Expansion and polarization of neutrophils in a granulocyte colony-stimulating factor-
dependent manner, suppressing CD8+ T cells activity and promoting metastasis (98)

Spontaneous breast cancer

Increased deposition of NETs, which promote LN metastases (99)
Melanoma and lung adenosquamous
carcinoma
CAF, cancer-associated fibroblasts; DC, dendritic cell; MDSC, myeloid-derived suppressor cell; MMP, matrix metalloprotein; NET, neutrophil extracellular trap; PD-1, programmed death 1;
TAM, tumor-associated macrophages; Th1, T helper type 1; Treg, regulatory T cell; VEGF, vascular endothelial growth factor.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1674174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2025.1674174
TABLE 2 Immune regulation by neurotransmitters.

Neurotransmitter
/neuropeptide

Cellular origins Receptors Signaling Immune regulation

NMU

CNS of rat, mouse, and human; GIT
of rats, pigs, and humans (submucosal
and myenteric plexuses) (122); gut
and ventromedial hypothalamus of
rats (123); cholinergic neurons in GIT
and lung of mice (124); thoracic DRG
neurons of mice (125)

NMUR1 and
NMUR2 in
humans

Ca2+-calcineurin-NAFT
and MAPK in mice
(124)

Promote mast cell-mediated inflammation in
mice (126) and humans (127)

Promote ILC2 activation, induce protective type
2 responses (124) and allergic lung inflammation
(125), all in mice

Activate eosinophils and promote mucosal
immunity in mice (25)

CGRP

CNS (brain and spinal cord) and TG
of rat (128); NaV1.8+ nociceptors in
meninge (129), skin (130), lung (131),
LN (30), spleen (22), and colon (132)
in mice; CD4+T cells in humans (133)

RAMP1,
RAMP2, and
RAMP3 in
mice and
humans (134)

PLCb-Ca2+-PKC in
mice and humans; AC-
cAMP-PKA in mice,
rats, and humans (135)

Suppress the recruitment of monocytes and
neutrophils in S. aureus infection in mice (16)

Suppress neutrophil and T cell responses in lung
infections (131)

Act on B cells to promote germinal center
responses and humoral immunity (22)

Suppress ILC2 function, constrain allergic airway
inflammation (24) and worm expulsion (136)

Trigger protective innate type 17 immunity (137)

Produce memory Th2 cells and induce
conjunctival itch (133)

Attract DCs and enhance DCs’ inflammatory
responses in mice (138)

Impair efferocytosis and increased endometrial
cell growth in macrophages in mice (139)

VIP

Brain interneurons in mice (140);
enteric nerves in humans (141) and
mice (142); sensory neurons in mice
(143); sensory fibers in both central
(thymus) and peripheral (spleen,
lymph nodes, and mucosal-associated
lymphoid tissue) lymphoid organs
(144)

VPAC1,
VPAC2, and
PAC1 in
humans

AC-cAMP-PKA in mice
(145)

Inhibit production of IL-22 by ILC3 in mice
(142).

VIP-R antagonist improves T cell recruitment
and activation in tumor-bearing mice (146).

Dampen Th1 responses by inhibiting effector T
cells and boosting regulatory T cells, relieving
ICB-induced pneumonitis in humans (147)

VIP+ sensory neuron ablation reduces B cell
numbers, IgG release, and neutrophil stimulation
in mice (143).

Reduce proinflammatory serum cytokines IL-6
and IL-12 (148).

SP
TRPV1+ sensory neurons in mice
(149); nasal epithelial cells in mice and
humans (150)

NK1, NK2,
and NK3 in
humans

AC-cAMP-PKA in mice
(151)

Induced DC migration to the LN, where they
initiate Th2 differentiation in mice (149)

Induce mast cell degranulation in mice (152)

Mediate plasma extravasation, neutrophil
recruitment, and diapedesis in mice (153)

NE
Adrenal medulla and postganglionic
sympathetic neurons in humans and
mice (154)

a1-, a2-, and
b-AR in
humans

AC-cAMP-PKA in mice
and humans (155)

Limit immune cell extravasation in mice (156)

Attenuate the innate antiviral response in mice
(155).

Attenuated noradrenergic input induces less
immunosuppressive MDSCs in mice (157)

Induce proinflammatory changes in monocytes
in humans (158)

Triggers myeloid progenitor proliferation and
differentiation in mice (159)

(Continued)
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macrophages increase fraction and total number and exhibit

elevated PD-L1 expression (107). Single-cell profiling revealed

increased infiltration of fibroblasts and macrophages with tumor

progression. These cells interacted with each other or with tumor

cells to shape a desmoplastic microenvironment and reprogram

malignant cells to promote tumor progression (101). In mice with

LN metastases, neutrophils exhibit gene expression profiles

associated with immature or immunosuppressive phenotypes (107).
4.2.6 Immunosuppression in lymphatic
endothelial cells

LECs in tdLNs have recently been recognized as direct

regulators of tumor immune suppression. Loss of VE-cadherin

expression in tdLN LECs increases lymphatic permeability, which

was associated with increased visceral metastasis in melanoma

patients (117). In the steady state, presentation of peptides

derived from peripheral tissue self-antigens by LN LECs to CD8+

T cells contributes to the establishment of peripheral self-tolerance,

and this mechanism is leveraged by tumor cells. A study observed

uptake of melanoma extracellular vesicles (EVs) by LN LECs, which

transfers tumor antigens to tolerogenic LN LECs, impairing CD8+

T-cell responses in those LNs (118). Another study showed that

LECs restrain tumor-specific immunity via PD-L1 expression, with

lymphatic PD-L1 deficiency resulting in consistent expansion of

tumor-specific CD8+ T cells in tdLNs (119).
4.2.7 Immunosuppression in fibroblastic reticular
cells

FRCs residing in tdLNs also exhibit immunosuppressed

profiles. Pathway analysis of deregulated genes in tdLNs suggests

that FRCs undergo a metabolic shift toward oxidative

phosphorylation, which is accompanied by a decrease in cytokine

and chemokine responses (120). In metastatic LNs, researchers

identified four cancer-associated fibroblast (CAF) subpopulations.

Among these, the two most abundant CAF subsets are associated

with cancer cell invasion. One is shown to promote cancer cell

migration and triggers epithelial-to-mesenchymal transition, and

the other facilitates cancer cell invasion and is positively associated

with distant metastases (121).
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5 Neural regulation of immune cell
activities in the tumor
microenvironment

Neuropeptides and neurotransmitters from sensory and

sympathetic neurons, including NMU, CGRP, VIP, SP, and NE,

were shown to control immune cell activities, as summarized in

Table 2. Notably, neural regulation of immune cell activities is

extensively studied in the TME, dependent and independent of

neuropeptides and neurotransmitters.

Nerves can promote tumor immune evasion independent of

neurotransmitters. In cutaneous squamous cell carcinoma, cancer

cells induce nerve damage by degrading the myelin sheath,

activating immune-suppressive pathways involving M2

macrophages and Tregs, ultimately diminishing the efficacy of

anti-PD-1 therapy (160). Further, Schwann cells (SCs) drive CAFs

toward a more malignant inflammatory phenotype via IL-1a
signaling (161). In addition, in prostate cancer, tumor-infiltrating

nerves express high levels of PD-L1, which correlates with reduced

CD8+ T-cell presence and increased recurrence rates (162).

Regulation of immune cells in the TME by autonomic nerves has

been extensively studied. Vagally modulated memory T cells release

TFF2 to suppress the expansion of myeloid-derived suppressor cells

(MDSCs) (163). In a mouse model of breast cancer, both stress-

induced and pharmacologic b-adrenergic activation can induce

macrophage infiltration into tumor parenchyma and differentiation

into the immunosuppressive M2 phenotype. This resulted in increased

expression of tumor growth factor (TGF)-b, vascular endothelial

growth factor (VEGF), and matrix metalloprotein 9 (MMP-9) that

enhanced angiogenesis and metastasis (164). As monotherapies, a2-
adrenergic receptor agonists were found to enhance the ability of

macrophages to activate T cells and demonstrated robust anti-tumor

activity in multiple immunocompetent mouse models, including in

models of ICB-resistant cancer and mice transplanted with human

cancer cell xenografts and reconstituted with human lymphocytes

(165). In various human and mouse tumors, exhausted CD8+ T cells

upregulate the adrenoceptor beta 1 (ADRB1) gene, which programs b-
adrenergic receptors, and are often distributed near sympathetic nerves.

The exhaustion state can be induced when ADRB1-expressing CD8+ T
TABLE 2 Continued

Neurotransmitter
/neuropeptide

Cellular origins Receptors Signaling Immune regulation

Inhibit CD8+ and CD4+ T cell locomotion,
impair T cell responses to infections and tumors
in mice (35)
AC, adenylyl cyclase; AR, adrenergic receptor; cAMP, cyclic adenosine monophosphate; CGRP, calcitonin gene-related peptide; CNS, central nervous system; DC, dendritic cell; DRG, dorsal root
ganglia; GIT, gastrointestinal tract; ICB, immune checkpoint blockade; IL, interleukin; ILC, innate lymphoid cell; LN, lymph node; MAPK, mitogen-activated protein kinase; MDSC, myeloid-
derived suppressor cell; NE, norepinephrine; NFAT, nuclear factor of activated T cell; NK1/2/3, neurokinin 1/2/3; NMU, neuromedin U; NMUR1/2, NMU receptor 1/2; PAC1, procaspase
activating compound 1; PLC, phospholipase C; PKA, protein kinase A; PKC, protein kinase C; RAMP1/2/3, receptor-activity-modifying protein 1/2/3; S.aureus, Staphylococcus aureus; SP,
substance P; Th, helper T cell; TRPV1, transient receptor potential vanilloid subfamily type 1; VIP, vasoactive intestinal peptide; VIP-R, VIP receptor; VPAC1/2, vasoactive intestinal peptide type
1/2.
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cells are exposed to catecholamines. Combining b-blockers with ICB

enhanced CD8+ T cell responses in ICB-resistant pancreatic cancer

mouse model and melanoma treatment (166). In colorectal cancer, NE

induces adrenoceptor beta 2 (ADRB2)-dependent nerve growth factor

(NGF) secretion from CAFs, which in turn increases intra-tumor

sympathetic innervation and NE accumulation, leading to tumor cell

growth and worse prognosis (167). Sciatic nerve stimulation enhances

natural killer (NK) cell cytotoxicity through dopamine signaling in

triple-negative breast cancer, improving the efficacy of ICB (168).

Sensory regulation of immune activity was also extensively

studied. B16F10 melanoma cells induce nociceptor neurons to

secrete CGRP, which induces exhaustion in receptor activity-

modifying protein 1 (RAMP1)-expressing CD8+ T cells (169).

Single-cell RNA-seq revealed that RAMP1-expressing CD8+ T

cells exhibited greater exhaustion in melanoma, and the

heightened expression of RAMP1 in these CD8+ T cells was

linked to a diminished responsiveness to ICB (170). In addition,

CGRP acts via RAMP1 on neutrophils, monocytes, and

macrophages to inhibit recruitment, accelerate death, enhance

efferocytosis, and polarize macrophages towards a pro-repair

phenotype, potentially promoting tumor progression (130). VIP

was observed at elevated plasma levels in patients with pancreatic

ductal adenocarcinoma. VIP receptor (VIPR) was more prevalent in

activated T cells. Inhibition of VIPR signaling boosted anti-tumor

immunity, especially when combined with anti-PD1 treatment

(146). Expression of CGRP in medullary thyroid cancer is

associated with abnormal development of DCs characterized by

activation of cAMP-related pathways and high levels of Kruppel

Like Factor 2, and impaired activity of tumor-infiltrating T

cells (171).
6 Tumor-nerve interactions

Apart from interactions between nerves and immune cells,

active tumor-nerve interplays have been documented in the TME.

Cancer remodels the nervous system and induces neural excitation,

facilitating oncogenesis, tumor growth, and metastatic

spread (Figure 3).
6.1 Neural remodeling in the tumor
context

Nerves directly innervating or in proximity to the TME undergo

various modifications, including neurogenesis , neural

reprogramming, and tumor-associated axonogenesis, as

detailed below.

Neurogenesis, which is characterized by an increased number of

neurons, can occur in tumor innervation. Neural progenitors

originating from the CNS infiltrate prostate tumors and

metastases, where they initiate neurogenesis and promote tumor

growth and metastasis (172). In olfactory neuroblastoma, the

olfactory epithelium undergoes neuronal regeneration from basal

stem cells (173). Additionally, cancer stem cells derived from
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patients’ gastric and colorectal carcinomas have been shown to

differentiate into TH-producing sympathetic neurons and vesicular

Ach transporter-producing parasympathetic neurons. These

neurons communicate reciprocally with cancer cells within

xenografts, facilitating tumor growth (174).

Neural reprogramming, or the transformation between nerve

types, has also been observed in tumor settings. Transcriptome

analysis of cancer-associated trigeminal sensory neurons in mouse

models of oral cancer revealed an adrenergic differentiation

signature. Loss of TP53 leads to adrenergic transdifferentiation of

tumor-associated sensory nerves via the downregulation of miR-

34a. This reprogramming plays a crucial role in tumor progression,

as tumor growth is inhibited by sensory denervation or

pharmacological blockade of adrenergic receptors, but not by

chemical sympathectomy of pre-existing adrenergic nerves (175).

Tumor-associated axonogenesis, involving nerve enlargement

or increased nerve density, is one of the most extensively studied

neural modifications in cancer. Tumor cells can promote nerve

growth through the secretion of chemical factors. For example, DU-

145 prostate cancer cells express semaphorin 4F, which induces

neurite sprouting and elongation (176). NGF overexpression within

the gastric epithelium expanded enteric nerves and promoted

carcinogenesis (177). Brain-derived neurotrophic factor (BDNF),

induced by noradrenergic signaling, stimulates axonogenesis

through Trk receptors in pancreatic (178), ovarian (179), and

colon cancers (179).
6.2 Tumor-induced neural excitation

Tumor-derived factors have been shown to induce neural

excitation. Melanoma cells interact with nociceptor neurons by

secreting secretory leukocyte protease inhibitor (SLPI), a small

peptide that promotes neurite outgrowth, enhances responsiveness

to noxious ligands, and stimulates the release of the neuropeptide

CGRP (169). Similarly, breast cancer cells have been shown to trigger

spontaneous calcium activity in sensory neurons, though the

underlying mechanism remains unclear (28). In the low-glucose

environments of oral mucosal carcinomas and melanoma, cancer

cells respond to nutrient starvation by secreting NGF, which

stimulates nociceptive neurons to release CGRP. Elevated CGRP

levels subsequently promote tumor progression (180). Interestingly,

recent studies suggest that blood-borne tumor-derived leukemia

inhibitory factor (LIF) and galectin-3 (Gal3) may excite the

paraventricular nucleus of the hypothalamus, leading to increased

sympathetic signaling (181).
6.3 Neural regulation of tumor activities

Conversely, neural signals have been shown to control tumor

activities in both CNS and periphery tumors. Neuronal activity

driven by neurofibromatosis 1 (NF1) mutation drives the initiation

of optic glioma (182). Insulin-like growth factor 1 (IGF1), a neuronal

activity-regulated paracrine signaling molecule, mediates olfactory
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sensory experience-dependent initiation of olfactory bulb high-grade

glioma (183). Moreover, neuronal activity promotes glioma growth

through neuroligin-3 secretion (184). Beyond the CNS, many studies

have also demonstrated neural regulation of tumor pathogenesis. A

recent study showed that sympathetic nerve fibers are enriched in

mouse small cell lung cancer (SCLC) and promote tumor growth by

activating protein kinase A (PKA) signaling (185). Perineural

invasion is commonly seen in pancreatic ductal adenocarcinoma

(PDAC), and has been shown to trigger proliferation and migration

of pancreatic cancer cells and induce angiogenesis (186). A recent

study further validated Neural regulation in PDAC by characterizing

single sympathetic and sensory neurons (187). Additionally,

adrenergic stimulation accelerates colorectal cancer growth through

activation of Yes-associated protein (YAP) (167), and 5-

hydroxytryptamine produced by enteric serotonergic neurons

initiates colorectal cancer stem cells (188). Furthermore,

hyperexcitation of DRG sensory neurons can drive the

development of peripheral nerve sheath tumors (189). Nerves also

regulate tumors indirectly via non-tumor cells in the TME. In
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colorectal cancer, NE induces ADRB2-dependent NGF secretion

from CAFs, which directly enhances colorectal cancer cell growth

via the phosphatidylinositol-3-kinase/AKT pathway (167).
7 Potential tumor-neuro-immune
interactions in tumor-draining lymph
nodes

Tumor cells, nerves, and immune cells coexist inside tdLNs,

where anti-tumor immunity is initiated and compromised.

Although validation is needed, accumulating evidence suggests

that tumor-neuro-immune interactions may take place in tdLNs.

Tumor-derived factors may cause remodeling and/or stimulation

of LN-innervating fibers. Sensory innervation often increases at sites of

inflammation (190), and lipopolysaccharides (LPS) challenge leads to a

consistent two-fold increase in sensory fiber content in draining LNs

(30). However, this increase is independent of direct recognition of
FIGURE 3

Tumor-induced neural remodeling. (A) Neural remodeling, including neurogenesis, neural reprogramming, and axonogenesis, happens in the tumor
context. (B) Tumors can induce neural excitation in both the CNS and the periphery. (C) Conversely, neural signals control tumor activities directly
via neurotransmitters/neuropeptides and indirectly by influencing other cells inside the TME. BDNF, brain-derived neurotrophic factor; CAF, cancer-
associated fibroblast; CGRP, calcitonin gene-related peptide; CNS, central nervous system; Gal3, galectin-3; LIF, leukemia inhibitory factor; NE,
norepinephrine; NGF, nerve growth factor; PKA, protein kinase A; SLPI, secreting secretory leukocyte protease inhibitor; TH, tyrosine hydroxylase.
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TLR ligands by sensory neurons (30), suggesting that LN expansion

may be a shared feature of inflammatory responses of various origins.

During tumor progression, tumor cells and immune cells release a

cocktail of factors, including cytokines, histamine, lipids, and growth

factors (191), whose receptors are located on nociceptive sensory

neurons (192). Many of these factors have been found in tdLNs, as

summarized in Table 3, suggesting potential nociceptor activation.

Moreover, tumor-derived EVs (tdEVs) are now recognized as

mediators of LN remodeling (118), immunosuppression inside LNs

(118), and LN metastasis (99, 197). TdEVs have been shown to induce

neurite outgrowth and neural excitation. They can induce the

expression of various cytokines and chemokines by immune and

nonimmune cells (198). Moreover, tdEVs were shown to recruit

nerves by delivering neurotrophic factors. Genetically aberrant, p53-

knockout or -mutant oral squamous cell carcinoma cells release tdEVs

that promote axonogenesis in DRG (175). In cervical cancer, sensory

axonogenesis is enhanced by exosome-packaged EphrinB1, an axonal

guidance molecule (199). In pancreatic cancer mouse models,

extracellular vesicle-packaged PNI-associated transcript (PIAT) from

CAFs mediates m5C modification, driving nerve infiltration into

tumors (200). Since tdLNs are densely innervated and enriched with

tdEVs, the observed alterations in tdLNs may result from tdEV-

induced neural activities.

Beyond chemical stimuli, physical factors may also contribute to

sensory nerve activation within tdLNs. Elevated solid stress has been

shown in tdLNs of multiple tumor types in mouse models as well as

human patients (201). Notably, within an LN, SCS is the region with

the highest pressure (202), and SCS thickness increases most

significantly during inflammation or tumor drainage (203). SCS is

the first site of LNmetastasis (204), and dilation of the SCS—initiating

at its junctions with afferent lymphatic vessels—precedes the arrival of

tumor cells (204). Given the dense capsular/subcapsular sensory

network in LNs, pressure-induced activation of sensory nerves may

represent a mechanism underlying early immunosuppression in

tdLNs. Interestingly, while nociceptors innervating LNs are mainly

peptidergic (30), some studies have reported the presence of Pacinian

corpuscles, mechanoreceptors associated with blood vessels, in the
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hilar region of LNs resected from cancer patients (205). Although their

precise functions remain unclear, it is plausible that these

mechanoreceptors could detect pressure changes in enlarged tdLNs.
8 Current perspectives on lymph node
handling in cancer therapy and clinical
implications

Extensive research has been conducted regarding LN handling in

cancer therapy. To what extent tdLNs should be removed, if at all,

remains controversial (11, 206–208). Even when metastasis is already

present in tdLNs, extensive LN dissection does not appear to confer

additional survival benefits (209). In addition, studies are increasingly

focused on leveraging LNs to combat tumors, both in traditional

immunotherapies and novel LN-targeted treatments. In murine

models, neoadjuvant ICB (ICB conducted before surgery) has

demonstrated improved cure rates compared to adjuvant ICB (ICB

conducted after surgery) (12). In line with this, neoadjuvant anti-PD-

1 therapy significantly improves pathological complete response rates

and event-free survival in patients with various malignancies (13).

Moreover, radiation of LNs before ICB also disrupts responses to ICB

in preclinical models (210). As noted earlier, Tpex cells are less

responsive to ICB in involved LNs, and tdLNs experience progressive

immunosuppression with tumor progression. Therefore, it has been

proposed that LN resection may be beneficial for late-stage cancers,

while preserving tdLNs in earlier stages may improve outcomes,

warranting further research (4, 10). Interestingly, a recent study

showed that prophylactic lymphangiogenesis was associated with

enhanced tumor eradication, which was associated with an increase

in immunocompetent cells in the deep cervical LNs (211), linking

tdLNs with tumor prevention.

Current research is further looking into the clinical values of

tdLNs. TdLN-targeted therapies have yielded promising results,

especially. In mouse models, targeted delivery of ICB to tdLNs

enhances therapeutic efficacy (14, 77). In line with this, clinical
TABLE 3 Nociceptor-activating immune molecules inside tdLNs.

Immune
molecule

Cellular
origin

Tumor types
Receptors in DRG

neurons
Neural stimulatory effects

GM-CSF (1) Tumor cells Fibrosarcoma in mice Csf2ra, Csf2rb
Increase mechanical and thermal hypersensitivity
(193)

IL-3 (1) Tumor cells Fibrosarcoma in mice IL-3ra, Csf2rb Induce neuroprotection (192)

IL-10 (194) NA Melanoma in humans NA Downregulate mechanical sensitivity (192)

IL-4 (71) Tfh Colorectal cancer in mice IL-4ra Activate sensory neurons (195)

IL-33 (196) MSMs
Melanoma in mice and
humans

NA
Mediate articular and cutaneous hypernociception
(192).

CCL21 FRCs (7) Melanoma in mice NA Increase intracellular Ca2+ (192)

IL-1 Tumor cells (90) Melanoma in mice IL1r1, IL1r2 Augment neuron excitability (192)

IFNg CD8+ T cells (79) Melanoma in mice NA Induce mechanical hypersensitivity (192)
Csf2ra/b, colony-stimulating factor 2 receptor a/b; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNg, interferon-gamma; IL, interleukin; IL1r1/2, IL-1 receptor 1/2; IL-3/4ra, IL-
3/4 receptor a; MSM, medullary sinus macrophage; NA, not available; Tfh, follicular helper T cell.
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trials using intradermal administration of immune adjuvants or ICB

to enhance LN priming of anti-tumor responses have shown

promising results (15, 212). As proposed in this review, tripartite

tumor-neuro-immune crosstalk potentially exists inside tdLNs.

Although the impact of nerve ablation or nerve growth promotion

on tumor progression—both positive and negative—has been

extensively investigated in animal models and clinical studies (26,

27), targeting tdLN-innervating fibers may be a promising new

direction. Notably, simultaneous targeting of both sympathetic and

sensory nerves would be necessary. Since tumor-associated sensory

neurons can be reprogrammed toward an adrenergic phenotype

(175), compensatory reprogramming of the remaining neurons

may occur following selective ablation of one neural subtype.
9 Conclusions

In conclusion, we have highlighted the interactions between the

nervous system, LNs, and malignancies. Recent progress in cancer

neuroscience and oncoimmunology has shed light on the nerve-

immune and tumor-nerve interplays almost exclusively within

tumors (26, 27). In contrast, the roles of LNs in tumor immunity

and cancer immunotherapy have long been less investigated. TdLNs

have multifaceted roles in tumor immunology, including orchestration

of anti-tumor immunity and local immunosuppression, pre-metastatic

LN remodeling, and induction of systemic tumor-specific immune

tolerance (87, 88, 107, 118). Recent studies revealed that LNs are

densely innervated by sensory and sympathetic nerve fibers (28, 30). In

addition, immune activities, especially those within LNs and those

associated with a tumor context, are regulated by neurotransmitters

including NMU, CGRP, VIP, SP, and NE (22, 24). Moreover, intricate

interplay exists between tumors and nerves, including neural

remodeling, tumor-induced neural activation, and neural regulation

of tumor activities (165, 185, 200). Collectively, tripartite tumor-neuro-

immune interactions may exist within tdLNs, potentially associated

with anti-tumor immunity and tumor immune evasion. Further

studies are needed to validate this hypothesis. This should involve

primary evidence, such as transcriptomic mapping to show spatial co-

localization of tumor cells, neural terminals, and immune cells, or

functional validation of paracrine circuits through ex vivo tdLN co-

culture systems. Ultimately, studies exploring the relationships

between LN innervation, anti-tumor immunity, and tumor immune

evasion can facilitate optimal LN handling in cancer therapy and

inspire better therapeutic strategies.
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