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Abstract

Immune checkpoint inhibitors (ICIs) are now being introduced into perioperative treatment

for several solid tumors. This strategy is usually explained by tumor reduction before

surgery or by the elimination of minimal residual disease (MRD) after surgery. However,

these explanations may not be sufficient to understand why the timing of ICI treatment,

especially before lymph node (LN) removal, is important. In this review, we discuss

tumor-draining lymph nodes (tdLNs) from two different aspects. tdLNs are anatomical

routes for regional and distant metastasis, but they are also sites where tumor antigens are

presented and tumor-specific T cell responses are generated. In particular, preclinical and

translational studies suggest that tdLNs may maintain stem-like or progenitor-exhausted T

cells (TPEX) that can respond to PD-1 blockade and supply more differentiated exhausted

T cells to tumor sites. However, current clinical trials of perioperative ICIs demonstrate

therapeutic benefit in specific diseases and regimens, but do not directly establish tdLN

preservation or tdLN-resident TPEX maintenance as the decisive mechanism of efficacy. We

therefore present the tdLN-reservoir model as a hypothesis-generating framework rather

than as a clinically validated basis for modifying lymph node management. We also discuss

the possible roles of neoadjuvant and adjuvant ICI in relation to antigen flow, minimal

residual disease, metastatic-site draining LNs, postoperative lymphatic dysfunction, and

future immune-guided clinical trials. Importantly, current evidence does not support

altering standard lymph node surgery or radiotherapy solely to preserve putative tdLN

immune-reservoir function.

Keywords: tumor-draining lymph node; perioperative immunotherapy; immune checkpoint

inhibitor; neoadjuvant immunotherapy; adjuvant immunotherapy; T cell exhaustion;

progenitor-exhausted T cells; TPEX/TEX; lymph node surgery; immune surveillance

1. Introduction: Perioperative Immunotherapy Across Solid Tumors

Immune checkpoint inhibitors (ICIs) have become an important component of cancer

treatment, initially in advanced or metastatic disease and more recently in earlier-stage,

potentially curable tumors. This shift has led to growing interest in neoadjuvant and

perioperative immunotherapy across several solid tumors. Neoadjuvant therapy refers to

systemic or local treatment administered before definitive surgery. In the context of ICI,

neoadjuvant treatment refers to immune checkpoint blockade given before tumor resection,

with the conventional clinical objectives of reducing tumor burden, facilitating complete
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surgical removal, and enabling early pathological response assessment. In addition to

these clinical objectives, neoadjuvant ICI may have an immunological role because it is

delivered while tumor-derived antigen flow, lymphatic drainage, and regional immune

architecture are still at least partially preserved [1–4].

Clinical evidence for perioperative ICI has increased in multiple tumor types. In

melanoma, the SWOG S1801 trial showed that pembrolizumab given before and after

surgery improved event-free survival compared with the same drug given only in the

adjuvant setting, indicating that treatment timing itself can affect clinical outcome [5].

The NADINA trial further supported the value of a neoadjuvant approach by showing

favorable outcomes with neoadjuvant ipilimumab plus nivolumab followed by surgery

and response-driven adjuvant therapy in resectable stage III melanoma [6]. In non-small

cell lung cancer (NSCLC), KEYNOTE-671 demonstrated clinical benefit from perioperative

pembrolizumab combined with chemotherapy in resectable disease [7]. Together, these

findings suggest that perioperative ICI is not a disease-specific strategy, but an emerging

therapeutic framework for solid tumors [4].

These clinical results raise an important mechanistic question: why should the admin-

istration of ICIs before the removal of the primary tumor and regional lymph nodes (LNs)

be advantageous? One possible explanation is that the primary tumor and tumor-draining

lymph nodes (tdLNs) are not merely surgical targets, but also active sites involved in the

generation and regulation of antitumor immunity [8–10]. tdLNs are traditionally regarded

as sites of lymphatic metastasis, and experimental studies have shown that tumor cells

within LNs can enter nodal blood vessels and disseminate to distant organs [11,12]. At the

same time, tdLNs are sites where tumor antigens are presented and tumor-specific T cell

responses are initiated or maintained. This dual role of tdLNs as metastatic gateways and

immune reservoirs is illustrated in Figure 1. In particular, studies of PD-1/PD-L1 blockade

have shown that tdLNs can be critical for therapeutic efficacy and that checkpoint inter-

actions within tdLNs regulate antitumor T cell immunity [8,9]. Therefore, perioperative

immunotherapy should be considered not only as systemic drug treatment given around

surgery, but also as a timing-dependent immune intervention that is influenced by whether

the primary tumor and tdLN network remain intact.

Figure 1. Dual roles of tumor-draining lymph nodes as metastatic gateways and immune reser-

voirs. Tumor-draining lymph nodes (tdLNs) have two opposing but closely connected biological

roles in cancer. (A) As metastatic gateways, tumor cells from the primary lesion can enter afferent
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lymphatic vessels and migrate to regional tdLNs, where they may survive and form nodal metastases.

Tumor cells within metastatic LNs can further gain access to nodal blood vessels, including high

endothelial venules (HEVs), and disseminate to distant organs. Thus, tdLNs may serve not only as

regional metastatic sites but also as anatomical intermediates linking lymphatic spread to systemic

dissemination. (B) As immune reservoirs, the same lymphatic route transports tumor antigens and

antigen-bearing dendritic cells (DCs) from the tumor bed to tdLNs. Within tdLNs, conventional type

1 DC (cDC1)-mediated antigen presentation promotes tumor-specific T cell priming and supports

the maintenance of progenitor-exhausted T cells (TPEX). These cells can exit tdLNs and give rise

to more differentiated exhausted T cells (TEX) that traffic to primary tumors and micrometastatic

lesions. This dual role provides a conceptual basis for understanding why the timing of immune

checkpoint inhibition relative to tumor and LN removal may influence antitumor immunity.

2. Scope and Levels of Evidence

2.1. Novelty and Scope of This Review

Prior reviews have established the dual role of tdLNs as sites of metastatic dissemi-

nation and systemic immune surveillance. Therefore, the novelty of this review is not to

reintroduce tdLN biology itself, but to integrate tdLN immune-reservoir concepts with

the timing of perioperative ICI, nodal surgery, radiotherapy, postoperative lymphatic

dysfunction, MRD control, and response-adapted trial design. In this sense, we use the

term “reframing” in a limited and translational manner: tdLNs are discussed as clini-

cally accessible immune tissues that may help interpret perioperative treatment timing,

rather than as a newly discovered mechanism or as a validated basis for changing current

nodal management.

2.2. Literature Search Strategy

This article is a narrative and hypothesis-generating review rather than a systematic

review, bibliometric analysis, or meta-analysis. Relevant publications were identified

through targeted searches of PubMed using combinations of terms related to perioperative,

neoadjuvant, and adjuvant immune checkpoint inhibition; tumor-draining lymph nodes;

T-cell exhaustion; progenitor-exhausted T cells; PD-1/PD-L1 blockade; and individual

tumor types. The search covered publications indexed in PubMed through 15 June 2026.

Reference lists of key publications were also manually examined to identify additional

relevant studies.

For the clinical sections, we prioritized pivotal or practice-informing prospective

phase II and phase III trials representing major neoadjuvant, adjuvant, or perioperative

ICI strategies across different tumor types. For the mechanistic sections, we selected

seminal and influential primary studies that established or substantially advanced the

concepts of tdLN-dependent antitumor immunity, PD-1-responsive progenitor-exhausted

T cells, and the TPEX/TEX continuum, together with recent translational studies directly

relevant to perioperative immunotherapy. Studies were selected on the basis of their direct

relevance and conceptual contribution to the questions addressed in this review, rather than

with the aim of providing an exhaustive enumeration of all published studies. Duplicate

publications, conference abstracts without a corresponding peer-reviewed full-text article,

studies without direct relevance to the scope of this review, and reports focusing exclusively

on advanced unresectable disease without clear relevance to perioperative treatment were

generally excluded. No formal Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA)-based study-selection procedure, risk-of-bias assessment, or

quantitative meta-analysis was performed.

Generative AI tools, including ChatGPT and OpenAI image-generation tools, were

used to assist with language editing and the development and refinement of conceptual

figure illustrations. These tools were not used to determine study eligibility, select the cited
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evidence, interpret the scientific findings, or generate the conclusions of this review. All

scientific content, the literature selection, figure labels, and final figure compositions were

critically reviewed, revised, and approved by the authors, who take full responsibility for

the manuscript.

2.3. Evidence Framework

Perioperative ICI is now supported by clinical evidence in selected solid tumors,

but the mechanistic basis of its benefit remains incompletely defined. In particular, most

clinical trials were designed to test treatment efficacy, not to determine whether tdLN

preservation, tdLN-resident progenitor-exhausted T cells, or nodal immune reservoirs are

required for therapeutic response. Therefore, it is important not to conflate clinical efficacy

with mechanistic proof.

In this review, we use the tdLN immune-reservoir model as a hypothesis-generating

framework to interpret perioperative immunotherapy. To avoid overstating the current

evidence, we distinguish four levels of support: established clinical evidence, preclinical

mechanistic evidence, translational inference, and speculative future clinical application.

This distinction is particularly important because the concept may have implications

for lymph node surgery, radiotherapy, and perioperative treatment design. The major

claims discussed in this review are therefore categorized according to their current level of

evidence in Table 1.

Table 1. Levels of evidence supporting major claims related to the tdLN immune-reservoir hypothesis

in perioperative ICI.

Claim Evidence Level Current Support Limitation

Perioperative ICI improves
outcomes in selected cancers

Clinical evidence Phase II/III trials
Cancer-type and
regimen dependent

tdLNs support antitumor
T-cell priming

Preclinical/mechanistic
evidence

Mouse and translational
studies

Human longitudinal
validation limited

tdLN TPEX reservoirs
contribute to PD-1 response

Translational inference
Supported by TCF1+

CD8 biology
Not consistently proven
across human cancers

Nodal surgery timing may
influence ICI efficacy

Speculative future
application

Biologically plausible
Should not alter standard
care outside trials

2.4. Translational Limitations and Clinical Caution

This evidence framework should be kept in mind throughout the review. The clinical

efficacy of perioperative ICI in selected cancers is supported by prospective trials, whereas

the tdLN–TPEX/TEX framework remains a mechanistic model derived mainly from pre-

clinical and translational studies. Thus, concepts such as tdLN preservation, nodal immune

reservoirs, and immune-guided lymph node management should be interpreted as research

hypotheses rather than as clinical recommendations.

More specifically, tdLN-resident TPEX-like populations have not been consistently

validated across all human cancer types, and longitudinal clinical datasets directly linking

preserved tdLN immune activity to improved perioperative ICI outcomes remain limited.

Thus, the tdLN–TPEX/TEX framework should be viewed as a mechanistically plausible

model that requires prospective human validation using paired tumor, LN, blood, and

MRD-based analyses.

2.5. Terminology Used in This Review

Terminology related to exhausted CD8+ T-cell states varies across studies. In this

review, the terms “stem-like,” “progenitor-like exhausted,” and “TPEX” are used to describe
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related but not always identical populations of less differentiated tumor-reactive CD8+

T cells that retain proliferative potential and commonly express TCF1. “TCF1+ CD8+ T

cells” is used as a marker-based description, whereas “TPEX” refers to a functional and

differentiation state within the exhaustion continuum. “TEX” refers broadly to exhausted T

cells, including intermediate, effector-like, and terminally exhausted states. These terms

are not interchangeable in all experimental systems, and their precise meaning depends on

tissue context, antigen specificity, marker panels, and functional assays.

3. tdLNs as Metastatic Gateways

Lymphatic spread is a common route of dissemination in many solid tumors. Tumor

cells can access lymphatic vessels in the primary tumor or peritumoral tissue and are

transported by lymphatic flow to regional draining LNs. This process is not only a passive

movement of cancer cells. Tumor-derived signals, including lymphangiogenic factors,

can remodel lymphatic vessels and alter the premetastatic environment of draining LNs.

As a result, tdLNs may provide a specialized niche in which disseminated tumor cells

(DTCs) are retained, adapt to local stromal and immune conditions, and develop into nodal

metastases [13,14].

In clinical oncology, LN metastasis has long been used as an indicator of disease

progression, prognosis, and treatment selection. Regional LNs are therefore important

targets for surgical dissection and radiotherapy. However, this conventional view does

not fully capture the biological role of nodal metastases. Recent experimental studies

suggest that tumor cells growing in LNs may acquire access to the nodal vasculature and

subsequently contribute to distant organ seeding [11]. In a related study, LN blood vessels,

including high endothelial venules (HEVs), were shown to serve as a vascular route by

which tumor cells can leave the LN and enter the systemic circulation [12]. These findings

indicate that nodal metastases may function not only as regional disease deposits, but

also as intermediates between lymphatic and hematogenous dissemination. Achen and

Stacker integrated these observations into a model in which tumor cells enter LNs through

afferent lymphatics, move through the nodal tissue, approach blood vessels within the

node, and then disseminate systemically [15]. This model is useful for understanding

tdLNs as anatomical structures that connect local tumor drainage, regional metastasis, and

distant spread. Although the relative contribution of LN-derived dissemination may vary

among tumor types and clinical settings, the concept broadens the role of tdLNs beyond

that of passive filters or staging markers.

This metastatic function of tdLNs has direct relevance to perioperative immunother-

apy. The same lymphatic route that allows tumor cells to reach regional LNs also carries

tumor antigens and antigen-presenting cells to immune priming sites. Thus, tdLNs have a

dual role (Figure 1). They can support tumor progression as metastatic intermediates, but

they can also participate in the induction and maintenance of antitumor immunity. This

dual nature creates an important therapeutic dilemma in the ICI era. Removal of metastatic

LNs remains necessary for oncologic control, but the timing and extent of LN removal may

influence the immune responses generated during neoadjuvant treatment. Understand-

ing tdLNs as metastatic gateways is therefore essential before considering their role as

immune reservoirs.

4. tdLNs as Immune Reservoirs

The role of tdLNs is not limited to metastatic spread. The lymphatic route that

permits tumor cells to reach regional LNs also delivers soluble tumor antigens, cell

debris, and antigen-bearing dendritic cells (DCs) from the tumor to the draining LN.

In this anatomical setting, tdLNs provide a structured environment in which antigen-
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presenting cells interact with T cells and initiate tumor-specific immune responses.

Therefore, tdLNs should be considered not only as possible sites of tumor cell de-

position, but also as important sites for the generation and maintenance of systemic

antitumor immunity [10,16].

DCs are central to this process. Among them, conventional type 1 DCs (cDC1s)

are particularly important for CD8+ T cell immunity because they efficiently present

tumor-derived antigens through the MHC class I pathway. Tumor antigens may be

acquired in the tumor microenvironment and then carried to tdLNs by migratory DCs,

or they may be transferred to LN-resident antigen-presenting cells. Within tdLNs,

cDC1-dependent antigen presentation supports the activation and expansion of tumor-

reactive CD8+ T cells. In addition to their role in initial priming, cDC1s also help

preserve a population of proliferative, tumor antigen-specific TCF1+ CD8+ T cells in

tdLNs, suggesting that DC–T cell interactions in LNs contribute to the durability of

antitumor immunity [17,18].

Recent studies have shown that tdLNs contain CD8+ T cell populations exhibiting stem-

like features, known as progenitor-exhausted T cells (TPEX). These cells retain proliferative

potential and differ from more differentiated exhausted T cells (TEX) that accumulate

within tumors. They are important because they can serve as a source of newly generated

effector-like progeny during an ongoing antitumor response. Thus, tdLNs are not simply

places where T cell priming begins. They also provide a niche in which less differentiated

tumor-specific T cells can be maintained before giving rise to more differentiated T cells

that migrate to tumor sites [19].

This function is closely linked to the activity of PD-1/PD-L1 blockade. Studies in

experimental tumor models have shown that intact tdLNs are required for optimal thera-

peutic effects of PD-1/PD-L1 blockade [8]. Other work has demonstrated that checkpoint

interactions within tdLNs can suppress tumor-specific T cell responses, indicating that the

draining LN itself is an important site of action for immune checkpoint therapy [9]. In

addition, tumor-specific memory-like CD8+ T cells in draining LNs, now often interpreted

as TPEX, have been shown to respond to PD-1/PD-L1 blockade and contribute to antitumor

immunity [20].

Taken together, these findings support the possibility that tdLNs can function

as one important immune reservoir within a broader antitumor immune network.

They receive tumor antigens and DCs, support cDC1-dependent CD8+ T-cell priming

and may help maintain less differentiated TCF1+ tumor-specific CD8+ T cells. How-

ever, tdLNs should not be viewed as the only anatomical site in which TPEX cells

are maintained. Tertiary lymphoid structures (TLS), selected intratumoral niches,

perivascular regions, and other lymphoid compartments may also contribute to the

reservoir of PD-1-responsive tumor-reactive T cells. This concept provides a basis for

considering why the timing of ICI relative to tumor resection and nodal surgery may be

immunologically relevant.

5. The TPEX/TEX Continuum and Context-Dependent PD-1 Signaling

T cell exhaustion was originally described as a state induced by persistent antigen stim-

ulation, particularly in chronic viral infection and cancer. It is characterized by sustained

expression of inhibitory receptors, altered transcriptional regulation, reduced cytokine pro-

duction, impaired proliferative capacity, and metabolic adaptation. However, exhaustion

should not be understood simply as irreversible T cell failure. Rather, it represents a hetero-

geneous differentiation program that allows antigen-experienced T cells to persist under

conditions of chronic stimulation, although their function and developmental potential

change over time [21–23].
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In this context, PD-1 should not be viewed simply as a dysfunctional marker or as

a brake that should always be removed. PD-1 signaling can restrain excessive TCR and

costimulatory signaling under conditions of persistent antigen exposure [24]. Although

this inhibitory function can limit effector activity and tumor control, it may also protect

antigen-specific T cells from overstimulation, terminal differentiation, metabolic stress, or

deletion. Thus, the biological effect of PD-1 blockade depends on the differentiation state

of the T cell, antigen load, inflammatory context, metabolic condition, and the timing and

duration of pathway inhibition.

A key advance in this field has been the recognition that exhausted CD8+ T cells are

not a uniform population. Less differentiated TPEX cells retain self-renewal capacity and

can generate more differentiated progeny. These cells commonly express transcriptional

regulators such as TCF1 and show greater proliferative potential than terminally TEX

cells. In contrast, more differentiated TEX cells are enriched within the tumor microenvi-

ronment, display stronger cytotoxic or effector-associated features, and are positioned

closer to direct tumor cell killing. However, they have limited ability to expand and

are more prone to terminal dysfunction under persistent antigen exposure [23,25–27].

This differentiation hierarchy and its relationship to PD-1 blockade are summarized in

Figure 2.

Figure 2. Proposed contribution of tdLNs to the TPEX/TEX continuum during PD-1 blockade. This

schematic illustrates a tdLN-focused model in which tumor-draining lymph nodes (tdLNs) may

contribute to the maintenance and mobilization of tumor-reactive CD8+ T cells with progenitor-

exhausted features. Within tdLNs, cDC1-mediated presentation of tumor antigens may support

the generation or maintenance of TCF1+ progenitor-exhausted T cells (TPEX), a less differentiated

CD8+ T-cell population that expresses PD-1 but retains proliferative capacity. During PD-1 block-

ade, these cells may expand, differentiate, or contribute to effector-like exhausted T-cell progeny

that traffic to tumor sites. However, this model should not be interpreted as a deterministic or

exclusive tdLN-to-tumor pathway. TPEX-like or PD-1-responsive tumor-reactive T cells may also

be maintained in other anatomical niches, including tertiary lymphoid structures (TLS), selected

intratumoral niches, perivascular regions, circulating compartments, and non-draining lymphoid

tissues. The balance among TPEX, intermediate TEX, effector-like TEX, and terminal TEX states is

likely shaped by antigen load, TCR affinity, inflammatory context, metabolic state, dendritic-cell

subsets, checkpoint signaling, and local tissue architecture. Thus, tdLNs should be viewed as one

important component of a broader multi-compartment immune network that may influence the

response to PD-1 blockade.

Although the TPEX/TEX framework is conceptually useful, it should not be inter-

preted as a simple linear pathway in which tdLN antigen presentation generates TPEX cells,
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PD-1 blockade expands this pool, and TPEX-derived TEX cells then mediate tumor control.

The biology of exhausted T-cell differentiation is more complex and context-dependent.

TCF1+ TPEX cells may be maintained in multiple anatomical compartments, including

tdLNs, TLSs, selected intratumoral niches, perivascular regions, and possibly non-draining

lymphoid tissues. Their differentiation, migration, and contribution to PD-1 blockade de-

pend on antigen load, TCR affinity, inflammatory context, checkpoint signaling, metabolic

state, dendritic-cell subsets, and local tissue architecture.

This developmental organization is important for understanding the mechanism of PD-

1 blockade. Earlier interpretations often emphasized the functional recovery of TEX cells

already present in tumors. This view is partly correct, but it is incomplete. Studies in chronic

antigen models and cancer models have shown that the cells most capable of expanding

after PD-1 pathway inhibition are not necessarily the most terminally differentiated TEX

cells. Instead, an important component of the response may be supported by TPEX cells or

less differentiated exhausted T cells with preserved proliferative potential [25,26,28]. These

cells can expand after checkpoint blockade and supply more differentiated effector-like

progeny that participate in tumor control.

At the same time, PD-1 blockade does not fully reset terminally differentiated TEX cells

to a naïve or memory-like state. TEX cells acquire transcriptional and epigenetic features

that are only partially reversible, and this limits the durability of functional restoration after

PD-1 inhibition [21,29]. Therefore, the therapeutic effect of PD-1 blockade should be viewed

less as a complete rejuvenation of terminal TEX cells and more as a shift in the balance of

the TEX compartment. By reducing inhibitory signaling, PD-1 blockade may increase the

proliferation or effector differentiation of TPEX cells in some settings. However, this effect

should not be interpreted as simple removal of an always harmful brake. In chronically

stimulated T cells, PD-1 signaling may also restrain excessive activation, limit terminal

differentiation, and protect progenitor-like populations from overstimulation or metabolic

collapse. Therefore, the outcome of PD-1 pathway inhibition is likely to depend on the

timing of treatment, antigen burden, TCR signal strength, inflammatory milieu, metabolic

state, and the anatomical niche in which tumor-reactive T cells reside.

This interpretation has direct relevance to perioperative immunotherapy. If the anti-

tumor response depends on the continued presence of a TPEX pool, then the anatomical

sites that maintain these cells become important. tdLNs, TLS, and selected intratumoral

niches may all contribute to the preservation and differentiation of less exhausted tumor-

specific CD8+ T cells. In this model, the efficacy of PD-1 blockade depends not only on

the number of TEX cells within the tumor, but also on whether a renewable source of

tumor-reactive T cells is available. The TPEX/TEX framework therefore helps explain

why immune modulation before removal of the primary tumor and tdLN network may be

clinically important.

This perspective also suggests that the goal of PD-1 pathway modulation is not simply

maximal release of inhibition. Rather, effective therapy may require an appropriate balance

between restoring effector function and preserving a renewable TPEX compartment. Ex-

cessive or poorly timed activation could theoretically accelerate terminal differentiation,

whereas insufficient pathway inhibition may fail to generate effective antitumor responses.

This balance is likely to differ among tumor types, treatment regimens, anatomical com-

partments, and stages of the immune response.

6. Potential Immunological Rationale for Neoadjuvant ICI: Immune
Modulation Before Tumor and tdLN Removal

The clinical advantage of neoadjuvant ICI observed in selected settings may not be

fully explained by reduction in tumor volume before surgery alone. A more important
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feature may be the timing of immune modulation. Before resection, the primary tumor

remains as a source of tumor antigens, lymphatic drainage from the tumor bed is still

preserved, DCs can traffic to tdLNs, and regional LNs can still support tumor-specific

T cell priming. Therefore, neoadjuvant ICI is administered at a stage when the primary

tumor, draining LNs, and lymphatic connections that support systemic antitumor immunity

remain anatomically and immunologically intact [1,3].

This timing may explain why neoadjuvant ICI can generate broader immune ef-

fects than treatment given only after surgery. In preclinical models, immunotherapy

before tumor removal showed superior control of distant disease compared with the

same treatment given after surgery, suggesting that the presence of the tumor during

treatment can be immunologically useful rather than merely detrimental [30]. Clinical

and translational studies also support this concept. In melanoma, neoadjuvant check-

point blockade induced stronger tumor-infiltrating T cell responses and greater TCR

clonal expansion than adjuvant treatment alone [31]. In resectable NSCLC, neoadjuvant

PD-1 blockade was associated with early expansion of tumor mutation-associated T cell

clones in peripheral blood, indicating that local treatment of the tumor-bearing host

can produce systemic immune changes [32]. Importantly, these observations should

not be interpreted simply as evidence that stronger release of inhibitory signaling is

always beneficial. Rather, neoadjuvant PD-1 blockade may reshape the balance among

progenitor-like, effector-like, and terminally exhausted T-cell states while antigen flow

and multiple immune niches remain at least partially preserved.

tdLNs may be one important component of this context. If PD-1/PD-L1 blockade

acts, at least in part, by modulating immune reactions within tdLNs, then the timing

of nodal surgery could be a relevant variable for mechanistic study. However, this

possibility remains a biological hypothesis and should not be taken to imply that

indicated lymph node dissection or radiotherapy impairs clinical benefit from neoad-

juvant ICI. Experimental studies have shown that tdLNs are required for optimal

responses to PD-1/PD-L1 pathway inhibition [8]. In addition, PD-1/PD-L1 inter-

actions within tdLNs can restrain antitumor T cell immunity, supporting the idea

that the draining LN is not simply a metastatic site but also a site where checkpoint

blockade can act [9].

From this perspective, neoadjuvant ICI may be viewed as an intervention that acts

while the tumor–lymphatic–tdLN axis and other immune niches remain at least par-

tially intact. This does not mean that tdLNs are the exclusive site of immune activation

or that all regional LNs should be preserved when they contain clinically significant

metastases. Rather, it suggests that the timing of ICI relative to tumor resection and LN

dissection may influence the quality and magnitude of antitumor immune responses

across multiple anatomical compartments. The main value of neoadjuvant ICI may

therefore lie not only in preoperative tumor shrinkage, but also in the generation of

systemic immune pressure against residual tumor cells, micrometastases, and early

metastatic niches.

The immunological rationale for neoadjuvant ICI is therefore related to the pres-

ence of the primary tumor, preserved lymphatic drainage, DC migration, tdLN-based

T-cell priming, and other immune niches before surgery. In contrast, the role of adju-

vant ICI must be understood in a different postoperative context, in which macroscopic

disease has been removed but MRD, dormant tumor cells, and micrometastatic lesions

may persist. These distinct roles of neoadjuvant and adjuvant ICI are summarized in

Figure 3.
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Figure 3. Hypothesized immunological roles of neoadjuvant and adjuvant immune checkpoint inhi-

bition. Neoadjuvant and adjuvant immune checkpoint inhibition (ICI) have different immunological

roles during perioperative treatment. Before surgery, the primary tumor, tumor antigens, lymphatic

drainage, dendritic cell migration, and tumor-draining lymph node (tdLN)-based T cell priming

remain intact. Neoadjuvant ICI may therefore activate systemic antitumor immunity while the

tumor–lymphatic–tdLN axis and other immune niches remain at least partially preserved. Surgery

removes the primary tumor and may partially or extensively remove regional tdLNs, while also

altering lymphatic architecture and allowing pathological response assessment. After surgery, mini-

mal residual disease (MRD), circulating tumor cells (CTCs), disseminated tumor cells (DTCs), and

micrometastases may remain. Some dormant or residual tumor cells may become immunologically

visible only later, and emerging metastatic lesions may establish new drainage to metastatic-site

lymph nodes. Adjuvant ICI may therefore maintain immune surveillance and immune pressure

against MRD and developing metastatic niches during this uncertain postoperative period.

7. Potential Immunological Rationale for Adjuvant ICI: Immune
Surveillance Against MRD and Metastatic Niches

As summarized in Figure 3, adjuvant immune checkpoint inhibition acts in a different

anatomical and immunological context from neoadjuvant treatment. After curative-intent

surgery, visible tumor lesions and regional tdLNs may have been removed. However,

surgical clearance of macroscopic disease does not necessarily mean biological eradication

of cancer. Minimal residual disease (MRD) may persist as circulating tumor cells (CTCs),

DTCs, or small micrometastatic deposits that remain below the limit of clinical detection.

These residual cancer cells provide the substrate for later relapse and distant metastasis,

but their interaction with the immune system is likely to be variable and highly dependent

on anatomical site, antigen availability, and local inflammatory context [33].

A very small number of transformed tumor cells or DTCs may not immediately

induce a productive adaptive immune response. For T cell immunity to be initiated,

tumor antigens must be released, captured by antigen-presenting cells, transported to an

appropriate lymphoid site, and presented in a context that supports T cell priming rather

than tolerance. Experimental studies have shown that insufficient antigen availability can

result in immunological ignorance, whereas increased antigen expression can overcome

this barrier [34]. In addition, sporadic tumors may induce tolerance even when they express

recognizable antigens [35]. These observations are consistent with the cancer-immunity

cycle and cancer immunoediting models, in which antigen release, LN priming, effector T

cell trafficking, immune equilibrium, and immune escape occur as dynamic and sequential

processes rather than as a single event [36,37].
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Tumor dormancy further complicates the timing of adjuvant immunotherapy. DTCs

can remain clinically silent for long periods, either as non-proliferating cells, as small

lesions restricted by the microenvironment, or as tumor cell populations held in partial

check by immune pressure [38,39]. Recent work has also suggested that dormant DTCs

may avoid immune attack in part because they are rare and therefore infrequently encoun-

tered by effector immune cells [40]. From this perspective, adjuvant ICI may not act at

one defined moment after surgery. Instead, it may provide sustained immune pressure

during a period in which dormant or slowly expanding tumor cells intermittently become

immunologically visible.

This concept is also relevant to metastatic-site draining LNs. If micrometastatic

lesions grow in distant organs, they may establish new routes of antigen drainage to

LNs located outside the original surgical field. These LNs could then become sites

where tumor antigens are presented and new or recalled T cell responses are generated.

Because T cell state and function are strongly influenced by anatomical location and

tissue context, the immune response to postoperative micrometastases may depend on

where and when these metastatic-site immune niches develop [41]. Thus, adjuvant ICI

can be viewed as a strategy to maintain or redirect antitumor immunity against evolving

metastatic foci, rather than only as a drug given to eliminate residual cells immediately

after surgery.

Clinical trial designs also reflect this uncertainty in timing, although they do not

directly define the optimal biological duration of treatment. In resected melanoma, adju-

vant pembrolizumab in KEYNOTE-054 was administered for a fixed period and improved

recurrence-free survival [42]. In renal cell carcinoma, KEYNOTE-564 showed that adjuvant

pembrolizumab after nephrectomy improved survival outcomes in high-risk patients [43].

Perioperative trials such as KEYNOTE-671 in NSCLC and KEYNOTE-689 in head and

neck squamous cell carcinoma (HNSCC) also include postoperative ICI phases after

surgery [7,44]. These regimens suggest that continued checkpoint blockade after surgery

can be clinically beneficial, but the duration of treatment has largely been determined

by trial design rather than by direct measurement of MRD activity, metastatic-site tdLN

priming, or T cell reactivation.

Therefore, the rationale for adjuvant ICI should be framed more broadly than imme-

diate killing of residual tumor cells. It may function as an immune surveillance strategy

during a period when MRD, dormant disseminated cells, and early micrometastases

are biologically unstable and not continuously visible to the immune system. The key

unresolved question is when and where adjuvant ICI exerts its most important effect: on

residual cells at the surgical site, on occult micrometastases, or within newly established

draining LNs at distant anatomical sites. Defining biomarkers that capture MRD, tumor

dormancy, antigen release, and metastatic-site immune priming will be necessary to

determine which patients need prolonged adjuvant treatment and when treatment can

be safely discontinued.

8. Cancer-Type-Specific Clinical Evidence

The clinical development of perioperative immune checkpoint inhibition has pro-

gressed across several solid tumors, but the biological meaning of this strategy is not

identical among cancer types. Differences in tumor antigenicity, lymphatic anatomy, tim-

ing of surgery, use of chemotherapy, pattern of relapse, and dependence on regional

LN management may influence how the tdLN–TPEX/TEX framework contributes to

therapeutic efficacy.

Perioperative ICI trials differ substantially in tumor type, treatment regimen, com-

parator, timing of surgery, postoperative treatment, and clinical endpoint. Therefore,
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this review does not attempt a quantitative synthesis across these heterogeneous stud-

ies. Instead, we discuss pivotal or representative prospective phase II and phase III

trials to illustrate cancer-type-specific patterns of neoadjuvant, adjuvant, and periop-

erative ICI strategies, as well as the limitations of applying a uniform tdLN-centered

mechanism across solid tumors. Representative clinical examples are summarized in

Table 2.

Table 2. Cancer-type-specific patterns of perioperative or adjuvant immune checkpoint inhibitor

strategies viewed through the tdLN immune-reservoir and TPEX/TEX-continuum framework.

Cancer Type
Representative
Strategy

Main Clinical
Implication

Immunological
Interpretation

Evidence Level and
Key Limitation

Melanoma

NADINA:
neoadjuvant
ipilimumab plus
nivolumab followed
by surgery and
response-driven
adjuvant therapy [6]

Neoadjuvant ICI
enables pathological
response-guided
reduction or escalation
of adjuvant therapy

High tumor
antigenicity and
preserved tdLNs may
allow strong systemic
T cell priming before
surgery. Pathological
response can serve as
an early readout of
effective T
cell activation.

Strong clinical support
for
neoadjuvant/response-
adapted ICI;
tdLN/TPEX
contribution remains
inferential and may
not generalize to less
immunogenic tumors.

NSCLC

KEYNOTE-671:
perioperative
pembrolizumab plus
chemotherapy [7];
CheckMate 77T:
perioperative
nivolumab plus
chemotherapy [45]

Perioperative
chemoimmunother-
apy improves
event-free survival
and may reduce
systemic relapse

The primary tumor
and mediastinal tdLNs
may support systemic
antitumor T cell
induction before
resection, while
postoperative ICI may
maintain immune
pressure against MRD.

Clinical support for
perioperative
chemoimmunother-
apy; tdLN-specific
effects are confounded
by chemotherapy,
nodal heterogeneity,
and surgical practice.

HNSCC

KEYNOTE-689:
neoadjuvant and
adjuvant
pembrolizumab added
to surgery and
standard adjuvant
therapy [44]

Perioperative
pembrolizumab
improves event-free
survival in resectable
locally advanced
HNSCC

Cervical tdLNs may
represent one
immune-reservoir
compartment
connected to the
primary tumor, but
TLS, intratumoral
niches, and circulating
tumor-reactive T cells
may also contribute to
PD-1-responsive
immunity.

Clinical support for
perioperative
pembrolizumab;
evidence does not yet
justify modifying neck
dissection or
radiotherapy to
preserve tdLNs.

TNBC

KEYNOTE-522:
neoadjuvant
pembrolizumab plus
chemotherapy
followed by adjuvant
pembrolizumab [46]

Perioperative
pembrolizumab
improves pathological
complete response,
event-free survival,
and overall survival in
high-risk early-stage
TNBC

Chemotherapy-
induced tumor cell
death, antigen release,
and inflammatory
remodeling may
cooperate with PD-1
blockade to enhance T
cell priming and
systemic antitumor
immunity.

Strong clinical support
for chemoimmunother-
apy; the tdLN
contribution is indirect
and difficult to
separate from
chemotherapy-
induced immune
remodeling.
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Table 2. Cont.

Cancer Type
Representative
Strategy

Main Clinical
Implication

Immunological
Interpretation

Evidence Level and
Key Limitation

Muscle-
invasive
bladder cancer

NIAGARA:
neoadjuvant
durvalumab plus
gemcitabine/cisplatin
followed by radical
cystectomy and
adjuvant
durvalumab [47]

Perioperative PD-L1
blockade improves
event-free survival
and overall survival in
cisplatin-eligible
muscle-invasive
bladder cancer

Neoadjuvant
chemoimmunother-
apy may promote
antigen release and
immune activation
before cystectomy,
whereas adjuvant
durvalumab may
sustain immune
surveillance against
MRD.

Clinical support for
perioperative
durvalumab plus
chemotherapy; the role
of pelvic tdLNs
remains untested.

dMMR colon
cancer

NICHE-2: short-course
neoadjuvant
nivolumab plus
ipilimumab before
surgery [48]

Short-course
neoadjuvant dual
checkpoint blockade
induces marked
pathological responses
in locally advanced
dMMR colon cancer

High neoantigen
burden and
pre-existing immune
recognition in dMMR
tumors may permit
rapid expansion of
tumor-specific T cells
when checkpoint
inhibition is delivered
before tumor removal.

Strong pathological
response evidence;
high neoantigen
burden limits
generalizability to less
immunogenic tumors.

Renal cell
carcinoma

KEYNOTE-564:
adjuvant
pembrolizumab after
nephrectomy [43];
PROSPER RCC:
perioperative
nivolumab before and
after nephrectomy [49]

Adjuvant
pembrolizumab
improves disease-free
and overall survival,
whereas perioperative
nivolumab has not
shown recurrence-free
survival benefit

In RCC, the current
evidence supports
postoperative MRD
control more strongly
than neoadjuvant
immune priming. The
negative perioperative
nivolumab result
suggests that optimal
timing, regimen, and
immune context may
differ from other
solid tumors.

Evidence is stronger
for adjuvant
pembrolizumab than
perioperative ICI; this
argues against a
universal neoadjuvant
or tdLN-centered
model.

Glioblastoma/
primary brain
tumors

Small neoadjuvant
anti-PD-1 studies
before resection in
recurrent
glioblastoma [50,51]

Neoadjuvant PD-1
blockade can induce
pharmacodynamic and
immune changes, but
is not established as
standard perioperative
therapy

Brain tumors differ
anatomically from
extracranial cancers;
antigen drainage and
lymphoid interaction
may involve
meningeal and
cervical lymphatic
pathways rather than
conventional regional
tdLNs

Early
clinical/translational
evidence; limited
survival benefit and
unclear applicability to
nodal surgery
questions

In melanoma, neoadjuvant ICI provides one of the clearest examples of how patholog-

ical response can guide postoperative treatment. The NADINA trial evaluated neoadjuvant

ipilimumab plus nivolumab followed by surgery and response-driven adjuvant therapy

in resectable stage III melanoma [6]. This approach is particularly informative because

melanoma is generally highly immunogenic and frequently contains pre-existing tumor-

reactive T cells. In this setting, preserved tdLNs may support rapid immune activation
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before surgery, and pathological response can be used as an early indicator of whether

systemic antitumor immunity has been effectively induced.

In NSCLC, perioperative chemoimmunotherapy has been evaluated in trials such as

KEYNOTE-671 and CheckMate 77T [7,45]. These studies combine neoadjuvant chemother-

apy with PD-1 blockade, followed by surgery and postoperative ICI. The immunological

interpretation may differ from melanoma because chemotherapy can contribute to tumor

cell death, antigen release, and remodeling of the inflammatory environment. In addition,

mediastinal LNs may provide an anatomical site for antigen presentation and T cell priming

before resection. Thus, perioperative ICI in NSCLC may act through both tumor debulking

and systemic immune induction before surgery, followed by continued immune pressure

against MRD after surgery.

In HNSCC, including oral squamous cell carcinoma (OSCC), the role of regional LNs

is particularly important. KEYNOTE-689 showed the clinical benefit of adding neoad-

juvant and adjuvant pembrolizumab to surgery and standard postoperative therapy in

resectable locally advanced disease [44]. From an immunological viewpoint, cervical

tdLNs may be especially relevant because they are directly connected to the primary tumor

through lymphatic drainage and are frequently included in surgical management. These

nodes may function not only as metastatic sites but also as one component of a broader

immune-reservoir network. However, TPEX-like cells and other PD-1-responsive tumor-

reactive T cells may also be maintained in TLS, intratumoral niches, perivascular regions,

and other lymphoid compartments. Therefore, HNSCC provides a clinically important

model for considering how neck dissection, nodal response, and perioperative ICI should

be integrated.

Triple-negative breast cancer (TNBC) represents another pattern of perioperative

immunotherapy. In KEYNOTE-522, pembrolizumab was combined with neoadjuvant

chemotherapy and continued after surgery [46]. In this setting, chemotherapy is not only

cytotoxic but may also enhance antitumor immunity by increasing antigen release, inducing

inflammatory signals, and altering the tumor microenvironment. PD-1 blockade may then

amplify T cell responses generated during this period. The tdLN–TPEX/TEX framework

in TNBC may therefore operate in close association with chemotherapy-induced immune

remodeling rather than through checkpoint blockade alone.

In muscle-invasive bladder cancer, the NIAGARA trial evaluated durvalumab with

neoadjuvant gemcitabine/cisplatin followed by radical cystectomy and adjuvant durval-

umab [47]. This strategy illustrates how perioperative PD-L1 blockade can be combined

with standard cisplatin-based chemotherapy. Before cystectomy, the primary tumor and

pelvic lymphatic drainage remain present, allowing the possibility of treatment-induced

antigen release and immune activation. After surgery, continued durvalumab may help

maintain immune surveillance against residual disease. Thus, bladder cancer provides an

example in which neoadjuvant chemoimmunotherapy and adjuvant immune maintenance

are combined within one perioperative strategy.

Mismatch repair-deficient (dMMR) colon cancer provides a distinct model. In NICHE-

2, short-course neoadjuvant nivolumab plus ipilimumab induced marked pathological

responses in locally advanced dMMR colon cancer [48]. The strong response in this

setting is likely related to high neoantigen burden and pre-existing immune recognition.

Because dMMR tumors may already contain active tumor-reactive immune responses, a

short period of checkpoint blockade before surgery may be sufficient to rapidly amplify

antitumor immunity. This tumor type therefore highlights how intrinsic tumor antigenicity

can strongly influence the magnitude and speed of response to neoadjuvant ICI.

Renal cell carcinoma differs from these examples. KEYNOTE-564 supports the clinical

value of adjuvant pembrolizumab after nephrectomy in high-risk disease, whereas PROS-
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PER RCC did not show a clear benefit for perioperative nivolumab [43,49]. These results

suggest that the optimal timing of ICI may vary according to tumor biology and clinical

context. In renal cell carcinoma, current evidence more strongly supports postoperative

immune surveillance against MRD than neoadjuvant immune priming before nephrectomy.

This contrast is important because it shows that the perioperative ICI paradigm should not

be applied uniformly across all tumors.

Negative or mixed perioperative ICI trials are particularly important for avoiding

confirmation bias. The lack of recurrence-free survival benefit in PROSPER RCC, despite

perioperative nivolumab exposure, indicates that the presence of the primary tumor and

regional immune structures does not automatically translate into superior clinical benefit.

Such results suggest that neoadjuvant immune priming, postoperative MRD control, tumor

antigenicity, treatment regimen, and anatomical context may differ substantially among

tumor types. Therefore, positive perioperative trials should not be interpreted as uniform

support for a single tdLN-centered mechanism.

Primary brain tumors, including glioblastoma, represent an important boundary case

for the perioperative ICI framework. Unlike many extracranial solid tumors, gliomas rarely

involve conventional regional LN metastasis, and lymph node surgery is not a central

component of their management. Instead, antigen drainage and immune communication

may involve distinct anatomical routes, including meningeal lymphatic pathways and

cervical lymphoid tissues. Small neoadjuvant anti-PD-1 studies in recurrent glioblastoma

have shown pharmacodynamic and immune changes within the tumor and peripheral

immune compartments [50,51], but perioperative ICI has not become an established stan-

dard strategy for gliomas. Therefore, brain tumors should be considered separately from

tumors in which regional LN surgery is a central component of curative-intent treatment.

They highlight both the broader relevance and the limitations of applying a tdLN-centered

framework across all solid tumors.

Taken together, these clinical examples suggest that the tdLN–TPEX/TEX framework

may operate differently depending on tumor type. In highly immunogenic tumors such

as melanoma and dMMR colon cancer, neoadjuvant ICI may rapidly amplify pre-existing

tumor-reactive immunity. In tumors treated with chemoimmunotherapy, such as NSCLC,

TNBC, and bladder cancer, chemotherapy-induced antigen release and inflammatory

remodeling may cooperate with checkpoint blockade. In HNSCC, the close relationship

between the primary tumor and cervical tdLNs makes LN management a central issue. In

renal cell carcinoma, the current evidence emphasizes postoperative MRD control rather

than a clear neoadjuvant advantage. In glioblastoma and other primary brain tumors,

distinct lymphatic anatomy and the limited role of conventional nodal surgery make direct

application of a tdLN-centered model inappropriate. These differences support the need

for cancer-type-specific perioperative strategies rather than a single model of ICI timing for

all solid tumors.

9. Reconsidering LN Surgery in the ICI Era

LN surgery has traditionally had three major purposes in solid tumors: pathological

staging, regional disease control, and removal of clinically or microscopically involved

LNs. This principle remains essential in the era of immunotherapy. Standard LN surgery

and radiotherapy are based on disease-specific evidence for staging, regional control, and,

in some settings, survival benefit. At present, there is no clinical evidence that standard

LN surgery or radiotherapy should be reduced solely to preserve tdLN immune-reservoir

function. The tdLN-reservoir hypothesis should therefore not be used as an independent

justification for omitting indicated nodal dissection, reducing radiation fields, or altering

established perioperative treatment pathways. Clinically metastatic LNs should not be left
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untreated simply because tdLNs may have immunological functions, and any modification

of nodal management must be evaluated prospectively within disease-specific trials that

preserve oncologic safety.

With this clinical caveat in mind, the relevant question is not whether established

nodal treatment should be abandoned, but whether the timing, extent, and purpose of

LN management should be studied as immunologically relevant variables when ICIs are

delivered before surgery. Specifically, when ICIs are given in the neoadjuvant setting, could

the timing and extent of LN removal influence the antitumor immune response induced

by treatment?

This question arises because tdLNs are not passive anatomical structures. Experimen-

tal studies have shown that tdLNs can be required for optimal responses to PD-1/PD-L1

blockade, and that checkpoint interactions within tdLNs can regulate tumor-specific T

cell immunity [8,9]. Recent reviews have therefore emphasized the clinical dilemma that

tdLNs can act both as metastatic sites and as sites where antitumor immunity is initiated

or maintained [52,53]. From this viewpoint, removal or irradiation of uninvolved or mini-

mally involved lymphatic basins before immune activation could theoretically reduce the

lymphoid sites available for antigen presentation, T cell priming, and maintenance of less

differentiated tumor-reactive T cells. However, this idea remains a biological hypothesis

and must be balanced against established oncologic indications for nodal treatment.

Melanoma provides the clearest clinical example of how LN surgery has already

been de-escalated in selected settings. In MSLT-II, immediate completion of LN dissection

after a positive sentinel LN improved regional control and provided additional staging

information, but did not improve melanoma-specific survival compared with nodal obser-

vation [54]. This result supported a more selective approach to complete LN dissection in

patients with limited sentinel node involvement. In the immunotherapy era, melanoma

has moved further toward response-adapted surgery. In the PRADO study, pathological

response after neoadjuvant ipilimumab plus nivolumab was used to guide subsequent

surgery and adjuvant therapy, allowing treatment de-escalation in major responders and es-

calation in poor responders [55]. The phase 3 NADINA trial further supported neoadjuvant

ipilimumab plus nivolumab followed by response-driven adjuvant therapy in resectable

stage III melanoma [6]. These studies suggest that pathological response after neoadjuvant

ICI can become a decision-making tool for tailoring the extent of subsequent treatment.

However, this approach is best established in melanoma and should not be directly extrap-

olated to other tumor types without disease-specific evidence.

OSCC and other head and neck cancers require a more cautious interpretation. In

early node-negative oral cancer, elective neck dissection has been shown to improve overall

and disease-free survival compared with therapeutic neck dissection performed after nodal

relapse [56]. This finding is important because it shows that occult nodal disease can be

clinically meaningful and that elective nodal treatment should not be abandoned without

strong evidence. At the same time, sentinel node biopsy has been evaluated as a less

invasive staging strategy in selected patients with early oral cancer. The SENT trial showed

that sentinel node biopsy can provide reliable staging of the clinically N0 neck in T1–T2

oral cancer, with high sentinel node identification and negative predictive value [57]. These

data indicate that LN management in oral cancer can be individualized in some settings,

but always within a framework that preserves oncologic safety.

The introduction of perioperative ICI in HNSCC adds another layer to this discussion.

KEYNOTE-689 showed that neoadjuvant and adjuvant pembrolizumab added to surgery

and standard postoperative therapy improved event-free survival in resectable locally

advanced disease [44]. This trial does not by itself define how neck dissection should

be modified after neoadjuvant ICI. However, it creates a new clinical context in which
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cervical LNs are exposed to checkpoint blockade before surgical removal. In this setting,

the neck specimen may provide information not only about residual metastatic disease,

but also about immune activation, pathological regression, T cell states, DC function,

and the presence or loss of tumor-reactive T cell reservoirs. Thus, neck dissection after

neoadjuvant ICI may become both a therapeutic procedure and a translational window for

understanding nodal immune responses.

A practical framework is therefore needed. First, clinically involved nodes should

remain targets for adequate surgical or radiation-based control. Second, elective treatment

of clinically uninvolved nodal basins should be guided by tumor type, stage, anatomical

risk, and available evidence, rather than relying solely on immunological speculation.

Third, when neoadjuvant ICI is used, pathological response in both the primary tumor

and LNs should be evaluated systematically. Fourth, immune monitoring of resected LNs

may help distinguish nodes that were mainly metastatic deposits from nodes that retained

active immune function. Such monitoring could include spatial analysis of DCs, TPEX-like

CD8+ T cells, TCR clonality, TLS-like structure, and checkpoint ligand expression.

In summary, the ICI era does not eliminate the need for LN surgery. Instead, it changes

the questions that LN surgery must answer. The goal is no longer only to determine whether

nodal metastasis is present or absent, but also to understand how nodal disease, nodal

immune activity, and treatment-induced pathological response should guide subsequent

therapy. Future strategies may integrate sentinel node approaches, response-adapted

surgery, pathological regression scoring, and immune profiling. The central challenge is to

preserve oncologic safety while prospectively studying how nodal disease, nodal immune

activity, and lymphoid tissue disruption influence systemic antitumor immunity.

10. Postoperative Lymphatic Dysfunction, Lymphedema, and
Immune Surveillance

10.1. Established Clinical Consequences of Lymphatic Injury

Postoperative lymphatic dysfunction is usually discussed as a complication that

affects quality of life, physical function, and long-term survivorship. In head and neck

cancer, lymphedema can involve both external soft tissues and internal structures, and may

contribute to discomfort, dysphagia, speech problems, cosmetic changes, and functional

impairment [58,59]. LN dissection and radiotherapy are major contributors to this condition.

Radiotherapy can damage lymphatic vessels, promote tissue fibrosis, and impair lymphatic

drainage, whereas surgery can physically interrupt lymphatic channels and remove regional

LNs [60]. These clinical consequences are well recognized and represent established adverse

effects of local cancer therapy.

Fibrosis is another important component of postoperative lymphatic dysfunction. In

lymphedema, chronic tissue swelling is frequently accompanied by extracellular matrix

remodeling, soft tissue thickening, and fibrotic change. Together, lymphedema and fibro-

sis can produce long-lasting structural and functional changes in postoperative tissues.

Thus, postoperative lymphatic dysfunction is an established survivorship issue after LN

dissection and radiotherapy.

10.2. Plausible Immunological Consequences

The possible immunological implications of postoperative lymphatic dysfunction in

the era of immune checkpoint inhibition have been less extensively defined. The lymphatic

system is not only a drainage pathway for interstitial fluid. It also provides an anatomical

route for antigen transport, DC migration, and immune cell trafficking. Afferent lymphatic

vessels carry tissue-derived antigens and antigen-bearing DCs to draining LNs, where

adaptive immune responses can be initiated or regulated [61]. In cancer, lymphatic vessels
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can therefore influence both metastasis and antitumor immunity. Recent reviews have

emphasized that lymphatic transport shapes the delivery of tumor antigens, the movement

of immune cells, and the local conditions under which immunotherapy acts [62,63].

From this perspective, postoperative disruption of lymphatic flow may alter not only

fluid balance, but also the immune communication between peripheral tissues, residual

tumor sites, and regional lymphoid structures. Lymphatic dysfunction can change the local

immune environment by affecting leukocyte trafficking, antigen clearance, inflammatory

cell accumulation, and immune regulation [64,65]. Experimental models have shown that

CD4+ T cells are activated after lymphatic injury and can contribute to the initiation of

lymphedema [66]. Regulatory T cells (Tregs) may also accumulate in lymphedematous

tissues and participate in local immune suppression [67]. These observations suggest that

lymphatic failure is not a purely mechanical disorder, but a condition in which persistent

immune activation and local immune regulation may coexist.

Fibrosis may further modify the postoperative immune environment. Th2-skewed

immune responses have been implicated in the development of tissue fibrosis and impaired

lymphatic function after lymphatic injury [68]. In addition, lymph leakage or impaired

lymphatic integrity may influence macrophage differentiation and favor anti-inflammatory

or tissue-remodeling phenotypes [69]. These changes could theoretically affect local im-

mune surveillance by modifying antigen availability, stromal architecture, immune cell

access, and the balance between inflammatory and suppressive immune pathways.

10.3. Speculative Relevance to Adjuvant ICI and Recurrence

The relevance of these processes to cancer recurrence remains uncertain. At present,

there is limited direct clinical evidence showing that postoperative lymphedema itself in-

creases the risk of local recurrence or distant metastasis. Therefore, postoperative lymphatic

dysfunction should not be presented as an established cause of cancer relapse. A more

appropriate interpretation is that lymphatic injury, chronic inflammation, fibrosis, altered

macrophage polarization, and impaired immune cell trafficking may create a postoperative

tissue environment that could influence immune surveillance.

This possibility may be particularly relevant in patients treated with perioperative or

adjuvant ICI, because the efficacy of immunotherapy depends on antigen transport, DC function,

T cell priming, and T cell access to sites of residual disease. However, whether postoperative

lymphatic dysfunction actually modifies the response to adjuvant ICI remains speculative and

requires prospective validation. Thus, in the ICI era, lymphedema and fibrosis should be viewed

not only as survivorship problems, but also as potential modifiers of local and regional immune

surveillance, rather than as proven determinants of recurrence or treatment failure.

Future studies should examine postoperative lymphatic dysfunction using im-

munological endpoints. These may include spatial analysis of lymphatic vessels, DCs,

macrophage subsets, T cell infiltration, Treg accumulation, fibrosis-associated stromal

changes, and checkpoint ligand expression in postoperative tissues. Clinical studies should

also evaluate whether the severity of lymphedema or fibrosis correlates with immune-

related biomarkers, response to adjuvant ICI, or patterns of recurrence. Such studies would

help determine whether postoperative lymphatic dysfunction is only a consequence of

local therapy or whether it also modifies the immune environment in which perioperative

immunotherapy must operate.

11. Future Directions: Immune-Guided Surgery and Response-Adapted
Perioperative Therapy

The next step in perioperative immunotherapy is to move from uniform treatment

schedules toward strategies guided by immune status, pathological response, and residual
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disease risk. Neoadjuvant ICI provides a unique opportunity because tumor tissues,

draining LNs, and blood samples can be analyzed before treatment, during treatment, and

at surgery. These paired samples may help identify where immune modulation occurs,

which T cell populations expand, and whether the response is maintained after tumor

removal [3].

In addition to tumor-intrinsic and blood-based biomarkers, tdLN immune signatures

themselves may become candidate predictors of neoadjuvant ICI benefit. Features such as

TCF1+ or TPEX-like CD8+ T-cell abundance, cDC1 density, TCR clonal expansion, PD-1/PD-L1

spatial organization, and preservation of lymphoid architecture could be evaluated together

with pathological response, ctDNA clearance, event-free survival, and recurrence patterns. Such

analyses may help determine whether tdLNs are merely sites of metastatic staging or whether

they also contain immune states associated with effective perioperative antitumor responses.

First, immune monitoring of tdLNs and other immune niches should be developed

as a routine research component of neoadjuvant ICI trials. Current assessment of LNs

is mainly focused on the presence or absence of metastatic tumor cells. In the ICI era,

this may be insufficient. tdLNs should also be evaluated together with TLS, intratumoral

niches, perivascular regions, and blood for immune activity, including TCF1+ or TPEX-like

CD8+ T cells, DC subsets, TCR clonality, B cell-rich lymphoid aggregates, and spatial

organization of immune cells. Studies showing stem-like CD8+ T cell populations and

cDC1-dependent maintenance of tumor-reactive T cells in tdLNs provide a rationale for this

approach [17,19]. TCR sequencing may also help determine whether tumor-reactive clones

are expanded locally, recruited from outside the tumor, or replaced after PD-1 blockade [70].

In addition, TLS and B cell-rich immune niches should be incorporated into spatial immune

profiling because they have been associated with immunotherapy response in several

cancer settings [71,72].

Second, pathological response should be integrated with immune biomarkers to guide

postoperative treatment. In melanoma, pathological response after neoadjuvant therapy is

strongly associated with clinical outcome and has already been used to adapt subsequent

surgery and adjuvant therapy [55,73]. The NADINA trial further supports the clinical rele-

vance of a neoadjuvant approach followed by response-driven postoperative management [6].

These studies suggest that major responders may not require the same intensity or duration of

adjuvant therapy as poor responders. However, pathological regression alone may not fully

reflect the quality of systemic immunity. Future response-adapted strategies should therefore

combine pathological response with immune features such as tdLN T cell states, TCR clonal

expansion, DC activation, circulating immune markers, and MRD status.

Third, LN surgery should be reconsidered within an immune-guided framework. This

does not mean that metastatic LNs should be preserved when oncologic control requires

their removal. Rather, it means that the timing, extent, and purpose of LN surgery should

be discussed together with the immunological role of tdLNs. Recent discussions have

emphasized that tdLNs can be both sites of tumor spread and sites of antitumor immune

activation [52,53]. Therefore, future trials should ask whether LN dissection before, during,

or after ICI affects immune priming, T cell expansion, pathological response, and recurrence

patterns. In selected settings, sentinel node strategies, response-based nodal surgery, or

limited nodal dissection may be evaluated, but only when oncologic safety is maintained.

Fourth, the duration of adjuvant ICI should be refined using biomarkers rather than

fixed schedules alone. At present, many adjuvant or perioperative ICI regimens use

predefined treatment periods, often based on clinical trial design. However, the biological

window during which residual tumor cells become immunologically visible may differ

among patients. MRD detected by circulating tumor DNA may provide one approach to

identifying patients with persistent microscopic disease or early molecular relapse [74]. In
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the future, MRD-guided strategies could help determine whether adjuvant ICI should be

continued, stopped, intensified, or combined with other therapies. Such decisions may be

particularly important for patients with dormant micrometastases or evolving metastatic-

site draining LNs, in whom immune activation may occur only after a variable period of

tumor growth or antigen release.

Finally, perioperative immunotherapy should be studied as an integrated anatomical

and immunological process. The primary tumor, tdLNs, metastatic sites, blood, bone

marrow, and postoperative lymphatic environment should not be analyzed separately.

Instead, they should be considered as connected compartments that shape antigen flow,

DC migration, T cell priming, T cell exhaustion, and immune surveillance. Future trials

should therefore include coordinated sampling of tumors, LNs, blood, MRD markers, and

postoperative tissues. Key immune monitoring targets for each anatomical compartment

are summarized in Table 3. Such studies may allow perioperative ICI to evolve from

a fixed drug schedule into a personalized strategy that combines immune monitoring,

response-adapted therapy, MRD-guided treatment duration, and immune-guided surgery.

Table 3. Key immune monitoring targets for perioperative immunotherapy.

Compartment Suggested Analyses Biological Meaning

Primary tumor
CD8+ T cells, TEX, TLS, PD-L1, antigen
presentation machinery

Local immune activation and tumor
immune contexture

tdLN
TPEX/TCF1+ CD8+ T cells, cDC1, TCR
clonality, PD-1/PD-L1 axis

Immune reservoir and priming capacity

Blood
TCR expansion, Ki-67+ CD8+ T cells,
ctDNA, cytokines

Systemic immune activation and MRD

Metastatic site
Tumor antigen expression, local draining LN
response, T cell infiltration

Metastatic-site immune reactivation

Postoperative tissue
lymphatic vessels, fibrosis, macrophages, Tregs,
T cell trafficking

Postoperative immune ecology

Several clinically important questions remain unresolved and should be addressed

before tdLN biology can inform perioperative treatment design. These questions are

summarized in Table 4. Importantly, they are proposed as research priorities rather than as

grounds for changing current surgical or radiotherapeutic standards.

Table 4. Key unresolved questions for tdLN biology in perioperative immunotherapy.

Unresolved Question Why It Matters Possible Approach

Are metastatic tdLNs immunologically
functional or exhausted?

Metastatic nodes may differ from
non-metastatic draining nodes in their ability
to support priming or maintain
TPEX-like cells.

Spatial profiling of metastatic and
non-metastatic LNs after neoadjuvant ICI.

Can heavily tumor-infiltrated nodes still
support productive T-cell priming?

Tumor burden may disrupt LN architecture,
antigen presentation, and T-cell niches.

Compare immune architecture, DC subsets,
TCF1+ CD8+ T cells, and TCR clonality
according to nodal tumor burden.

What is the optimal timing of LN dissection
relative to neoadjuvant ICI?

Timing may affect immune monitoring and
possibly immune priming, but clinical
modification is not justified without
prospective evidence.

Disease-specific trials with paired
pre-treatment, on-treatment, and surgical
LN sampling.

Which anatomical compartment provides the
dominant PD-1-responsive T-cell pool?

TPEX-like cells may reside in tdLNs, TLS,
intratumoral niches, blood, or non-draining
lymphoid tissues.

Integrated tumor–LN–blood–TLS single-cell,
spatial, and TCR analyses.

Can tdLN immune signatures predict
neoadjuvant ICI benefit?

tdLN biomarkers may complement tumor and
blood biomarkers.

Prospective correlation of tdLN immune states
with pathological response, MRD clearance,
EFS, and recurrence pattern.
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12. Conclusions

Perioperative immunotherapy is changing the way solid tumors are treated, but its full

significance cannot be understood only by focusing on tumor shrinkage or postoperative

eradication of residual disease. The timing of immune checkpoint inhibition relative to

surgery is immunologically important because the primary tumor, lymphatic drainage, DC

migration, and tdLNs remain connected before resection. In this setting, tdLNs are not only

anatomical sites of metastatic spread, but also immune organs that may support antigen

presentation, T cell priming, and the maintenance of less differentiated tumor-reactive

CD8+ T cells.

This dual role creates both an opportunity and a dilemma. On one hand, tdLNs

may act as metastatic gateways and must be managed according to established oncologic

principles. On the other hand, they may serve as immune reservoirs that contribute to

the response to PD-1/PD-L1 blockade. Therefore, perioperative immunotherapy should

be considered as a strategy that may act through interactions among the primary tumor,

lymphatic drainage, tdLNs, TLS, intratumoral niches, and systemic immune compartments,

rather than only within the tumor microenvironment. Importantly, this framework does not

support modification of standard lymph node surgery or radiotherapy outside prospective,

disease-specific trials. Rather, it identifies tdLNs as clinically accessible tissues in which the

mechanisms of perioperative ICI can be tested.

Future treatment strategies should integrate pathological response, immune monitor-

ing of tdLNs, TCR clonality, DC function, MRD assessment, and postoperative lymphatic

status. Such an approach may help identify patients who require intensified adjuvant

therapy, define candidates for treatment de-escalation in prospective trials, and inform

the design of immune-guided nodal management strategies that preserve oncologic safety.

Reframing tdLNs as metastatic gateways and putative immune-reservoir compartments,

while placing the TPEX/TEX continuum within a broader multi-compartment immune

network, may provide a useful framework for optimizing perioperative immunotherapy

across solid tumors.
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Abbreviations

The following abbreviations are used in this manuscript:

ICI immune checkpoint inhibitor

MRD minimal residual disease

LN lymph node

tdLN tumor-draining lymph node

CD8 cluster of differentiation 8

PD-1 programmed cell death protein 1

TPEX progenitor-exhausted T cell

TEX exhausted T cell

NSCLC non-small cell lung cancer

PD-L1 programmed death-ligand 1

HEV high endothelial venule

DC dendritic cell

cDC1 conventional type 1 dendritic cell

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses

DTC disseminated tumor cell

MHC major histocompatibility complex

TCF1 T cell factor 1

TLS tertiary lymphoid structure

TCR T cell receptor

CTC circulating tumor cell

HNSCC head and neck squamous cell carcinoma

OSCC oral squamous cell carcinoma

TNBC triple-negative breast cancer

dMMR mismatch repair-deficient

RCC renal cell carcinoma

Treg regulatory T cell

CD4 cluster of differentiation 4

Th2 T helper 2

AI artificial intelligence

TME tumor microenvironment

ctDNA circulating tumor DNA

EFS event-free survival

APC article processing charge
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