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Background: Lymph nodes are crucial for perioperative immunotherapy but

have to be completely resected in surgery. Trials evaluating the safety and

necessity of omitting systemic mediastinal lymph node (mLN) dissection in

non-small cell lung cancer (NSCLC) are still absent.

Methods: cN0/N1 NSCLC patients who received neoadjuvant immunotherapy

and radical surgery were retrospectively collected from three institutions.

Restricted cubic spline regression and receiver operating characteristic curve

were used to analyze the association between mLN dissection number and

survival outcomes. Confounding factors between selective and systemic mLN

dissection groups were adjusted by inverse probability of treatment weighting

(IPTW). The characteristics of memory CD8+ T cells in immunotherapy-treated

mLN were identified by single-cell RNA and T-cell receptor sequencing (scRNA/

TCR-seq) data retrieved from GSE185206.

Results: From 2019 to 2021, 131 neoadjuvant-treated cN0/N1 NSCLC patients

were collected. ThemLN clearance rate was 98.5% in the whole cohort and 100%

in patients with radiologically confirmed complete response. Resected lymph

node counts were irrelevant with local recurrence, distant metastasis, or death.

Compared with selective mLN dissection, systemic mLN dissection did not show

any survival benefit but showed slightly higher postoperative recurrence risk in

both unadjusted and IPTW-adjusted cohorts. scRNA/TCR-seq showed that

stem-like exhausted CD8+ memory T cells were the progenitors of tumor-

specific CD8+ T lymphocytes in primary tumors and were abundantly enriched in

resected mLN.
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Conclusions: Omitting systemic mLN dissection was safe in cN0/N1 NSCLC

patients who received neoadjuvant immunotherapy. Excessive mLN dissection

may disrupt the repertoire of stem-like exhausted CD8+ memory T cells and

consequently impair the efficacy of adjuvant immunotherapy.
KEYWORDS

non-small cell lung cancer, perioperative immunotherapy, tumor-draining lymph node,
lymph node dissection optimization, T cell exhaustion
1 Introduction

Systemic mediastinal lymph node (LN) dissection is currently

the standard procedure in radical surgery for non-small cell lung

cancer (NSCLC) (1). However, in the era of immunotherapy,

excessive lymph node dissection not only increases the incidences

of surgery-related complications, such as chylothorax and recurrent

laryngeal nerve injury (2), but also destroys the intact lymphatic

structures that are supposed to be the pivotal organs for adjuvant

immunotherapy (3). According to the theory of the cancer-

immunity cycle, tumor-draining lymph nodes (tdLNs) provide

crucial places for dendritic cells and other antigen-presenting cells

to activate naïve CD8+ T cells and therefore differentiate into

progenitor and precursor exhausted T cells, which are the

ancestors of tumor-specific T cells that finally infiltrate into the

tumor (4, 5). A retrospective cohort study conducted by Liang et al.

has indicated that over-dissection of mediastinal lymph nodes in

lung cancer surgery is associated with poorer efficacy of

immunotherapy when those patients face recurrence or metastasis

(6). Unfortunately, considering that the accuracy of the radiologic

diagnosis of mediastinal lymph node metastasis is still insufficient,

and the lymphatic drainage patterns of lung cancer are not yet clear,

little evidence supports that systemic lymph node dissection can be

safely exempted, and the criteria of lymph node dissection number

basically lack feasibility in clinical practice (7).

However, the unexpected efficacy of neoadjuvant/perioperative

immunotherapy in non-small cell lung cancer revives the discussion

of the lymph node dissection strategy (8–10). On the one hand,

neoadjuvant treatment dramatically improves the clearance rate of

primary tumors and lymph nodes (11, 12). On the other hand, the

addition of adjuvant treatment further emphasizes the pivotal role

of mediastinal lymph nodes in immunotherapy (13, 14).

To help address these gaps, we retrospectively established a

cohort of cN0/N1 NSCLC patients who received neoadjuvant

immunochemotherapy (nICT) and reported the negative rate of

dissected lymph nodes, the diagnostic accuracy of pretreatment

radiology in lymph node metastasis, and long-term follow-up data.

We performed single-cell RNA and T-cell receptor sequencing

(scRNA/TCR-seq) analyses to explore the characteristics of

immunotherapy-treated lymph nodes and their association

with adjuvant treatment effectiveness. Overall, this study
02
manifested the safety and necessity of omitting mediastinal lymph

node dissection in cN0/N1 NSCLC patients who received

neoadjuvant immunotherapy.
2 Materials and methods

2.1 Patient cohort

From March 2019 to May 2021, a total of 131 cN0/N1 NSCLC

patients who received nICT and radical surgery were collected from

three medical centers (Sun Yat-sen University Cancer Center,

Guangzhou; Jiangmen Central Hospital, Jiangmen; and Henan

Cancer Hospital, Zhengzhou) (Figure 1). This study was approved

by the institutional review boards from all participating centers

(G2024-017-01). The requirement of informed consent was waived

for the reason that no intervention was conducted. The study

protocol was pre-registered on the ClinicalTrials (NCT06292052).

The key eligibility criteria included 1) biopsy-proven non-small cell

lung cancer, without small cell lung cancer components (15); 2)

clinically staged as T1-4N0-1M0 according to American Joint

Committee on Cancer/Tumor-Node-Metastasis (AJCC/TNM) 8th

Edition (16); 3) received neoadjuvant immune checkpoint

inhibitors and platinum-based doublet chemotherapy with no less

than 2 cycles; 4) received radical surgery and systemic (≥3 N1

stations and ≥3 N2 stations) or passively selective lymph node

dissection; 5) postoperative pathologic assessment complied with

the International Association for the Study of Lung Cancer (IASLC)

multidisciplinary recommendations (17); and 6) without known

EGFR, ALK, or ROS1 mutation. Demographic, clinical, radiologic,

and pathologic data were retrospectively retrieved from the

electronic medical record system.
2.2 Pretreatment and preoperative clinical
staging

The pretreatment clinical staging was assessed using 18-

fluorodeoxyglucose-positron emission tomography (PET) or

contrast-enhanced computed tomography (CT) within 2 weeks

before the first neoadjuvant treatment (18). The T staging
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1587658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhou et al. 10.3389/fimmu.2025.1587658
was determined by the maximum diameter or the invasion extent

of the primary tumor measured by radiologic examinations.

Endobronchial ultrasound-guided transbronchial needle

aspiration (EBUS-TBNA) and mediastinoscopy were used for the

invasive assessment of abnormal lymph nodes (19). Furthermore,

lymph nodes with the shortest diameter larger than 10 mm or

elevated uptake of 2-deoxy-2-fluoro-D-glucose and with abnormal

radiologic features were also defined as metastasis. The N staging is

determined by the combination of pathologic and radiologic

examinations. Magnetic resonance imaging (MRI) of the brain

was necessary for patients who did not undergo PET/CT

examinations. The preoperative clinical staging was assessed in

the same way after the completion of neoadjuvant treatment and

within 2 weeks before the operation.
Frontiers in Immunology 03
2.3 Outcome assessment

The surgical resection specimens were completely sampled for

primary tumors with 3 cm or less in maximum diameter or cut across

in 0.5-cm-thick serial sections for larger sizes. The resected lymph

nodes were also fully assessed with every cross-section. Complete

pathologic response (pCR) is defined as no viable tumor cells

observed in pathology slides of all resected tissues, and such outcome

would be staged as ypT0N0 according to the AJCC/TNM 8th edition

(16, 17). The definition of major pathologic response (MPR) is a

significant reduction of all histologic types of lung cancer with a clinical

cutoff of 10%. Those who experienced asymmetric treatment response,

such as having complete regression in primary tumor but residual

tumor cells in lymph nodes, were also regarded as MPR. Lung cancer
FIGURE 1

Trial flow diagram. NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; NEC, neuroendocrine carcinoma; EGFR, epidermal growth
factor receptor.
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biomarker testing and radiology examinations were regularly adopted

in postoperative follow-up. The last follow-up date was February 1,

2025. Event-free survival (EFS) and overall survival (OS) were

calculated from cycle 1, day 1 of neoadjuvant treatment to the last

follow-up. Follow-up data were censored at 3 years. Recurrence was

confirmed by imaging and/or pathology and further classified as local

or distant recurrence according to the metastatic extent defined by the

thoracic cavity.
2.4 Statistical analysis

Inverse probability of treatment weighting (IPTW) was

conducted between the selective lymph node dissection group and

the systemic lymph node dissection group (20). Continuous variables

with normal distribution were presented by mean and standard

deviation (SD) and analyzed by Student’s t-tests. The others with

skewed distribution were described by median and interquartile

range (IQR) and analyzed by Mann–Whitney U tests. Categorical

variables were demonstrated by frequency and percentage and

analyzed by chi-square or Fisher’s exact tests according to the

estimated frequency. EFS and OS status were demonstrated using

the Kaplan–Meier curves, and the differences between subgroups

were analyzed by long-rank tests (21). Univariable and multivariable

logistic regression and Cox regression analyses were conducted to

discriminate risk factors (22). Receiver operating characteristic

(ROC) analysis and restricted cubic spline (RCS) method were also

used to explore the association between lymph node dissection

number and follow-up outcomes (23, 24). All of the statistical

analyses were performed by SPSS version 27.0 (Armonk, NY, USA)

and the R Statistical Software (v4.3.2; R Core Team 2022). Type I

error was set as 0.05 (two-sided).
2.5 scRNA/TCR-seq analysis

scRNA/TCR data from Pai JA et al. were retrieved from Gene

Expression Omnibus (GEO) (GSE185206), including 18 postoperative

samples of primary tumor and paired mediastinal lymph nodes (25).

scRNA-seq datasets were log10-normalized individually and integrated

using the Seurat (v5.2.1) and Harmony (v1.2.3) packages (26, 27).

Mitochondria, ribosome, and TCR genes were excluded to avoid cluster

bias. Uniform Manifold Approximation and Projection (UMAP) with

the first 50 principal components were used for dimensionality

reduction (28). K-nearest neighbor graph was constructed, and the

Louvain algorithm was used to identify phenotypic clusters with a

resolution of 1 (29). The enrichment and pattern categorization of the

TCR clone were analyzed using the scRepertoire (v1) package.
3 Results

3.1 Patient characteristics

A total of 131 NSCLC patients staged as cT1-4N0-1M0 and

received nICT followed by radical surgery were retrospectively
Frontiers in Immunology 04
reviewed from three institutions. The baseline characteristics are

shown in Table 1. Of those, 23.7% (31/131) were staged as cN0, and

76.3% (100/131) were staged as cN1. Of those staged as N, 43.5%

(57/131) were determined by PET/CT, and others were by CT. Of

131 patients, 12.2% (16) received invasive assessment of mediastinal

lymph nodes. Of 131, 63.4% (83) received immunotherapy-based

adjuvant treatment. Specifically, seven (5.3%) patients staged as IB

received nICT due to involvement of the main bronchus and

intolerable pneumonectomy or sleeve resection. The median

number of resected N1 and N2 stations lymph nodes was

respectively 8 (interquartile range, 5 to 12) and 10 (interquartile

range, 5 to 16). The pCR and MPR rates were respectively 47.3%

(62/131) and 62.6% (82/131). With a median follow-up of 24.7

months [95% CI, 18.8–30.6], the 3-year EFS and OS were 90.6% and

96.2%, respectively.
3.2 Lymph node clearance outcomes

According to the postoperative pathology reports, the lymph

node clearance rate (ypN0/N1) was 98.5% (129/131), including

80.9% ypN0 (106/131) and 17.6% ypN1 (23/131) (Figure 2). Among

the ypN1 patients, two were hilar lymph node metastases (Station

10), and the other 21 were intralobar lymph node metastases

(Stations 11–14). The multivariate and univariate logistic

regression analyses showed that demographic characteristics (e.g.,

sex, age, and smoking history), clinical stages, and histological types

were not risk factors for mediastinal lymph node clearance (ypN0/

N1) or intralobar lymph node clearance (ypN0). Furthermore,

according to the radiologic evaluation performed before the

operation, radiologically confirmed complete response (R-CR) or

partial response (R-PR) was found to have a significant association

with lymph node clearance (ypN0) compared with that evaluated as

stable disease (88% vs. 20%, OR = 0.03 [95% CI: 0.01–0.14],

p < 0.001).
3.3 Recurrence patterns and relative risk
factors

For the 10 patients who experienced recurrence or metastasis

(R/M) during the follow-up period, one experienced bone

metastasis, two experienced surgical site recurrence, three

experienced non-regional lymph node recurrence, and four

experienced intrapulmonary metastases. The Cox proportional

hazards survival regression preliminarily showed that clinical

characteristics (e.g., sex, age, and smoking history), neoadjuvant

therapy procedures (e.g., types of immune checkpoint blockade

inhibitors and cycles of neoadjuvant treatment), and pathologic

characteristics (e.g., histological type) were not risk factors for EFS

or OS, including the dissection number of N1 station or N2 station.

Moreover, adjuvant treatment was not confirmed as a protective

factor for R/M or death as well, whether in the pCR or non-pCR

subgroup (Table 2 and Supplementary Table S1-2).

Furthermore, in order to discriminate the potential risks of

postoperative N1 station metastasis, we classified the ypN1 patients
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into intralobar ypN1 and hilar ypN1. The Cox regression analysis

showed that patients with hilar ypN1 experienced similar risks of R/

M (p = 0.98) or death (p = 0.98) compared to those with only

intralobar lymph nodes involved. Furthermore, the difference in R/

M or death risk between patients with multiple and single ypN1

station metastases was also not observed (p = 0.99).
3.4 Association between lymph node
dissection number and follow-up
outcomes

We further applied the RCS method in the Cox regression

model to demonstrate the continued hazard ratio (HR) values

between the count of resected N2 lymph nodes and EFS

outcomes. The results showed that the HR values were all close to

1 and that no significant relationship was observed (Figure 3).

Moreover, the ROC analysis also found that no optimized N2
Frontiers in Immunology 05
lymph node resection number could be found to predict the EFS

or OS outcome (Figures S1A, B).

In addition, combining with the RCS-calculated structural

break point for the HR values of EFS and previously reported

suggestions, we separated patients who had less than or equal to 12

N2 station lymph nodes dissected into non-systemic lymph node

dissection group and the other into systemic lymph node dissection

group. To balance the confounding clinicopathologic characteristics

between the two groups, we performed IPTW using gender, age

(divided by 65 years old), maximum diameter of baseline tumor

(millimeter), histology (squamous cell carcinoma or not), cycles of

neoadjuvant immunotherapy (divided by 3 times), pathologic

response (pCR or not), and history of adjuvant immunotherapy.

The standardized mean difference (SMD) of baseline characteristics

after IPTW adjustment were all smaller than 0.1 (Supplementary

Table S3). The 3-year EFS and OS showed no statistical significance

between the systemic lymph node dissection group and non-

systemic lymph node dissection group in the unadjusted (3-year
TABLE 1 Baseline characteristics of the whole cohort in SYSUCC, JMCH, and HNCH.

Characteristics Level SYSUCC JMCH HNCH

N = 71 N = 31 N = 29

Age, no. (%) <65 47 (66.2) 20 (64.5) 18 (62.1)

≥65 24 (33.8) 11 (35.5) 11 (37.9)

Sex, no. (%) Male 58 (81.7) 28 (90.3) 28 (96.6)

Female 13 (18.3) 3 (9.7) 1 (3.4)

Smoking history, no. (%) Never 18 (25.4) 5 (16.1) 6 (20.7)

F/C 53 (74.6) 26 (83.9) 23 (79.3)

ICI types, no. (%) PD-1 68 (95.8) 28 (90.3) 29 (100.0)

PD-L1 3 (4.2) 3 (9.7) 0 (0.0)

Neoadjuvant treatment cycle, no. (%) ≤3 61 (85.9) 23 (74.2) 25 (86.2)

>3 10 (14.1) 8 (25.8) 4 (13.8)

Clinical stage, no. (%) IB 4.97 (1.92) 4.92 (2.02) 4.21 (1.54)

IIA 3 (4.2) 2 (6.5) 1 (3.4)

IIB 0 (0.0) 1 (3.2) 2 (6.9)

IIIA 37 (52.1) 15 (48.4) 19 (65.5)

Clinical N stage, no. (%) N0 31 (43.7) 13 (41.9) 7 (24.1)

N1 41 (57.7) 19 (61.3) 15 (51.7)

Radiology exam types, no. (%) CT 30 (42.3) 12 (38.7) 14 (48.3)

PET/CT 57 (80.3) 21 (67.7) 21 (72.4)

Tumor histology, no. (%) LUSC 14 (19.7) 10 (32.3) 8 (27.6)

Non-LUSC 23 (32.4) 14 (45.2) 11 (37.9)

Adjuvant treatment status, no. (%) No 48 (67.6) 17 (54.8) 18 (62.1)

Yes 47 (66.2) 20 (64.5) 18 (62.1)
SYSUCC, Sun Yat-sen University Cancer Center; JMCH, Jiangmen Central Hospital; HNCH, Henan Cancer Hospital; ICI, immune checkpoint inhibitor; PD-1, programmed death-1; PD-L1,
programmed death-L1; CT, computed tomography; PET, positron emission tomography; LUSC, lung squamous cell carcinoma; F/C, former/current.
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EFS: 85.3% vs. 96.8%, HR = 3.6 [95% CI, 1.05–12.53], p = 0.08; 3-

year OS: 98.5% vs. 93.7%, HR = 0.31 [95% CI, 0.04–2.19], p = 0.28)

and IPTW-adjusted cohorts (3-year EFS: 86% vs. 95.9%, HR = 3.6

[95% CI, 1.05–12.53], p = 0.08; 3-year OS: 98.15% vs. 93.5%, HR =

0.31 [95% CI, 0.04–2.19], p = 0.28) (Figures 4A–D). Although no

statistical outcome was reached, patients in the non-systemic lymph

node group showed a trend of reduced R/M instead.
3.5 Stem-like exhausted CD8+ T cells were
enriched in post-neoadjuvant treatment
lymph nodes

Previous studies have indicated that stem-like exhausted CD8+

T cells, which express both memory-related and exhaustion-related

markers, were concentrated in the draining lymph nodes and were

the progenitor of tumor-specific CD8+ T cells (25, 30). We then

tried to distinguish those subtypes in the resected lymph nodes from

patients who received immunotherapy and analyzed their potential

functions in adjuvant immunotherapy. In this study, we collected

the scRNA/TCR-seq datasets of 16 primary tumor samples and two

paired lymph node samples from NSCLC patients after immune

checkpoint blockade (ICB) from GEO (GSE185206). CD8+ T cells

that exhibited high expression levels of exhaustion gene (HAVCR2,

ENTPD1, LAG3, PDCD1, CXCL13, TOX, and GZMB) in the

primary tumor were extracted and clustered. The CD8+ T cells in
Frontiers in Immunology 06
the draining lymph nodes that had to share TCR sequences were

further integrated. These CD8+ T cells were finally divided into six

clusters, including stem-like exhausted T cells, tissue-resident

memory T cells, proliferating T cells, and three terminally

exhausted populations labeled by characteristic exhaustion gene

(PDCD1, CXCL13, and HAVCR2/TIM-3) (Figure 5A). Similar to

reported gene sets, memory-like features (such as TCF7, SELL,

LEF1, and CCR7, IL7R) and effector-like features (such as GZMK

and KLRG1) were both selectively expressed in stem-like clusters

(Figure 5B). The UMAP plot split by tissue (tumor or lymph nodes)

distinctly demonstrated that stem-like exhausted CD8+ T cells were

mainly distributed in resected lymph nodes, while terminally

exhausted CD8+ T cells were in the primary tumor.

By pairing the TCR information with cluster phenotypes, we

found that TCR clones were mostly expanded in those terminally

exhausted clusters and tissue-resident memory T cells, which was in

accordance with the assumptive development trajectory

(Figure 5C). The proportion of TCR relative abundance in tumor

and lymph nodes also showed that large-expanded TCR clones were

more commonly observed in tumor samples (Figure 5D). We then

defined the TCR sequences with identical VDJC gene names and

CDR3 nucleotide as the same clone and then described the changes

of the same TCR clonotype expansion level between tumors and

lymph nodes. As we expected, the TCR trajectory showed that most

of the tumor-specific CD8+ T cells were expanded from the memory

T cells in mediastinal lymph nodes (Figure 5E). The scatter plot also
FIGURE 2

The distribution of N stage in pre-treatment clinical stage (cN), pro-operative clinical stage (ycN), pathologic stage (pN), and lymph node
downstage relationship.
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demonstrated that tumor-specific CD8+ T cells that highly

expanded in primary tumor sites mostly shared TCR clones of

memory T cells (dual expanded clonotypes) in mediastinal lymph

nodes (Figure 5F).
Frontiers in Immunology 07
4 Discussion

This multicenter study retrospectively established a cohort

of cN0/N1 NSCLC patients who received neoadjuvant

immunotherapy and radical surgery. By reporting the landscape of

lymph node clearance and analyzing the association between the

extent of mediastinal lymph node dissection and survival outcomes,

we first demonstrated the safety of omitting systemic mediastinal

lymph node dissection in neoadjuvant-treated NSCLC patients who

had uninvolved mediastinal lymph node at baseline. Furthermore, to

demonstrate the necessity of preserving intact mediastinal

lymph nodes, we analyzed the scRNA/TCR-seq data of paired

tumor and lymph node samples retrieved from NSCLC patients

treated with anti-PD-1 inhibitors. Finally, we proposed the residence

of stem-like CD8+ memory T cells in ICB-treated lymph nodes and

their potential impact on adjuvant immunotherapy and disease

recurrence. Overall, this study for the first time comprehensively

illustrated the safety and necessity of omitting mediastinal lymph

node dissection in nICT-treated cN0/N1 NSCLC patients.

The balance between the extent of lymph node dissection and

surgical benefits is a frequently discussed dilemma. The thorough

lymph node dissection indeed removes micrometastasis and provides

sufficient samples for pathologic assessment, but the surgical-related

adverse effects such as unintended injuries to vessels, nerves, or other

adjacent tissues are also significantly increased, especially in

complicated operations such as lung and esophageal surgeries. In

the era of immunotherapy, the contradiction is further intensified

when facing NSCLC patients who received neoadjuvant

immunotherapy. On the one side, immunotherapy-based

neoadjuvant treatment prominently improves the complete

pathologic response rate of both primary tumors and lymph nodes.

On the other side, fibrosis and tissue adhesion caused by neoadjuvant

treatment predominantly increase the risk of surgery to a higher

degree. However, it is noteworthy that the significant regression of

lymph nodes also eradicates the micrometastasis and therefore

creates favorable conditions for omitting systemic mediastinal

lymph node dissection, especially for patients with uninvolved

mediastinal lymph nodes at baseline.

In our study, we showed that the true negative rate of mediastinal

lymph nodes in cN0/N1 NSCLC patients after receiving nICT

reached 98.5%, and those patients that had radiologically confirmed

complete response at the time before surgery showed 100%

mediastinal lymph node clearance, which preliminarily proved the

safety of omitting systemic lymph node dissection. We further

included various lymph node characteristics such as resected lymph

node counts and N1 metastatic station counts to analyze their

association with recurrence and death. Considering that the hilar

and intralobar (N1 station) lymph node dissection number is

irrelevant to surgical procedures and is highly correlated with post-

operative anatomy, we generally took the mediastinal (N2 station)

lymph node dissection number into consideration. However, the

Cox-adjusted HR values of EFS showed that there was no optimized

N2 lymph node dissection number, and a linear or non-linear

relationship was not observed, which indicated that patients with

more N2 lymph node dissection did not experience EFS benefits.
FIGURE 3

Cox-adjusted hazards ratio of event-free survival in the whole
cohort. HR, hazard ratio; CI, confidence interval.
TABLE 2 Multivariate analysis for event-free survival in cN0/N1 patients
with NSCLC who underwent neoadjuvant immunotherapy.

Characteristics Log(HR) 95% CI p-Value

Age

<65 — —

≥65 −0.98 −2.6, 0.61 0.227

ICI types

PD-1 — —

PD-L1 0.89 −1.2, 3.0 0.412

Neoadjuvant treatment cycle

≤3 — —

>3 −0.42 −2.5, 1.7 0.695

Baseline N staging

cN0 — —

cN1 0.23 −1.4, 1.8 0.782

Tumor histology

LUSC — —

Non-LUSC −0.37 −2.0, 1.2 0.648

Adjuvant treatment status

No — —

Yes 0.86 −0.71, 2.4 0.282

Resected lymph node count

Resected N1+N2 LN count −0.01 −0.14, 0.12 0.889

Resected N2 LN count 0.06 −0.11, 0.24 0.489
HR, hazard ratio; CI, confidence interval; ICI, immune checkpoint inhibitor; PD-1,
programmed death-1; PD-L1, programmed death-L1; LUSC, lung squamous cell carcinoma.
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Concerning that insufficient lymph node dissection may leave occult

lymph node metastasis and cause regional recurrence or distant

metastasis consequently, this study further compared the EFS and

OS outcomes between patients who received selective mediastinal

lymph node dissection due to tissue fibrosis and adhesion and

systemic mediastinal lymph node dissection with a relatively long

follow-up period. As expected, we found that selective lymph node

dissection was not associated with increased events of recurrence,

metastasis, or death in both unadjusted and IPTW-adjusted cohorts.

To our surprise, although the OS outcomes between the two groups

remained similar, patients with systemic lymph node dissection

showed a higher risk of recurrence, which potentially indicated the

importance of an intact lymph node system in the postoperative

period. Actually, a similar analysis has been conducted in the

population of NSCLC patients who received surgery alone and

without neoadjuvant treatment. Ling et al. proposed that

inadequate or excessive lymph node dissection could disrupt long-

term survival (31). Recently, another study reported that resected

lymph nodes greater than 16 were associated with poorer efficacy of

postoperative immunotherapy in those populations (6). However,

considering that these studies only enrolled patients who did not

undergo immunotherapy before surgery, the differences among the

conclusions further indicated the uniqueness and specialty of lymph

nodes activated by immunotherapy-based treatment and the

significance of this novel research in nICT-treated NSCLC patients.

In addition to proving the safety of omitting systemic lymph

node dissection, we noticed that preserving intact mediastinal
Frontiers in Immunology 08
lymph nodes may also improve survival outcomes. Although

adjuvant immunotherapy is regarded as a standard part of

perioperative treatment, its efficacy is still being challenged. A few

studies indicated that the removal of draining lymph nodes (dLNs),

which is a crucial organ for the function of anti-PD-1/PD-L1

inhibitors, is the key point for the unsatisfactory efficacy. During

the neoadjuvant period, a majority of naïve CD8+ T cells are

activated and proliferated in the dLN. In vitro experiments

removing dLN before receiving ICB inhibitors already show

extremely poor regression of the primary tumor (32, 33), while in

situ injection of anti-PD-L1 inhibitors to the dLN demonstrates

similar efficacy compared with intravenous injection. Therefore, the

excessive dissection of negative lymph nodes could also destroy the

intact immune system and finally disrupt the efficacy of adjuvant

immunotherapy. In this study, the cross-tissue integration analysis

of paired tumor and lymph node scRNA/TCR-seq data showed that

the activated tumor-cytotoxic CD8+ T cells were mainly

differentiated from progenitor-exhausted CD8+ T cells. In

addition, the TCR trajectory demonstrated that the stem-like

exhausted CD8+ T cells were abundantly inhabited in resected

dLN and sequentially developed into terminally exhausted CD8+

T cells and migrated to primary tumor sites. Feature analysis further

showed that stem-like CD8+ T cells were highly expressed memory

cell genes, which represented their roles in responding to adjuvant

immunotherapy and long-term anti-tumor functions.

This study had several limitations. As a multicenter study,

although multiple statistical methods such as covariate regression
FIGURE 4

Kaplan–Meier estimates of follow-up outcomes among the patients in the unadjusted and inverse probability of treatment weighting (IPTW)-
adjusted cohort grouped by selective or systemic lymph node dissection. (A) Three-year event-free survival outcomes in unadjusted cohort. (B)
Three-year event-free survival outcomes in IPTW-adjusted cohort. (C) Three-year overall survival outcomes in unadjusted cohort. (D) Three-year
overall survival outcomes in IPTW-adjusted cohort. IPTW, inverse probability of treatment weighting; LND, lymph node dissection.
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and IPTW adjustment were conducted, the inherent defect of

confounding bias was still inevitable. Furthermore, to confirm the

sustainable role of differentiating tumor-specific CD8+ T cells, the

scRNA/TCR-seq should also be conducted in peripheral blood

during the adjuvant treatment period (9).
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5 Conclusion

In conclusion, for cN0/N1 NSCLC patients who received nICT,

systemic mediastinal lymph node dissection was not associated with

survival benefits but disrupted the repertoire of stem-like
FIGURE 5

Characteristics and distribution of stem-like CD8+ T cells in primary tumors and draining lymph nodes. (A) Uniform Manifold Approximation and
Projection (UMAP) plot of CD8+ clusters split by tumor (upper) and lymph nodes (lower). (B) Expression level heat map of progenitor, memory,
exhaustion, effector, and proliferation markers among the CD8+ clusters. (C) UMAP overlaid with TCRab clone size. (D) Relative abundance of TCRab

clone size in tumor and lymph nodes. (E) Alluvial plot showing the expansion characteristics of TCRab between tumor and lymph nodes. (F) Scatter
plot showing the distribution of singlet, multiple, and dual TCR expansion characteristics in tumor and lymph nodes. TCR, T-cell receptor; UMAP,
Uniform Manifold Approximation and Projection; TRM, tissue-resident memory.
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tumor-cytotoxic CD8+ T cells. Depending on the mediastinal lymph

node clearance efficacy of nICT, omitting systemic lymph node

dissection in cN0/N1 NSCLC patients is safe and necessary.

Prospective clinical trials evaluating the non-inferiority of selective

mediastinal lymph node dissection should be further conducted.
Data availability statement

The data presented in the study are deposited in the

figshare repository, accession number: doi.org/10.6084/

m9.figshare.28862972.v1; doi.org/10.6084/m9.figshare.28862399.v1;

doi.org/10.6084/m9.figshare.28855505.v1.
Ethics statement

The studies involving humans were approved by Sun Yat-sen

University Cancer Center, Jiangmen Central Hospital, and Henan

Provincial Cancer Hospital. The studies were conducted in

accordance with the local legislation and institutional requirements.

The ethics committee/institutional review board waived the

requirement of written informed consent for participation from the

participants or the participants’ legal guardians/next of kin because no

intervention of patients was conducted.
Author contributions

YHZ: Conceptualization, Methodology, Visualization, Writing –

original draft. WZ: Conceptualization, Formal Analysis, Writing –

original draft. WS: Data curation, Formal Analysis, Project

administration, Writing – review & editing. YH: Data curation,

Validation, Writing – review & editing. ZL: Resources, Validation,

Writing – review & editing. DL: Data curation, Methodology,

Writing – original draft. YZ: Resources, Validation, Writing –

review & editing. XL: Supervision, Validation, Writing – review &

editing. ZZ: Methodology, Writing – review & editing. SF: Formal

Analysis, Project administration, Writing – original draft. YL:

Conceptualization, Methodology, Software, Writing – review &

editing. HT: Conceptualization, Methodology, Writing – review &

editing. HL: Conceptualization, Funding acquisition, Supervision,

Validation, Writing – review & editing.
Frontiers in Immunology 10
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported

by the Development Center for Medical Science and Technology

National Health Commission of the People’s Republic of China

(Grant Number WKZX2023CX020006) and the Natural Science

Foundation of China (Grant Number 82403971).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1587658/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

Receiver operating characteristics analysis of the association between N2

station lymph node dissection count and event-free or overall survival
outcomes. ROC, Receiver operating characteristics; EFS, Event-free

survival; OS, Overall-survival; HR, Hazard ratio; CI, Confidence interval.
References
1. Riely GJ, Wood DE, Ettinger DS, Aisner DL, Akerley W, Bauman JR, et al. Non-
small cell lung cancer, version 4.2024, NCCN clinical practice guidelines in oncology.
J Natl Compr Canc Netw. (2024) 22:249–74. doi: 10.6004/jnccn.2204.0023

2. Altorki NK, Wang X, Wigle D, Gu L, Darling G, Ashrafi AS, et al. Perioperative
mortality and morbidity after sublobar versus lobar resection for early-stage non-small-cell
lung cancer: post-hoc analysis of an international, randomised, phase 3 trial (CALGB/
Alliance 140503). Lancet Respir Med. (2018) 6:915–24. doi: 10.1016/s2213-2600(18)30411-9

3. Zhang Y, Deng C, Zheng Q, Qian B, Ma J, Zhang C, et al. Selective mediastinal
lymph node dissection strategy for clinical T1N0 invasive lung cancer: A prospective,
multicenter, clinical trial. J Thorac Oncol. (2023) 18:931–9. doi: 10.1016/
j.jtho.2023.02.010

4. Hiam-Galvez KJ, Allen BM, Spitzer MH. Systemic immunity in cancer. Nat Rev
Cancer. (2021) 21:345–59. doi: 10.1038/s41568-021-00347-z

5. Spitzer MH, Carmi Y, Reticker-Flynn NE, Kwek SS, Madhireddy D, Martins MM,
et al. Systemic immunity is required for effective cancer immunotherapy. Cell. (2017)
168:487–502.e15. doi: 10.1016/j.cell.2016.12.022

6. Deng H, Zhou J, Chen H, Cai X, Zhong R, Li F, et al. Impact of lymphadenectomy
extent on immunotherapy efficacy in postresectional recurred non-small cell lung
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1587658/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1587658/full#supplementary-material
https://doi.org/10.6004/jnccn.2204.0023
https://doi.org/10.1016/s2213-2600(18)30411-9
https://doi.org/10.1016/j.jtho.2023.02.010
https://doi.org/10.1016/j.jtho.2023.02.010
https://doi.org/10.1038/s41568-021-00347-z
https://doi.org/10.1016/j.cell.2016.12.022
https://doi.org/10.3389/fimmu.2025.1587658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhou et al. 10.3389/fimmu.2025.1587658
cancer: a multi-institutional retrospective cohort study. Int J Surg. (2024) 110:238–52.
doi: 10.1097/js9.0000000000000774

7. Zhai WY, Zhao ZR, Chen S, Yu H, Lin YB, Wang YZ, et al. Response of primary
tumor and lymph node in non-small cell lung cancer after neoadjuvant immunotherapy: a
pooled analysis. J Immunother Cancer. (2022) 10. doi: 10.1136/jitc-2022-005160

8. Gang X, Yan J, Li X, Shi S, Xu L, Liu R, et al. Immune checkpoint inhibitors
rechallenge in non-small cell lung cancer: Current evidence and future directions.
Cancer Lett. (2024) 604:217241. doi: 10.1016/j.canlet.2024.217241

9. GuoW, Qiao T, Li H, Zhao Y, Qin J, Zhang C, et al. Peripheral CD8(+)PD-1(+) T cells
as novel biomarker for neoadjuvant chemoimmunotherapy in humanizedmice of non-small
cell lung cancer. Cancer Lett. (2024) 597:217073. doi: 10.1016/j.canlet.2024.217073

10. Forde PM, Spicer J, Lu S, Provencio M, Mitsudomi T, Awad MM, et al.
Neoadjuvant nivolumab plus chemotherapy in resectable lung cancer. N Engl J Med.
(2022) 386:1973–85. doi: 10.1056/NEJMoa2202170

11. Zou Y, Zhang H, Liu F, Chen ZS, Tang H. Intratumoral microbiota in
orchestrating cancer immunotherapy response. J Transl Int Med. (2024) 12:540–2.
doi: 10.1515/jtim-2024-0038

12. Cascone T, Awad MM, Spicer JD, He J, Lu S, Sepesi B, et al. Perioperative
nivolumab in resectable lung cancer. N Engl J Med. (2024) 390:1756–69. doi: 10.1056/
NEJMoa2311926

13. Dammeijer F, van Gulijk M, Mulder EE, Lukkes M, Klaase L, van den Bosch T,
et al. The PD-1/PD-L1-checkpoint restrains T cell immunity in tumor-draining lymph
nodes. Cancer Cell. (2020) 38:685–700.e8. doi: 10.1016/j.ccell.2020.09.001

14. Huang Q, Wu X, Wang Z, Chen X, Wang L, Lu Y, et al. The primordial
differentiation of tumor-specific memory CD8(+) T cells as bona fide responders to
PD-1/PD-L1 blockade in draining lymph nodes. Cell. (2022) 185:4049–4066.e25.
doi: 10.1016/j.cell.2022.09.020

15. Tan N, Li Y, Ying J, Chen W. Histological transformation in lung
adenocarcinoma: Insights of mechanisms and therapeutic windows. J Transl Int
Med. (2024) 12:452–65. doi: 10.1515/jtim-2024-0019

16. Chansky K, Detterbeck FC, Nicholson AG, Rusch VW, Vallières E, Groome P,
et al. The IASLC lung cancer staging project: external validation of the revision of the
TNM stage groupings in the eighth edition of the TNM classification of lung cancer. J
Thorac Oncol. (2017) 12:1109–21. doi: 10.1016/j.jtho.2017.04.011

17. Travis WD, Dacic S, Wistuba I, Sholl L, Adusumilli P, Bubendorf L, et al. IASLC
multidisciplinary recommendations for pathologic assessment of lung cancer resection
specimens after neoadjuvant therapy. J Thorac Oncol. (2020) 15:709–40. doi: 10.1016/
j.jtho.2020.01.005

18. Darling GE, Maziak DE, Inculet RI, Gulenchyn KY, Driedger AA, Ung YC, et al.
Positron emission tomography-computed tomography compared with invasive
mediastinal staging in non-small cell lung cancer: results of mediastinal staging in
the early lung positron emission tomography trial. J Thorac Oncol. (2011) 6:1367–72.
doi: 10.1097/JTO.0b013e318220c912

19. Steinfort DP, Kothari G, Wallace N, Hardcastle N, Rangamuwa K, Dieleman
EMT, et al. Systematic endoscopic staging of mediastinum to guide radiotherapy
planning in patients with locally advanced non-small-cell lung cancer (SEISMIC): an
Frontiers in Immunology 11
international, multicentre, single-arm, clinical trial. Lancet Respir Med. (2024) 12:467–
75. doi: 10.1016/S2213-2600(24)00010-9

20. Austin PC, Stuart EA. Moving towards best practice when using inverse
probability of treatment weighting (IPTW) using the propensity score to estimate
causal treatment effects in observational studies. Stat Med. (2015) 34:3661–79.
doi: 10.1002/sim.6607

21. Tolles J, Lewis RJ. Time-to-event analysis. In: Livingston EH, Lewis RJ. Time-to-
event analysis. JAMA. (2016) 315:1046–7. doi: 10.1001/jama.2016.1825

22. French B, Shotwell MS. Regression models for ordinal outcomes. JAMA. (2022)
328:772–3. doi: 10.1001/jama.2022.12104

23. Arnes JI, Hapfelmeier A, Horsch A, Braaten T. Greedy knot selection algorithm
for restricted cubic spline regression. Front Epidemiol. (2023) 3:1283705. doi: 10.3389/
fepid.2023.1283705

24. Obuchowski NA, Bullen JA. Receiver operating characteristic (ROC) curves:
review of methods with applications in diagnostic medicine. Phys Med Biol. (2018)
63:07tr01. doi: 10.1088/1361-6560/aab4b1

25. Pai JA, Hellmann MD, Sauter JL, Mattar M, Rizvi H, Woo HJ, et al. Lineage
tracing reveals clonal progenitors and long-term persistence of tumor-specific T cells
during immune checkpoint blockade. Cancer Cell. (2023) 41:776–790.e7. doi: 10.1016/
j.ccell.2023.03.009

26. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat
Biotechnol. (2018) 36:411–20. doi: 10.1038/nbt.4096

27. Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast,
sensitive and accurate integration of single-cell data with Harmony. Nat Methods.
(2019) 16:1289–96. doi: 10.1038/s41592-019-0619-0

28. Becht E, McInnes L, Healy J, Dutertre C-A, Kwok IWH, Ng LG, et al.
Dimensionality reduction for visualizing single-cell data using UMAP. Nat
Biotechnol. (2018) 37:38–44. doi: 10.1038/nbt.4314

29. Dann E, Henderson NC, Teichmann SA, Morgan MD, Marioni JC. Differential
abundance testing on single-cell data using k-nearest neighbor graphs. Nat Biotechnol.
(2022) 40:245–53. doi: 10.1038/s41587-021-01033-z

30. Liu B, Hu X, Feng K, Gao R, Xue Z, Zhang S, et al. Temporal single-cell tracing
reveals clonal revival and expansion of precursor exhausted T cells during anti-PD-1
therapy in lung cancer. Nat Cancer. (2022) 3:108–21. doi: 10.1038/s43018-021-00292-8

31. Liang W, He J, Shen Y, Shen J, He Q, Zhang J, et al. Impact of examined lymph
node count on precise staging and long-term survival of resected non-small-cell lung
cancer: A population study of the US SEER database and a chinese multi-institutional
registry. J Clin Oncol. (2017) 35:1162–70. doi: 10.1200/jco.2016.67.5140

32. Fear VS, Forbes CA, Neeve SA, Fisher SA, Chee J, Waithman J, et al. Tumour
draining lymph node-generated CD8 T cells play a role in controlling lung metastases
after a primary tumour is removed but not when adjuvant immunotherapy is used.
Cancer Immunol Immunother. (2021) 70:3249–58. doi: 10.1007/s00262-021-02934-3

33. Fransen MF, Schoonderwoerd M, Knopf P, Camps MG, Hawinkels LJ, Kneilling
M, et al. Tumor-draining lymph nodes are pivotal in PD-1/PD-L1 checkpoint therapy.
JCI Insight. (2018) 3. doi: 10.1172/jci.insight.124507
frontiersin.org

https://doi.org/10.1097/js9.0000000000000774
https://doi.org/10.1136/jitc-2022-005160
https://doi.org/10.1016/j.canlet.2024.217241
https://doi.org/10.1016/j.canlet.2024.217073
https://doi.org/10.1056/NEJMoa2202170
https://doi.org/10.1515/jtim-2024-0038
https://doi.org/10.1056/NEJMoa2311926
https://doi.org/10.1056/NEJMoa2311926
https://doi.org/10.1016/j.ccell.2020.09.001
https://doi.org/10.1016/j.cell.2022.09.020
https://doi.org/10.1515/jtim-2024-0019
https://doi.org/10.1016/j.jtho.2017.04.011
https://doi.org/10.1016/j.jtho.2020.01.005
https://doi.org/10.1016/j.jtho.2020.01.005
https://doi.org/10.1097/JTO.0b013e318220c912
https://doi.org/10.1016/S2213-2600(24)00010-9
https://doi.org/10.1002/sim.6607
https://doi.org/10.1001/jama.2016.1825
https://doi.org/10.1001/jama.2022.12104
https://doi.org/10.3389/fepid.2023.1283705
https://doi.org/10.3389/fepid.2023.1283705
https://doi.org/10.1088/1361-6560/aab4b1
https://doi.org/10.1016/j.ccell.2023.03.009
https://doi.org/10.1016/j.ccell.2023.03.009
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/nbt.4314
https://doi.org/10.1038/s41587-021-01033-z
https://doi.org/10.1038/s43018-021-00292-8
https://doi.org/10.1200/jco.2016.67.5140
https://doi.org/10.1007/s00262-021-02934-3
https://doi.org/10.1172/jci.insight.124507
https://doi.org/10.3389/fimmu.2025.1587658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Safety and necessity of omitting mediastinal lymph node dissection in cN0/N1 non-small cell lung cancer after neoadjuvant immunotherapy
	1 Introduction
	2 Materials and methods
	2.1 Patient cohort
	2.2 Pretreatment and preoperative clinical staging
	2.3 Outcome assessment
	2.4 Statistical analysis
	2.5 scRNA/TCR-seq analysis

	3 Results
	3.1 Patient characteristics
	3.2 Lymph node clearance outcomes
	3.3 Recurrence patterns and relative risk factors
	3.4 Association between lymph node dissection number and follow-up outcomes
	3.5 Stem-like exhausted CD8+ T cells were enriched in post-neoadjuvant treatment lymph nodes

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


