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1Department of Thoracic Surgery, the Second Affiliated Hospital of Soochow University, Suzhou, 
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Introduction: It remains controversial regarding the prognostic impact and 
therapeutic implications for immunotherapy of lymph node yield (LNY) during 
sublobar resection (SR) on stage I lung adenocarcinoma (LUAD).
Methods: We analyzed a retrospective cohort of 400 patients with stage I LUAD 
who underwent SR, with peripheral blood samples prospectively collected for 
detecting inflammatory cytokines (IFCs). The effect of different LNY (≥4 vs. < 4 
nodes) on survival and IFC change was evaluated. Consensus clustering analyses 
were performed using data from The Cancer Genome Atlas (TCGA) and our 
validation cohort to explore associations between IFCs and immune/cell death 
profiles. A Bayesian meta-analysis was further conducted to assess the impact of 
LNY in LUAD undergoing SR.
Results: The survival analysis of our cohort demonstrated that increased LNY 
during SR did not prolong RFS (≥4 vs. < 4 nodes: HR = 1.15; 95%CI: 0.76–1.74). A 
lower LNY during SR was associated with significantly better RFS in stage I LUAD 
receiving adjuvant immunochemotherapy (≥4 vs. < 4 nodes: HR = 0.41; 95%CI: 
0.17–0.94). In terms of IFCs, extensive lymph node dissection led to significantly 
increased levels of IL-6, IL-4, IL-10 and TNF-α after SR (p < 0.05). Consensus 
clustering based on the IFCs identified two subgroups (Cluster 1 and 2) in TCGA 
cohort with distinct immune and cell death profiles, including differences in 
immunogenic cell death and damage-associated molecular patterns. Cluster 2 
exhibited a higher Tumor Immune Dysfunction and Exclusion (TIDE) and tumor 
mutation burden scores. Similar findings were observed in our validation cohort, 
where Cluster 2 displayed higher number of neoantigens. The Bayesian meta-
analysis also corroborated that increased LNY did not improve RFS (HR = 0.98; 
95%CI: 0.20–2.94) in pathological stage I LUAD.
Discussion: Increased LNY during SR might confer no additional benefits to 
RFS for p-stage I LUAD. Excessive removal of LNs might exert adverse impact 
on physical sensitivity to immunochemotherapy. Personalized lymph node 
management should be adopted for selected node-negative disease. 

KEYWORDS

lung adenocarcinoma, lymph nodes, prognosis, sublobar resection, surgery 

Frontiers in Molecular Biosciences 01 frontiersin.org

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2026.1727569
https://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2026.1727569&domain=pdf&date_stamp=
2026-03-19
mailto:854827640@qq.com
mailto:854827640@qq.com
mailto:chentongt@sina.com
mailto:chentongt@sina.com
mailto:mym19850126@163.com
mailto:mym19850126@163.com
https://doi.org/10.3389/fmolb.2026.1727569
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1727569/full
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1727569/full
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1727569/full
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1727569/full
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1727569/full
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Li et al. 10.3389/fmolb.2026.1727569

1 Introduction

Although lobectomy with hilar and mediastinal lymph node 
(LN) dissection remains the standard surgical procedure for clinical 
stage I non-small cell lung cancer (NSCLC). The recent multicenter 
randomized controlled non-inferiority trial (CALGB140503) has 
established sublobar resection (SR) as a viable alternative to 
lobectomy for small-sized NSCLC (Altorki et al., 2024). However, 
clinicopathological factors influencing the oncological outcomes of 
SR remain incompletely elucidated.

In recent years, the adequacy of LN harvest has been increasingly 
emphasized as a quality indicator following curative-intent resection 
for NSCLC (Al-Thani et al., 2024). A previous study of 3,269 patients 
with stage I NSCLC undergoing SR demonstrated that dissection 
of more than four regional LNs was associated with better survival 
compared with dissection of 1–3 LNs (Cao et al., 2018). Similarly, 
another population-based study confirmed that examining ≥3 LNs 
was associated with a more favorable prognosis than inadequate 
dissection (He et al., 2020). A National Cancer Database study 
also suggested that more extensive lymph node sampling benefited 
stage IA patients undergoing SR (Speicher et al., 2016). In contrast, 
Zheng et al., using the Surveillance, Epidemiology, and End Results 
(SEER) database, reported that harvest of ≥4 LNs did not provide 
additional survival advantage over 1–3 LNs in patients with NSCLC 
≤1 cm undergoing SR (Zheng et al., 2020). Furthermore, surgical 
removal of tumor-draining lymph nodes (TDLNs) might abrogate 
immunotherapy-triggered tumor regressions (Fransen et al., 2018). 
Thus, the role of adequate LN dissection in stage I lung cancer 
undergoing SR remains uncertain.

This study aimed to investigate the prognostic significance of 
lymph node yield (LNY) during SR in stage I lung adenocarcinoma 
(LUAD), a major histology of NSCLC, by monitoring the 
perioperative inflammatory cytokines and characterizing the 
potential relationships between LNY and immune and cell 
death profiles. 

2 Methods and materials

2.1 Study design and patient population

We conducted a retrospective review of medical records from 
patients with clinical stage IA LUAD, who underwent SR from 
January 2021 to March 2023 at Suzhou Kowloon Hospital Shanghai 
Jiao Tong University School of Medicine. The study flowchart 

Abbreviations: NSCLC, non-small cell lung cancer; SR, sublobar resection; 
LN, lymph node; LNY, lymph node yield; LUAD, lung adenocarcinoma; 
OS, overall survival; RFS, recurrence-free survival; HR, hazard ratio; 
CI, confidence interval; SEER, Surveillance, Epidemiology, and End 
Results; OT, operation time; IBL, intraoperative blood loss; PEDV, pleural 
effusion drainage volume; TDTRT, thoracic drainage tube retention 
time; PHS, postoperative hospital-stay; IFCs, inflammatory cytokines; 
POD, postoperative days; NGS, next-generation sequencing; ES, exome 
sequencing; TIDE, tumor immune dysfunction and exclusion; TMB, 
Tumor mutation burden; ICIs, immune checkpoint inhibitors; NCCN, 
National Comprehensive Cancer Network; TdLNs, tumor-draining lymph 
nodes; DIC, deviance information criteria; MCMC, Markov Chain Monte 
Carlo methods; PSRF, potential scale reduction factor; DAMPs, damage-
associated molecular patterns.

is shown in Supplementary Figure S1. Exclusion criteria included: 
(I) pathologically confirmed non-invasive malignant disease; (II) 
conversion to thoracotomy; (III) intraoperative blood loss > 300 mL; 
(IV) major postoperative complications (e.g., prolonged air leakage, 
pulmonary embolism, severe infection); (V) recent history of 
infections, autoimmune diseases, or concurrent malignancies; 
(VI) recent history of corticosterioids or immunosuppressive 
drugs. For patients with radiologically pure solid nodules, cervical, 
abdominal, and brain computed tomography (CT) scans or positron 
emission tomography/computed tomography (PET-CT) were
also required.

Primary tumor and sampled LNs were sent for intraoperative 
frozen section examination. Only patients with intraoperatively 
confirmed N0 disease were included for perioperative inflammatory 
cytokine monitoring. These patients were divided into two groups 
(lower vs. higher LNY) based on the median number of LNs 
in our cohort. Clinical and pathological data were extracted, 
including sex, age, smoking history, surgical procedure, LNY, 
the pathologic TNM stage, operation time (OT), intraoperative 
blood loss (IBL), pleural effusion drainage volume (PEDV), 
thoracic drainage tube retention time (TDTRT), and postoperative 
hospital-stay (PHS), adjuvant therapy, immunotherapy regimens 
for recurrence controlling, treatment cycle number, and recurrence 
information. All chest CT scans were retrospectively examined to 
determine the radiological features of the resected lesions. Ground-
glass component was defined on a CT scan by hazy increased 
opacities in the lung parenchyma, with preservation of bronchial 
structures and vascular margins (Zhang et al., 2020). Furthermore, 
the PD-L1 expression levels in the resected LUAD were categorized 
as follows: strongly positive (≥50%), weakly positive (1%–49%), or 
negative (<1%).

For pathological stage IB LUAD with high-risk factors 
(e.g., lymphovascular invasion, wedge resection, visceral pleural 
involvement, high-grade predominance, or solid component 
ratio ≥20%), adjuvant therapy was recommended in accordance 
with the National Comprehensive Cancer Network (NCCN) 
guidelines (Riely et al., 2024) and multidisciplinary evaluation. First-
line treatment with PD-1 inhibitors (pembrolizumab, nivolumab, 
toripalimab, tislelizumab, camrelizumab, or sintilimab) combined 
with platinum-based doublet chemotherapy was administered 
every 21 days to those patients without driver mutations, such as 
epidermal growth factor receptor (EGFR), anaplastic lymphoma 
kinase (ALK), or c-ROS proto-oncogene 1- receptor tyrosine kinase 
(ROS1) genetic mutations, regardless of programmed cell death 
1 ligand 1 (PD-L1) expression. This study was approved by the 
Institutional Review Board of Suzhou Kowloon Hospital Shanghai 
Jiao Tong University School of Medicine (KY-2023–006). 

2.2 LN dissection and pathological 
assessment

All surgeries were performed using a standardized approach 
by certified and experienced surgeons. Resected LN specimens 
were sent for pathological evaluation. Pathological assessment for 
resected LNs was conducted independently by at least two senior 
pathologists (Jiang X. and Zhao J.). Pathologists also employed 
a rigorous process for screening LN fragments based on LN 
size and boundaries. And calculation of the LN number only 
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included structurally intact LNs and those composed of identifiable 
fragments. Meanwhile, the grading of lung adenocarcinoma 
differentiation was performed by two senior pathologists. In 
accordance with the 2021 World Health Organization Classification 
of Thoracic Tumors and International Association for the Study 
of Lung Cancer (IASLC) recommendations, tumor grading was 
defined by the predominant growth pattern and the proportion 
of high-grade components: Grade 1 (well-differentiated) was 
defined as lepidic-predominant with < 20% high-grade components; 
Grade 2 (moderately differentiated) as acinar- or papillary-
predominant with < 20% high-grade components; and Grade 
3 (poorly differentiated) as presence of ≥20% high-grade 
components (including patterns such as solid, micropapillary, or
cribriform). 

2.3 Observation indicators

Venous blood samples of patients who met the inclusion 
criteria and underwent intentional SR were prospectively 
collected on the morning before surgery to detect 
inflammatory cytokine indices as described in previous studies 
(Neff et al., 2022; riukhovetska et al., 2021; Hänggi et al., 2024; 
Ibusuki et al., 2024; LaMarche et al., 2024), with a sample volume of 
5 mL. Blood samples were subjected to protein chip technology for 
detecting inflammatory cytokines (IFCs) before surgery, which were 
also collected on the 1st postoperative days (POD1) with IFCs tested. 
The methods and steps were carried out in strict accordance with 
the kit instructions (QAH-INF-1, RayBio® Human Inflammatory 
Cytokine Antibody Array 1, United States): (1) The samples were 
collected using untreated collection tubes and centrifuged within 
24 h. Following this, the supernatant was stored at −80 °C for 
subsequent analysis of IFCs, which was performed within 1 month. 
(2) The chip was blocked and incubated, followed by the addition 
of 0.1 mL of 2-fold diluted serum. (3) Biotin antibody labeling 
was performed. (4) Chemiluminescence imaging analysis was 
performed using the InnoScan 300 Microarray Scanner (Innopsys, 
France). The measured IFCs included IL-6, IL-10, IL-8, IL-4, IL-
1α, IL-1β, IL-13, MCP-1, INF-γ, and TNF-α. Comparisons were 
carried out using the t-test or Mann–Whitney U test according to 
whether the data followed a normal distribution. A p value < 0.05 
was considered statistically significant. 

2.4 TCGA dataset and survival analysis

Transcriptomic and survival data of The Cancer Genomic 
Atlas (TCGA) dataset were obtained, with baseline characteristics 
summarized in Supplementary Table S1. FPKM-normalized 
gene expression values and survival information of 464 
LUADs were downloaded using the R package “TCGAbiolinks” 
(Colaprico et al., 2016) to examine the prognostic value of the 
IFCs. The “ConsensusClusterPlus” R package (Guinney et al., 2015) 
was used to perform consensus clustering and to categorize the 
LUAD dataset into two clusters based on the IFCs. The analysis 
was configured with a maximum of 5 clusters and 500 repetitions, 
using a sample sampling ratio of 0.8 and a gene sampling ratio of 1. 
Kaplan-Meier plots were generated using R packages “survival” and 
“survminer”. 

2.5 Bulk RNA-sequencing and exome 
sequencing

Twenty-four primary LUAD tissues were subjected 
to next-generation sequencing (NGS) and whole exome 
sequencing (WES) (Supplementary Table S2). RNA was extracted 
from these fresh tissues using the DNA/RNA kit. The RNA library 
preparation workflow comprises several steps: (1) RNA enrichment, 
achieved through rRNA removal using a probe-based method; (2) 
RNA fragmentation and random primer binding; (3) first-strand 
cDNA synthesis using reverse transcriptase lacking RNase H activity; 
(4) second-strand cDNA synthesis; (5) end repair, dA tailing, and 
adapter ligation; and (6) PCR enrichment using a high-fidelity 
polymerase to amplify and select adapter-bound molecules. 

2.6 Endpoints and follow-ups

The endpoint was recurrence-free survival (RFS), defined as the 
time from surgery to local or distant recurrence. Local recurrence 
was defined as tumor recurrence in the ipsilateral lung or LNs, with 
distant metastasis referring to recurrence in the contralateral lung 
or LNs, or distal organs such as the brain, liver, or bone. Recurrence 
was diagnosed on the basis of physical examination and/or imaging 
findings, and the diagnosis was histologically confirmed when 
clinically feasible. Follow-up data were gathered using electronic 
care records, institutional databases, and telephone call. All patients 
were regularly followed up until 30 May 2025. During follow-up 
period, censoring events occurred due to loss to follow-up or death 
from non-cancer-related causes. The Kaplan-Meier method was 
used to estimate the recurrence rate, thereby reducing the impact of 
censored data on the accurate estimation of the true recurrence risk. 

2.7 Statistical analyses

Statistical Packages for R (version 4.3.2 for Windows) was 
employed to conduct the statistical analyses. Variables were 
compared using the t-test or Mann–Whitney U test. Tumor Immune 
Dysfunction and Exclusion (TIDE) scores (Jiang et al., 2018) 
were calculated through online tools on the official website 
(http://tide.dfci.harvard.edu), which predicted response to immune 
checkpoint blockade. Tumor mutation burden (TMB) analysis 
(Mayakonda et al., 2018) was performed for every sample using the 
“maftools” algorithms. We calculated activity estimates of damage-
associated molecular patterns (DAMPs) (Liu et al., 2024) and cell 
death patterns (Zou et al., 2022; Qin et al., 2023) for each tissue 
using “gsvaParam” algorithms of the GSVA package (version 1.42.0) 
(Hänzelmann et al., 2013). Meta-analysis was two-sided, and the 
general data analyses were conducted by using “R2jags”, “bmeta” and 
“metafor” R packages (Mostafaei et al., 2020; Röver et al., 2021). 
Those relevant studies were identified by searching databases 
including PubMed, EMBASE, Web of Science and Cochrane Library 
up to March 2025 without language restrictions. The hazard 
ratio (HR) with the corresponding 95% confidence interval (CI) 
was extracted from the studies which was uniformly adjusted as 
higher/lower LNY according to the median value of the included 
studies. The τ2 statistic was used to assess heterogeneity, with 
lower values indicating lesser heterogeneity. Subgroup analyses of 
the associations between LNY and RFS were performed which 
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were stratified by different demographic or clinical characteristics. 
Intergroup and intragroup comparisons were carried out using 
the independent sample t-test. A p value < 0.05 was considered 
statistically significant. 

3 Results

3.1 Patient characteristics

A total of 400 patients were included in the analysis. Using 
4 LNs as the cutoff point, there were 186 patients in the lower 
LNY group (<4 nodes), while 214 in the higher LNY group (≥4 
nodes). Notably, this cutoff has been consistently used in a number 
of studies as a prognostic threshold for LNY in SR (Zheng et al., 2020; 
Ajmani et al., 2018; Hao et al., 2021; Huang and Petersen, 2024). The 
baseline characteristics of the included patient cohort were listed 
in Table 1. The median follow-up time was 32.6 months for entire 
cohort, with 68 patients lost to follow-up. Among them, 61 could 
not be contacted due to changed phone numbers or addresses, and 
7 died from non-cancer-related causes. No statistical differences 
were observed in terms of gender, age, smoking history and stage 
between the two groups (p > 0.05). However, patients in the lower 
LNY group had significantly decreased IBL, OT and TDTRT than 
those in the higher LNY group (p < 0.05). Of note, all patients in 
the higher LNY group underwent segmentectomy. No significant 
differences were found in PEDV and PHS between the two groups 
(p > 0.05). 124 (31.0%) patients with stage I LUAD received adjuvant 
combination therapy, with sintilimab in combination with platinum 
administrated (Table 1). Their median follow-up time was 32.5 
months. Notably, the lung adenocarcinomas were predominantly 
moderately and poorly differentiated within this cohort.

3.2 Prognostic impact of LNY on survival

During the follow-up period, 88 cases of recurrence were 
documented. The survival analysis by different LNY indicated a higher 
LNY might confer no additional benefits to RFS (HR = 1.15; 95%CI: 
0.76–1.74, p = 0.50) in the overall cohort of patients with p-stage 
I LUAD (Figure 1A; Supplementary Figure S2A). However, among 
patients receiving adjuvant PD-1 inhibitors, a lower LNY during SR 
was associated with significantly improved RFS (HR = 0.41; 95%CI: 
0.17–0.94, p = 0.03) (Figure 1B). Notably, this association remained 
significant in the segmentectomy-only subgroup (HR = 0.36; 95%CI: 
0.13–0.99, p = 0.04; Supplementary Figure S2B). Multivariable Cox 
analysis of the 124 patients receiving immune checkpoint inhibitors 
(ICIs) further demonstrated that fewer LNs harvested during SR was 
an independent favorable predictor of RFS (HR = 0.279; 95%CI: 
0.100–0.778, p = 0.015) with confounding variables adjusted (Table 2). 

3.3 Differences in IFCs based on the extent 
of LN dissection

No significant differences in the levels of the ten IFCs were 
observed between the lower LNY and higher LNY groups before 
surgery. IL-6, IL-10, IL-4 and TNF-α levels in both groups were 
significantly increased at POD1 compared with the levels before 
surgery (p < 0.05), with a more pronounced increase observed in 

the higher LNY group compared to the lower LNY group (p < 
0.05) (Figure 1C). Levels of the other six IFCs were also significantly 
elevated at POD1 compared to preoperative levels in both groups 
(p < 0.05), but were not significantly different between the two 
groups (p >  0.05) (Supplementary Figure S2C). 

3.4 IFCs-based profiling of distinct 
prognoses of LUADs

Based on the four IFCs (IL-6, IL-10, IL-4 and TNF-α), the 
consensus clustering algorithm identified two clusters that best 
represented the data pattern of LUAD populations within both 
TCGA dataset and our validation cohort (Figures 2A,B). Expression 
levels of these four IFCs stratified by the two clusters and LNY were 
visualized in the heatmap of Figures 2C–E. Kaplan–Meier survival 
plots suggested that Cluster 2 was associated with significantly 
poorer survival outcomes (Figure 2F). Furthermore, a significantly 
higher TIDE score was observed in Cluster 2 population (p < 
0.05) (Figure 2G). As revealed in Figures 2H,I, Cluster 2 population 
also demonstrated increased TMB scores (p < 0.05) and increased 
expression level of CD274, similar results were corroborated in 
our validation cohort (Figures 2H,I). It is noteworthy that IL-6 
exhibited significantly positive correlations with both TMB and 
TIDE (Supplementary Figure S2D). Additionally, Cluster 2 were 
present with higher number of neoantigens (p <  0.05) (Figure 2J).

Enrichment scores for various cell death patterns stratified by 
the two clusters were displayed in Figures 3A,B, using both TCGA 
and our validation dataset. Among these, pyroptosis, immunogenic 
cell death and apoptosis were significantly enriched in Cluster 2 
(Figures 3C,D) across both datasets. Finally, we further identified 
that Cluster 2 displayed significantly higher expression levels of 
DAMPs-related genes compared with Cluster 1 (Figures 3E,F) in 
both cohorts.

3.5 Bayesian meta-analysis of LNY on 
survival in stage I LUAD receiving SR

This Bayesian meta-analysis with the preferred reporting items 
for systematic reviews and meta-analyses (PRISMA) statement 
(Moher et al., 2009) pooled the evidence available to determine 
the impact of LNY on overall survival (OS) and RFS in patients 
with stage I LUAD underwent SR. The literature search process 
was shown in Supplementary Figure S3. A total of 2075 patients 
were included in our analysis with a median number of 196 
cases. The baseline information and main characteristics are 
listed in Supplementary Table S3. Notably, the median cutoff value 
of LNY was 1 in the eligible studies. The follow-up duration 
was reported in five of the included studies, among which the 
median was 36 months. Six studies (Huang and Petersen, 2024; 
Wolf et al., 2011; Wang et al., 2017; Stiles et al., 2017; Cox et al., 2017; 
Altorki et al., 2025) involving 1770 individuals were included 
for the analysis of LNY and OS in resected LUAD. As shown 
in Supplementary Figure S4A, pooled results indicated that a 
greater number of LNs examined was associated with better 
OS (n = 6, HR = 0.74; 95%CI: 0.55–0.97) without significant 
heterogeneity (τ2 = 0.07; 95%CI: 0.00–0.49). Meanwhile, the 
relationships between LNY and RFS were investigated in five 
studies (Wolf et al., 2011; Stiles et al., 2017; Altorki et al., 2025; 
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FIGURE 1
The recurrence-free survival of the higher (≥4 nodes) and lower (<4 nodes) LNY groups with p-stage I LUAD (A). The recurrence-free survival of the 
higher (≥4 nodes) and lower (<4 nodes) LNY groups receiving adjuvant immunochemotherapy in p-stage I LUAD (B). The levels of immune-related 
molecules in peripheral blood before and after surgery (C).

Chen et al., 2019; Moon et al., 2020) comprising 655 patients 
(Supplementary Table S3). The meta-analysis indicated that 
a higher LNY was not significantly associated with more 
improved RFS (n = 5, HR = 0.78; 95%CI: 0.56–1.05) with 
moderate heterogeneity observed (τ2 = 0.09; 95%CI: 0.00–0.62) 
(Supplementary Figure S4B). Subgroup analyses were performed 
to assess the influence of different study characteristics on these 
associations (Supplementary Tables S4–S5). Among patients with 
clinical stage I disease, a higher LNY during SR achieved better 
OS (HR = 0.74; 95%CI: 0.55–0.97, τ2 = 0.07; 95%CI: 0.00–0.68). 
However, there was no advantage in OS (HR = 0.76; 95%CI: 
0.38–1.35, τ2 = 0.29; 95%CI: 0.00–2.13) in patients with p-stage I 
LUAD receiving a higher LNY during SR. Further subgroup analysis 
by different study characteristics indicated a higher LNY conferred 

no additional RFS benefits regardless of clinical or pathological 
staging in LUAD patients (HR = 0.78; 95%CI: 0.56–1.05, τ2 = 
0.09; 95%CI: 0.00–0.62). As shown in Supplementary Figure S5A-
C, there was no remarkable publication bias regarding the HRs of 
OS and RFS. Moreover, posterior distributions of the pooled HR 
were presented in Supplementary Figure S5B-D, reflecting Bayesian 
point and interval estimates. 

4 Discussion

Current NCCN guidelines recommended appropriate LNs 
removed during SR, a minimum of 3 N2 stations sampled or a 
systematic LN dissection for adequate staging (Riely et al., 2024). 
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TABLE 2 Multivariable Cox regression of predictors for recurrence-free 
survival in stage I LUAD receiving adjuvant 
immunochemotherapy (n = 124).

Variables HR (95% CI) p

Age

 <65 Reference

 ≥65 1.380 (0.562, 3.388) 0.483

Pathological stage

  IA Reference

  IB 0.507 (0.155, 1.653) 0.260

Operation

  Segmentectomy Reference

  Wedge resection 1.226 (0.289, 5.200) 0.783

LNY

  High (≥4 nodes) Reference

  Low (<4 nodes) 0.279 (0.100, 0.778) 0.015

Radiological features

  GGN Reference

  Pure solid 1.107 (0.316, 3.881) 0.873

Tumor differentiation

  Moderate Reference

  Poor 0.726 (0.240, 2.196) 0.570

PD-L1 expression

  Strong Reference

  Weak 4.951 (1.118,21.917) 0.035

Abbreviations: LUAD, lung adenocarcinoma; LNY, lymph node yield; GGN, ground-glass 
nodule; HR, hazard ratio.

Although the prognostic value of a higher LNY is well established 
in facilitating more accurate pathological staging, the therapeutic 
benefit of removing more lymph nodes remains debated, with 
conflicting evidence regarding its impact on survival. David et al. 
suggested harvesting 4 to 9 LNs for patients with lesions ≤ 1 cm and 
10 to 16 LNs for those with lesions > 1–2 cm (David et al., 2017). 
However, a previous analysis of SEER populations indicated that 
LN dissection counts ≥4 did not improve survival for subcentimeter 
lung cancer undergoing SR (Zheng et al., 2020). Moreover, the 
survival benefit of extensive LN dissection became less apparent with 
further increases in dissection extent, suggesting a potential double-
edged sword effect of extensive LN dissection (Deng et al., 2024). 
On one hand, extensive LN dissection may help identify occult node 
metastasis, guide appropriate adjuvant treatment, and potentially 
improve long-term survival. On the other hand, these benefits may 
be counterbalanced by concerns regarding immune impairment 
(Lao et al., 2024). Our results suggested that fewer LNY was 
associated with superior RFS (HR = 0.41; 95%CI: 0.17–0.94, p = 
0.03) in p-stage I LUAD patients received adjuvant PD-1 inhibitors 
after SR, but not in those undergoing SR alone (HR = 1.15; 
95%CI: 0.76–1.74, p = 0.50). Similarly, a pooled analysis showed 
that a higher LNY was not associated with superior RFS (HR = 

0.78; 95%CI: 0.56–1.05, τ2 = 0.09; 95%CI: 0.00–0.62). Nonetheless, 
subgroup analysis demonstrated that c-stage I NSCLCs with a 
higher LNY during SR achieved better OS (HR = 0.74; 95%CI: 
0.55–0.97), as shown in Supplementary Table S4. To the contrary, 
more extensive LN dissection was not associated with improved 
OS (HR = 0.76; 95%CI: 0.38–1.35) and RFS (HR = 0.98; 95%CI: 
0.20–2.94) in p-stage I LUAD.

These findings underscore the need for a nuanced approach 
to lymph node dissection in stage I lung cancer and highlight the 
importance of personalized surgical management. In particular, for 
pure ground-glass nodules or p-stage I NSCLC measuring ≤ 1 cm, 
omitted or limited LN dissection during SR might be acceptable 
(Lin et al., 2020). Moreover, TDLNs served as critical sites for initial 
tumor antigen exposure, regulating and cross-priming antitumor 
immune response, and were essential for T cell invigoration during 
checkpoint blockade therapy (Fransen et al., 2018). Accumulating 
evidence suggested that extensive dissection of TdLNs might lead to 
immune impairment, whereas TdLNs preservation could enhance 
immunotherapy efficacy by maintaining antigen-specific immune 
activation (Fransen et al., 2018; Munn and Mellor, 2006). By 
evaluating IFC dynamics and integrating data from our institutional 
cohort with meta-analytic findings, this study sheds light on the 
potential immune mechanisms underlying these associations. When 
comparing IFCs in the higher LNY group with those in the 
lower one before and after surgery, we observed more pronounced 
increases in IL-6, IL-10, IL-4, and TNF-α in the higher LNY 
group, suggesting SR with a lower LNY might induce a mild 
inflammatory response and cause less non-specific immune damage 
compared to more extensive LN removal. Supporting this, another 
study assessing immune response of their peripheral blood showed 
that selective LN dissection resulted in less impairment of cellular 
immune function than the systematic LN dissection in early-stage 
NSCLCs (Zhao et al., 2021). Recent advances have demonstrated 
IL-6 as a pivotal regulator of the tumor microenvironment and 
therapy response (Ingram et al., 2022; He et al., 2025). Elevated 
postoperative IL-6 levels might reprogram the immune landscape 
by driving tumor-associated macrophage polarization towards 
a pro-tumorigenic M2 phenotype, potentially contributing to 
resistance against subsequent immunotherapy (He et al., 2025). 
Thus, although extensive LN dissection could improve staging 
accuracy, excessive removal of TdLNs might have long-lasting 
adverse effects on systemic anti-tumor immunity, which might 
contribute to tumor resistance mechanisms with inadequate T 
cell priming (Shen et al., 2026), particularly in patients receiving 
adjuvant immunotherapy.

Employing unsupervised clustering methods on LN dissection-
related IFCs (Song et al., 2024), we further identified a subpopulation 
of LUAD patients who might benefit from adjuvant PD-1 blockade. 
The two clusters represented clinically distinct subgroups in 
immune and cell death profiles with regard to RFS. The Cluster 
2 exhibited higher TIDE and TMB scores, along with elevated 
CD274 expression, suggesting that these patients might experience 
greater benefits from ICIs. These findings were corroborated in an 
independent validation cohort of 24 patients, in which Cluster 2 
subgroup similarly demonstrated higher TMB, increased CD274 
expression, distinct cell death profiles, and further showed a higher 
number of neoantigens, indicating that these individuals represent 
potential candidates for adjuvant PD-1/PD-L1 inhibitors. However, 
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FIGURE 2
Consensus clustering of TCGA database and our validation cohort based on significantly changed immune-related molecules detected in the 
peripheral blood samples (A,B). The heatmap showed the expression levels of immune-related molecules in Cluster 1 and 2 using TCGA database and 
our validation dataset (C,D). The heatmap displayed the expression levels of immune-related molecules stratified by LNY using our validation dataset
(E). The recurrence-free survival curve of Cluster 1 and 2 in TCGA dataset (F). Tumor Immune Dysfunction and Exclusion (TIDE) scores of Cluster 1 and 
2 in TCGA dataset (G). Tumor Mutation Burden (TMB) scores grouped by Cluster 1 and 2 in TCGA dataset and our cohort (H). Expression level of CD274 
grouped by Cluster 1 and 2 in TCGA dataset and our cohort (I). The number of neoantigens grouped by Cluster 1 and 2 in our cohort (J).
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FIGURE 3
The heatmap showed cell death patterns grouped by Cluster 1 and 2 using TCGA database (A) and our validation dataset (B). Enrichment scores of cell 
death profiles, including pyroptosis, immunogenic cell death and apoptosis, using TCGA database (C) and our validation dataset (D). The heatmap 
showed significantly different levels in DAMPs between Cluster 1 and 2 using TCGA database (E) and our validation dataset (F).

the impact of these cytokine responses on the long-term efficacy of 
subsequent immunotherapy remains to be further elucidated.

Several limitations of this study should be acknowledged. First, 
the relatively small size of the validation cohort may have limited 
the robustness of the consensus clustering findings. Second, the 
follow-up duration for patients undergoing SR in our cohort was 
insufficient to assess long-term outcomes. While the current findings 
primarily reflect early-to-mid-term risk in recurrence, extended 

follow-up is warranted to determine the long-term overall survival 
in this patient population. Third, although a blinded pathological 
review was conducted, the assessment of the number of lymph 
nodes remained subject to inter-observer variability. Differences 
in histological interpretation of nodal tissue might affect the 
accuracy of nodal counts and staging. Fourth, the cohort included 
patients with varying PD-L1 expression levels (negative, weakly, 
and strongly). Since patients might exhibit differential responses to 
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ICIs, this heterogeneity probably influenced the observed treatment 
outcomes. Finally, inherent selection bias was inevitable due to the 
retrospective nature of the data analysis. 

5 Conclusion

In conclusion, available evidence indicates that increased LNY 
during SR might not confer significant improvements in RFS 
among patients with p-stage I lung cancer. Excessive removal 
of LNs might adversely affect physiological responsiveness to 
immunochemotherapy. Personalized lymph node management 
should be considered for appropriately selected patients with node-
negative disease.

Data availability statement

The original contributions presented in the study are publicly 
available. The next-generation sequencing (NGS) and whole exome 
sequencing (WES) data can be accessed through the Genome 
Sequence Archive (GSA-Human) at the National Genomics Data 
Center (https://ngdc.cncb.ac.cn/gsa-human). under accession 
numbers HRA017281 and HRA017282.

Ethics statement

The studies involving humans were approved by the Institutional 
Review Board of Suzhou Kowloon Hospital Shanghai Jiao Tong 
University School of Medicine. The studies were conducted in 
accordance with the local legislation and institutional requirements. 
The participants provided their written informed consent to 
participate in this study.

Author contributions

YL: Conceptualization, Data curation, Formal Analysis, 
Investigation, Methodology, Software, Writing – original draft, 
Writing – review and editing. JL: Conceptualization, Data curation, 
Formal Analysis, Software, Writing – original draft, Writing – review 
and editing. XX: Conceptualization, Data curation, Investigation, 
Methodology, Writing – original draft, Writing – review and editing. 
QD: Resources, Writing – original draft, Writing – review and 
editing. YC: Funding acquisition, Project administration, Resources, 
Supervision, Writing – original draft, Writing – review and editing. 
YM: Funding acquisition, Project administration, Resources, 
Supervision, Writing – original draft, Writing – review and editing.

Funding

 The author(s) declared that financial support was received 
for this work and/or its publication. Funded by National Natural 
Science Foundation of China (82172076); Key Scientific Program 
of Jiangsu Provincial Health Commission (ZD2021033); Project 
of Medical New Technology Assistance of the Second Affiliated 

Hospital of Soochow University (23ZL004, 23ZL012); The Project 
of Capacity Enhancement of Institutional Clinical Trials in Suzhou 
(SLT2023030); The Project of Clinical Innovation and Interdisciplinary 
Translation of Soochow University (ML12301623); Suzhou Youth 
Science and Technology Project of Revitalizing Health through Science 
and Education (KJXW2021013); Project of Medical Innovation 
Application Research of Suzhou (SKY2022094); Youth Funding 
of Zhongshan Hospital (2023ZSQN48); Shanghai Science and 
Technology Innovation Action Plan Sailing Program (24YF2704200); 
China Postdoctoral Science Foundation (2024M750521); Suzhou 
Municipal Science and Technology Innovation Program for Applied 
Basic Research (Healthcare)/Suzhou Municipal General Program 
for Applied Basic Research (Healthcare) (SYW2024063); Suzhou 
Municipal Program for Strengthening Healthcare through Science 
and Education (MSXM2024077); Gusu Health Talent Program 
of Suzhou (GSWS2023073). 

Acknowledgements

The authors thank Xiang Jiang (Jiang X.) and Jingjing Zhao 
(Zhao J.) from Department of Pathology, Suzhou Kowloon Hospital 
Shanghai Jiao Tong University School of Medicine, for providing 
support for pathological assessment.

Conflict of interest

The author(s) declared that this work 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) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

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/
fmolb.2026.1727569/full#supplementary-material

Frontiers in Molecular Biosciences 10 frontiersin.org

https://doi.org/10.3389/fmolb.2026.1727569
https://ngdc.cncb.ac.cn/gsa-human
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1727569/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2026.1727569/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Li et al. 10.3389/fmolb.2026.1727569

References

Ajmani, G. S., Wang, C. H., Kim, K. W., Howington, J. A., and Krantz, S. B. 
(2018). Surgical quality of wedge resection affects overall survival in patients with 
early stage non-small cell lung cancer. J. Thorac. Cardiovasc Surg. 156 (1), 380–391. 
doi:10.1016/j.jtcvs.2018.02.095

Al-Thani, S., Nasar, A., Villena-Vargas, J., Chow, O., Lee, B., Port, J. L., et al. 
(2024). Should sampling of three N2 stations be a quality metric for curative 
resection of stage I lung cancer? J. Thorac. Cardiovasc Surg. 168 (5), 1337–1345. 
doi:10.1016/j.jtcvs.2023.10.058

Altorki, N., Wang, X., Damman, B., Mentlick, J., Landreneau, R., Wigle, D., et al. (2024). 
Lobectomy, segmentectomy, or wedge resection for peripheral clinical T1aN0 non-
small cell lung cancer: a post hoc analysis of CALGB 140503 (Alliance). J. Thorac. 
Cardiovasc Surg. 167 (1), 338–347.e1. doi:10.1016/j.jtcvs.2023.07.008

Altorki, N., Damman, B., Wang, X., Liberman, M., Wigle, D., Ashrafi, A., et al. 
(2025). The extent of lymph node dissection is not associated with disease-free 
survival following lobar or sublobar resection: results from cancer and Leukemia 
group B 140503 (Alliance). J. Thorac. Cardiovasc Surg. 170 (4), 933–942.e2. 
doi:10.1016/j.jtcvs.2025.06.007

Cao, J., Xu, J., He, Z., Yuan, P., Huang, S., Lv, W., et al. (2018). Prognostic 
impact of lymphadenectomy on outcomes of sublobar resection for stage IA 
non‐small cell lung cancer ≤2 cm. J. Thorac. Cardiovasc Surg. 156 (2), 796–805.e4. 
doi:10.1016/j.jtcvs.2018.03.122

Chen, C., Ni, Q., Shi, Y., Fu, S., Pan, X., Wang, Y., et al. (2019). Prognosis analysis of 
lobectomy and sublobar resection in patients ≥ 75 years old with pathological stage I 
invasive lung adenocarcinoma of ≤ 3 cm: a propensity score matching-based analysis. 
Transl. Cancer Res. 8 (2), 574–582. doi:10.21037/tcr.2019.03.18

Colaprico, A., Silva, T. C., Olsen, C., Garofano, L., Cava, C., Garolini, D., et al. (2016). 
TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA data. 
Nucleic Acids Res. 44 (8), e71. doi:10.1093/nar/gkv1507

Cox, M. L., Yang, C. J., Speicher, P. J., Anderson, K. L., Fitch, Z. W., Gu, L., et al. (2017). 
The role of extent of surgical resection and lymph node assessment for clinical stage I 
pulmonary lepidic adenocarcinoma: an analysis of 1991 patients. J. Thorac. Oncol. 12 
(4), 689–696. doi:10.1016/j.jtho.2017.01.003

David, E. A., Cooke, D. T., Chen, Y., Nijar, K., Canter, R. J., and Cress, R. D. (2017). Does 
lymph node count influence survival in surgically resected non-small cell lung cancer? 
Ann. Thorac. Surg. 103 (1), 226–235. doi:10.1016/j.athoracsur.2016.05.018

Deng, H., Zhou, J., Chen, H., Cai, X., Zhong, R., Li, F., et al. (2024). Impact of 
lymphadenectomy extent on immunotherapy efficacy in postresectional recurred non-
small cell lung cancer: a multi-institutional retrospective cohort study. Int. J. Surg. 110 
(1), 238–252. doi:10.1097/JS9.0000000000000774

Fransen, M. F., Schoonderwoerd, M., Knopf, P., Camps, M. G., Hawinkels, L. J., 
Kneilling, M., et al. (2018). Tumor-draining lymph nodes are pivotal in PD-1/PD-L1 
checkpoint therapy. JCI Insight 3 (23), e124507. doi:10.1172/jci.insight.124507

Guinney, J., Dienstmann, R., Wang, X., de Reyniès, A., Schlicker, A., Soneson, C., 
et al. (2015). The consensus molecular subtypes of colorectal cancer. Nat. Med. 21 (11), 
1350–1356. doi:10.1038/nm.3967

Hänggi, K., Li, J., Gangadharan, A., Liu, X., Celias, D. P., Osunmakinde, O., et al. 
(2024). Interleukin-1α release during necrotic-like cell death generates myeloid-
driven immunosuppression that restricts anti-tumor immunity. Cancer Cell. 42 (12), 
2015–2031.e11. doi:10.1016/j.ccell.2024.10.014

Hänzelmann, S., Castelo, R., and Guinney, J. (2013). GSVA: gene set variation analysis 
formicroarray and RNA-seq data. BMC Bioinforma. 14, 7. doi:10.1186/1471-2105-14-7

Hao, B., Fan, T., Xiong, J., Zhang, L., Lu, Z., Liu, B., et al. (2021). The prognostic 
significance of the histological types in patients with nonsmall cell lung cancer ≤2 cm. 
Front. Surg. 8, 721567. doi:10.3389/fsurg.2021.721567

He, Z., Li, Z., Xu, S., Wu, W., Zhu, Q., Wang, J., et al. (2020). Prognostic significance of 
lymph node count removed at sublobar resection in pathologic stage IA Non- small-cell 
lung cancer: a population-based analysis. Clin. Lung Cancer S1525-7304 (20), 30295. 
doi:10.1016/j.cllc.2020.09.015

He, Y., Hong, Q., Chen, S., Zhou, J., and Qiu, S. (2025). Reprogramming tumor-
associated macrophages in gastric cancer: a pathway to enhanced immunotherapy. 
Front. Immunol. 16, 1558091. doi:10.3389/fimmu.2025.1558091

Huang, L., and Petersen, R. H. (2024). Impact of number of dissected lymph 
nodes on recurrence and survival following thoracoscopic segmentectomy 
for clinical stage I non-small cell lung cancer. Lung Cancer 193, 107846. 
doi:10.1016/j.lungcan.2024.107846

Ibusuki, R., Iwama, E., Shimauchi, A., Tsutsumi, H., Yoneshima, Y., Tanaka, K., 
et al. (2024). TP53 gain-of-function mutations promote osimertinib resistance via
TNF-α-NF-κB signaling in EGFR-mutated lung cancer. NPJ Precis. Oncol. 8 (1), 60. 
doi:10.1038/s41698-024-00557-2

Ingram, J., Lyford, B., McAtamney, A., and Fitzpatrick, S. (2022). Preventing suicide 
in refugees and asylum seekers: a rapid literature review examining the role of suicide 
prevention training for health and support staff. Int. J. Ment. Health Syst. 16 (1), 24. 
doi:10.1186/s13033-022-00534-x

Jiang, P., Gu, S., Pan, D., Fu, J., Sahu, A., Hu, X., et al. (2018). Signatures of T cell 
dysfunction and exclusion predict cancer immunotherapy response. Nat. Med. 24 (10), 
1550–1558. doi:10.1038/s41591-018-0136-1

LaMarche, N. M., Hegde, S., Park, M. D., Maier, B. B., Troncoso, L., Le Berichel, J., et al. 
(2024). An IL-4 signalling axis in bone marrow drives pro-tumorigenic myelopoiesis. 
Nature 625 (7993), 166–174. doi:10.1038/s41586-023-06797-9

Lao, S., Chen, Z., Wang, W., Zheng, Y., Xiong, S., He, P., et al. (2024). Prognostic 
patterns in invasion lymph nodes of lung adenocarcinoma reveal distinct tumor 
microenvironments. NPJ Precis. Oncol. 8 (1), 164. doi:10.1038/s41698-024-00639-1

Lin, Y. H., Chen, C. K., Hsieh, C. C., Hsu, W. H., Wu, Y. C., Hung, J. J., et al. (2020). 
Lymphadenectomy is unnecessary for pure ground-glass opacity pulmonary nodules. J. 
Clin. Med. 9 (3), 672. doi:10.3390/jcm9030672

Liu, X., Yao, S., Feng, Y., Li, P., Li, Y., and Xia, S. (2024). Construction of a novel damage-
associated molecular-pattern-related signature to assess lung adenocarcinoma’s 
prognosis and immune landscape. Biomolecules 14 (1), 108. doi:10.3390/biom14010108

Mayakonda, A., Lin, D. C., Assenov, Y., Plass, C., and Koeffler, H. P. (2018). Maftools: 
efficient and comprehensive analysis of somatic variants in cancer. Genome Res. 28 (11), 
1747–1756. doi:10.1101/gr.239244.118

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., and PRISMA Group (2009). Preferred 
reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS 
Med. 6 (7), e1000097. doi:10.1371/journal.pmed.1000097

Moon, Y., Park, J. K., and Lee, K. Y. (2020). The effect of resection margin distance 
and invasive component size on recurrence after sublobar resection in patients 
with small (≤2 cm) lung adenocarcinoma. World J. Surg. 2004-2015 (3), 990–997. 
doi:10.1007/s00268-019-05276-5

Mostafaei, S., Keshavarz, M., Sadri Nahand, J., Farhadi Hassankiadeh, R., Moradinazar, 
M., Nouri, M., et al. (2020). Viral infections and risk of thyroid cancer: a systematic 
review and empirical bayesian meta-analysis. Pathol. Res. Pract. 216 (4), 152855. 
doi:10.1016/j.prp.2020.152855

Munn, D. H., and Mellor, A. L. (2006). The tumor-draining lymph node as an immune-
privileged site. Immunol. Rev. 213, 146–158. doi:10.1111/j.1600-065X.2006.00444.x

Neff, T. A., Braun, J., Rana, D., Puhan, M., Filipovic, M., Seeberger, M., et al. (2022). 
Interleukin-6 is an early plasma marker of severe postoperative complications in 
thoracic surgery: exploratory results from a substudy of a randomized controlled 
multicenter trial. Anesth. Analg. 134 (1), 123–132. doi:10.1213/ANE.0000000000005639

Qin, H., Abulaiti, A., Maimaiti, A., Abulaiti, Z., Fan, G., Aili, Y., et al. (2023). 
Integrated machine learning survival framework develops a prognostic model based 
on inter-crosstalk definition of mitochondrial function and cell death patterns in 
a large multicenter cohort for lower-grade glioma. J. Transl. Med. 21 (1), 588. 
doi:10.1186/s12967-023-04468-x

Riely, G. J., Wood, D. E., Ettinger, D. S., Aisner, D. L., Akerley, W., Bauman, J. R., et al. 
(2024). Non-small cell lung cancer, version 4.2024, NCCN clinical practice guidelines 
in oncology. J. Natl. Compr. Canc Netw. 22 (4), 249–274. doi:10.6004/jnccn.2204.0023

riukhovetska, D., Dörr, J., Endres, S., Libby, P., Dinarello, C. A., and Kobold, S. (2021). 
Interleukins in cancer: from biology to therapy. Nat. Rev. Cancer 21 (8), 481–499. 
doi:10.1038/s41568-021-00363-z

Röver, C., Bender, R., Dias, S., Schmid, C. H., Schmidli, H., Sturtz, S., et al. 
(2021). On weakly informative prior distributions for the heterogeneity parameter 
in Bayesian random-effects meta-analysis. Res. Synth. Methods 12 (4), 448–474. 
doi:10.1002/jrsm.1475

Shen, W. R., Shi, X. R., He, Y. B., Zhang, Z. Z., and Chen, S. L. (2026). Research advances 
in stimulator of interferon genes (STING) agonists for cancer immunotherapy. Surgery
190, 109847. doi:10.1016/j.surg.2025.109847

Song, D. M., Shen, T., Feng, K., He, Y. B., Chen, S. L., Zhang, Y., et al. (2024). 
LIG1 is a novel marker for bladder cancer prognosis: evidence based on experimental 
studies, machine learning and single-cell sequencing. Front. Immunol. 15, 1419126. 
doi:10.3389/fimmu.2024.1419126

Speicher, P. J., Gu, L., Gulack, B. C., Wang, X., D’Amico, T. A., Hartwig, M. G., et al. 
(2016). Sublobar resection for clinical stage IA non-small-cell lung cancer in the United 
States. Clin. Lung Cancer 17 (1), 47–55. doi:10.1016/j.cllc.2015.07.005

Stiles, B. M., Kamel, M. K., Nasar, A., Harrison, S., Nguyen, A. B., Lee, P., et al. 
(2017). The importance of lymph node dissection accompanying wedge resection 
for clinical stage IA lung cancer. Eur. J. Cardiothorac. Surg. 51 (3), 511–517. 
doi:10.1093/ejcts/ezw343

Wang, Y., Wang, R., Zheng, D., Han, B., Zhang, J., Zhao, H., et al. (2017). Predicting the 
recurrence risk factors and clinical outcomes of peripheral pulmonary adenocarcinoma 
≤3 Cm with wedge resection. J. Cancer Res. Clin. Oncol. 143 (6), 1043–1051. 
doi:10.1007/s00432-016-2337-7

Wolf, A. S., Richards, W. G., Jaklitsch, M. T., Gill, R., Chirieac, L. R., Colson, Y. 
L., et al. (2011). Lobectomy versus sublobar resection for small (2 cm or less) non-
small cell lung cancers. Ann. Thorac. Surg. 92 (5), 1819–1823. doi:10.1016/j.athoracsur.
2011.06.099

Frontiers in Molecular Biosciences 11 frontiersin.org

https://doi.org/10.3389/fmolb.2026.1727569
https://doi.org/10.1016/j.jtcvs.2018.02.095
https://doi.org/10.1016/j.jtcvs.2023.10.058
https://doi.org/10.1016/j.jtcvs.2023.07.008
https://doi.org/10.1016/j.jtcvs.2025.06.007
https://doi.org/10.1016/j.jtcvs.2018.03.122
https://doi.org/10.21037/tcr.2019.03.18
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1016/j.jtho.2017.01.003
https://doi.org/10.1016/j.athoracsur.2016.05.018
https://doi.org/10.1097/JS9.0000000000000774
https://doi.org/10.1172/jci.insight.124507
https://doi.org/10.1038/nm.3967
https://doi.org/10.1016/j.ccell.2024.10.014
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.3389/fsurg.2021.721567
https://doi.org/10.1016/j.cllc.2020.09.015
https://doi.org/10.3389/fimmu.2025.1558091
https://doi.org/10.1016/j.lungcan.2024.107846
https://doi.org/10.1038/s41698-024-00557-2
https://doi.org/10.1186/s13033-022-00534-x
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.1038/s41586-023-06797-9
https://doi.org/10.1038/s41698-024-00639-1
https://doi.org/10.3390/jcm9030672
https://doi.org/10.3390/biom14010108
https://doi.org/10.1101/gr.239244.118
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1007/s00268-019-05276-5
https://doi.org/10.1016/j.prp.2020.152855
https://doi.org/10.1111/j.1600-065X.2006.00444.x
https://doi.org/10.1213/ANE.0000000000005639
https://doi.org/10.1186/s12967-023-04468-x
https://doi.org/10.6004/jnccn.2204.0023
https://doi.org/10.1038/s41568-021-00363-z
https://doi.org/10.1002/jrsm.1475
https://doi.org/10.1016/j.surg.2025.109847
https://doi.org/10.3389/fimmu.2024.1419126
https://doi.org/10.1016/j.cllc.2015.07.005
https://doi.org/10.1093/ejcts/ezw343
https://doi.org/10.1007/s00432-016-2337-7
https://doi.org/10.1016/j.athoracsur.2011.06.099
https://doi.org/10.1016/j.athoracsur.2011.06.099
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Li et al. 10.3389/fmolb.2026.1727569

Zhang, Y., Fu, F., and Chen, H. (2020). Management of ground-glass 
opacities in the lung cancer spectrum. Ann. Thorac. Surg. 110 (6), 1796–1804. 
doi:10.1016/j.athoracsur.2020.04.094

Zhao, J. L., Nie, Y. Q., Yang, P., Jiang, D. Z., and Zhang, F. W. (2021). Effect of selective 
lymph node dissection on immune function in patients with T1 stage non-small cell 
lung cancer: a randomized controlled trial. Transl. Cancer Res. 10 (6), 2918–2931. 
doi:10.21037/tcr-21-524

Zheng, E., Yang, M., Li, R., Ni, J., Xu, X., and Zhao, G. (2020). Prognostic impact of 
lymphadenectomy on outcomes of sublobar resection for non-small cell lung cancer ≤1 
or > 1 to 2 cm. J. Thorac. Dis. 12 (5), 2049–2060. doi:10.21037/jtd-19-3773

Zou, Y., Xie, J., Zheng, S., Liu, W., Tang, Y., Tian, W., et al. (2022). Leveraging diverse 
cell-death patterns to predict the prognosis and drug sensitivity of triple-negative 
breast cancer patients after surgery. Int. J. Surg. 107, 106936. doi:10.1016/j.ijsu.2022.
106936

Frontiers in Molecular Biosciences 12 frontiersin.org

https://doi.org/10.3389/fmolb.2026.1727569
https://doi.org/10.1016/j.athoracsur.2020.04.094
https://doi.org/10.21037/tcr-21-524
https://doi.org/10.21037/jtd-19-3773
https://doi.org/10.1016/j.ijsu.2022.106936
https://doi.org/10.1016/j.ijsu.2022.106936
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	1 Introduction
	2 Methods and materials
	2.1 Study design and patient population
	2.2 LN dissection and pathological assessment
	2.3 Observation indicators
	2.4 TCGA dataset and survival analysis
	2.5 Bulk RNA-sequencing and exome sequencing
	2.6 Endpoints and follow-ups
	2.7 Statistical analyses

	3 Results
	3.1 Patient characteristics
	3.2 Prognostic impact of LNY on survival
	3.3 Differences in IFCs based on the extent of LN dissection
	3.4 IFCs-based profiling of distinct prognoses of LUADs
	3.5 Bayesian meta-analysis of LNY on survival in stage I LUAD receiving SR

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

