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Abstract
Background  Programmed death-ligand 1 (PD-L1) expression is a key biomarker for predicting the efficacy of 
immune checkpoint inhibitors (ICIs). With the successful application of perioperative immunotherapy, understanding 
PD-L1-associated clinical and molecular characteristics in early-stage non-small cell lung cancer (NSCLC) patients is 
essential.

Methods  We analyzed 3185 NSCLC patients undergoing targeted next-generation sequencing (NGS) and PD-L1 
immunohistochemistry (IHC). Associations between PD-L1 expression and molecular profiles were compared across 
early- (I-III) and advanced-stage (IV) cohorts.

Results  In early-stage NSCLC (n = 974), high PD-L1 expression was less common than in advanced-stage patients 
(lung adenocarcinoma [LUAD]: 7.52% vs. 15.98%, p < 0.001; lung squamous cell carcinoma [LUSC]: 18.33% vs. 
20.84%, p = 0.058). For LUAD, high PD-L1 expression was more frequent in older patients, males and smokers. 
Additionally, LUSC overall showed a higher rate of high PD-L1 expression than LUAD. In LUAD, early-stage patients 
had a lower proportion of tumor mutation burden-high (TMB-H) compared to advanced-stage patients (p < 0.001), 
but no significant difference was observed in LUSC (p = 0.597). Early-stage patients also had a lower proportion of 
immunotherapy resistance genes than advanced-stage (LUAD: 31.15% vs. 48.50%, p = 0.014; LUSC: 13.64% vs. 45.24%, 
p = 0.0067). Moreover, among LUAD patients with high PD-L1 expression and all LUSC patients, early-stage patients 
exhibited more significantly different genetic features compared to advanced-stage patients.

Conclusions  This study provides a comprehensive analysis of immunotherapy-related biomarker rates in early-stage 
NSCLC patients, offering insights for perioperative immunotherapy research and biomarker analysis.
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Introduction
Immune checkpoint inhibitors (ICIs) targeting pro-
grammed death receptor 1 (PD-1) and programmed 
death-ligand 1 (PD-L1) have significantly improved out-
comes for resectable non-small cell lung cancer (NSCLC). 
Key studies, including CheckMate 816 (nivolumab), 
IMpower010 (atezolizumab) and KEYNOTE-091 (pem-
brolizumab), have demonstrated durable clinical benefits 
of neoadjuvant/adjuvant immunotherapy in resectable 
NSCLC [1–4]. Despite these advances, many early-stage 
patients exhibit poor responses to immunotherapy, 
underscoring an urgent need for predictive biomarkers to 
optimize immunotherapy selection.

While molecular biomarkers such as PD-L1 expression 
[5], tumor mutation burden (TMB) [6], and genetic alter-
ations (e.g., EGFR/ALK driver mutations, STK11/KRAS 
co-mutations, and MDM2/4 amplification) guide thera-
peutic decisions in advanced NSCLC, their predictive 
utility in early-stage disease remains poorly defined [7–
9]. In this study, we retrospectively analyzed a cohort of 
3185 Chinese NSCLC patients, including 974 with stage 
I-III disease. We investigated the correlations between 
PD-L1, TMB and multiple clinical features in adeno-
carcinoma and squamous cell carcinoma. Patients were 
stratified by PD-L1 expression levels to evaluate clini-
cal characteristics, immunotherapy resistance genes and 
hyperprogression biomarkers. Additionally, we investi-
gated genomic differences between early- and advanced-
stage NSCLC patients with varying PD-L1 expression 
levels, hoping to provide some valuable information for 
clinical practice.

Materials and methods
Patients
This study retrospectively enrolled NSCLC patients who 
underwent NGS in Geneplus-Beijing (Beijing, China) for 
clinical molecular diagnosis and treatment at Fujian Can-
cer Hospital from May 2015 to November 2021. A total 
of 1021 cancer-related genes were tested in the samples 
from all patients, and immunohistochemical (IHC) stain-
ing was used to detect PD-L1 expression. The tumor 
node metastasis (TNM) stage was determined accord-
ing to the guidelines mentioned in the 8th edition of the 
TNM classification. Patients whose PD-L1 could not be 
evaluated or whose disease stages could not be deter-
mined were excluded. Ultimately, 3185 patients were 
included in this study (Supplementary Fig. 1). The study 
was approved by the Ethics Committee of Fujian Can-
cer Hospital (No. SQ2022-116) and informed consents 
were obtained from all subjects involved in the study. For 

underage patients, informed consents were also obtained 
from their guardians.

Sample processing and DNA extraction
Comprehensive genomic analysis was performed using 
custom-designed NGS panels containing 1021 cancer-
related genes. The somatic variants detected included 
single nucleotide variants (SNVs), small insertions and 
deletions (InDels), copy number variants (CNVs) and 
structural variants (SVs). Genomic DNA was isolated 
from FFPE tumor samples using the QIAamp DNA FFPE 
Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol. The 2100 Bioanalyzer (Agilent, Santa 
Clara, USA) spectra were used for quality control. DNA 
concentrations were measured using a Qubit fluorometer 
and a Qubit dsDNA HS (High Sensitivity) detection kit 
(Invitrogen, Carlsbad, CA, USA).

Sequencing and bioinformatics analysis
Index sequencing libraries were prepared using the pro-
tocol recommended by the Illumina TruSeq DNA Library 
Preparation Kit (Illumina, San Diego, CA). Libraries were 
hybridized to custom-designed biotinylated oligonucle-
otide probes (Roche NimbleGen, Madison, WI, USA) 
covering 1021 cancer-related genes. Sequencing was per-
formed using Illumina HiSeq 3000 (Illumina). Cleaning 
reads were mapped and aligned to the reference human 
genome (hg19) with BWA (version 0.7.12) after the 
removal of end junction sequences and low-quality reads. 
SNVs were called using MuTect2 (3.4–46), InDels were 
called using GATK, CNVs were detected using Contra 
(2.0.8), and SVs were detected using BreakDancer. All 
final candidate variants were verified by the integrated 
genome browser.

Assessment of TMB
TMB was calculated using sequencing data from a 1021-
gene panel. It was defined as the total number of somatic 
nonsynonymous single nucleotide variants and small 
insertions/deletions per megabase (Mb) in the coding 
region. In this study, a TMB value of ≥ 9 mutations per 
Mb (muts/Mb) was defined as TMB-high (TMB-H). This 
threshold was derived from a statistical analysis of a large 
cohort, utilizing the top quartile (> 25%) of the TMB dis-
tribution in 2000 lung cancer samples from the Geneplus 
database was used as the cutoff value, with clinical valida-
tion performed to confirm its prognostic utility [10, 11].

Trial registration  Not applicable.
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PD-L1 staining
PD-L1 expression was assessed by immunohistochemis-
try using 22C3 PharmDx assay. The Tumor Proportion 
Score (TPS) was used to determine PD-L1 expression, 
defined as the percentage of tumor cells exhibiting mem-
branous PD-L1 staining. Based on previous studies [12, 
13], PD-L1 expression was categorized as follows: nega-
tive (TPS < 1%), low (TPS 1–49%), or high (TPS ≥ 50%).

Statistical analysis
Unpaired Student’s t tests were used to compare age and 
TMB between groups. Chi-square and Fisher’s exact 
tests were used to assess mutational differences between 
groups. Pearson correlation (r) was selected to assess the 
linear relationship between TMB (continuous variable) 
and PD-L1 TPS expression (continuous percentage range 
0–100%, but typically categorized as < 1%, 1–49%, and 
≥ 50% in clinical practice). Statistical analysis was per-
formed using GraphPad Prism 7 (GraphPad Software, La 
Jolla, CA, USA). The results were considered statistically 
significant when p values were < 0.05.

Results
Clinical characteristics and PD-L1 expression in stage I-III 
and stage IV NSCLC patients
A total of 3185 patients were enrolled, including those 
with pathologically confirmed adenocarcinoma (n = 2476, 
77.7%), squamous cell carcinoma (n = 523, 16.42%), or 
others (n = 186, 5.8%). Of these patients (Table  1), 1892 
(59.4%) were male and 1068 (33.53%) were smokers. 
The median patient age was 61 years, and the median 
TMB was 4 muts/Mb. Among these patients, 974 were 
stage I-III (30.58%), and 2211 were stage IV (69.42%). 

The clinical characteristics of all patients with stage I-III 
and stage IV NSCLC were compared. Compared with 
stage IV NSCLC cohort, stage I-III cohort were younger 
(p < 0.001), showed higher proportion of female patients 
(p < 0.001), non-smokers (p < 0.001), and adenocarcinoma 
patients (p < 0.001), and had a lower rate of high PD-L1 
expression (p < 0.001) (Supplementary Table 1).

Considering the large differences in clinical and molec-
ular characteristics between patients with lung adeno-
carcinoma (LUAD) and lung squamous cell carcinoma 
(LUSC), we analyzed PD-L1 expression in patients with 
LUAD and LUSC, separately. In LUAD, compared with 
stage IV patients, stage I-III patients were diagnosed at a 
younger age (p < 0.001, Table 1), and had higher percent-
age of females (p = 0.0075), and non-smokers (p < 0.001). 
In LUSC, there was no statistical difference in age or sex 
between stage I-III patients and stage IV patients, while a 
higher proportion of smokers was observed in stage I-III 
patients (p = 0.046). In addition, patients with stage I-III 
LUAD demonstrated a significantly lower percentage of 
high PD-L1 expression than patients with stage IV LUAD 
(p < 0.001, Table  1). A similar trend was observed for 
LUSC, but the difference was not statistically significant 
(p = 0.058).

Correlation between clinical characteristics and PD-L1 
expression in LUAD and LUSC at stages I-III and IV
Next, we stratified the clinical characteristics of patients 
by PD-L1 expression (high, low, negative) in stages 
I-III and IV of LUAD and LUSC (Table  2), respectively. 
We observed that the percentages of patients with high 
PD-L1 expression in stages I-III and IV were 7.52% 
(61/811) and 15.98% (266/1665) in LUAD, and 18.33% 

Table 1  Clinical characteristics of LUAD patients and LUSC patients
Clinical characteristics Overall LUAD (N = 2476) P LUSC (N = 523) P

(N = 3185) I-III (N = 811) IV (N = 1665) I-III (N = 120) IV (N = 403)
n (%) n (%) n (%) n (%) n (%)

Age (median, range) 61 (11–90) 58 (11–85) 61 (25–90) < 0.001 64 (33–85) 65 (30–87) 0.359
Sex
Male 1892 (59.40) 393 (48.46) 902 (54.17) 0.0075 110 (91.67) 358 (88.83) 0.375
Female 1293 (40.60) 418 (51.54) 763 (45.83) 10 (8.33) 45 (11.17)
Smoking status < 0.001 0.046
Ever 1068 (33.53) 154 (18.99) 408 (24.50) 105 (87.50) 324 (80.40)
Never 1427 (44.71) 463 (57.09) 857 (51.47) 7 (5.83) 49 (12.16)
Unknown 690 (21.66) 194 (23.92) 400 (24.02) 8 (6.67) 30 (7.44)
PD-L1 expression < 0.001 0.058
High 457 (14.35) 61 (7.52) 266 (15.98) 22 (18.33) 84 (20.84)
Low 1131 (35.51) 270 (33.29) 582 (34.95) 63 (52.50) 163 (40.45)
Negative 1597 (50.14) 480 (59.19) 817 (49.07) 35 (29.17) 156 (38.17)
TMB < 0.001 0.597
TMB-H 747 (23.45) 95 (11.71) 284 (17.06) 68 (56.67) 241 (59.80)
TMB-L 2438 (76.55) 716 (88.29) 1381 (82.94) 52 (43.33) 162 (40.20)
TMB (median, range) 4 (0-995) 2 (0-121.91) 3.84 (0-995) 0.012 10.56 (0-935.04) 10.56 (0-312) 0.123
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(22/120) and 20.84% (84/403) in LUSC. In the stage IV 
cohort of LUAD patients, PD-L1 expression did not sig-
nificantly differ by age (p = 0.493). PD-L1 expression was 
significantly higher in males and smokers (p < 0.001). In 
the stage I-III cohort of LUAD patients, PD-L1 expres-
sion was significantly higher in older patients(p = 0.037), 
males, and smokers (p < 0.001). In LUSC, there were no 
significant differences in patients with different PD-L1 
expression levels in terms of age, gender, or smoking sta-
tus (Table 2).

We then compared PD-L1 expression between LUAD 
and LUSC at stages I-III and IV, respectively. There was 
a significant difference in PD-L1 expression between 
LUAD and LUSC in both the I-III and IV phases. The 
percentage of positive PD-L1 (TPS ≥ 1%) in LUSC was 
significantly higher than that in LUAD in both the early-
stage (LUAD vs. LUSC: 40.81% vs. 70.83, p < 0.001) and 
advanced stage (LUAD vs. LUSC: 50.93% vs. 61.29%, 
p < 0.001) (Supplementary Fig. 2).

Immunotherapy-related genomic characteristics of stage 
I-III and stage IV NSCLC patients
We next analyzed the immunotherapy relevant genomic 
characteristics in the LUAD and LUSC cohorts with dif-
ferent stages. In the LUAD cohort, the percentage of 
TMB-H and median TMB in stage IV LUAD were signifi-
cantly higher than those in stage I-III patients (TMB-H: 

17.06% vs. 11.71%, p < 0.001, TMB-median: 3.84 vs. 2 
muts/Mb, p = 0.012, Table 1). In the LUSC group, 56.67% 
of patients with stage I-III and 59.8% of patients with 
stage IV were TMB-H (p = 0.597). The median TMB 
was consistent in early- and advanced-stage patients 
(stage I-III vs. stage IV = 10.56 vs. 10.56 mutations/Mb, 
p = 0.123, Table  1). Compared with those in the LUAD 
cohort, LUSC cohort had higher TMB values (stage I-III: 
10.56 vs. 2.00 muts/Mb, p < 0.001; stage IV: 10.56 vs. 3.84 
muts/Mb, p < 0.001; Fig.  1A). In addition, there was no 
significant correlation between PD-L1 expression and 
TMB (Pearson’s correlation coefficient = 0.1043, 95% CI: 
0.68 − 0.14, p < 0.001; Fig. 1B).

Next, we calculated the incidence of negative immune-
related and hyperprogressive factors in the overall cohort. 
According to previous literature, several genes were ana-
lyzed, including genes EGFR, ALK, KRAS + STK11 comu-
tation, PTEN, JAK1/2, MDM2/4, and CCND1. In the 
entire cohort, negative immunotherapy-related variants 
were identified in a total of 1700 (53.38%) patients, and 
the incidence of these mutations was not low, the inci-
dence of EGFR was the highest, at 40.78% (1299/3185). 
The proportions of patients with other immunotherapy-
related negative mutations were 4.68% (149/3185) for 
CCND1 amplification, 4.4% (140/3185) for PTEN muta-
tion, 4.21% (134/3185) for ALK mutation, 1.6% (51/3185) 
for KRAS + STK11 comutations, 1.13% (36/3185, 1.13%) 

Table 2  Clinical characteristics of different PD-L1 expression cohorts in LUAD and LUSC
PD-L1 expression level LUAD (n = 2476)

I-III (n = 811) IV (n = 1665)
High(n = 61) Low(n = 270) Negative

(n = 480)
P High(n = 266) Low(n = 582) Negative

(n = 817)
P

n (%) n (%) n (%) n (%) n (%) n (%)
Age (median, range) 64 (26–82) 61 (11–84) 61 (25–85) 0.037 61 (29–90) 61 (28–90) 61 (28–90) 0.493
Sex < 0.001 < 0.001
Male 43 (70.49) 149 (55.19) 201 (41.88) 179 (67.29) 311 (53.44) 412 (50.43)
Female 18 (29.51) 121 (44.81) 279 (58.13) 87 (32.71) 271 (46.56) 405 (49.57)
Smoking status < 0.001 < 0.001
Ever 17 (27.87) 61 (22.59) 76 (15.83) 85 (31.95) 140 (24.05) 183 (22.40)
Never 20 (32.79) 140 (51.85) 299 (62.29) 108 (40.60) 308 (52.92) 441 (53.98)
Unknown 24 (39.34) 69 (25.56) 105 (21.88) 73 (27.44) 13 (23.02) 193 (23.62)
PD-L1 expression level LUSC (n = 523)

I-III (n = 120) IV (n = 403)
High(n = 22) Low(n = 63) Negative

(n = 35)
P High(n = 84) Low(n = 163) Negative

(n = 156)
P

n (%) n (%) n (%) n (%) n (%) n (%)
Age (median, range) 62 (33–75) 62 (35–85) 61 (44–81) 0.1276 61 (32–87) 61 (30–85) 62 (40–84) 0.5766
Sex 0.6770 0.5475
Male 20 (90.91) 59 (93.65) 31 (88.57) 72 (85.71) 145 (88.96) 141 (90.38)
Female 2 (9.09) 4 (6.35) 4 (11.43) 12 (14.29) 18 (11.04) 15 (9.62)
Smoking status 0.6422 0.7484
Ever 19 (86.36) 56 (88.89) 30 (85.71) 67 (79.76) 132 (80.98) 125 (80.13)
Never 2 (9.09) 4 (6.35) 1 (2.86) 8 (9.52) 22 (13.50) 19 (12.18)
Unknown 1 (4.55) 3 (4.76) 4 (11.43) 9 (10.71) 9 (5.52) 12 (7.69)
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for MDM2/4 amplification and 0.53% (17/3185) for 
JAK1/2 mutations (Supplementary Table 2).

We further calculated the incidence of genetic bio-
markers that were negatively related to immunotherapy 
efficacy in LUAD and LUSC patients with different PD-L1 
expression levels at stages I-III and stage IV, respectively. 
As shown in Table 3, there were large differences in the 
genetic biomarkers between LUAD and LUSC. Muta-
tions in EGFR and ALK were enriched in LUAD patients. 
Among patients with stage I-III LUAD, the percentage of 
EGFR-mutated patients with high PD-L1 expression, low 
PD-L1 expression and negative PD-L1 expression were 
18.03 (11/61), 48.89% (132/270) and 62.29% (299/811), 
respectively (p < 0.001). Among patients with stage IV 
LUAD, the percentage of EGFR-mutated patients with 
high PD-L1 expression, low PD-L1 expression and nega-
tive PD-L1 expression were 30.08% (80/266), 51.03% 
(297/582) and 53.24% (435/817), respectively (p < 0.001). 
A negative correlation was observed between the per-
centage of patients with EGFR mutations and PD-L1 
expression in the LUAD cohort, regardless of stage 
(p < 0.001, Table 3). Among the other negative immune-
related factors in LUAD, the most common mutation 
was ALK. Interestingly, it seemed that ALK mutation was 
more common in patients with high PD-L1 expression 
than low PD-L1 expression and negative PD-L1, regard-
less of stage. However, the differences were not signifi-
cant, possibly because of the limited number of patients 
with ALK mutations. Other factors accounted for a rela-
tively small proportion.

In contrast, the proportions of patients with PTEN 
and CCND1 mutations were higher in those with LUSC 
(Table  3). The proportions of PTEN mutation, CCND1 
amplification, ALK mutation, KRAS + STK11 co-muta-
tion and MDM2/4 amplification in the high PD-L1 
expression, low PD-L1 expression and negative PD-L1 
expression populations were no significantly difference 
at either stage I-III or stage IV. However, the detection 
rates of EGFR and JAK1/2 mutations were significantly 
higher in stage IV patients with high PD-L1 expression. 
We combined the incidence of these immune-related 
biomarkers and found that in the high PD-L1 expression 
group, the proportion of patients with genes associated 
with poor immunotherapy efficacy in phase IV patients 
was higher than that in stage I-III (stage I-III vs. IV: 
31.15% vs. 48.50%, p = 0.014, LUAD; 13.64% vs. 45.24%, 
p = 0.0067, LUSC). Moreover, in LUAD, as the expression 
of PD-L1 increased, the occurrence of immune-negative 
related genes decreased (I-III: p < 0.001, IV: p < 0.001; 
Table  3). In early-stage LUSC, the incidence of genes 
associated with poor immunotherapy efficacy decreased 
with the increasing of PD-L1 expression but was not sig-
nificant (p = 0.318, Table 3). However, in stage IV LUSC, 
the expression of PD-L1 was positively correlated with 
the occurrence of genes associated with poor immuno-
therapy efficacy (p = 0.023, Table 3).

Differentially mutated genes among patients with different 
disease stages and PD-L1 expression
To identify other differences in genomic features, we 
compared the genomic variants among different PD-L1 

Fig. 1  Characteristics of PD-L1 expression and the TMB in patients. A. TMB in patients with different stages of LUAD and LUSC. The LUSC cohort exhibited 
significantly higher TMB than the LUAD cohort across all stages (stage I-III: median 10.56 vs. 2.00 muts/Mb, p < 0.001; stage IV: 10.56 vs. 3.84 muts/Mb, 
p < 0.001). B. Correlation between TMB and PD-L1 expression. No significant correlation was observed (Pearson’s correlation coefficient = 0.1043, 95% CI: 
0.68 − 0.14, p < 0.001)
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expression subgroups in early- and advanced-stage 
LUAD and LUSC, respectively. In the high PD-L1 expres-
sion group, rare genes, such as NTRK2 and ERBB3, were 
more significantly present in I-III LUAD (Fig. 2A). In the 
low and negative PD-L1 expression group, most genes, 
such as TP53, ATRX, ARID1A, RET, KEAP1, LRP1B, and 
RB1, were more common in stage IV LUAD, while a few 
genes, such as SETD2, RBM10, and EGFR, were more sig-
nificantly observed in I-III LUAD (Fig. 2B and C, Supple-
mentary Table 3). In LUSC, most genes, such as EPHA3, 
AFAF, and PIK3R2, were more significantly expressed 
among different PD-L1 expression subgroups in I-III 
LUSC (Fig. 2D and F, Supplementary Table 3). Early-stage 
LUAD and LUSC patients with different PD-L1 expres-
sion levels had distinct genomic profiles compared with 
those of advanced patients.

Furthermore, we compared the genetic differences 
among different PD-L1 expression subgroups at differ-
ent stages. We observed some similarities in differen-
tial genes between early- and advanced-stage LUAD 
patients. In both the I-III and IV phases of LUAD, EGFR 
was more prevalent in the PD-L1 negative group, and 
TP53 was more prevalent in the high PD-L1 expression 
group (Fig.  3A and B). In addition, in the group with 
high PD-L1 expression in LUAD, driver gene variants 
such as KRAS, MET, and BRAF were more common, 

and the percentages of other genes, such as LRP1B and 
ARID1A, were also significantly higher. In stage I-III 
LUSC, the proportion of NFE2L2 and EPHA3 genes was 
higher in the group with high PD-L1 expression. In stage 
IV LUSC, ARID1A and ERBB2 genes were more signifi-
cantly observed in the group with high PD-L1 expression, 
while MLL2 genes was more significantly observed in the 
group with negative PD-L1 expression. (Figure  3C and 
D). There were differences of differentially genes in LUSC 
between the early- and advanced-stage. The proportions 
of genes occurring in different PD-L1 expression sub-
groups at different stages are detailed in Supplementary 
Table 4.

Discussion
This is the largest study to date to comprehensively exam-
ine the clinical and molecular characteristics associations 
with PD-L1 expression levels in early-stage NSCLC. 
We revealed a significant relationship between PD-L1 
expression and factors such as disease stage, pathologic 
subtype, age, gender, and smoking history. Additionally, 
early-stage patients showed lower rates of immunother-
apy resistance genes, especially those with high PD-L1 
expression. These findings highlight the high heterogene-
ity of NSCLC across stages and PD-L1 expression levels.

Table 3  Occurrence of negative correlations and hyperprogression factors in LUAD and LUSC patients with different PD-L1 expression 
levels
PD-L1 expression level LUAD (n = 2476)

I-III (n = 811) P IV (n = 1665) P

High (n = 61) Low (n = 270) Negative
(n = 480)

High (n = 266) Low (n = 582) Negative
(n = 817)

n (%) n (%) n (%) n (%) n (%) n (%)
EGFR 11 (18.03) 132 (48.89) 299 (62.29) < 0.001 80 (30.08) 297 (51.03) 435 (53.24) < 0.001
ALK 6 (9.84) 22 (8.15) 24 (5.00) 0.126 24 (9.02) 29 (4.98) 24 (2.94) < 0.001
KRAS + STK11 0 (0.00) 3 (1.11) 8 (1.67) 0.521 5 (1.88) 10 (1.72) 22 (2.69) 0.437
PTEN 0 (0.00) 4 (1.48) 13 (2.71) 0.262 4 (1.50) 17 (2.92) 23 (2.82) 0.447
JAK1/2 2 (3.28) 2 (0.74) 2 (0.42) 0.049 3 (1.13) 1 (0.17) 0 (0.00) < 0.01
MDM2/4 0 (0.00) 4 (1.48) 4 (0.83) 0.491 3 (1.13) 11 (1.89) 11 (1.35) 0.613
CCND1 0 (0.00) 8 (2.96) 10 (2.08) 0.348 10 (3.76) 18 (3.09) 29 (3.55) 0.851
Total 19 (31.15) 175 (64.81) 360 (75.00) < 0.001 129 (48.50) 383 (65.81) 544 (66.59) < 0.001
PD-L1 expression level LUSC (n = 523)

I-III (n = 120) P IV (n = 403) P

High (n = 22) Low (n = 63) Negative
(n = 35)

High (n = 84) Low (n = 163) Negative
(n = 156)

n (%) n (%) n (%) n (%) n (%) n (%)
EGFR 0 (0.00) 2 (3.17) 0 (0.00) 0.399 9 (10.71) 2 (1.23) 6 (3.85) < 0.01
ALK 0 (0.00) 0 (0.00) 0 (0.00) - 1 (1.19) 0 (0.00) 1 (0.64) 0.428
KRAS + STK11 0 (0.00) 0 (0.00) 0 (0.00) - 1 (1.19) 1 (0.61) 1 (0.64) 0.867
PTEN 2 (9.09) 7 (11.11) 6 (17.14) 0.596 11 (13.10) 21 (12.88) 14 (8.97) 0.472
JAK1/2 0 (0.00) 1 (1.59) 0 (0.00) 0.634 4 (4.76) 0 (0.00) 0 (0.00) < 0.001
MDM2/4 0 (0.00) 0 (0.00) 0 (0.00) - 1 (1.19) 1 (0.61) 0 (0.00) 0.440
CCND1 1 (4.55) 6 (9.52) 5 (14.29) 0.483 11 (13.10) 24 (14.72) 23 (14.74) 0.930
Total 3 (13.64) 16 (25.39) 11 (31.43) 0.318 38 (45.24) 49 (30.05) 45 (28.84) 0.023
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Early-stage patients had fewer cases of high PD-L1 
expression compared to advanced-stage patients. This 
might be because early tumors have not yet developed 
immune-evasion mechanisms. While PD-L1 expression 
is known to be influenced by oncogenic driver activation 
and tumor heterogeneity [14–16], emerging evidence 
highlights its dynamic evolution during disease progres-
sion. A longitudinal study (n = 402) demonstrated that 
40.1% of patients exhibited increased PD-L1 expression 
at recurrence, while 32.8% showed significant decreases, 
while molecular alterations such as STK11/B2M copy 
number gains driving upregulation and JAK2/CD274 loss 
causing downregulation [17]. These expression changes 
directly influence immunotherapy selection. In addition, 
studies have shown that in the latest test, patients with 
PD-L1 ≥ 1% had longer progression-free survival (PFS) 
compared to patients with PD-L1 < 1% (PFS: 3.7 vs. 1.6 
months, p = 0.01) [17]. Studies such as IMpower010 have 
confirmed the predict value of PD-L1 status for immu-
notherapy outcomes [4]. These findings underscore the 

critical of reassessing PD-L1 status through rebiopsy at 
recurrence to enable personalized therapeutic strategies. 
For patients exhibiting PD-L1 upregulation (PD-L1 ≥ 1%), 
treatment should be tailored by integrating molecular 
features such as STK11 and JAK2 alterations, which may 
guide immunotherapy optimization. Conversely, those 
with PD-L1 downregulation require comprehensive 
genomic profiling to determine alternative therapies (tar-
geted drugs or combination regimens).

While PD-L1 and TMB are both used to predict immu-
notherapy responses [18, 19], our study found no strong 
correlation between them. This finding aligns with pre-
vious reports in lung and other cancers, though some 
studies suggest a weak positive correlation in NSCLC 
[20]. A retrospective multicenter study demonstrated 
that NSCLC patients with PD-L1 expression ≥ 50% and 
TMB-H exhibited superior objective response rate (ORR) 
(57% vs. 8.7% in dual-low) and OS (47.7 vs. 10.4 months) 
with immunotherapy [21]. These data indicate that com-
bined biomarker analysis (PD-L1 + TMB) may better 

Fig. 2  Stage-specific genomic features of PD-L1-stratified LUAD and LUSC. LUAD Subgroups. A. High PD-L1 expression (TPS ≥ 50%). Stage I-III LUAD 
showed enrichment of NTRK2 (I-III vs. IV: 4.92% vs. 0.38%, p = 0.022) and ERBB3 (I-III vs. IV: 4.92% vs. 0.38%, p = 0.022) compared to stage IV. B. Low PD-L1 
expression (TPS 1–49%). Stage IV tumors exhibited higher TP53 mutations (I-III vs. IV: 49.62% vs. 59.51%, p = 0.009), while SETD2 was more enrichment in 
Stage I-III (I-III vs. IV: 9.77% vs. 5.41%, p = 0.026). C. Negative PD-L1 expression (TPS < 1%). TP53 (I-III vs. IV: 32.48% vs. 51.05%, p < 0.001) and RET (I-III vs. IV: 
0.43% vs. 2.58%, p = 0.001) were more common in stage IV LUAD, while RBM10 (I-III vs. IV: 16.45% vs. 9.29%, p < 0.001) and EGFR were more significant in 
I-III LUAD (I-III vs. IV: 64.74% vs. 55.14%, p = 0.001). LUSC Subgroups. D. High PD-L1 expression (TPS ≥ 50%). EPHA3 (I-III vs. IV: 28.57% vs. 4.76%, p = 0.004), 
ABCB1 (I-III vs. IV: 14.29% vs. 0.00%, p = 0.007) and MLL2 were more significantly expressed in stage I-III (I-III vs. IV: 47.62% vs. 19.05%, p = 0.011). E. Low PD-L1 
expression (TPS 1–49%). AFAF was more significantly expressed in stage I-III (I-III vs. IV: 4.84% vs. 0.00%, p = 0.02). F. Negative PD-L1 expression (TPS < 1%). 
PIK3R2 and other genes were enriched in stage I-III (I-III vs. IV: 14.29% vs. 1.29%, p = 0.003). TPS, tumor proportion score; LUAD, lung adenocarcinoma; LUSC, 
lung squamous cell carcinoma
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stratify patients for immunotherapy, particularly among 
dual-high patients.

EGFR activating mutations are the most common 
driver mutations in NSCLC, particularly in LUAD [22]. 
Our study showed that EGFR mutations were more 
frequent in patients with negative PD-L1 expression, 
aligning with previous research that supports targeted 
therapies may be a preferable option for this subgroup 

[23]. Furthermore, multiple clinical trials (Check-
Mate-012, KEYNOTE-001) have demonstrated that 
EGFR-mutant NSCLC have shown poor response to 
PD-1/PD-L1 monotherapy [24, 25]. This may occur 
because EGFR mutations weaken immune responses by 
upregulating PD-L1 expression and suppressing T-cell 
activity [26]. These findings validate guideline recom-
mendations that prioritize targeted therapy regardless 

Fig. 3  PD-L1-associated genomic signatures across NSCLC subtypes and stages. LUAD Subgroups. A. Early-stage (I-III). TP53 and LRP1B were more sig-
nificantly expressed in high PD-L1 expression subgroup (TP53: High: 68.85% vs. Low: 49.62% vs. Negative: 32.48%, p < 0.001; LRP1B: High: 27.87% vs. Low: 
17.29% vs. Negative: 8.97%, p < 0.001), while EGFR was more common in negative PD-L1 expression subgroup (High: 19.67% vs. Low: 51.13% vs. Negative: 
64.74%, p < 0.001). B. Advanced stage (IV). TP53, KRAS and MET were more significantly expressed in high PD-L1 expression subgroup (TP53: High: 64.15% 
vs. Low: 59.51% vs. Negative: 51.05%, p < 0.001; KRAS: High: 23.02% vs. Low: 13.44% vs. Negative: 11.03%, p < 0.001; MET: High: 10.19% vs. Low: 4.19% vs. 
Negative: 3.22%, p < 0.001), while EGFR was also observed to be associated with negative PD-L1 expression (High: 31.70% vs. Low: 52.53% vs. Negative: 
55.14%, p < 0.001). C. Early-stage (I-III). The proportion of NFE2L2 and ASXL1 genes was higher in the group with high PD-L1 expression (NFE2L2: High: 
42.86% vs. Low: 11.29% vs. Negative: 2.86%, p < 0.001; ASXL1: High: 23.81% vs. Low: 1.61% vs. Negative: 11.43%, p = 0.003). D. Advanced stage (IV). AR and 
ARID1A genes were more significantly expressed in the group with high PD-L1 expression (AR: High: 10.71% vs. Low: 2.47% vs. Negative: 0.65%, p < 0.001; 
ARID1A: High: 17.86% vs. Low: 8.64% vs. Negative: 4.52%, p = 0.004), while MLL2 genes was more significantly expressed in the group with negative PD-L1 
expression (MLL2: High: 19.05% vs. Low: 30.25% vs. Negative: 36.77%, p = 0.016). Circles represent PD-L1 expression levels: red (high), green (low), blue 
(negative). NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma
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of PD-L1 status. In contrast, TP53 mutations correlate 
with elevated PD-L1 expression and better immuno-
therapy responses, demonstrated by a 51.2% ORR in 
TP53-mutant NSCLC versus 20.7% in wild-type patients 
[27–29]. Other actionable genomic alterations includ-
ing KRAS and MET also exhibit significant association 
with PD-L1 upregulation. In the KRYSTAL-7 study, 
patients with KRAS G12-mutant advanced NSCLC 
receiving combined adagrasib and pembrolizumab dem-
onstrated a robust ORR of 63% in the PD-L1 ≥ 50% sub-
group (n = 51/148) [30]. Notably, evidence indicates that 
KRAS-mutant tumors with co-occurring TP53 mutations 
exhibit significantly improved immunotherapy efficacy 
(ORR: 55.4% vs. 39.5%) [31]. Furthermore, MET-mutant 
NSCLC exhibits heightened immunogenicity through 
increase tumor-infiltrating lymphocytes (TILs) [32]. 
While MET tyrosine kinase inhibitors (TKIs) remain 
first-line therapy for METex14 mutations, the dual tar-
geting of MET and PD-1 demonstrated clinical activity 
in pretreated patients with advanced EGFR wild-type 
NSCLC, independent of MET status [33]. These find-
ings suggesting that incorporating information on these 
genetic variations into clinical practice may enable more 
precise selection of patients suitable for immunotherapy, 
particularly those with PD-L1 ≥ 50%.

The widespread adoption of NGS in clinical practice 
has revealed extensive genetic heterogeneity in NSCLC, 
with co-occurring mutations significantly influenc-
ing response to immune checkpoint inhibitors (ICIs). 
While most studies historically focused on single-gene 
biomarkers (e.g., EGFR, TP53), emerging evidence high-
lights the critical role of multi-gene interactions in shap-
ing ICIs outcomes [34]. A retrospective analysis of 1745 
patients showed that co-mutations such as KRAS + TP53 
predict ICIs efficacy more better than individual bio-
markers, independent of TMB and PD-L1 expression 
[35]. To address this, multi-gene profiling (e.g., TP53, 
KRAS and MDM2/4) is essential for risk stratification. 
For instance, a phase 2 trial in resectable EGFR-mutant 
NSCLC revealed that 44% patients achieved major path-
ological response (MPR) with neoadjuvant immunother-
apy plus chemotherapy, with TP53 missense mutations, 
RB1 and RBM10 mutations enriched in responders [36]. 
Conversely, MDM2/4 amplifications correlate with an 
increased risk of hyperprogressive disease (HPD) receiv-
ing immune checkpoint inhibitors [8, 37]. Notably, our 
study revealed that 13.64–31.15% of early-stage cases 
with high PD-L1 expression harbored immunotherapy 
resistance genes such as MDM2/4 amplifications. These 
findings collectively emphasize the critical need of inte-
grating multi-gene molecular signatures (e.g., TP53 
and RBM10 for immunotherapy sensitivity, MDM2/4 
for resistance) into clinical practice. Future research 
should prioritize prospective multi-center, randomized 

controlled trials (RCTs) to validate their predictive util-
ity of co-mutation profiles (KRAS + TP53) and resistance 
markers (MDM2/4 amplifications), particularly in PD-
L1-high NSCLC subgroups. Given the high prevalence of 
immunotherapy resistance mechanisms adaptive thera-
peutic strategies integrating ICIs must be developed to 
overcome therapy resistance. Concurrently, implement-
ing real-time resistance surveillance frameworks—com-
bining serial liquid biopsy (ctDNA) and standardized 
multi-gene panels (TP53/KRAS/STK11/MDM2/4)—will 
enable dynamic mapping of clonal trajectories and early 
detection of acquired alterations during perioperative 
immunotherapy, thereby closing the loop between bio-
marker discovery and precision intervention.

Our research has several limitations. First, the ret-
rospective design introduces potential selection bias, 
particularly in sample selection due to heterogeneous 
treatment regimens across patients. Future prospec-
tive multi-center studies should implement standard-
ized therapeutic protocols with centralized biomarker 
assessment. Second, detailed clinical outcome data (e.g., 
PFS, OS or ORR) were not systematically recorded, lim-
iting direct correlations between genomic features and 
immunotherapy efficacy. Additionally, the sample size 
for early-stage NSCLC, particularly PD-L1-high sub-
groups, remains modest, necessitating validation in 
larger cohorts. Multi-institutional consortia could aggre-
gate larger early-stage NSCLC cohorts. Despite these 
constraints, to our knowledge, this is the first real-world 
study to comprehensively compare the genomic charac-
teristics of NSCLC patients with varying PD-L1 expres-
sion leves across early- and advanced stage. Prospective 
multi-center studies integrating standardized treatment 
protocols and longitudinal outcome tracking are war-
ranted to validate and refine predictive biomarkers for 
immunotherapy in early-stage NSCLC. In conclusion, it 
is hoped that our results provide a comprehensive under-
standing of the genomic landscape of early-stage NSCLC.

Conclusions
In summary, significant differences in PD-L1 expression, 
TMB, and clinical characteristics are observed between 
early-stage and advanced NSCLC patients. Furthermore, 
the prevalence of immune-related genes and genomic 
profiles vary substantially among patients with different 
PD-L1 expression levels. These findings underscore the 
importance of conducting comprehensive genetic evalu-
ations before immunotherapy in both early-stage and 
advanced NSCLC patients.
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