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Non-small cell lung cancer (NSCLC) remains the leading cause of cancer-related mortality worldwide. Despite radical surgical 

resection, recurrence is frequent, highlighting the need for improved stratification methods and adjuvant therapeutic strategies. 

Immunotherapy has demonstrated efficacy in metastatic NSCLC; however, its role in surgically treated patients is still under inves-

tigation. This study aimed to analyze the immune landscape of the tumor immune microenvironment in resected NSCLC speci-

mens, identify immune clusters, and evaluate their relationship with patient survival and tumor molecular characteristics. A single-

center retrospective study was conducted on 42 patients with stage I–IIIB NSCLC who underwent surgical resection between 2015 

and 2018. All patients received platinum-based adjuvant chemotherapy; 35.7% received additional atezolizumab immunotherapy, 

and 11.9% received adjuvant radiotherapy. Tumor samples were assessed via immunohistochemistry for CD8⁺ cytotoxic T cells, 

FoxP3⁺ regulatory T cells, CD68⁺ (M1), and CD163⁺ (M2) macrophages in both tumor islets and stroma. Expression levels were 

stratified into high/low groups based on validated cut-offs. PD-L1 status was also evaluated. Seven immune markers were analyzed 

using principal component analysis and k-means clustering (k = 2) to define immune phenotypes. Next-generation sequencing was 

performed using the AmoyDx Essential Panel targeting ten major driver mutations. Survival was assessed using Kaplan-Meier 

estimates and log-rank tests. Two distinct immune phenotypes were identified: an immunoactive cluster (n = 14) with high CD8⁺ 

and M1 infiltration, and an immunosuppressive cluster (n = 28) characterized by increased FoxP3⁺ and M2 expression. Although 

not statistically significant, the immunoactive group showed a trend toward improved outcomes: median progression-free survival 

was 98.8 in the immunoactive cluster vs. 27.8 months (P = 0.543) in the immunosuppressive cluster, and overall survival was 114.5 

in the immunoactive cluster vs. 38.1 months (P = 0.435) in the immunosuppressive cluster. NGS revealed mutations in 26.2% of 

tumor samples (KRAS 16.7%, EGFR 4.8%, ALK 2.4%, BRAF 2.4%), with no significant difference between clusters (P = 0.810), 

suggesting independence between molecular and immune profiles. In conclusion, immune-based stratification identified distinct 

TME phenotypes associated with survival trends in surgically treated NSCLC. Integrating immunohistochemistry and next-

generation sequencing may improve personalized adjuvant treatment selection. Larger studies are needed to validate these findings.  

Keywords: tumor immune microenvironment; next-generation sequencing; non-small cell lung cancer; CD8⁺; FoxP3⁺; CD68⁺; 

CD163⁺.  

Introduction  

 
Non-small cell lung cancer (NSCLC) accounts for over 85% of 

all lung cancer cases and remains the leading cause of cancer-related 

mortality worldwide (De Lucia et al., 2025; Tang et al., 2025). De-
spite notable advancements in screening methods such as low-dose 
computed tomography (LDCT), early-stage diagnosis continues to be 
relatively uncommon, largely due to the asymptomatic nature of the 
disease in its initial stages and limited access to high-quality diagnos-
tic tools in many regions. As a result, a substantial proportion of pati-
ents are still diagnosed at advanced stages when curative treatment 
options are limited (Tang et al., 2025).  

Even after radical surgical resection in early-stage disease, the 

risk of recurrence remains high, with recurrence-free survival (RFS) 
strongly influenced by pathological stage, lymphovascular invasion, 
and molecular features (Rajaram et al., 2024). This underscores the 
persistent need for effective and individualized adjuvant treatment 
strategies that can improve long-term survival outcomes. While plati-
num-based chemotherapy remains a mainstay, recent research sug-
gests that integrating molecular profiling and immune characteriza-
tion could guide more precise interventions (Nagasaka et al., 2023; 

Lieber et al., 2024).  
In this context, immunotherapy – particularly immune checkpoint 

inhibitors (ICIs) – has ushered in a new era in the management of 
NSCLC. PD-1/PD-L1 inhibitors such as pembrolizumab and atezoli-
zumab have demonstrated considerable efficacy in patients with met-
astatic disease. However, their role in the adjuvant setting following 
surgery is still being defined. Clinical trials such as IMpower010 and 

PEARLS/KEYNOTE-091 have yielded mixed results, with differen-
ces depending on PD-L1 expression thresholds, mutational status, and 
prior chemotherapy use (Girard et al., 2023; Lieber et al., 2024). 
For example, Girard (2023) emphasizes the need for high PD-L1 

expression (≥50%) as a potential condition for adjuvant immunother-
apy benefit, indicating the importance of precise patient selection.  

One of the major limitations of immunotherapy in early-stage 
NSCLC is the heterogeneity of the tumor microenvironment (TME), 
which significantly influences therapeutic response (Casanova-Ace-
bes et al., 2021; Chandra et al., 2025). The TME consists of a com-
plex interplay of immune and stromal elements, including T lympho-
cytes, macrophages, dendritic cells, fibroblasts, endothelial cells, and 
extracellular matrix components (Duan et al., 2022). Importantly, the 

immunological features of this milieu – such as the density of CD8⁺ 
cytotoxic T cells, macrophage polarization into tumor-promoting M2 
versus tumor-inhibiting M1 phenotypes, and the prevalence of regula-
tory T cells (FoxP3⁺) – have been closely associated with disease 
prognosis and immunotherapeutic efficacy (Zhang et al., 2021; 
Gurevičienė et al., 2024).  

For instance, high infiltration of CD8⁺ T cells typically correlate 
with better prognosis and heightened response to ICIs, while an im-

mune landscape dominated by FoxP3⁺ regulatory T cells or M2 mac-
rophages creates an immunosuppressive niche that may impair anti-
tumor immunity (Toki et al., 2018; Sellmer et al., 2022). This high-
lights the necessity of moving beyond a simplistic biomarker ap-
proach based solely on PD-L1 expression, and toward more nuanced 
stratification using comprehensive immune profiles (Boscolo et al., 
2020). Kanemura et al. (2024) have further shown that immune infil-
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tration patterns within early-stage lung adenocarcinoma correlate with 
recurrence risk, suggesting potential utility for immune-based prog-
nostic tools. Furthermore, modern statistical and computational ap-

proaches – including principal component analysis, clustering algo-
rithms, and unsupervised machine learning techniques – have begun 
to reveal hidden immune phenotypes and facilitate objective classifi-
cation of TME subtypes (Teshima et al., 2022; Gaiffe et al., 2023). 
These data-driven classifications may guide the development of tai-
lored immunotherapeutic strategies and serve as the foundation for 
precision oncology in NSCLC.  

To the best of our knowledge, this is the first study conducted in 

Ukraine to simultaneously perform extended immunohistochemical 
profiling of the tumor immune microenvironment and next-generati-
on sequencing (NGS) analysis in surgically treated NSCLC patients. 
By integrating immune phenotyping with molecular and clinical out-
come data, this research aims to establish a localized yet relevant fo-
undation for precision medicine, potentially informing future thera-
peutic decisions in the Ukrainian oncological context. This study hy-
pothesizes that the immune phenotype of the TME is associated with 

survival outcomes and the molecular profile of tumors in surgically 
treated NSCLC patients. The objective was to analyze the immune 
landscape of the TME in resected NSCLC specimens, identify im-
mune clusters, and evaluate their relationship with patient survival 
and tumor molecular characteristics.  

 

Materials and methods  

 

Study design and ethics approval. The research was carried out in 
compliance with the principles of medical ethics and the protection of 
patients rights, human dignity and moral and ethical norms, in ac-
cordance with the principles of the Helsinki Declaration of Human 
Rights, the Council of Europe Convention on Human Rights and Bio-
medicine, and the laws of Ukraine. The study was approved by the 
Bioethics Committee of Sumy State University (protocol No. 3/12, 
dated 17.12.2024). All patients alive at the start of the study provided 
written informed consent.  

This study included 42 patients aged over 18 years diagnosed 
with stage I–IIIB NSCLC, who underwent surgical resection and re-
ceived adjuvant therapy between 2015 and 2018 in accordance with 
clinical indications. All patients received 2 to 4 cycles of platinum-
based chemotherapy following the National Comprehensive Cancer 
Network (NCCN) guidelines. In selected cases, the treatment regimen 
was supplemented with immunotherapy using atezolizumab 
(1200 mg intravenously every 21 days) for up to one year or until 

disease progression. Additionally, radiotherapy was administered in 
cases with N2 lymph node involvement.  

The study did not aim to compare the efficacy of different thera-
peutic approaches; therefore, treatment type was not used as a stratifi-
cation variable in the primary analysis. The main focus was to inves-
tigate the association between the immune phenotype of the TME and 
survival outcomes. Clinicopathological data – including patient age, 
sex, disease stage, and tumor histological subtype – were collected 

from medical records and summarized in tables. Exclusion criteria in-
cluded the use of neoadjuvant chemotherapy or radiotherapy, the pre-
sence of severe comorbidities (e.g., decompensated diabetes mellitus, 
advanced heart failure, or uncontrolled hypertension with high cardio-
vascular risk), and stage IV NSCLC.  

Immunohistochemical analysis of the TME. The density of im-
mune cell infiltration in tumor tissue samples was assessed using 
immunohistochemistry. The following markers were evaluated: re-

gulatory T cells (FoxP3⁺), cytotoxic CD8⁺ T cells, M1 macrophages 
(CD68⁺), and M2 macrophages (CD163⁺), both in stroma and tumor 
islets. NSCLC tissue samples were cut into serial sections 4 μm thick 
and mounted onto SuperFrost adhesive slides (Thermo Scientific, 
USA). Slides were dried at 60 °C for 18 hours. Deparaffinized secti-
ons underwent heat-induced epitope retrieval in 0.1 M citrate buffer 
(pH 6.0) at 95–98 °C for 20 minutes, followed by cooling to room 
temperature and triple rinsing with distilled water. Endogenous per-

oxidase activity was blocked using a commercial reagent (MAD-
021540Q-125) for 10 minutes. Sections were then incubated with pri-

mary monoclonal antibodies for 10 minutes, and staining was visual-
ized using the in vitro detection system (Master-Diagnostica, Grana-
da, Spain). For each marker, six high-density areas of positive immu-

ne cell infiltration (1 mm² each) were selected per sample, and aver-
age values were calculated. To detect regulatory T cells, rabbit mono-
clonal antibodies against the transcription factor FoxP3⁺ (clone 
EP340, Cell Marque, Rocklin, CA, USA, 2023) were applied. The 
threshold for FoxP3⁺ expression was set at 23 cells/mm². Based on 
this, patients were classified into low (<23 cells/mm²) and high 
(≥23 cells/mm²) FoxP3⁺ infiltration groups. Tumor-associated macro-
phages were visualized using mouse monoclonal anti-CD68⁺ antibod-

ies (Clone KP-1, Master-Diagnostica, Granada, Spain, 2024) and 
rabbit anti-CD163⁺ antibodies (Clone EP324, Master-Diagnostica, 
Granada, Spain, 2024). All reagents were ready-to-use. Expression 
thresholds were defined by mean values: M1 macrophages – 
18 cells/mm² in tumor tumour islets, 11 cells/mm² in stroma; M2 
macrophages – 13 cells/mm² in tumour islets, 24 cells/mm² in stroma. 
Cytotoxic T cells (CD8⁺) were detected using monoclonal antibodies 
(clone C8/144B, Dako, Glostrup, Denmark, 2023). Stratification 

thresholds for CD8⁺ expression were: <9 cells/mm² for low tumour 
islets infiltration, <24 cells/mm² for low stromal infiltration. PD-L1 
expression was assessed using monoclonal antibodies (Clone Cal-10, 
Master Diagnostica; dilution 1:50). Based on PD-L1 expression, tu-
mor samples were stratified into three groups: <1%, 1–49%, and 
≥50%. A reaction was considered positive if a distinct membranous 
staining of NSCLC tumor cells was observed, possibly accompanied 
by partial or full cytoplasmic staining of variable intensity. Staining of 

tumor-associated immune cells (e.g., macrophages and lymphocytes), 
as well as cytoplasmic-only reactivity, was not included in the as-
sessment. All IHC evaluations were performed by a qualified patho-
logist.  

Survival analysis. Survival time was measured in months from 
the date of surgical resection to the occurrence of an event (disease 
progression or death) or the last follow-up. The final analysis of pro-
gression-free survival and overall survival was performed as of June 
1, 2025. Mortality data were collected through the Cancer Registry of 

the Sumy Regional Clinical Oncology Center.  
Next-generation sequencing analysis. To assess the molecular 

profile of tumor tissue, NGS was conducted. DNA was extracted 
from formalin-fixed paraffin-embedded blocks using the E.Z.N.A.® 
FFPE DNA Kit (Omega Bio-tek, USA), following the manufactur-
er’s instructions. DNA concentration was measured using the dsDNA 
Broad Range Assay (DeNovix, USA), and DNA integrity was evalu-
ated using the PreSeq DNA QC Assay (ArcherDX, USA). Targeted 

sequencing was performed using the AmoyDx Essential NGS Panel 
(AmoyDx, China), which covers key driver mutations relevant to 
NSCLC. Library preparation followed the manufacturer’s protocol, 
using a minimum of 30 ng of DNA per reaction. Libraries were quan-
tified using the KAPA Library Quantification Kit (Roche, Switzer-
land), and fragment sizes were checked using the Agilent TapeStation 
system (Agilent Technologies, USA). Libraries were normalized to 
4 nM, pooled, and sequenced on the Illumina NextSeq 550Dx plat-

form (USA) with the NextSeq 550 Mid-Output Kit. Data processing, 
variant annotation, and classification were performed using the 
ANDAS ADXLC10 platform (version 3.3.0, AmoyDx).  

Statistical analysis. Statistical analysis was conducted using Stata 
software version 19.5 (StataCorp, Texas, USA; www.stata.com, 
2025). Clinicopathological characteristics were presented as absolute 
numbers and percentages. For the variable "age", mean ± standard 
deviation was reported. PFS and OS were estimated using the 

Kaplan-Meier method, and differences between survival curves were 
tested using the log-rank test. A p-value <0.05 was considered statisti-
cally significant. To stratify patients based on the immune phenotype 
of the tumor TME, principal component analysis followed by k-
means clustering was performed. Seven immune variables were in-
cluded in the PCA: stromal CD8⁺, intra-tumoral CD8⁺, FoxP3⁺, stro-
mal CD68⁺, intra-tumoral CD68⁺, stromal CD163⁺, and intra-tumoral 
CD163⁺. All values were standardized (Z-scores) prior to principal 

component analysis and clustering. The principal component analysis 
reduced the dimensionality of the data to two principal components. 
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The first principal component represented an immunoactivity gradi-
ent, with high loadings for CD8⁺ T cells and M1 macrophages. 
The second component differentiated samples based on the presence 

of regulatory T cells and M2 macrophages. Subsequently, k-means 
clustering (k = 2) was applied. Patients were divided into two clusters: 
an immunoactive cluster (n = 14) and an immunosuppressive cluster 
(n = 28). The immunoactive group was characterized by high densi-
ties of CD8⁺ T cells and M1 macrophages in both tumor islands and 
stroma, and low expression of FoxP3⁺ and M2 macrophages. 
The immunosuppressive cluster included patients with low CD8⁺ and 
M1 cell densities and high expression of FoxP3⁺ and M2 macrophag-

es in both compartments. Principal component analysis results were 
visualized using a scatterplot.  

 

Results  

 
Clinicopathological characteristics of the study population. A to-

tal of 42 patients with resected NSCLC were included. The mean age 
was 58.5 ± 8.5 years; most patients were male (81.0%) and younger 

than 60 years (52.4%). Histologically, squamous cell carcinoma was 
the most prevalent subtype (52.4%). All patients received adjuvant 
chemotherapy, and 35.7% additionally received immunotherapy. Ra-
diotherapy was administered in 11.9% of cases.  

Immunohistochemistry analysis revealed high CD8⁺ T-cell infil-
tration in tumor islets in 69% of cases and in the stroma in 52.4%. 
High FoxP3⁺ regulatory T-cell expression was found in 57.1% of pa-
tients. High M1 macrophages expression was predominated in tumor 

islets (61.9%). High M2 macrophage expression was observed in 
stroma of 50.0% of samples and in islets of 35.7% of samples. Next-
generation sequencing-based molecular analysis showed low frequen-
cies of driver mutations: EGFR mutations were detected in 4.8% of 
patients, ALK in 2.4%, BRAF in 2.4%, and KRAS in 16.7% (Ta-
ble 1).  

Tumor microenvironment clustering. Based on principal compo-
nent analysis and k-means clustering, two immunologically distinct 
TME phenotypes were identified: an immunoactive cluster (n = 14) 

and an immunosuppressive cluster (n = 28). Figure 1 illustrates the 
distribution of patients in the space of the first two principal compo-
nents, demonstrating a clear separation between the clusters. Patients 
in the immunoactive cluster were concentrated within a specific regi-
on of the plot, while those in the immunosuppressive cluster formed a 
separate grouping, indicating distinct immune infiltration patterns 
between the two subgroups.  

  

Fig. 1. Distribution of NSCLC patients in the space of the principal  
components based on tumor microenvironment characteristics:  

patients were classified into two clusters: an immunosuppressive 
cluster (a) and an immunoactive cluster (b), based on the density  
of CD8⁺ T cells, M1/M2 macrophages, and FoxP3⁺ regulatory  

T cells (n = 42)  

Thus, principal component analysis combined with clustering re-
vealed two clearly differentiated immune phenotypes among NSCLC 
patients, which may have both prognostic and predictive relevance in 
the context of immunotherapy response.  

Survival assessment. To evaluate the prognostic relevance of tu-
mor microenvironment clusters, progression-free survival was analy-
zed using the Kaplan-Meier method. Survival outcomes were compa-

red between patients from the two clusters defined by immune profi-
ling. The median progression-free survival was 98.8 months in the 
immunoactive cluster versus 27.8 months in the immunosuppressive 
cluster; however, this difference did not reach statistical significance 
(log-rank test: χ² = 0.37; P = 0.5433; Fig. 2).  

Table 1  
Clinicopathological characteristics and tumor microenvironment  
features in patients with resected NSCLC (n = 42) 

Clinicopathological characteristics 
Patients with 

NSCLC, n 

Patients with 

NSCLC, % 

Age of patients: 

Medium 

< 60 

≥ 60 

 

58.5 ± 8.5 

22 

20 

 

– 

52.4 

47.6 

Sex of patients: 

Female 

Male 

 

8 

34 

 

19.0 

81.0 

Tumour histology: 

Adenocarcinoma  

Squamous cell carcinoma 

 

20 

22 

 

47.6 

52.4 

Stage of NSCLC: 

ІА–ІІА 

ІІВ–ІІІВ 

 

15 

27 

 

35.7 

64.3 

Adjuvant therapy: 

Chemotherapy 

Chemoimmunotherapy 

 

27 

15 

 

64.3 

35.7 

Radiation therapy: 

Yes 

No 

 

5 

37 

 

11.9 

88.1 

PD-L expression: 

<1 % 

1–49 % 

≥50 

 

12 

24 

6 

 

28.6 

57.1 

14.3 

Cytotoxic T cells (CD8⁺) in tumor islets: 

Low expression 

High expression 

 

13 

29 

 

30.1 

69.0 

Cytotoxic T cells (CD8⁺) in tumor stroma: 

Low expression 

High expression 

 

20 

22 

 

47.6 

52.4 

Regulatory Т-cells (FoxР3+): 

Low expression 

Hight expression 

 

18 

24 

 

42.9 

57.1 

Macrophages М1 (CD68⁺) in tumor islets: 

Low expression 

High expression 

 

16 

26 

 

38.1 

61.9 

Macrophages М1 (CD68⁺) in tumor stroma: 

High expression 

Low expression 

 

18 

24 

 

42.9 

57.1 

Macrophages М2 (CD163⁺) in tumor islets: 

High expression 

Low expression 

 

15 

27 

 

35.7 

64.3 

Macrophages М2 (CD163⁺) in tumor 

stroma: 

High expression 

Low expression 

 

21 

21 

 

50.0 

50.0 

EGFR mutation: 

Absent 

Present 

 

40 

2 

 

95.2 

4.8 

ALK mutation: 

Absent 

Present 

 

41 

1 

 

97.6 

2.4 

BRAF mutation: 

Absent 

Present 

 

41 

1 

 

97.6 

2.4 

KRAS mutation: 

Absent 

Present 

 

35 

7 

 

83.3 

16.7 
 

An additional analysis of overall survival was conducted among 
surgically treated NSCLC patients, stratified by tumor microenviron-
ment cluster. Patients in the immunoactive cluster exhibited a longer 
median overall survival (114.5 months) compared to those in the im-
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munosuppressive cluster (38.1 months). However, this difference did 
not reach statistical significance according to the log-rank test (χ² = 
0.61; p = 0.4354; Fig. 3).  

  
Fig. 2. Progression-free survival in surgically treated NSCLC patients 

according to tumor microenvironment cluster affiliation (n = 42)  

  

Fig. 3. Overall survival in surgically treated NSCLC patients  
according to tumor microenvironment cluster classification (n = 42)  

The results indicate a trend toward prolonged disease control 
among patients with an immunoactive tumor microenvironment. 
However, the lack of statistical significance is likely attributable to the 
limited sample size and number of events.  

Molecular profiling. Next-generation sequencing identified a to-
tal of 11 mutations across 42 NSCLC tumor samples. In the immune-
active cluster (n = 14), three patients (21.4%) harbored oncogenic 
variants. These included one EGFR Leu858Arg mutation 

(c.2573T>G), one KRAS G12C substitution (c.34G>T), and one 
KRAS A146S alteration (c.436G>T).  

Among patients in the immunosuppressive cluster (n = 28), eight 
individuals (28.6%) exhibited mutations. This group included one 
case of EGFR Leu858Arg, one ALK rearrangement (EML4–ALK 
translocation between exon 6 and exon 20; chromosomal coordinates 
chr2:42503838–29447579), and six KRAS mutations: two G12C 
(c.34G>T), one G12A (c.35G>C), and two G12D (c.35G>A). Additi-

onally, a single case of BRAF V600E (c.1799T>A) was detected in 
the immunosuppressive group.  

No mutations were identified in ROS1, NRAS, RET, ERBB2, 
MET, or PIK3CA in either cluster. The overall mutation frequency 
did not significantly differ between the immune phenotypes (21.4% 
vs. 28.6%; P = 0.8099), suggesting that immune microenvironment 
profiles may be independent of common oncogenic driver alterations.  

 

Discussion  

 
The results of this study confirm the presence of two phenotypi-

cally distinct immune patterns in the TME of NSCLC patients follo-
wing surgical treatment. The immunoactive phenotype was associa-
ted with a higher density of CD8⁺ T cells and M1 macrophages, while 
the immunosuppressive phenotype was characterized by an abundan-
ce of FoxP3⁺ regulatory T cells and M2 macrophages. Similar immu-
nological features have been described in the literature as potential 

predictors of response to immunotherapy (Pirlog et al., 2022; Gurevi-
čienė et al., 2024). Tuminello et al. (2021) demonstrated that a high 
density of CD8⁺ T cells in the early-stage NSCLC TME was associat-

ed with improved progression-free survival, increasing median pro-
gression-free survival from 32 to over 60 months. In our study, pa-
tients with an immunoactive TME exhibited a median overall surviv-
al of 114.5 months compared to 38.1 months in those with an 
immunosuppressive TME. However, this difference did not reach 
statistical significance, likely due to the limited sample size. Similarly, 
the median progression-free survival was 98.8 months in the immu-
noactive cluster versus 27.8 months in the immunosuppressive cluster 

(P = 0.543). This trend is consistent with analyses by Abdelfatah et al. 
(2023), which showed that the presence of CX3CR1⁺ CD8⁺ T cells in 
NSCLC patients after chemoimmunotherapy was linked to improved 
survival. Interestingly, clinicopathological characteristics such as age, 
sex, disease stage, and histological subtype did not differ significantly 
between the clusters. This highlights the pivotal role of TME immune 
profiling in risk stratification and therapeutic decision-making. Such a 
shift in focus from conventional morphology and staging toward im-

mune classification is gaining momentum in current oncology litera-
ture (Yang et al., 2023).  

The integration of next-generation sequencing added depth to our 
understanding of the molecular landscape. Mutation analysis revealed 
no significant differences in the frequency of EGFR, ALK, KRAS, 
and BRAF mutations between immune clusters. This finding aligns 
with data from Hu et al. (2021) and Pop-Bica et al. (2022), who report 
that mutational status does not necessarily correlate with the tumor’s 

immune context. Meanwhile, Yadav et al. (2023) emphasize that 
NGS is transforming precision oncology by enabling the detection of 
rare driver mutations, tumor burden, and potential immunotherapy 
responsiveness.  

Our finding of no association between mutation status and immu-
ne phenotype echoes the conclusions of Guo et al. (2021), who noted 
that PD-L1 expression, mutational burden, and mutation profiles do 
not always correlate with CD8⁺ T-cell infiltration. This issue gains 
further importance in light of data from Zhang et al. (2024), who 

identified substantial heterogeneity in PD-L1 expression and tumor 
mutational burden between primary tumors and metastases. Hence, 
PD-L1 alone may not adequately reflect the complexity of tumor–im-
mune interactions.  

Stratification based on immune phenotype may have direct clini-
cal utility. Federico et al. (2022) and Kanemura et al. (2024) demon-
strate that combining spatial cell distribution with molecular markers 
improves recurrence prediction after surgery. In our study, spatial or-

ganization was considered through separate analyses of immune cell 
infiltration in both tumor islets and stroma, allowing a more accurate 
depiction of the functional immune landscape. This methodological 
strength reflects the real dynamics between tumor cells and the im-
mune system. The immunoactive cluster was clearly marked by high 
infiltration of CD8⁺ and M1 cells, which has been previously shown 
by Sellmer et al. (2022) as a predictor of favorable prognosis in early-
stage NSCLC. Conversely, Dell’Amore et al. (2023) argue that in 

early adenocarcinoma, the TME may not always serve as an inde-
pendent prognostic factor. This contrast in findings underscores the 
heterogeneity of the TME and the need for multifactorial assessments 
– an area being actively explored with artificial intelligence, as illus-
trated by Terada et al. (2023).  

The practical implications of our findings are multifaceted. Im-
plementing multi-parameter immune stratification may not only im-
prove prognosis estimation but also guide therapy adaptation, especi-

ally in the context of high-cost immunotherapy (Escudero-Vilaplana 
et al., 2023). As Li MSC et al. (2023) aptly noted, the integration of 
immune and molecular biomarkers represents the path toward truly 
personalized oncology.  

Nevertheless, several limitations must be acknowledged. First, 
the modest sample size (n = 42) precludes definitive statistical conclu-
sions. Second, the retrospective design introduces the possibility of 
selection bias. Given the limited number of patients who received im-

munotherapy, we refrained from comparing treatment-specific outco-
mes. The aim of this study was not to assess the efficacy of particular 
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treatment regimens, but rather to investigate the prognostic significan-
ce of TME immune profiles. A promising direction for future rese-
arch includes prospective, multi-center studies that incorporate mo-

lecular and immunological validation of the clustering model.  

 

Conclusions  

 
This study demonstrates that the immune phenotype of the tumor 

microenvironment – particularly the balance of CD8⁺ T cells, M1/M2 
macrophages, and FoxP3⁺ regulatory T cells in tumor islets and stro-
ma – may hold prognostic and predictive value in surgically treated 

NSCLC patients. Two distinct immune clusters were identified, diffe-
ring in both morphological characteristics and survival trends. Altho-
ugh differences in overall survival and progression-free survival were 
not statistically significant, patients with an immunoactive profile sho-
wed a tendency toward improved outcomes. Thus, stratification by 
immune phenotype holds potential for enhancing adjuvant treatment 
decisions and identifying candidates for immunotherapy post-surgery. 
Future studies are needed to validate these findings in larger cohorts 

with prospective, multicenter data.  
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