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Background: Emerging evidence has underscored the crucial role of infiltrating immune cells in the 
tumor immune microenvironment (TIME) of non-small cell lung cancer (NSCLC) development and 
progression. With the implementation of screening programs, the incidence of early-stage NSCLC is rising. 
However, the high risk of recurrence and poor survival rates associated with this disease necessitate a deeper 
understanding of the TIME and its relationship with driver alterations. The aim of this study was to provide 
an in-depth analysis of immune changes in early-stage NSCLC, highlighting the significant transitions in 
immune response during disease progression.
Methods: Tumor tissues were collected from 105 patients with precancerous lesions or stage I–III 
NSCLC. Next-generation sequencing (NGS) was used to detect cancer driver alterations. Multiplex 
immunofluorescence (mIF) was performed to evaluate immune cell density, percentage, and spatial 
proximity to cancer cells in the TIME. Next Among these patients, 64 had NGS results, including three 
with adenocarcinoma in situ (AIS), 10 with minimally invasive adenocarcinoma (MIA), and 51 with stage 
I invasive cancers. Additionally, three patients underwent neoadjuvant immuno-chemotherapy and tumor 
tissue specimens before and after treatment were obtained.
Results: Patients with stage I invasive cancer had significantly higher density (P=0.01) and percentage 
(P=0.02) of CD8+ T cells and higher percentages of M1 macrophages (P=0.04) and immature natural killer 
(NK) cells (P=0.041) in the tumor parenchyma compared to those with AIS/MIA. Patients with mutated 
epidermal growth factor receptor (EGFR) gene exhibited decreased NK cell infiltration, increased M2 
macrophage infiltration, and decreased aggregation of CD4+ T cells near tumor cells compared to EGFR 
wild-type patients. As NSCLC progressed from stage I to III, CD8+ T cell density and proportion increased, 
while PD-L1+ tumor cells were in closer proximity to PD-1+CD8+ T cells, potentially inhibiting CD8+ T 
cell function. Furthermore, M1 macrophages decreased in density and proportion, and the number of NK 
cells, macrophages, and B cells around tumor cells decreased. Additionally, patients with tertiary lymphoid 
structures (TLSs) had significantly higher proportion of M1 macrophages and lymphocytes near tumor cells, 
whereas those without TLS had PD-L1+ tumor cells more densely clustered around PD-1+CD8+ T cells. 
Notably, neoadjuvant immuno-chemotherapy induced the development of TLS.
Conclusions: This study offers an in-depth analysis of immune changes in NSCLC, demonstrating 
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Introduction

Non-small cell lung cancer (NSCLC) is the predominant 
type of lung cancer, accounting for 80–85% of all lung 
cancer cases. The recurrence and metastasis rates in early-

stage NSCLC patients range from 14.3% to 25.9% (1). 
Studies have demonstrated that invasive cancer cells usually 
spread early (T ≤4 cm, N0, M0), forming micrometastases 
as circulating tumor cells in the bloodstream or disseminated 
cancer cells in distant tissues, which subsequently develop 
into obvious distant metastases (2-4). Understanding the 
mechanisms of early-stage NSCLC progression and 
identifying key molecular markers can aid in accurately 
identifying patients at high risk of disease recurrence (5-13).

The evolution of lung cancer involves the progressive 
accumulation of molecular abnormalities and escape from 
immune surveillance, a process known as immunoediting. 
During the early stages of cancer development, the immune 
system recognizes and eliminates tumor cells through 
dynamic interactions with tumor cells. However, some 
tumor cells can acquire genomic mutations that enable 
them to evade immune surveillance, ultimately resulting in 
immune escape and tumor progression. It may be beneficial 
to intervene in the tumor immune microenvironment 
(TIME) of early-stage lung cancer patients before immune 
suppression and tumor escape are enhanced. Previous 
research has proposed interventions to prevent lung cancer 
by altering the immune microenvironment of the lungs (14). 
Tumor-infiltrating lymphocytes serve as supplementary 
indicators for the prediction of early recurrence and 
survival in NSCLC. For instance, the presence of CD8 
cells portends a more favorable prognosis in early-stage 
lung cancer, whereas M2 macrophages, conversely, signal 
a poorer prognosis (15,16). Investigating the genomic and 
immune landscapes at different stages of early-stage lung 
cancer may shed light on the key time points of immune 
activation/escape during early lung cancer evolution and 
the underlying molecular mechanisms. Several studies 
have explored the immune evolution from preneoplasia to 
invasive lung cancer and identified underlying molecular 
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features (17-21). For instance, Dejima et al. reported that 
immune cytotoxicity decreases and immune escape increases 
during the tumor evolution from preneoplasia to invasive 
lung adenocarcinomas. Specifically, they found a decrease 
in cytotoxic T lymphocyte and anti-tumor helper T cell 
infiltration, an increase in regulatory T cell infiltration, 
and an upregulation of inhibitory checkpoint molecules 
programmed death ligand-1 (PD-L1) and cytotoxic 
T-lymphocyte-associated protein 4 (CTLA4) (17). However, 
a report contradicts these findings, indicating positivity 
rate of CD8 immunohistochemistry staining was higher in 
invasive lung adenocarcinoma, while the level of PD-L1  
remains unchanged (18). It is to be noted that previous 
studies have primarily focused on analyzing specific immune 
cell density and proportion, neglecting the roles and spatial 
distribution of other immune cells within the TIME (17,18).

Therefore, in this study, we employed multiplex 
immunofluorescence (mIF) and next-generation sequencing 
(NGS) methods to evaluate the density and percentage of 
multiple immune cells and the spatial proximity of specific 
immune cells and lung cancer cells. Immune cell density was 
quantified as the number of positively stained cells per mm2, 
while immune cell percentage was calculated as the ratio 
of specific cell types to the total number of cells identified 
by 4’,6-diamidino-2-phenylindole (DAPI) staining. This 
allowed us to investigate changes in the TIME during the 
evolution of early-stage lung cancer [adenocarcinoma in 
situ (AIS)/minimally invasive adenocarcinoma (MIA) to 
stage I invasive cancer] and explore immune changes driven 
by specific gene mutations. Additionally, we examined 
the transition of infiltrating immune cells during the 
development of NSCLC (stage I to II to III). By adopting 
this comprehensive approach, we hope to contribute to a 
better understanding of the mechanisms of tumor evolution 
in early-stage lung cancer progression and provide insights 
into possible intervention strategies to improve patient 
outcomes. We present this article in accordance with 
the MDAR reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-24-379/rc).

Methods

Study design and patient populations

This study was designed to characterize the changes in the 
TIME underlying the onset and progression of NSCLC. 
We conducted a retrospective review of NSCLC patients 
who underwent a complete resection at the Affiliated 

Hospital of Nantong University and Jinling Hospital 
between June 2017 and March 2023. The inclusion criteria 
were (I) patients between the ages of 18 and 90 years, 
male or female; (II) patients diagnosed with AIS, MIA, or 
invasive NSCLC, according to the 2015 World Health 
Organization (WHO) classification (22); and (III) patients 
had available tumor tissue specimens. The exclusion criteria 
were as follows: (I) patients with formalin-fixed paraffin-
embedded (FFPE) tumor tissue block that was older than 
5 years; and (II) patients with FFPE containing less than 
20% tumor cell content. After applying both inclusion 
and exclusion criteria, 105 patients with NSCLC were 
included in the study. The cancer clinical stage was defined 
based on the 8th edition of the American Joint Committee 
on Cancer (AJCC) tumor-node-metastasis (TNM) stage 
system. For patients who received neoadjuvant therapy, 
both pre-treatment biopsy samples and surgical resection 
samples were collected. All the samples were subjected to 
mIF to assess the TIME. Additionally, to investigate the 
relationship between TIME changes and gene mutations in 
the early onset of NSCLC, NGS analysis was conducted on 
tumor samples obtained from patients with pre-cancerous 
lesions or stage I NSCLC. The study design flow diagram 
is presented in Figure 1. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the institutional ethics 
committee of the Affiliated Hospital of Nantong University 
(No. 2022-L144) and informed consent was taken from all 
the patients. Jinling Hospital was informed and agreed with 
this study.

DNA and RNA preparation and NGS

In our assay, DNA and RNA were co-extracted, co-
constructed into libraries, and simultaneously sequenced. 
Through specialized primer design, the RNA and DNA 
results can be distinguished during the data analysis phase. 
Specifically, DNA and RNA were isolated from the same 
tumor tissue samples prepared as FFPE section curls or 
sections on slides. The amount of DNA and RNA in 
each sample was quantified, and if they met the minimum 
required amounts for the test, complementary DNA (cDNA) 
was synthesized from the RNA. For tissue-based targeted 
panel sequencing, indexed libraries were subjected to 
probe-based hybridization with a customized NGS panel 
targeting 35 cancer-related genes frequently rearranged 
genes, The mixture of extracted DNA and synthesized 
cDNA was loaded into the library cartridge provided in 
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the 3DMed OncoTM Core Tissue Kit (3D Medicines, Inc., 
Shanghai, China), which utilizes the RNase H-dependent 
polymerase chain reaction (PCR) technology (rhAmp 
PCR). This technology leverages the intrinsic properties of 
the RNase H2 enzyme and RNA-based-containing blocked 
primers, minimizing the formation of primer dimers and 
enabling the rhAmpSeq panels to be highly multiplexed. 
Subsequently, the library cartridge was loaded into the 
Automated NGS Prep System ANDiS 500 Instrument 
(3D Medicines, Inc.) for amplicon library preparation. The 
workflow of the amplicon library preparation involved two 
rounds of PCR amplification and purification. During the 
first PCR amplification, the target regions were amplified 
using specific rhAmp primers. Following the completion 

of the first amplification, the amplicons were purified with 
magnetic beads. In the second PCR amplification step, 
the index primers containing sample indexes and P5/P7 
sequences were appended to the rhAmp PCR amplicons 
(PCR 1 amplicons), followed by purification with magnetic 
beads. This workflow was applied to prepare the amplicon 
libraries of both positive and negative controls. The 
yield of each indexed amplicon library was quantified and 
normalized for a library pool, which was subsequently 
sequenced using the Illumina Sequencing platform 
(Illumina, Inc., San Diego, CA, USA). For microsatellite 
instability (MSI) analysis, a total of 100 microsatellite loci 
were selected to determine MSI status. The MSI score was 
defined as the percentage of unstable loci. Samples with 

Figure 1 Flowchart depicting the overall design of the study. Example of HE staining of NSCLC tissues in the AIS, MIA, and invasive 
adenocarcinoma group (200×). AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; NSCLC, non-small cell lung cancer; 
WHO, World Health Organization; TLS, tertiary lymphoid structure; HE, hematoxylin and eosin.
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an MSI score of ≥0.4 were classified as MSI, and otherwise 
MSS. 3DMed’s inhouse-developed software TiNAiLab (a 
sequence data analytics platform) was utilized to analyze the 
sequencing data and generate reports containing a summary 
of samples, test results with detected variants, MSI status 
from DNA sequencing data, and gene fusions from RNA 
sequencing data (Table S1).

mIF

FFPE lung cancer tissue sections were analyzed to 
investigate the TIME using previously described methods 
by 3D Medicines, Inc.) (23,24). Primary antibodies 
against specific markers, including CD163, CD68, PD-
1, PD-L1, CD3, CD4, CD8, CD56, CD20, Foxp3, and 
pan-cytokeratin (pan-CK), were sequentially applied 
to the FFPE tissue slides (Table S2). After incubation 
with secondary antibodies, corresponding reactive Opal 
fluorophores, and DAPI, the multiplex-stained slides were 
scanned using a Vectra Polaris Quantitative Pathology 
Imaging System (Akoya Biosciences, Marlborough, MA, 
USA). All scans for each slide were superimposed to 
generate a single image. Fluorescence images were analyzed 
using the APTIME software developed by 3D Medicines. 
Tumor parenchyma and stroma were differentiated 
based on CK staining. The quantities of immune cell 
subsets in tumor and stroma regions were determined 
by detecting specific marker expression, including CD3+, 
CD3+CD4+, CD8+, CD20+, Foxp3+, PD-1+, PD-1+CD8+, 
CD3+CD4+Foxp3+, CD68+CD163− (M1 macrophage), 
CD68 +CD163+ (M2 macrophage) ,  PD-L1 +CD68 +, 
CD56bright [immature natural killer (NK) cell], and CD56dim 
(mature NK cell). The presence of both CD3+ T cells and 
CD20+ B cells indicates the formation of tertiary lymphoid 
structures (TLSs). These cell subsets were analyzed for both 
density (number of stained cells per square millimeter) and 
percentage (proportion of positively stained cells among all 
nucleated cells). Additionally, spatial analysis was performed 
to examine the spatial relationship between immune cells 
and tumor cells by calculating the average number of cells 
within a proximity distance of 30 µm in the condition that 
both immune and tumor cells are present.

Statistical analysis

Differences between the two groups were assessed using 
the Mann-Whitney U test for continuous variables, Fisher’s 
exact test for binary variables, and the chi-square test for 

multi-categorical variables. All reported P values were two-
tailed, and a P value of <0.05 was considered statistically 
significant unless otherwise stated. Statistical analyses were 
performed using R software, version 3.6.1 (R Foundation 
for Statistical Computing, Vienna, Austria), and Python 
software, version 3.9.5. As this was a descriptive study, 
no formal sample size calculation was performed and the 
sample size was based on the availability of samples.

Results

Clinical, pathologic, and molecular characteristics

A total of 105 NSCLC patients were included in the study, 
the majority of whom had adenocarcinoma (n=84, 80.0%). 
The median age of the patients was 65 years, with a range 
of 30 to 81 years, and 61 (58.1%) were male. The detailed 
baseline characteristics of these patients are provided in 
Table 1. Of these 105 patients, three were diagnosed with 
AIS, 10 with MIA (stage I), 51 with IAC (stage I), 12 with 
stage II, and 29 with stage III. Adenocarcinoma accounted 
for 90.2% (55/61) in stage I, 66.7% (8/12) in stage II, 
and 62.1% (18/29) in stage III. Among the 61 patients 
with stage I cancer, 10 had MIA, while 51 had invasive 
lung cancer consisting of 45 cases of adenocarcinoma, 
three cases of squamous cell carcinoma, and one case each 
of adenosquamous carcinoma, carcinoid, and large cell 
carcinoma. Of the 41 patients with stage II–III disease, 
three received neoadjuvant immuno-chemotherapy, and two 
patients had a pathologic complete response (pCR).

NGS testing data were available for a subset of 64 
patients, including three with AIS, 10 with MIA, and 51 
with stage I invasive disease. Epidermal growth factor 
receptor (EGFR) mutations were observed in eight out 
of 13 patients (61.5%) with AIS/MIA and in 38 out of 51 
patients (74.5%) with stage I invasive cancer (Figure 2). The 
prevalence of other tumor-related gene mutations (such as 
ALK, KRAS, BRAF) was below 10% in both the AIS/MIA 
and stage I invasive cancer patients, with no significant 
difference between the two groups.

TIME changes in the early onset of NSCLC

Using mIF, we performed the staining for multiple immune 
cell markers on tumor tissue samples. The cell density and 
proportion in the malignant cell areas and adjacent stromal 
areas of 64 patients with AIS/MIA or stage I invasive cancer 
are displayed in a heatmap (Figure S1). We compared the 
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differences in immune cell infiltration between AIS/MIA 
and stage I invasive cancer patients. The results showed 
that patients with stage I invasive cancer had significantly 
higher density (P=0.01) and percentage (P=0.02) of CD8+ 
T cells in the tumor parenchyma compared to patients with 
AIS/MIA (Figure 3A,3B). Additionally, patients with stage I 
invasive cancer exhibited significantly higher percentages of 
M1 macrophages (P=0.04) and immature NK cells (P=0.041) 
in the tumor parenchyma compared to AIS/MIA patients 
(Figure 3C,3D). There were no significant differences in 
the density and proportion of other immune cell subsets in 
both the tumor and stroma regions between the two groups 
(Figure S2). Furthermore, we observed that 15.4% (2/13) 

of the AIS/MIA patients had TLS, while 49.02% (25/51) 
of the patients with stage I invasive NSCLC had TLS, 
representing a significant increase (P=0.03) (Figure 3E).

In addition to analyzing the density and proportion of 
immune cells, we also performed spatial analysis to assess 
the average number of various immune cells in close 
proximity (≤30 µm) to a tumor cell or a PD-L1+ tumor cell. 
There were no significant differences between patients with 
AIS/MIA and stage I invasive NSCLC for any immune cell 
subsets (Figure S3). These results collectively indicated that 
immune evolution progressed from AIS/MIA to stage I 
invasive disease with a modest enhancement in immunity.

We also compared immune cell infiltration of the tumor 
parenchyma and stroma between EGFR-mutated and 
wild-type groups in 64 patients with AIS/MIA or stage 
I invasive cancer. Patients with EGFR mutations had a 
significantly lower density of immature NK cells in the 
tumor (P=0.04) and a lower percentage in both the tumor 
(P=0.02) and stroma (P=0.04) compared to those with 
wild-type EGFR (Figure 4A-4C). Similarly, patients with 
EGFR mutations had significantly lower density (P=0.05) 
and percentage (P=0.03) of mature NK cells in the stroma 
compared to those with wild-type EGFR (Figure 4D,4E). 
Additionally, we found a significant increase in the density 
of M2 macrophages (P=0.02) in patients with EGFR 
mutations compared to those with wild-type EGFR in the 
tumor region (Figure 4F). No significant differences were 
observed in the quantity and proportion of other immune 
cell subsets among patients with EGFR mutations and those 
with wild-type EGFR status (Figure S4). Furthermore, the 
spatial analysis showed that the average number of CD4+ 
cells within 30 µm of a tumor cell was significantly lower 
in patients with EGFR mutations compared to those with 
wild-type EGFR (P=0.03) (Figure 4G, Figure S5). These 
data suggest that EGFR-mutated AIS/stage I patients had an 
overall decreased immunity compared to those with wild-
type EGFR.

We conducted a further analysis to explore the 
differences in immune cell infiltration between smokers 
and non-smokers. The results indicated that smokers had 
a higher proportion of tumoral CD3+ T cells (P=0.041) 
and CD8+PD-1+ (P=0.048) cells compared to non-smokers 
(Figure S6).

Changes in the TIME during NSCLC development

The immune cell density and proportion in the tumor and 
stromal areas of 102 patients with stage I–III cancer were 

Table 1 Clinicopathological characteristics of patients

Characteristics Values (n=105)

Age (years) 65 [30–81]

Sex

Male 61 (58.1)

Female 44 (41.9)

Stage

0 3 (2.9)

I 61 (58.1)

II 12 (11.4)

III 29 (27.6)

Histology

Adenocarcinoma 84 (80.0)

Squamous cell carcinoma 16 (15.2)

Carcinoid 1 (1.0)

Large cell carcinoma 1 (1.0)

Adenosquamous carcinoma 2 (1.9)

Mucinous adenocarcinoma 1 (1.0)

Histopathology

AIS 3 (2.9)

MIA 10 (9.5)

Invasive cancer 92 (87.6)

Smoking status

Yes 49 (46.7)

No 56 (53.3)

Values are presented as median [range] or n (%). AIS, adenocarcinoma 
in situ; MIA, minimally invasive adenocarcinoma.
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Figure 2 Heatmap demonstrating the mutational landscape of the primary tumors from patients with AIS/MIA (n=13) or invasive stage I 
NSCLC (n=51). AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; TMB, tumor mutational burden; TNM, tumor-
node-metastasis; NSCLC, non-small cell lung cancer.
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displayed in Figure S7. We observed that the density and 
proportion of CD8+ T cells increased with advancing tumor 
stages. The enrichment of CD8+ T cells in the stroma 
was more significant compared to the tumor parenchyma 
with increasing tumor stage (Figure 5A-5D). In stage III 
patients, the density (P=0.01) and percentage (P=0.01) of 
CD8+ T cells in the stroma were significantly higher than 
those in stage I patients (Figure 5B,5D). Conversely, M1 
macrophages showed a decreasing trend during NSCLC 
development from stage I to II to III, and the proportion 
of M1 macrophages in the tumor parenchyma was 
significantly lower in stage III patients compared to stage 
I patients (P=0.03) (Figure 5E-5H). The density (P=0.06) 
and percentage (P=0.07) of immature NK cells in the tumor 
were also nearly significantly lower in stage III patients than 
in stage I patients (Figure 5I,5J). Other immune cells did 
not show significant differences with increasing tumor stage 
in both tumor and stroma regions (Figure S8).

TLS was observed in 44.3% (27/61) of stage I patients, 
41.7% (5/12) of stage II patients, and 0% of stage III 
patients, showing a significant decrease with increasing 
stage (P<0.001) (Figure 5K).

Spatial analysis showed that during NSCLC progression, 
CD8+ T cells were enriched near the tumor cells (P=0.01), 
while PD-L1+ tumor cells were in closer proximity to PD-
1+CD8+ T cells (P=0.01) (Figure 6A,6B). This suggests 
that despite increased CD8+ T cell infiltration near tumor 
cells during NSCLC progression, the function of CD8+ 

T cells might be inhibited by the PD-L1/PD-1 immune 
checkpoint. Furthermore, there was a significant decrease 
in natural anti-tumor immune cells such as NK cells 
(P=0.02), B cells (P=0.001), macrophages (P=0.03), and M1 
macrophages (P=0.02) around tumor cells during NSCLC 
progression (Figure 6C-6F). No significant change was 
observed in CD3+ T cells and CD4+ T cells around tumor 
cells (Figure S9). These data collectively indicate that the 
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progression from stage I to II to III represents an immune-
suppressive process.

The formation and function of TLS in NSCLC evolution

Given that TLS, composed of T and B cell zones and 
germinal centers, was widely reported to be a strong 
biomarker of an immunologically ‘hot’ environment and 
indicator of immunotherapy efficacy, we focused on TLS 
formation and function during the NSCLC evolution. 
Our results above showed that the occurrence rate of TLS 
decreased with the increasing stage. Spatial analysis revealed 
a significant reduction in the clustering of CD20+ B cells 
around CD3+ T cells in stage III patients compared to stage 
I patients (P<0.001) (Figure 7A). Furthermore, we found 
that TLS-positive patients exhibited significantly higher 
aggregation of B cells near CD3+ T cells compared to 

TLS-negative patients (P<0.001) (Figure 7B). These results 
suggest that B cells may play a crucial role in the formation 
of TLS, creating an environment that facilitates optimal 
interaction between T cells, B cells, and dendritic cells.

Additionally, when comparing TLS-positive and TLS-
negative patients in NSCLC, we observed that TLS-
positive patients had a significantly higher density (P=0.046) 
and proportion (P=0.041) of M1 macrophages in the tumor 
(Figure 8A,8B). No significant differences were found in 
other immune cell populations between TLS-positive 
and TLS-negative patients in both the tumor and stromal 
regions (Figure S10). Spatial analysis revealed that tumor 
cells were significantly more densely clustered with CD3+ 
T cells (P=0.03), CD4+ T cells (P=0.006), and CD20+ B 
cells (P<0.001) in TLS-positive patients compared to TLS-
negative patients (Figure 8C-8E). Furthermore, TLS-
positive patients had a lower aggregation of PD-L1+ tumor 
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Figure 6 Changes in spatial proximity of lung cancer cells and specific immune cells in the TIME among patients with stages I, II, and III 
(n=102). (A) Comparison of the average number of CD8+ T cells within 30 µm of a tumor cell in the TIME among patients with stage I, II 
and III. (B) Comparison of the average number of tumor cells expressing PD-L1 within 30 µm of a PD-1+CD8+ T cell in the TIME among 
patients with stage I, II and III. (C-F) Comparison of the average number of CD56+ NK cells (C), CD20+ B cells (D), CD68+ macrophages 
(E), and M1 macrophages (F) within 30 µm of a tumor cell in the TIME among patients with stage I, II and III. TIME, tumor immune 
microenvironment; NK, natural killer; ns, not significant.
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cells near PD-1+CD8+ immune cells than TLS-negative 
patients (P=0.01) (Figure 8F, Figure S11). These results 
collectively suggest that TLS formation is associated with a 
stronger immune-infiltrated TIME with anti-tumor activity.

Among the 41 patients with stage II–III disease, three 
patients received neoadjuvant immuno-chemotherapy. 
We analyzed samples from these patients before and after 
treatment to assess changes in TLS. Prior to treatment, 
TLS was not detected but became evident after treatment 
in these patients (Figure 9). As of August 1, 2022, the 
postoperative follow-up time was 36.8, 33.5, and 40.3 months  
for these three patients respectively, and none of them 
experienced relapse. This finding may underpin the 

favorable efficacy of the combination therapy.

Discussion

In this study, we discovered significant differences in the 
immune profiles of patients with stage I invasive NSCLC 
compared to those with AIS/MIA. Specifically, patients 
with stage I invasive NSCLC exhibited higher density 
and percentage of CD8+ T cells in the tumor parenchyma. 
Addit ionally,  they had higher percentages of  M1 
macrophages and immature NK cells, as well as a higher 
proportion of TLS, indicating immune system activation. 
Patients with EGFR mutations displayed a more suppressive 
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Figure 7 TLS formation is associated with the clustering of CD20+ B cells around CD3+ T cells. (A) Comparison of the average number of 
CD20+ B cells within 30 µm of a CD3+ T cell among patients with stage I, II, and III. (B) Comparison of the average number of CD20+ B 
cells within 30 µm of a CD3+ T cell between patients with or without TLS. TLS, tertiary lymphoid structure; neg, negative; pos, positive; 
ns, not significant.

4

3

2

1

A
ve

ra
ge

 c
ou

nt

I           II          III

CD20+
30 μm CD3+

<0.001

ns

ns

A

3

2

1

A
ve

ra
ge

 c
ou

nt

TLS-neg

CD20+
30 μm CD3+

<0.001

B

TLS-pos

immune microenvironment compared to those with EGFR 
wild-type. As NSCLC progressed pathologically, there was 
a noticeable increase in CD8+ T cell abundance. However, 
we observed that PD-L1+ tumor cells were in closer 
proximity to PD-1+CD8+ T cells which may hinder CD8+ 
T cell cytotoxicity through the PD-1/PD-L1 immune 
checkpoint. Additionally, there was a decreasing trend in 
M1 macrophages and TLS, as well as a gradual decrease 
in NK cells and B cells near tumor cells. These findings 
suggest that as the tumor progresses, a more suppressive 
TIME emerges, emphasizing the dynamic interplay 
between tumor cells and the host immune surveillance, and 
leading to immune escape.

The pathological evolution of lung cancer is a highly 
intricate process (Figure S12), in which changes in the 
TIME may play a crucial role. Previous studies have shown 
that as lung cancer progresses, the number and function 
of various immune cells infiltrating the TIME, particularly 
T cells, undergo changes. For instance, research by Zhang 
et al. investigated the genomic landscape and immune 
microenvironment features of preinvasive and early invasive 
lung adenocarcinoma, revealing an increasing trend in CD8+ 
T cells from AIS to MIA to invasive adenocarcinoma (18).  
Similarly, Wang  et  al .  conducted single-cell  RNA 
sequencing on tumor and normal samples, finding that 
CD8+ T cells were enriched in the tumor during tumor 
progression. However, they also observed the expression 

of human leukocyte antigen-DR alpha (HLA-DRA), an 
exhaustion marker, in CD8+ T cells (19). Consistent with 
these findings, our study confirmed an increase in CD8+ 
T cell density and percentage as lung cancer progressed 
from AIS/MIA to invasive stage I and from stage I to III. 
However, we also observed an increasing aggregation of 
PD-L1+ tumor cells near PD-1+CD8+ T cells in stages I–II–
III. The interaction between PD-L1+ tumor cells and PD-
1+CD8+ T cells through the PD-L1/PD-1 binding pathway 
can suppress T cell proliferation, cytokine production, 
and cytotoxicity, which are crucial for effective anti-tumor 
immune responses. This interaction promotes the evasion 
of immune surveillance and sustained growth of tumors.

NK cells, which play important roles in innate immunity, 
are known for their anti-tumor, antiviral, and antimicrobial 
activities, as well as their contributions to the activation 
and regulation of adaptive immune responses. NK cells 
consist of immature and mature subsets, with immature 
NK cells exhibiting limited functionality and undergoing 
maturation in the bone marrow, while mature NK cells 
possess potent cytotoxic and cytokine production abilities. 
Previous studies have yielded inconsistent results regarding 
the changes in NK cells during tumor evolution. For 
example, Zhu et al. (20) analyzed the dynamic evolution 
from preneoplasia to invasive lung adenocarcinoma and 
found that the percentage of NK cells increased from 
AIS to MIA, but then decreased from MIA to invasive 
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Figure 8 Changes in the TIME between patients with or without TLS (n=102). (A,B) Comparison of density (A) and proportion (B) of 
tumoral M1 macrophages between patients with or without TLS. (C-F) Comparison of the average number of CD3+ T cells (C), CD4+ T 
cells (D), and CD20+ B cells (E) within 30 µm of a tumor cell and tumor cells expressing PD-L1 (F) within 30 µm of a PD-1+CD8+ T cell 
in the TIME between patients with or without TLS. TLS, tertiary lymphoid structure; neg, negative; pos, positive; TIME, tumor immune 
microenvironment.
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adenocarcinoma. In contrast, Wang et al. found that NK 
cells decreased from AIS to MIA, but remained unchanged 
from MIA to invasive lung adenocarcinoma (25). In our 
study, we focused on the changes in both immature and 
mature NK cell abundance in response to tumor evolution. 
We observed a nearly significant decrease in immature NK 
cell abundance as the disease progressed from stage I to 
III, but no changes were observed in the early stages from 
AIS/MIA to stage I invasive cancer. These findings might 
suggest a dysregulation or impairment in the differentiation 
and maturation of NK cells in the middle-to-late-stage 
development of the disease. Previous studies have indicated 

that disruptions to the differentiation and maturation process 
of NK cells may be influenced by tumor evasion mechanisms 
and immunosuppressive factors in the TIME (26-28).

According to a recent study, macrophages are the most 
abundant immune cell type in lung cancer, accounting for 
13.39% of all cells (29). Macrophages exist in two activation 
stages: M1 and M2. M1 macrophages possess tumor-
antagonizing functions by producing proinflammatory 
cytokines and reactive oxygen/nitrogen species to kill 
tumor cells. In contrast, M2 macrophages promote 
tumor growth by producing anti-inflammatory cytokines 
and suppressing immunosurveillance (30,31). Our study 
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Panel 1 Panel 2

Before 
treatment

After 
treatment

Figure 9 Neoadjuvant immuno-chemotherapy facilitates the formation of TLSs. There were three patients with stage II or III NSCLC 
who underwent neoadjuvant immuno-chemotherapy. The tumor tissue specimens before and after neoadjuvant treatment were subjected to 
mIF and images of the representative mIF results are shown. TLS is displayed in the lower right panel. First row: pre-neoadjuvant therapy 
mIF images; second row: post-neoadjuvant surgery mIF images. The scale bar represented 50 μm. Samples were stained using an Opal 
automation mIF Detection Kit (Akoya). A total of 11 markers were labeled in two seven-color multiplex panels. DAPI, 4',6-diamidino-2-
phenylindole; CK, cytokeratin; TLS, tertiary lymphoid structure; NSCLC, non-small cell lung cancer; mIF, multiplex immunofluorescence.

demonstrated that M1 macrophages increased from AIS/
MIA to stage I invasive cancer, but decreased from stage 
I to stage III. TLS, which indicates an immunologically 
‘hot’ environment, exhibited a consistent trend with 
M1 macrophages, with an initial increase followed by 
subsequent decrease. Additionally, NK cells and B cells 
near tumor cells gradually decreased from stage I to stage 
III. These results suggest that the transition from AIS/MIA 
to stage I invasive cancer is an immune-activating process 
where immune cells are activated and seek out to eliminate 
tumor cells, while the progression from stage I to stage III 
represents an immune-suppressive process, where tumor 
cells employ various mechanisms to evade attack by the 
immune system. EGFR-mutated lung cancer is known to 
have an immune-deprived microenvironment characterized 
by increased immunosuppressive cytokines and regulatory 
T cell infiltration (32,33). Our study provided consistent 
evidence that EGFR-mutated patients displayed a more 
pronounced immunosuppressive microenvironment 

compared to EGFR wild-type patients.
The formation of TLS is a dynamic process starting with 

sparse lymphocytic infiltrates that evolve into aggregates 
and eventually organize into distinct T cell areas and B cell 
follicles with germinal centers (34,35). TLS-B cells limit 
the production of CD4+ regulatory T cells while promoting 
the activation of CD4+ T cells and inhibiting the exhaustion 
of CD4+ T cells, thus actively regulating anti-tumor T cell 
immunity (36). Several recent studies have considered TLS 
as an independent favorable prognostic factor, and high-
density TLS is associated with a low lymphatic metastasis 
rate (37-39). Therefore, promoting TLS formation may 
significantly improve the survival prognosis of NSCLC 
patients. In our study, we found that the formation of TLS 
is associated with the clustering of CD20+ B cells around 
CD3+ T cells. TLS-positive patients have a TIME with 
stronger anti-tumor activity, as evidenced by significantly 
higher M1 abundance in the tumor, and significantly 
more CD3+ T cells, CD20+ B cells, and CD4+ T cells near 
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tumor cells. Patients without TLS have significantly closer 
proximity between PD-1+CD8+ immune cells and PD-
L1+ tumor cells compared to patients with TLS, indicating 
stronger inhibition of CD8+ T cell cytotoxicity through 
the PD-1/PD-L1 immune checkpoint. Immunotherapy 
can alleviate the inhibitory effects of the PD-1/PD-L1 
immune checkpoint and promote TLS formation. In our 
study, neoadjuvant immuno-chemotherapy was found to 
promote TLS formation and facilitate an active immune 
microenvironment, which may greatly promote patient 
survival.

First, this study was limited by its retrospective design 
and small sample size. Second, only a limited number of 
immune markers was assessed. Nevertheless, the use of mIF 
allowed for the characterization of multiple biomarkers that 
are closely related to immune activators and suppressors, 
making it feasible to monitor the TIME during tumor 
evolution. Future studies should integrate analysis from 
diverse confirmatory experimental methods, including 
messenger RNA (mRNA) sequencing, whole-exome 
sequencing, and immunoproteomics.

Conclusions

This study revealed that as NSCLC progresses toward 
malignancy, there is an increasing trend of CD8+ T cell 
infiltration and TLS, indicating immune activation. 
However, during the transition from early-stage malignancy 
to middle-to-late-stage malignancy, although CD8+ T 
cell infiltration increases, its cytotoxic functions might 
be suppressed by PD-L1/PD-1 binding. At this stage, 
immunotherapy can effectively relieve immune suppression 
and yield positive therapeutic outcomes (40-42). TLS shows 
a direct reduction trend during NSCLC progression from 
stage I to III but can increase after immuno-chemotherapy. 
This study provides important insights into the changes in 
the immune microenvironment of early-stage lung cancer 
and the mechanisms of immune therapy.
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Supplementary

Table S1 List of genes in the 3DMed 35-gene panel

AKT1, ALK, ARAF, BRAF, EGFR, ERBB2, ESR1, FGFR1, FGFR2, FGFR3, GNA11, GNAQ, HRAS, IDH1, IDH2, KIT, KRAS, MAP2K1, MET, 
MTOR, NRAS, NRG1, NTRK1, NTRK2, NTRK3, PDGFRA, PIK3CA, RET, ROS1, CYP2C19, DPYD, TPMT, UGT1A1, BCL2L11, PDGFB

Table S2 Antibodies used in the study

Panel Target Source Dilution Opal fluorophores Color

Panel 1 CD163 Abcam, ab182422 1:500 Opal 620 Red

CD8 Abcam, ab178089 1:200 Opal 690 Magenta

CD68 Abcam, ab213363 1:1,000 Opal 480 Cyan

PD-1 CST, D4W2J, 86163S 1:200 Opal 520 Green

PD-L1 CST, E1L3N, 13684S 1:400 Opal 570 Yellow

Panel 2 CD20 DAKO, L26, IR604 1:1 Opal 620 Green

CD3 DAKO, A0452 1:1 Opal 690 Magenta

CD56 Abcam, ab75813 1:1,000 Opal 480 Cyan

CD4 Abcam, ab133616 1:100 Opal 520 Red

FOXP3 Abcam, ab20034 1:100 Opal 570 Yellow

Detection in common Pan-CK Abcam, ab7753 1:100 Opal 780 White

CK, cytokeratin.

Figure S1 Heatmap demonstrating the landscape of immune cell infiltration in NSCLC patients (n=64) with AIS (n=3), MIA (n=10), or 
stage I invasive cancer (n=51). (A) Heatmap showing the density of immune cell subsets in tumor and stromal areas of 64 patients. (B) 
Heatmap showing the percentage of immune cell subsets in tumor and stromal areas of 64 patients. TLS, tertiary lymphoid structure; 
NSCLC, non-small cell lung cancer; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma.
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Figure S2 Comparison of density and percentage of immune cells in the TIME between AIS/MIA (n=13) and stage I invasive cancer patients 
(n=51). (A,C) Comparison of density of tumoral immune cells and stromal immune cells between AIS/MIA and stage I invasive cancer 
samples. (B,D) Comparison of percentage of tumoral immune cells and stromal immune cells between AIS/MIA and stage I invasive cancer 
samples. *, P<0.05. AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; TIME, tumor immune microenvironment.

Figure S3 Comparison of spatial proximity of lung cancer cells and specific immune cells in the TIME between AIS/MIA (n=13) and stage 
I invasive cancer patients (n=51). (A-H) Comparison of the average number of CD3+ T cells (A), CD4+ T cells (B), CD8+ T cells (C), CD56+ 

(NK) cells (D), CD20+ B cells (E), CD68+ cells (F), and M1 macrophages (G) within 30 µm of a tumor cell and tumor cells expressing PD-
L1 (H) within 30 µm of a PD-1+CD8+ T cell between AIS/MIA and stage I invasive cancer samples. AIS, adenocarcinoma in situ; MIA, 
minimally invasive adenocarcinoma; TIME, tumor immune microenvironment; NK, natural killer; ns, not significant.
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Figure S4 Comparison of density and percentage of immune cells in the TIME between patients with EGFR-mutated (n=46) and wild-
type AIS/stage I NSCLC (n=18). (A,C) Comparison of density of tumoral immune cells and stromal immune cells between patients with 
EGFR-mutated and wild-type AIS/stage I NSCLC. (B,D) Comparison of percentage of tumoral immune cells and stromal immune cells 
between patients with EGFR-mutated and wild-type AIS/stage I NSCLC. *, P<0.05. Mut, mutated; Wt, wild-type; TIME, tumor immune 
microenvironment; EGFR, epidermal growth factor receptor; AIS, adenocarcinoma in situ; NSCLC, non-small cell lung cancer.

Figure S5 Comparison of spatial proximity of lung cancer cells and specific immune cells in the TIME between patients with EGFR-
mutated (n=46) and wild-type AIS/stage I NSCLC (n=18). (A-G) Comparison of the average number of CD3+ T cells (A), CD8+ T cells (B), 
CD56+ (NK) cells (C), CD20+ B cells (D), CD68+ cells (E), and M1 macrophages (F) within 30 µm of a tumor cell and tumor cells expressing 
PD-L1 (G) within 30 µm of a PD-1+CD8+ T cell between patients with EGFR-mutated and wild-type AIS/stage I NSCLC. Mut, mutated; 
Wt, wild-type; TIME, tumor immune microenvironment; EGFR, epidermal growth factor receptor; AIS, adenocarcinoma in situ; NSCLC, 
non-small cell lung cancer; NK, natural killer; ns, not significant.
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Figure S6 Comparison of immune cells between smokers and non-smokers.

Figure S7 Heatmap demonstrating the landscape of immune cell infiltration in NSCLC patients (n=102) with MIA or invasive cancer. (A) 
Heatmap showing the density of immune cells in tumor and stromal areas in all patients. (B) Heatmap showing the percentage of immune 
cells in tumor and stromal areas in all patients. TLS, tertiary lymphoid structure; NSCLC, non-small cell lung cancer; MIA, minimally 
invasive adenocarcinoma.
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Figure S8 Comparison of density and percentage of immune cells in the TIME among patients with stage I, II, and III (n=102). (A,C) 
Comparison of density of tumoral immune cells and stromal immune cells among patients with stage I, II, and III. (B,D) Comparison of 
percentage of tumoral immune cells and stromal immune cells among patients with stage I, II, and III. *, P<0.05. TIME, tumor immune 
microenvironment.

Figure S9 Comparison of spatial proximity of lung cancer cells and specific immune cells in the TIME among patients with stage I, II, and 
III (n=102). (A,B) Comparison of the average number of CD3+ T cells (A) and CD4+ T cells (B) within 30 µm of a tumor cell among patients 
with stage I, II, and III. TIME, tumor immune microenvironment; ns, not significant.
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Figure S10 Comparison of density and percentage of immune cells in the TIME between patients with or without TLS (n=102). (A,C) 
Comparison of density of tumoral immune cells and stromal immune cells between patients with or without TLS. (B,D) Comparison of 
percentage of tumoral immune cells and stromal immune cells between patients with or without TLS. *, P<0.05. Neg, no TLSs; TLS, 
tertiary lymphoid structure; pos, exhibiting TLSs; TIME, tumor immune microenvironment.

Figure S11 Comparison of spatial proximity of lung cancer cells and specific immune cells in the TIME between patients with or without 
TLS (n=102). Comparison of the average number of CD8+ T cells (A), CD56+ (NK) cells (B), CD68+ cells (C), and M1 macrophages (D) 
within 30 µm of a tumor cell between patients with or without TLS. TLS, tertiary lymphoid structure; neg, negative; pos, positive; TIME, 
tumor immune microenvironment; NK, natural killer; ns, not significant.
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Figure S12 Images of HE (100×). AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; HE, hematoxylin and eosin.
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