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By integrating single-cell RNA sequencing and bulk RNA 
sequencing, plasma cells signature and tertiary lymphoid 
structures were verified to contribute to outcome in lung 
adenocarcinoma
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Background: Tertiary lymphoid structures (TLS), consisting of T cell zones, B cell follicles, and germinal 
centers (GCs), are ectopic lymphoid tissue that form within non-lymphoid tissue. It has recently become a 
focus of attention. The TLS serve as an effective site for generating an anti-tumor inflammatory response by 
infiltrating immune cells, especially plasma cells. Thus, we aimed to explore the role of both TLS and plasma 
cells in influencing the prognosis of lung adenocarcinoma (LUAD).
Methods: Single-cell RNA sequencing (scRNA-seq) data were obtained from the Gene Expression 
Omnibus (GEO) database, and bulk RNA-seq data and clinical information were downloaded from The 
Cancer Genome Atlas (TCGA) database. Seurat R package was used to process scRNA-seq data and identify 
clusters by the marker genes with Kaplan-Meier (KM) curves plotted to predict the prognosis. Finally, 
hematoxylin and eosin (H&E) staining and multiplex immunofluorescence analysis were conducted to 
corroborate our suspicions.
Results: Seven clusters were identified in LUAD based on scRNA-seq data, with the number of B cells 
differing significantly between early and advanced cohorts. The plasma cells were also increased in advanced 
lung cancer (LC) and the number of TLS was significantly related to tumor stage. Then, via KM method, we 
confirmed that both plasma cells and TLS were associated with patient outcomes. Finally, H&E staining and 
multiplex immunofluorescence analysis verified the correlation between the two.
Conclusions: Plasma cells and TLS can effectively predict the prognosis of LUAD. In the tumor 
microenvironment (TME) of advanced tumors, plasma cells might be in a state of functional exhaustion. 
Comprehensive characterization of TLS and corresponding B‑cell pathways may help to activate the 
function of plasma cells and provide new strategies for cancer treatment.
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Introduction

According to the latest global cancer statistics, although the 
incidence and mortality of lung cancer (LC) have declined 
at a steady pace since 2006, it is still the main cause of 
cancer-specific mortality worldwide. With nearly 2.5 times 
more deaths caused by LC than colorectal cancer (CRC), 
the second leading cause of cancer death overall (1). Non-
small cell LC (NSCLC) and small cell LC (SCLC) are the 
two main subtypes, with NSCLC occupying about 80% 
to 85% of all LC cases (2), of which, lung adenocarcinoma 
(LUAD) is the most common histological subtype. 
Recently, benefiting from much progress made in treatment 
and diagnosis for NSCLC, covering the earlier detection, 
surgical procedures, chemotherapy, radiation therapy, and 
stereotactic ablative radiotherapy, the survival rates for 
patients greatly improved. The 2-year relative survival for 
NSCLC was 42% in 2015 to 2016 compared with 34% 
in 2009 to 2010 (3). The 3-year relative survival increased 
from 25% during 2004 through 2006 to 38% during 2016 
through 2018. The 5-year relative survival for LC was 23% 

in 2012 to 2018 compared with 12% in 1975 to 1977, and 
15% in 1995 to 1997 (1).

The tumor microenvironment (TME), which consisted 
of tumor cells and the associated immune and stroma cells, 
has been noted and widely recognized for its significant 
role (4,5). The quantity and quality of tumor-infiltrating 
lymphocytes (TILs) in the TME reflected the therapeutic 
efficiencies (6). The composition of TILs however varies 
dynamically, which regulates the tumorigenesis, local 
invasion, and distant metastasis (7). Until now, the anti-
tumor immune responses were proved to be achieved 
mainly through the T cell compartment (8). However, 
other immune subsets may also count, although in 
immune checkpoint blockade (ICB) treatment this was 
barely mentioned (6,9,10). For example, a phase II study 
of neoadjuvant ICB in patients with high-risk resectable 
melanoma revealed that B cell markers were enriched in the 
responders to treatment versus the non-responders (11). 
The primary function of B cells is to generate antibodies 
that eliminate cancer cells by driving cytotoxicity and 
phagocytosis of antibody-dependent cells (12,13). Despite 
that, B cells could present antigen to T cells, activating 
CD4+ T helper (Th) cells to promote an immune  
response (14).

Tertiary lymphoid structures (TLS), which exist around 
chronic inflammatory sites in diseases such as tumors, 
infectious diseases, autoimmune diseases, and organ 
transplantation, are ectopic lymphoid tissue that form 
within non-lymphoid tissue (15). Similar to secondary 
lymphoid organs (SLOs), such as lymph nodes, mature TLS 
consist of T cell zones, B cell follicles, and germinal centers 
(GCs) (7). TLS are able to generate adaptive immune 
responses in situ, and have been demonstrated present 
within all stages of human cancer, in primary as well as 
metastatic lesions (7). The presence of TLS in autoimmune 
disorders is thought to be associated with a negative 
prognosis (16). While in the TME, TLS create a supportive 
niche for immune cells, strengthening the immune response 
against cancer and generally leading to better outcomes in 
most cancers, including breast, colorectal, and LCs (17). 
Due to its benefits for anti-tumor immunity, researchers 
are also beginning to focus more on TLS. We usually 
use the following methods to observe TLS: through 
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immunohistochemistry or immunofluorescence staining 
of specific markers, using hematoxylin and eosin (H&E) 
staining to identify TLS by recognizing dense aggregates 
of lymphoid tissues, and utilizing spatial transcriptomics 
technology.

The overall functional role of tumor-infiltrating B 
cells was incompletely acknowledged. Recent studies have 
demonstrated that, when associated with TLS, tumor-
infiltrating B cells could respond better to immunotherapy 
and improve cancer outcomes (18-21). To better identify 
B cells in the TME, we used single-cell analysis. Recently, 
single-cell analysis, as an emerging technology, has 
been used to study the transcriptomes of different cell  
types (22). It utilizes optimized next-generation sequencing 
to define the global gene expression profile of individual 
cells, facilitating a more precise identification of the cellular 
composition within tissues and has significantly advanced 
research on the TME (23). In comparison, bulk RNA-seq 
can often include larger sample sizes, making it suitable 
for large-scale analyses and differential gene screening. 
Therefore, based on the respective advantages of each 
method, many studies have attempted to integrate single-
cell RNA sequencing (scRNA-seq) with traditional RNA-
seq to identify novel biomarkers for malignant tumors 
(22,23). Herein, by using published scRNA-seq data, we 
systematically mapped the landscape of TME in LUAD 
from early to advanced stages, including several subtypes 
of tumor-infiltrating B cells. We found a strong correlation 
between B cells and TLS, and the functional status of 
plasma cells might be a potential predictive biomarker for 
LUAD patients. We present this article in accordance with 
the TRIPOD reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-24-1746/rc).

Methods

Data acquisition

In this study, the LUAD scRNA-seq GSE131907 dataset 
and anti-PD-1 treatment GSE126044 dataset were 
downloaded and analyzed from the Gene Expression 
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/). The GSE131907 dataset contains 58 samples, in 
which we divided the primary tumors into the early and 
advanced groups. The training cohort comprised LUAD 
RNA-seq data, corresponding clinical information and 
HE-stained pathological sections were obtained from The 
Cancer Genome Atlas (TCGA) database (https://portal.

gdc.cancer.gov/). The GSE30219 dataset was extracted 
for validation using the GPL570 platform. All data were 
converted to the TPM format for further analyses to ensure 
data comparability.

Tissue processing

Tumor tissues were collected from stage I–III LUAD 
patients who underwent primary surgical resection in The 
First Affiliated Hospital of Nanjing Medical University. 
The specimens were immediately immersed in formalin 
in the operating room and embedded in paraffin as soon 
as possible following surgery. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the Ethical Committee of 
The First Affiliated Hospital of Nanjing Medical University 
(2023-SR-777) and all patients provided written informed 
consent.

scRNA-seq data processing and cell annotation

Based on “seurat” R tools, we checked the accuracy of 
the scRNA-seq data. Those genes that expressed in at 
least three single cells, and cells containing between 
200 and 7,000 genes were reserved. Cells with more 
than 10% mitochondrial genes were filtered out to 
preserve high-quality scRNA-seq data. Then, via the 
“FindVariableFeatures” program and principal component 
analysis (PCA), top 3,000 variable genes and 20 principal 
components were screened for dimensionality reduction 
to find the meaningful clusters. The batch effects among 
patients were eliminated with the harmony package. 
Then the “FindAllMarkers” tool was taken to identify the 
differentially expressed genes (DEGs) in each cluster with 
the cutoff thresholds of adjusted (adj.) P<0.05 and log2(fold 
change) >0.25. Based on these marker genes, cell types were 
meticulously recognized after annotation in accordance 
with the published findings (24,25). Finally, the B cells 
were selected for further investigation, and the results were 
visualized using the “ggplot2” R package.

Single-sample gene set enrichment analysis (ssGSEA) and 
microenvironment cell population (MCP)-counter analysis

To quantify the immune status in different-stage tumors, 
ssGSEA was utilized by analyzing the expression profiles 
of the 30 immune signature genesets. To emphasize the 
role of B cells in the response to ICB treatment, we applied 
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the MCP-counter algorithm to evaluate the distribution of 
immune cells between the responder and non-responder 
groups.

Establishment of TME gene expression signatures

The “FindAllMarkers” program of seurat was applied 
to list the marker genes of each cell cluster. The unique 
genes representing the plasma population were selected 
as the marker genes to construct the signature, and 
summarized in table available at https://cdn.amegroups.
cn/static/public/tcr-24-1746-1.xlsx. The other signature 
genes derived from reported literature were as follows: 
TLS (CCL19, CCL21, CXCL13, CCR7, CXCR5, SELL, 
and LAMP3) (18,26).

Differential gene expression analysis of TCGA and GEO 
data

To identify the prognostic genes of each cell type, we 
employed Cox regression analysis with the “survival” 
package to evaluate the correlations between the DEGs 
selected above and survival status respectively. To minimize 
the risk of omission, we set 0.05 as the cut-off P value. 
Then multivariate Cox regression analysis was performed 
to narrow down the candidate genes based on the lowest 
Akaike information criterion (AIC). Other signature 
genes of TLS, class I major histocompatibility complex 
(MHC), and class II MHC were derived from the published 
literature (27). The ssGSEA algorithm was used to calculate 
the enrichment scores representing the relative expression 
of specific cell types in each sample in both the TCGA-
LUAD and GSE31210 datasets. The results were sorted 
according to TLS score and visualized by heatmap.

Construction and validation of the risk score

We quantified TLS using H&E staining images of the 
TCGA LUAD cohort. Tissues containing TLS were 
considered as “TLS-high” cases, while tissues with no TLS 
observed were considered as “TLS-low” cases. Differential 
gene analysis was performed between two groups using the 
“limma” package.

H&E staining

The prepared sections were successively placed into xylene 
for three times for 20 min, followed by anhydrous ethanol 

for two times for 5 min and 75% ethanol for 5 min. 
Hematoxylin dye solution (C0105S-1; Beyotime, Shanghai, 
China) was applied according to the instructions for 5 min. 
The differentiation solution was differentiated, and the blue 
solution was returned to blue. The sections were dehydrated 
with 85% gradient alcohol and 95% gradient alcohol 
for 5 min respectively, and then stained with Beyotime 
(C0105S-2) for 5 min. The slices were then dehydrated and 
transparent and then sealed with neutral gum. Observe and 
capture images.

Multiple immunofluorescence assay

The prepared sections were deparaffined by xylene for  
10 min and repeated three times, soaked in 100%, 95%, 
85%, and 70% ethanol for 5 min successively, then 
subjected to citric acid repair buffer pH 6.0 at 100 ℃ 
antigen retrieval for 20 min, then sealed with 3% hydrogen 
peroxide solution at room temperature for 15 min. Add  
100 μL normal goat serum and incubate at  room 
temperature for 30 min. Add 100 μL anti-CD3 (ab16669; 
Abcam, Cambridge, UK; 1:2,000)/anti-CD19 (AF20215; 
Aifang Biological, Changsha, China; 1:2,000)/anti-CD8 
(AF20211; Aifang Biological; 1:2,000)/anti-CD20 (AB64088; 
Abcam; 1:3,000)/anti-CD138 (67155-1-AP; Proteintech, 
Rockford, IL, USA; 1:2,000), incubated overnight at 4 ℃. 
The next day, horseradish peroxidase (HRP)-polymer anti-
rabbit/mouse immunohistochemical secondary antibody 
was used according to the instructions, incubated at room 
temperature for 30 min, and TYR-520 fluorescent dye 
reacted for 3–10 min. The antibody incubation steps were 
repeated and another TYR-570 fluorescent dye was used 
for staining until the target marker staining was realized one 
by one [TYR-520, TYR-570, TYR-620, TYR-690, TYR-
780, and spectral 4',6-diamidino-2-phenylindole (DAPI)]. 
The DAPI dye solution was incubated for 10 min at room 
temperature in the dark, the anti-fluorescence quenching 
sealing tablets were sealed and the images were collected 
under a multi-channel fluorescence scanner.

Statistical analysis

All statistical analyses were performed using R language 
(version 4.4.1). Kaplan-Meier (KM) curves with a two-
sided log-rank test were employed to compare the survival 
rates of the two groups. All survival curves were produced 
using the “survminer” package. Univariate and multivariate 
Cox regression analysis were applied to evaluate prognostic 
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variables. In the correlation analysis, P values were 
calculated using the Pearson correlation test, and data with 
P values <0.05 were displayed. The R software “ggplot2” 
was used frequently to visualize the data. All statistical 
tests were two-tailed, and a P value <0.05 was considered 
significant.

Results

The scRNA-seq profiling of LUAD

The overall flow diagram is depicted in Figure 1. The 
scRNA-seq data of LUAD were downloaded from the 
GSE131907 dataset. According to the authors’ notes, we 
brought some of the samples into our study and divided 

them into early (LUNG_T06, LUNG_T08, LUNG_
T09, LUNG_T18, LUNG_T19, LUNG_T20, LUNG_
T25, LUNG_T30, LUNG_T34) and advanced (EBUS_06, 
EBUS_28, EBUS_49, BRONCHO_58, LUNG_T28, 
LUNG_T31) groups. After a quality check, a total 
of 53,771 cells were deemed suitable for future study  
(Figure S1). Within the 15 samples we picked, the cell 
distribution was relatively consistent and there were no 
discernible batch differences (Figure 2A,2B). Based on 
the results of PCA, we adopted the t-SNE methods to 
reduce the dimensionality of the sample into 17 clusters  
(Figure 2C). Bubble plots illustrated the typical marker 
genes for different cell types (Figure S2), which were later 
used for annotation. As a result, seven cell types were 
identified, such as B cells, endothelial cells, epithelial cells, 

Figure 1 The flow chart of the study. scRNA, single-cell RNA; t-SNE, t-distributed stochastic neighbor embedding; NK, natural killer; 
GC, germinal center; IgA, immunoglobulin A; IgG, immunoglobulin G; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma; 
TLS, tertiary lymphoid structures; H&E, hematoxylin and eosin.
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Figure 2 Initial scRNA-seq analysis. (A) t-SNE plot of 53,771 cells from 15 primary LUAD samples. (B) t-SNE plot of early and advanced 
stage samples. (C) The t-SNE plot colored by all the 17 clusters. (D) The seven cell types identified by marker genes (different colors 
represent different cell types). (E) The functional enrichment analysis about marker genes of each cluster. t-SNE, t-distributed stochastic 
neighbor embedding; NK, natural killer; scRNA-seq, single-cell RNA sequencing; LUAD, lung adenocarcinoma.
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fibroblasts, mast cells, myeloid cells, and natural killer (NK)/
T cells (Figure 2D). Then, via the “ClusterGVis” package, 
the functional enrichment pathways for each cluster are 
shown in Figure 2E.

Distribution of infiltrated B cells in LUAD

Figure 3A shows the proportion of each cell type in the 15 
samples with line plots. When we compared the differences 
between groups, it was found that the proportion of B cells 
was significantly reduced in the advanced group, while the 
NK/T cells showed no significant difference (Figure 3B). 
In order to compare the expression differences between the 
two main immune cells (T cells and B cells) in different LC 
stages, we classified the phase I of TCGA-LUAD as early 
stage, phase I of TCGA-LUAD was classified as early stage, 
and phases II to IV as advanced stage, so as to compare 
the expression levels of their respective marker genes (28). 
Figure 3C shows that the characteristic genes of both cell 
type were downregulated in the advanced LC group, and 
the downregulation was more significant in B cells. To 
generate a thorough understanding of tumor-infiltrating 
immune cells, we used ssGSEA to analyze the proportion 
of immune cell infiltration and TLS in different stages of 
LUAD. The results displayed that only B cells, immature 
dendritic cells (iDCs), and TLS had significant differences 
in proportion between different stages, among which B cells 
were the most dominant (Figure 3D). The distribution of 
the three types was similar with the proportion gradually 
decreasing with the stage. Then to corroborate the role 
of B cells in the response to ICB treatment, we use MCP-
counter to estimate the immune composition in the ICB-
treated cohorts (GSE126044). Figure 3E showed that 
compared to the non-response group, the response group 
had a higher number of B cells.

Identification of B cell subsets by scRNA-seq

To generate an integrated transcriptional atlas of B cells 
in LUAD, we extracting all B cells populations for further 
subtype analysis. Two main B cell populations were 
detected: CD20+ B cells and CD138+ plasma cells, which 
were further refined to characterize five subtypes [naive 
B cells, memory B cells, GC B cells, immunoglobulin A 
(IgA)+ plasma cells, and immunoglobulin G (IgG)+ plasma 
cells] (Figure 4A). When we compared the differences of 
subtypes between groups, we were surprised to find that 
while the overall proportion of B cells decreased in the 

advanced group, the proportion of plasma cells increased 
significantly (Figure 4B), indicating that plasma cells may be 
in a state of functional exhaustion in the advanced tumors. 
Next, we examined whether the level of plasma can predict 
LUAD prognosis. With the “FindAllMarkers” tool, we 
identified the marker genes of plasma cells cluster, which 
were then selected for the signature construction. Here we 
discovered that patients in the high-level of plasma cells 
group had a relatively shorter overall survival (OS) (P<0.001)  
(Figure 4C).

Identification of TLS in TCGA database

We obtained the pathological section information of 
H&E staining from the TCGA database and classified the 
samples according to the number of TLS. The samples 
with TLS in the visual field were distributed to the TLS-
high group, and vice versa to the TLS-low group. For 
each case, slides were reviewed by two independent LC 
pathologists who were blinded to the patient’s clinical 
data. The grouping results are shown in table available at 
https://cdn.amegroups.cn/static/public/tcr-24-1746-1.xlsx. 
To verify the accuracy of assessment, we compared the 
distribution of TLS in samples from stage I to stage IV. The 
results displayed that the number of TLS was inversely 
proportional to the LUAD stage, similar with those we 
calculated earlier with ssGSEA algorithm (Figure 5A).  
Then, to investigate the correlation between TLS 
and clinical characteristics, we included age, gender, 
pathological stage, T stage, N stage, M stage, and tumor 
location. The TLS score was derived using the ssGSEA 
algorithm. In Figure 5B, we displayed only the correlation 
coefficients for characteristics with significant associations. 
The resu l t s  showed  tha t  TLS was  s ign i f i cant ly 
correlated with stage, T stage, age, and gender. Next, 
we elucidated the cl inical  s ignificance of TLS in 
LUAD. We brought eight immune and two stromal 
cell signature gene sets, together with the expression 
levels of antigen-presentation-related genes (CD40, 
CD80, CD86, MHC class I, and MHC class II), immune-
checkpoint-related genes (PD-1, PD-L1, and CTLA4) 
and other immunosuppressive genes (TGF-β1, IL-10,  
TIGHT, HAVCR2, and LAG3) into analysis. As shown in 
Figure 5C,5D, both results based on TCGA-LUAD and 
GSE30219 showed a positive correlation between TLS 
and immune cells, and the correlation with plasma cells 
was more significant. And higher the TLS score is, better 
the immune response may be. Furthermore, we examined 

https://cdn.amegroups.cn/static/public/tcr-24-1746-1.xlsx
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Figure 3 Proportions of immune cells. (A) Different proportions of cells in 15 samples. (B) Overview of the proportions of cells in early and 
advanced stage samples. (C) Volcano plot depicting DEGs of B cells and T cells, respectively, between early and advanced stage samples. 
(D) Comparison of the enrichment scores of 16 types of immune cells, 13 immune-related pathways and TLS among stage I, II, III, and IV 
samples via ssGSEA algorithm. The scores of B cells, iDCs, and TLS were significantly different among stages. (E) MCP-counter algorithm 
identified the difference in cells expression between different immunotherapy efficacy groups. *, P<0.05; **, P<0.01. NK, natural killer; 
NS, not significant; FC, fold change; ssGSEA, single-sample gene set enrichment analysis; aDCs, activated dendritic cells; APC, antigen-
presenting cell; CCR, chemokine receptor; DCs, dendritic cells; HLA, human leukocyte antigen; iDCs, immature dendritic cells; MHC, 
major histocompatibility complex; pDCs, plasmacytoid dendritic cells; Tfh, T follicular helper cells; Th, T helper; TIL, tumor-infiltrating 
lymphocyte; Treg, regulatory T cells; IFN, interferon; TLS, tertiary lymphoid structures; DEG, differentially expressed gene; MCP, 
microenvironment cell population.
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Figure 4 Identification of B cell subtypes. (A) t-SNE plot of five B cell subtypes between early and advanced stage samples. (B) Overview 
of the proportions of five B cell subtypes in early and advanced stage samples (the Y-axis represents the composition ratio of each cell 
subgroup). (C) The prognostic differences between groups based on the signature constructed by the marker genes of plasma cells were 
investigated. High-risk groups were found to indicate poor prognosis (P<0.001). t-SNE, t-distributed stochastic neighbor embedding; GC, 
germinal center; IgA, immunoglobulin A; IgG, immunoglobulin G.

whether TLS could predict patients’ prognosis. First, 
we calculated the TLS score of each sample in TCGA-
LUAD by ssGSEA algorithm. According to the score, the 
optimal cutoff value was taken to divided samples into two 
groups. We found that there were significant differences in 
prognosis between the two groups with high and low TLS 
scores (P=0.01) (Figure 6A). Then, we compared survival 
differences directly between groups based on pathological 
section, and gained similar results (P=0.008) (Figure 6B). 
Finally, the KM analysis of the signature constructed by 
the DEGs between the groups above was conducted, and 
the result suggested that the signature performed well 
in predicting survival (P=0.02) (Figure 6C). Since both 
plasma cells and TLS have strong predictive abilities for 
the prognosis of LUAD patients, it was hypothesized that 
the combination of the two signatures might achieve even 
better predictive performance, as confirmed in Figure 6D, 
especially in 5-year survival.

H&E staining and multiplex immunofluorescence analysis

In previous literature, intratumoral B cells have been proved 
existed in organized TLS. Therefore, to verify our previous 
speculation, we selected two tumor tissues of different 
stages for H&E staining and multiple immunofluorescences 
(Figure 7A: IA tumor; Figure 7B: IIIA tumor). We found 
that several TLS defined by H&E in Figure 7A,7B, where 
the typical ones were selected and magnified. Then, to 
further understand the relationship between different 
types of immune cells in TLS, we conducted multiplex 
immunofluorescence. Here, we found that a mix of 
CD20 B cells (CD19+/CD20+) and CD8 T cells (CD3+/
CD8+) distributed surrounding the TLS. In stage IA 
tumor, CD20 B cells were widely existed, also containing 
CD8 T cells, while plasma cells (CD138+) were rarely 
distributed. However, in stage IIIA tumors, the results 
were quite different. It was clear that there was a decline 
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Figure 5 The distribution of TLS. (A) Pie chart of TLS amount for different stages. TLS were the most abundant in stage I and the least 
abundant in stage IV. (B) Correlation analysis between TLS score and clinical characteristics, with significant associations labeled with 
correlation coefficients. (C,D) Heatmap of TLS, immune and stromal cell signature gene sets, antigen-presentation-related genes, and other 
immune-checkpoint-related genes based on TCGA-LUAD (C) and GSE30219 (D). TLS, tertiary lymphoid structures; CI, confidence 
interval; BF, Bayes factor; ETI, equal-tailed interval; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma.

in the distribution of CD20 B cells (CD19+/CD20+), but a 
significant increase in the number of plasma cells (CD138+). 
Taken together, these data suggested that CD20 B cells and 
plasma cells infiltration may be linked to the tumor stage, 
verifying our previous speculation.

Discussion

LC is the leading cause of cancer morbidity and mortality 
globally. Thus, how to accurately diagnose and predict 
prognosis has always been the key research nowadays. 
Several studies have demonstrated that the presence of 

B cells may be associated with the prognosis of various 
types of cancer (27,29-31). Previous exploration of B cells 
and plasma cells in NSCLC or TLS found that they were 
associated with better outcomes (21,32-34). As an aggregate 
composed of various immune cells, TLS enhance immune 
function through the following mechanisms: promoting 
antigen presentation and T cell activation, supporting B cell 
activation and antibody production, producing chemokines 
and cytokines, and inducing the generation of memory 
T cells (35-38). While most of these studies were almost 
exclusively carried on with early-stage samples.
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immunotherapy focus on T cells, while B cells receive less 
attention. In our study, we identified several cell types via 
scRNA analysis based on GSE131907. Most immune cells 
decreased with the increase of stage, and the trend of B 
cells was significant. Compared to T cells, marker genes 
of B cells were more significantly expressed in early-stage 
LUAD. As an important component of the TME, B cells also 
play a key role in immunotherapy (39,40). To emphasize 
the role of B cells in the response to immunotherapy, the 
MCP-counter algorithm was taken to confirm that the level 
of B cells was significantly upregulated in the cohort that 
responded to immunotherapy. It’s well known that B cells 
are a heterogenous population with phenotypically and 
functionally distinct subsets. Therefore, characterization 
of B cells phenotypes was a critical step for further 
analysis. Functional assessment of tumor-infiltrated B cells 
subpopulations was also needed to better inform potential 
targeting strategies. Plasma cells, as a subtype of B cells, 
play a major role in humoral immunity. While we were 
surprised to find that the proportion of plasma cells was 
higher in tumors of advanced stage, in contrast to the 

trend of remaining B cells. Besides, we proved that a high 
frequency of plasma cells trended toward shorter OS. These 
results implied that in the TME of advanced tumors, plasma 
cells, though abundant, may be in a state of functional 
exhaustion.

Previous studies have clarified that the function for 
tumor-infiltrated B cells that is definitively related with 
augmented survival and immunotherapeutic response 
in patients is their role in TLS (7,18,33,41). It was a hot 
topic of research about TLS formation and maintenance 
in tumors. Several literatures have demonstrated that 
the presence of inflammatory cytokines and interactions 
of lymphocyte with stromal cells such as fibroblasts and 
mesenchymal stem cells were important for the initiation of 
TLS (42-44). Recent studies have revealed that the presence 
of B cells and TLS in melanoma, renal cell carcinoma, 
sarcoma, and head and neck squamous cell carcinoma 
are associated with better responses to ICB and better 
prognosis (19-21). While TLS are quite heterogeneous 
structures (45), where the composition of tumor-infiltrated 
B cells has not been fully elucidated. In our study, based 

Figure 6 Survival prediction based on TLS. (A-C) The prognostic differences between groups based on ssGSEA algorithm (A), pathological 
section (B), and the signature constructed by the marker genes of TLS were investigated (C). (D) Survival curve showed that the 
combination of the two signature (the plasma and TLS signature) yielded better results, especially in 5-year survival (P<0.001). TLS, tertiary 
lymphoid structures; ssGSEA, single-sample gene set enrichment analysis.
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A

B

Figure 7 Experimental verification. (A,B) Images of H&E staining and multiple immunofluorescence of stage IA LUAD (A) and IIIA 
LUAD (B). The samples were stained for CD3 (purple), CD19 (red), CD8 (pink), CD20 (orange), CD138 (green), and DAPI (blue). Bar 
=50 μM. H&E, hematoxylin and eosin; LUAD, lung adenocarcinoma; DAPI, 4',6-diamidino-2-phenylindole.

on the review of pathological sections, the TCGA-LUAD 
samples were distributed into two groups according to the 
number of TLS in the field of vision. The results showed 
that the number of TLS was correlated with the tumor 
stage. The higher the stage, the less the number of TLS. 
Multiple immunofluorescences showed that in the IA stage 
tumor, CD20 B cells were mainly localized in TLS, where 
also contain CD8 T cells. While, in the IIIA stage tumor, 
plasma cells were widely existed in TLS. TLS are sites 
where B cells differentiate and mature. In previous single-
cell studies about CRC, ovarian cancer, and hepatocellular 

carcinoma, CD20 B cells within TLS were found have the 
tendency to differentiate to IgG plasma cells to produce 
antibodies to boost the anti-tumor immune response  
(46-48). This might explain the phenomenon observed in our 
immunofluorescence experiments. Via KM survival analysis, 
we found that when both plasma cells and TLS signatures 
were included, the prediction for the prognosis of LUAD was 
more effective, especially for 5-year survival (P<0.001).

Based on previous studies, we believe that TLS is an 
important site for immune responses in the TME. This 
study analyzed the distribution of various cell populations 
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in the TME at different stages, with a particular focus 
on TILs, especially B cells. In the immunofluorescence 
experiment results, the positioning of B cells, plasma cells, 
and T cells within TLS can be clearly identified. Our data 
demonstrated the evolution of TLS and plasma cells in 
tumor development and suggested that plasma cells might 
gradually become functionally exhausted during tumor 
progression. Therefore, if the mechanism of functional 
failure in plasma cells within TLS can be thoroughly 
investigated and understood, it might offer new therapeutic 
hope for patients who are resistant to immunotherapy.

Our study has several limitations. First, our study is that 
it primarily relies on bioinformatics analysis, with a limited 
sample size and only basic experimental validation, so we 
were only able to observe preliminary phenomena. Second, 
it was yet unclear how plasma cells tend to exhaust their 
function. Moreover, further biochemical experiments such 
as immunohistochemistry, cell function experiments, etc. 
are required to confirm the findings.

Conclusions

This study demonstrates the significance of an integrated 
analysis approach combining scRNA-seq and bulk RNA-
seq technologies in identifying novel biomarkers and 
predicting responses to immunotherapy. Through our 
analysis, we identified that plasma cells and TLS may play 
critical roles in the occurrence and progression of LUAD. 
They not only serve as potential novel biomarkers for 
LUAD patients but also help predict patient responses to 
immunotherapy. Subsequently, we constructed prognostic 
signatures based on their respective characteristic genes 
and discovered that combining the two signatures resulted 
in improved predictive performance. These findings 
have the potential to provide more accurate prognostic 
evaluations and predictions for immunotherapy in LUAD, 
offering new directions and insights for future LC 
treatment research.

Overall, this study provides novel ideas and directions 
for LC treatment research. Future studies can further 
explore the role of plasma cells and TLS in LUAD, refine 
and validate the prognostic signatures, and conduct more 
clinical trials to confirm their predictive capabilities. This 
will pave the way for more accurate and personalized 
prediction and treatment strategies for LUAD.
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