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Introduction: Lung cancer is a highly heterogeneous disease, and the tumor
microenvironment (TME) characteristics are closely related to disease progression
and treatment outcomes. We elucidated the cell type-speci�c transcriptome
landscape of cancer cells and the effect of the TME on lung adenocarcinoma (LUAD).
Methods: Single-cell RNA sequencing of the LUAD tissues and matched adjacent
normal tissues of three patients in the early-stage via histopathological and
immunohistochemical con�rmation.
Results: The results revealed the landscape of 68,579 cells in LUAD
microenvironment, and highly heterogeneous AT2 cells are crucial source of lung
epithelial cell carcinogenesis. Genes KRT81, SPP1, PCDH7, SLC2A1, and TET1were
signi�cantly upregulated in tumor tissues and associated with poor prognosis and
survival, providing insights for exploring lung cancer biomarkers in future studies.
Trajectory analysis identi�ed ERBB4, SEMA4A, GCNT2 and SOX4 as key factors in
AT2 cells that may promote cell proliferation, migration, or epithelial-mesenchymal
transition (EMT) during the progression of lung adenocarcinoma (LUAD). We
elucidated the transcription factor– target gene regulatory network involving
NKX2-1 and TEAD1 in malignant tumor cells derived from AT2 cells. The �ndings
indicated that malignant AT2 cells regulate communication between epithelial and
immune cells in the TME by predicted FN1-CD44 and CADM1-CADM1 ligand-
receptor interactions, which ultimately suppresses the host immune response.
Discussion: This comprehensive single-cell analysis increases our understanding
of AT2 cells molecular and dynamics of metastatic lung cancer. In summary,
single-cell RNA pro�ling of LUAD offers valuable prognostic insights based on
AT2 cell types and identi�es potential biomarkers for therapeutic responses,
aiding the future development of LUAD treatment strategies.
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Highlights
Fron
• A total of 68,579 cells from LUAD patients revealed
heterogeneous transcriptomic pro�les of AT2 tumor cells
and facilitated the identi�cation of cancer cell subtypes that
deviated from the normal differentiation trajectory.

• KRT81, SPP1, PCDH7, SLC2A1, and TET1 are associated
with poor prognosis and survival outcomes, providing
novel insights for exploring lung cancer biomarkers.

• NKX2–1 and TEAD1 gene interaction networks in AT2 cell
clusters are strongly associated with LUAD progression.

• Malignant AT2 epithelial cells evade immune surveillance
by regulating the predicted CADM1–CADM1 and FN1–
CD44 signaling pathways.
Introduction

Among all cancer types, lung cancer is the most common
malignancy worldwide and exhibits the highest morbidity and
mortality rates (1), accounting for 1.796 million deaths (18%)
annually (2). Non-small cell lung cancer (NSCLC) accounts for
more than 85% of lung cancer cases (3), with lung adenocarcinoma
(LUAD) accounting for approximately 40–50% of all NSCLC cases
(4, 5). To date, numerous studies have focused on exploring T cells
for their effective antitumor immunotherapy applications (6).
Despite the success of these therapeutics against LUAD tumors,
the response rates are relatively low. For instance, only
approximately 20–25% of patients respond to immuno-oncology
drugs (7, 8). The low drug response rate is likely due to the complex
network of cell–cell interactions present in the tumor
microenvironment (TME) (9). Cancer immunotherapy relies
heavily on a comprehensive understanding of the immune
landscape of the TME. Diverse groups of predictors of the
responses to therapy have been identi�ed in the TME, including
genomic features, transcriptomic signatures, and epigenetic
modi�cations, which also contribute to the heterogeneity in the
clinical response across cancer subtypes and orchestrate either
bene�cial or adverse outcomes for tumor progression (10, 11).
Recent advances in immuno-oncology have demonstrated that the
characteristics of both cancer cells and the TME can guide precision
medicine (12). As immunotherapeutic strategies become more
prevalent and complex, understanding the mechanisms
underlying malignant immune cell remodeling in the TME of
LUAD and identifying potential intervention targets to increase
the effectiveness of immunotherapy are necessary.

Single-cell RNA sequencing (scRNA-seq) approaches are
increasingly being used to characterize both the abundance and
functional state of tumor-associated cell types and have provided
unprecedented details on the heterogeneity in the cellular
population. ScRNA-seq facilitates comprehensive transcriptome
pro�ling at the single-cell resolution with an unbiased catalog of
cellular diversity and is a promising tool for extensively
investigating immune heterogeneity in the TME (13, 14). The
epithelial–mesenchymal transition (EMT) plays important roles
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in determining the invasion, metastasis, and chemoresistance of
solid tumors (15, 16). Epithelial cells are involved in various normal
and cancer cell states, and their diversity among cancer cells is
closely linked to the LUAD microenvironment (17). The current
paradigm of LUAD etiology posits that alveolar epithelial type II
(AT2) cells are the primary malignant cells (18). Therefore, we
performed scRNA-seq on the AT2 subcluster of epithelial cells in
our study.

We performed an scRNA-seq analysis of 68,579 high-quality
cells collected from the tumor tissues of 3 patients with LUAD and
matched adjacent normal tissues to identify clinically relevant
microenvironmental and cancer features. We comprehensively
characterized the immune microenvironment in both normal and
LUAD tissues, establishing a single-cell transcriptome atlas for all
major subtypes of LUAD. We observed a diverse TME landscape in
LUAD, characterized by a signi�cant reduction in the interaction
network strength between malignant cells and immune cells,
especially the FN1–SDC4, FN1–CD44, HBEGF–ERBB4, EREG–
ERBB4, and CADM1–CADM1 interactions. Pseudotime and
regulatory network analyses provided the �rst evidence that the
interaction between the PATJgene and TEAD1 could serve as a
potential therapeutic immunotherapeutic target and novel speci�c
marker for LUAD.

The complex interactions among malignant cells and immune
cells, along with the comprehensive pro�ling of the LUAD
microenvironment, may help reveal novel clinically relevant
tumor subtypes and immunotherapy targets on the basis of
microenvironmental interaction features. This work highlights
that malignant cells in LUAD tumor tissues exhibit an enhanced
immune evasion capacity.
Results

Single-cell RNA sequencing reveals the
transcriptional landscape of the lung
adenocarcinoma microenvironment

A total of 6 freshly resected lung samples were collected from 3
patients with the same histologic subtype of LUAD (CK7+, Naspin
A+, and TTF-1+) for a biomarker analysis (Figure 1B), along with 3
adjacent normal lung tissues from a distal region within the same
lobe, which served as controls (Figure 1A). We performed droplet-
based scRNA-seq, and following the implementation of quality
control, a total of 68,579 high-quality cells were retained for
analysis. Cells were identi�ed according to the expression of key
marker genes and assigned to 22 major types, including T cells
(CD2+), CD8+ T cells (CD8A+), macrophages (MRC1+), AT2 cells
(SFTPB+), AT2_like cells (SFTPC+), regulatory T cells (IL2RA+),
mast cells (CPA3+), natural killer cells (PRF1+), monocytes
(C1QA+), cDC2 cells (CD1C+), �broblasts (DCN+), AT1 cells
(AGER+), follicular helper T cells (NR3C1+), neutrophils (G0S2+),
B cells (CD79A+), ciliated cells (CAPS+), club/goblet cells
(SCGB1A1+), proliferative cells (MKI67+), epithelial cells
(CAPN8+), plasmacytoid dendritic cells (pDCs) (GPR183+),
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plasma B cells (JCHAIN+), and endothelial cells (GNG11+),
(Figures 1C, D). Moreover, the relative proportions of each cell
cluster in each tumor tissue and normal tissue sample from the 3
LUAD patients were evaluated (Figure 1E). The proportions of cell
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clusters among the tumor and normal samples from each patient
were highly heterogeneous. The degree of in�ltration differed across
the major cell types, and adaptive immune responses were activated
to varying extents, re�ecting differences in LUAD progression.
FIGURE 1

Single-cell RNA sequencing reveals the transcriptional landscape of lung adenocarcinoma. (A) Schematic of the study design and samples information. (B)
H&E staining and Immunohistochemical classi�cation of target CK7, NaspinA and TTF-1 in lung tissues from LUAD patients. (C) UMAP plot of 68,579 high
quality cells were annotated to twenty-two cell types, including tumor tissues (n=3) and adjacent normal lung tissues (n=3). (D) Dot plot of the expression
of canonical marker genes for each cell type. The dot size is proportional to the fraction of cells expressing the speci�c gene. The color intensity
corresponds to the relative expression of each speci�c marker gene. (E) Bar plot of the relative percentages of each cell type in each tissue specimen.
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