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Shaanxi, China significantly influenced by the immune microenvironment. Immune checkpoint
inhibitors have shown limited efficacy in Lung adenocarcinoma due to the
immunosuppressive tumor microenvironment (TME). Identifying predictive biomarkers
for immunotherapy response remains an urgent clinical need.

Methods Multi-Omics data of LUAD were analyzed to investigate the immune
microenvironment in LUAD. Single cell RNA-seq was used for exploring the intercellular
communication mechanisms in TME. Spatial transcriptomic analysis confirmed the
spatial co-localization of SPP1* Malignant and CXCR4™ TAM, while in vitro experiments
validated the functions of biomarker.

Results This study delineated the cellular heterogeneity and dynamic shifts within
the LUAD tumor microenvironment, resolving the malignant transformation trajectory.
Crucially, we identified SPP1* malignant and CXCR4* TAM crosstalk as a driver of
exhaustion of CD8T, which induced poor immunotherapy response. Moreover, this
study indicated that the immune escape potential of patients in high infiltration of
SPP1* malignant and CXCR4™ TAM increased, and the efficacy of immune checkpoint
suppressive therapy might be poorer. Spatial transcriptomics confirmed co-localization
of SPP1* Malignant and CXCR4™ TAM, while in vitro experiments demonstrated that
CXCR4 plays an important role in the functions of LUAD cells.

Conclusions This study uncovers the SPP1* malignant and CXCR4* TAM crosstalk
as a novel TME-driven resistance mechanism and provides a potential biomarker for
stratifying LUAD patients likely to benefit from immunotherapy.

Keywords Tumor-associated macrophages, Prognosis, Immune microenvironment,
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1 Introduction

Lung cancer is responsible for a disproportionately high percentage of cancer-related
mortalities globally, presenting a significant threat to public health [1]. Among its vari-
ous subtypes, lung adenocarcinoma (LUAD) has emerged as the most prevalent form,
currently constituting around 50% of all lung cancer diagnoses [2]. Despite its high inci-
dence, the prognosis for LUAD patients remains dismal, with a 5-year survival rate hov-
ering at approximately 15% [3, 4]. Building on our understanding of the tumor immune
microenvironment (TIME), these insights are now translating into life-saving therapies.
This progress is urgently needed given the grim reality of lung cancer, which demands
a deeper investigation into its pathogenesis and the development of early diagnostic
and treatment strategies. Such efforts are crucial for improving clinical outcomes. For
patients with inoperable lung adenocarcinoma (LUAD), molecular targeted therapy
and immunotherapy have brought new hope. Immune checkpoint inhibitors, such as
nivolumab and pembrolizumab, exemplify this progress by blocking CTLA-4 and PD-1/
PD-L1 signaling. This action revitalizes the TIME, enabling immune cells to effectively
target and destroy tumors [5-7]. In contrast, studies have found that overexpression or
supplementation of CXCR4 can also inhibit tumor progression [8]. However, similar to
traditional targeted therapy, only a portion of patients can benefit from it. Therefore,
seeking reliable biomarkers that can accurately predict the efficacy and prognosis of
anti-PD-1 immunotherapy is crucial for achieving individualized diagnosis and treat-
ment of LUAD.

The tumor immune microenvironment (TIME) is a critical regulator of tumorigenesis,
progression, and therapeutic response. It is a dynamic ecosystem composed of immune
cells, stromal cells, and the extracellular matrix, which collectively orchestrate anti-
tumor immunity through intricate cell-cell interactions and cytokine signaling [9-12].
The relationship between tumor cells and immune cells is particularly complex and
dynamic [13]. While immune cells can recognize and eliminate malignant cells, they are
often co-opted by the tumor to establish an immunosuppressive niche that facilitates
disease progression [14].

Notably, inflammation plays a pivotal role in the relationship between the immune
microenvironment and LUAD [10, 15, 16]. Inflammatory response is a defense mecha-
nism of the body against stimuli, but long-term chronic inflammation is closely associ-
ated with the occurrence and development of tumors [17, 18]. In LUAD, the infiltration
of inflammatory cells and the release of inflammatory mediators can alter the balance
of the immune microenvironment, promoting the proliferation, survival, and metasta-
sis of tumor cells [18, 19]. For instance, cytokines secreted by inflammatory cells, such
as interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a), can activate oncogenic
signaling pathways in tumor cells, enhancing their invasive and metastatic capabilities
[20-22].

Tumor-associated macrophages (TAMs) constitute a major component of the tumor
immune microenvironment and serve as pivotal mediators of tumor-promoting inflam-
mation [23,24]. These cells are recruited by tumor cells and undergo polarization toward
an immunosuppressive phenotype. Within the inflammatory tumor microenviron-
ment, TAMs facilitate tumor growth, proliferation, invasion, and metastasis through
the secretion of various cytokines. Notably, they produce vascular endothelial growth
factor (VEGF) to stimulate angiogenesis and release immunosuppressive factors such as
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interleukin-10 (IL-10), which dampens the host anti-tumor immune response [24]. For
example, TAM-derived VEGF promotes the formation of new blood vessels, providing
nutrients and oxygen for tumor cells and facilitating their dissemination [25]. Under-
standing the detailed mechanism of TAM action, especially its regulatory role in the
context of inflammation, holds great promise for developing novel cancer therapies [26].

The C-X-C motif chemokine receptor 4 (CXCR4) is widely expressed in various cells,
including immune cells [27]. In immune cells, CXCR4 is mainly responsible for guiding
cell migration, helping immune cells home to specific tissue regions, and participating in
the regulation of immune responses [28, 29]. In tumor-associated macrophages (TAM),
CXCR4 also plays an important role [30]. It participates in regulating the migration of
TAM, promoting the aggregation of TAM at the tumor site, and simultaneously affects
the activation process and functional state of TAM, as well as the interaction between
TAM and other cells, thereby influencing the balance of the immune microenvironment
[31,32]. TAM surface CXCR4 can bind to its ligand CXCL12, activating downstream sig-
naling pathways such as the PI3K-Akt pathway [32]. This activation not only promotes
TAM migration but also modulates the secretion of cytokines and chemokines, influ-
encing the overall balance of the immune microenvironment. However, the specific
regulatory mechanism of CXCR4+TAM in the immune microenvironment of LUAD,
especially the mechanism mediated by inflammation, has not been fully elucidated and
urgently requires in-depth study.

Traditional research methods have many limitations in exploring the tumor immune
microenvironment and are difficult to comprehensively analyze the interactions between
cells and the dynamic changes over time [33, 34]. The rise of bioinformatics has brought
new opportunities to this field. Among them, survival prognosis prediction models can
predict patients’ survival based on a large amount of data, providing a reference for clini-
cal decision-making [35—38]. More importantly, single-cell spatiotemporal analysis tech-
nology goes a step further on this basis. It can accurately analyze the state and function
of each cell at the single-cell level, determine the specific location of cells in the spatial
dimension, and dynamically track the changes of cells in the temporal dimension. It pro-
vides strong support for in-depth research on tumor-related mechanisms from multiple
dimensions [39-41].

This study employs single-cell and spatial transcriptomic analyses to comprehensively
profile the transcriptional landscape of LUAD and normal tissues. The objectives are to
delineate the cellular composition and dynamics of the tumor microenvironment, clarify
the malignant transformation trajectory of epithelial cells, and analyze the functions of
myeloid and T cells along with cell - cell communication. Furthermore, by integrating
spatial transcriptomics with in vitro functional experiments, we seek to uncover the spe-
cific role of CXCR4 + tumor-associated macrophages (TAMs) and validate the function
of key genes. Ultimately, this research aims to define key mechanisms driving LUAD
progression and confirm CXCR4 as a promising therapeutic target, thereby providing a
foundation for developing more effective treatments.

2 Materials and methods

2.1 Single-cell sequencing data processing and analysis

Single-cell RNA sequencing data of lung cancer were derived from the article “Sin-
gle-cell RNA sequencing reveals distinct tumor microenvironment patterns in lung
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adenocarcinoma” published by Philip Bischoff and other researcher [42]. Regarding
the BULK RNA-seq data, TCGA-LUAD cohort were deposited in The Cancer Genome
Atlas Program (TCGA, https://www.cancer.gov/ccg/research/genome-sequencing/tcga),
while GSE135222 cohort was downloaded in Gene Expression Ominibus (GEO, https:/
/www.ncbi.nlm.nih.gov/geo/query/acc.cgi ). The original data samples were screened to
meet the following criteria: (1) lung adenocarcinoma and adjacent normal lung tissue;
(2) the number of cells in each sample was not less than 3000 and not more than 8000.
The Seurat package in R software (version 4.3.2) was used to process the raw data of
each sample.

scRNA data were processed and analyzed using the Seurat package (v4.2.2) in R.
Low-quality cells were excluded based on gene count (<200 or >10,000), total counts
(<1,000), and mitochondrial/ribosomal gene content (>10%), while genes expressed in
fewer than three cells were also filtered out. Following “LogNormalize” normalization
and identification of 2,000 highly variable genes (HVGs), data were scaled and integrated
using the ScaleData function. Principal component analysis (PCA) was performed on
the HVGs, and the number of significant principal components was evaluated with the
“JackStraw” function. Batch effects were corrected using the Harmony algorithm, and
doublets were removed via the scDblFinder package, resulting in the exclusion of 3,714
cells.

2.2 Immune infiltration and drug susceptibility analysis

Immune cell composition was performed by CIBERSORT and the TIDE was predicted
by Tumor Immune Dysfunction and Exclusion (TIDE, http://tide.dfci.harvard.edu/).
Drug susceptibility analysis was performed by “oncoPredict” R package. The TIDE algo-
rithm and drug sensitivity modeling from the GDSC database were employed strictly
as exploratory, hypothesis-generating tools to infer potential differences in the tumor
immune microenvironment and therapy susceptibility between risk groups.

2.3 Pseudotime trajectory analysis

Pseudotime analysis was conducted using the Monocle2 R package. Dimensionality
reduction was performed with the “DDRTree” method via the reduceDimension() func-
tion, after which cells were ordered along the trajectory using orderCells() to assign
pseudotime values. The initial state of the trajectory was automatically determined by
the algorithm.

2.4 Spatial transcriptomics analysis

The raw spatial transcriptomics sequencing data were quality-controlled and processed
using Space Ranger (v1.1) to generate a gene-spot matrix. Subsequent analysis was per-
formed with the Seurat package (v4.2.2). Data were pre-processed by filtering out spots
with fewer than 200 detected genes and genes expressed in fewer than 3 spots or with
less than 10 total counts. Normalization was conducted using the “LogNormalize”
method. Dimensionality reduction was achieved through Principal Component Analysis
(PCA), and the top 30 principal components were used for graph-based clustering at a
resolution of 1.1. Signature scores, derived from scRNA-seq or spatial transcriptomics
data, were calculated using the “AddModuleScore” function with default parameters.
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Finally, spatial feature maps were visualized with the “SpatialFeaturePlot” function from
Seurat (v4.2.2).

2.5 Celllines and culture

The human lung cell lines A549 (official name: A549; RRID: CVCL_0023; species:
Homo sapiens; sex: male; tissue of origin: lung), Calu-3 (official name: Calu-3; RRID:
CVCL_0609; species: Homo sapiens; sex: male; tissue of origin: lung), together with the
normal cell line BEAS-2B (species: Homo sapiens; tissue of origin: human bronchial epi-
thelial), were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of
Science (Shanghai, China) in March 2024.

All cell lines were authenticated by short tandem repeat (STR) profiling, showing
a>90% match to reference profiles obtained from the respective cell banks. Cells were
confirmed to be free of mycoplasma contamination prior to experimental use. None of
the cell lines used are known to be misidentified or contaminated according to the Cel-
losaurus database. Cells within 20 passages after thawing were used for all assays. LUAD
cell lines were routinely maintained in RPMI-1640 and DMEM (Gibco, USA) medium
containing 10% fetal bovine serum (Gibco, USA), 1% streptomycin, and penicillin. All
cells were cultured at 37 °C under a 5% CO, atmosphere in a cell incubator.

2.6 Real-time quantitative PCR (RT-qPCR)

Total RNA was obtained employing the TRIzol reagent (Invitrogen). Reverse transcrip-
tion was performed using the Prime Script TMRT kit (Takara, RR047A) and the Taq
IT Kit, and PCR amplification was conducted using SYBR Premix Ex according to the
manufacturer’s instructions. CXCR4 primers utilized were as follows: forward, ACTAC
ACCGAGGAAATGGGCT; reverse, CCCACAATGCCAGTTAAGAAGA.

2.7 Cell proliferation assay

5x 10 cells were seeded into a single well of a 96-well plate containing 100 pL of com-
plete culture medium. After 24 h, the culture medium was replaced with a full culture
medium containing CCKS8 reagent. The absorbance was measured at 450 nm after 1, 2,
3, and 4 days.

2.8 Colony formation assay

LUAD cells were seeded at a low density of 600 ~ 1000 cells per well in 6-well plates and
cultured for approximately 2 weeks. Following the incubation period, the cell colonies
were washed with PBS, fixed in 4% paraformaldehyde for 20 min, stained with crystal

violet, and documented and enumerated.

2.9 EdU (5-Ethynyl-2-deoxyuridine) assay

2 x 10* cells were seeded into a single well of a 96-well plate containing 100 L of com-
plete culture medium. After 24 h, the cells were incubated with EAU reagent according
to the manufacturer’s instructions, and cell proliferation was measured using a fluores-
cence microscope (Thermo Fisher Scientific, America).
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2.10 Invasion assay

The invasion assay was conducted by first trypsinizing the cells, which were then resus-
pended in a serum-free medium and quantified. A cell suspension was carefully added to
the upper chamber of a Transwell insert pre-coated with Matrigel. Following an incuba-
tion period of 36 h to allow cell invasion through the Matrigel, the non-invading cells
on the upper surface of the insert were gently removed. The invaded cells on the lower
surface were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet, and sub-
sequently rinsed with PBS.

2.11 Flow cytometry assay

To assess apoptosis, cells (1 x 10°) were stained with Annexin V-FITC and propidium
iodide (PI) apoptosis detection kit (BD Biosciences) according to the manufacturer’s
instructions. After staining using BD FACS Melody flow cytometry, the percentage of
early and late apoptotic cells was assessed.

2.12 Statistical analysis

Data are presented as the mean + standard deviation (SD) of three independent experi-
ments. The R software (version 4.3.0) was used for bioinformatics analysis of data
obtained from GEO databases. The expression of CXCR4 and immune infiltration
parameters were analyzed using the chi square test and Fisher’s exact test. “Log-rank
test” for survival curves. All experiments were repeated at least three times (n =3, bio-
logical replicates). Intergroup differences were analyzed using Student’s t-test or one-way
analysis of variance (ANOVA), and statistical analyses were performed with Graph-
Pad Prism 9 software. Significance levels were denoted as follows: *p <0.05, **p<0.01,
**#p <0.001, and ****p <0.0001.

3 Results

3.1 Quality control and cell classification of LUAD scRNA-seq data

The workflow for this manuscript was summarized in Fig. 1. The single-cell transcrip-
tome dataset utilized in this study is distinguished by its high-quality data and the inclu-
sion of diverse immune cell populations, rendering it an ideal resource for reanalyzing
the tumor microenvironment 43. To guarantee the reliability and accuracy of the data, a
series of strict quality control criteria were meticulously implemented, a total of 69,867
high-quality cells were retained for subsequent annotation and analysis.

Subsequently, leveraging a comprehensive set of well-established classical cell-type
marker genes, these retained cells were systematically classified into eight distinct
subgroups. These subgroups include Epithelials, Endothelials, Fibroblasts, Mast cells,
Myeloid cells, T cells, B cells, and Plasma cells (Fig. 2A). The marker genes for each cell
type were further visualized and validated using dot-plots and feature-plots (Fig. 2B-C).
These visualizations not only illustrate the expression levels of marker genes across dif-
ferent cell types but also highlight the specificity of each marker in defining the respec-
tive cell populations.

Notably, although all eight cell types were detected in both tumor and normal control
samples (Fig. 2A), the proportions of these cell types exhibited substantial differences
between the two groups. In the tumor samples, certain cell types showed significant
expansion or contraction compared to the normal controls, suggesting a profound
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Fig. 2 Quality Control and Cell Classification of LUAD scRNA-seq Data. A UMAP visualization depicting the iden-
tification of cell types via scRNA-seq. B Expression of canonical cell type markers. C Heatmap of feature genes
defining cell identities. D Inter-sample heterogeneity in cellular composition. E Tissue-specific shifts in cell type
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remodeling of the cellular composition. This significant alteration in cell-type propor-
tions strongly indicates a modified tumor microenvironment in lung adenocarcinoma,
which likely plays a critical role in tumor progression, immune evasion, and response to
therapy (Fig. 2D-E). These findings set the stage for further in-depth analyses to explore
the functional implications of these changes and their potential as therapeutic targets.

3.2 Characterization and trajectory analysis of epithelial cell subpopulations in LUAD

To comprehensively elucidate the progression mechanism of LUAD, we focused our
investigation on epithelial cells, as they play a crucial role in the tumor microenviron-
ment. By conducting a subset analysis of these cells, our objective was to uncover the
underlying cellular processes that drive the development of LUAD.

Through unsupervised clustering analysis of epithelial cells, we identified 27 distinct
cell clusters (Fig. 3A). Our findings revealed that clusters 5, 8, and 13 were predomi-
nantly enriched in normal tissues, suggesting their involvement in maintaining the phys-
iological functions of healthy lung tissues. In stark contrast, clusters 0, 1, 2, 3, 4, 7, 9,
10, 14, 15, 16, 17, 18, 19, 20, and 22 were significantly more abundant in tumor samples
(Fig. 3A). This differential distribution indicates that these clusters may be closely associ-
ated with the malignant transformation and progression of LUAD.

To precisely assess the malignancy of each cell cluster, we employed inferCNV anal-
ysis, which is a powerful tool for detecting copy number variations in single cells. By
integrating the inferCNV results with sample source information (normal vs. tumor),
we were able to accurately classify the cell clusters. Based on the characteristic marker
genes of each cluster (Fig. 3B), we identified several subtypes of malignant tumor cells,
including CXCL14" malignant cells, CXCR4* malignant cells, HSPA1A" malignant cells,
PLAT" malignant cells, SCGB3A1" malignant cells, SPP1* malignant cells, and TM4SF4"*
malignant cells (Fig. 3C). The specific marker genes for each cell subtype were visualized
in the feature plot, providing a clear depiction of the molecular signatures of these cells
(Fig. 3D).

To further explore the developmental trajectories of epithelial cells during LUAD
progression, we performed pseudotime trajectory analysis. This analysis allowed us to
reconstruct the dynamic changes in cell states and map the potential paths of cell dif-
ferentiation. Our results clearly delineated two distinct trajectories, with normal and
tumor tissues following separate routes (Fig. 3E). According to the pseudotime analysis,
all trajectories originated from normal epithelial cells, which then underwent a series of
molecular and cellular changes, ultimately leading to the formation of SPP1" malignant
cells (Fig. 3F). This finding suggests that SPP1" malignant cells may represent the end
stage of the malignant transformation process of epithelial cells in LUAD. Functional
enrichment analysis indicated that oxidative phosphorylation and ATP synthesis were
active in initial stage, while cytoplasmic translation and antigen processing were more
active in branch 2 (Fig. 3G).

In conclusion, our study provides a comprehensive understanding of the malignant
transformation trajectory of epithelial cells in the LUAD microenvironment. The identi-
fication of distinct cell clusters and their associated marker genes, as well as the mapping
of developmental trajectories, offers valuable insights into the molecular mechanisms
underlying LUAD progression.
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3.3 CXCR4*TAM s closely associated with poor prognosis in LUAD

Given that myeloid cells constitute a substantial proportion of both tumor and nor-
mal samples in our dataset, we conducted an in-depth investigation into their func-
tional characteristics. First, we isolated myeloid cells from the dataset and performed a
refined clustering analysis, which resulted in the identification of ten distinct subgroups:
CCL18"* macrophage, CCL9* macrophage, conventional dendritic cell 1 (cDC1), con-
ventional dendritic cell 2 (cDC2), CXCR4" TAM, FABP4" macrophage, IL1B* TAM,
macrophage, monocyte, and plasmacytoid dendritic cell (pDC) (Fig. 4A-B). The marker
genes highly expressed in each myeloid subpopulation were visualized using dot plots
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(Fig. 4C), providing a molecular signature for each cell type. As depicted in the cell pro-
portion plot (Fig. 4D), the relative abundances of CCL18 + macrophage, FABP4" mac-
rophage, monocyte, macrophage, and pDC were significantly lower in tumor samples
compared to normal tissues. Conversely, CCL9* macrophage, ¢cDC1, ¢cDC2, CXCR4"*
TAM, and IL1B* TAM showed increased proportions in tumor samples, suggesting their
potential involvement in tumor-promoting processes.

To elucidate the developmental dynamics of myeloid cells, we performed a pseudo-
time trajectory analysis. This analysis revealed five distinct developmental trajectories,
all of which originated from macrophages and converged towards CXCR4" TAM (Fig.
S1A-B). This finding suggests a hierarchical differentiation pathway within the myeloid
cell lineage, potentially indicating the role of CXCR4" TAM as a terminal effector in the
tumor microenvironment.

We then conducted CIBERSORTx for immune deconvolution, using bulk microarray
data from TCGA-LUAD. The results showed that elevated infiltration of CXCR4* mac-
rophages was significantly associated with poorer OS (Fig. 4E). To further explore the
functional states of myeloid subpopulations, we calculated the cytokine and inflamma-
tory scores for each cell type. Notably, cDC2, CXCR4* TAM, and IL1B* TAM exhibited
the highest scores in both cytokine and inflammatory responses (Fig. 4F-G), a conclu-
sion further supported by UMAP visualization (Fig. 4H). These results indicate that
these myeloid subpopulations may play a central role in promoting chronic inflamma-
tion and tumor progression.

In summary, we identified distinct myeloid cell clusters with differential abundance
between tumor and normal tissues, delineated the developmental trajectories leading to
CXCR4* TAM, and revealed the functional significance of specific myeloid subpopula-

tions in regulating the inflammatory tumor microenvironment.

3.4 LUAD exhibit a significantly increased infiltration of exhausted CD8 +T cells

Building upon our comprehensive characterization of myeloid cells in the LUAD micro-
environment, we next turned our attention to T cells, which also constitute a major com-
ponent of the tumor immune landscape. Leveraging the same dataset, we isolated T cells
and performed a high-resolution re-clustering analysis. This approach led to the identi-
fication of twelve distinct T - cell subpopulations: cytotoxic cells, dysfunctional CD8T,
effector CDAT, effector CD8T, exhausted CD8T, mucosal-associated invariant T (MAIT)
cells, memory CD4T, memory CD8T, naive T cells, proliferating CD8T, and regulatory
T (Treg) cells (Fig. 5A-B). Dot plots were utilized to visualize the marker genes highly
expressed in each subpopulation (Fig. 5C), providing a molecular fingerprint for each T
cell type.

The cell proportion plot (Fig. 5D) illustrated significant differences in the relative
abundances of these T cell subpopulations between tumor and healthy samples. Nota-
bly, the proportions of cytotoxic CD8T cells and Treg cells were substantially increased
in tumor samples compared to normal tissues, suggesting their active participation in
tumor-related immune responses.

To decipher the developmental dynamics of T cells, we employed a pseudotime tra-
jectory analysis. This analysis revealed three distinct developmental trajectories, all of
which originated from Naive T cells and terminated at Dysfunctional CD8T and Treg
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(Fig. 5E-F). This finding implies a potential developmental hierarchy within the T cell
compartment.

To further validate our observations, we are currently in the process of calculating
cytokine, naive, and exhausted scores for each T cell subpopulation (Fig. 5G-I). These
scores will provide additional insights into the functional states of T cells and help eluci-
date their roles in shaping the tumor immune microenvironment. Our ongoing analyses
aim to comprehensively understand the complex interplay between different T cell sub-
populations and their contributions to LUAD progression, which may guide the devel-
opment of more effective immunotherapeutic strategies.
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3.5 Intercellular communication networks unveil pathogenesis and therapeutic targets in
LUAD

Building on our detailed characterization of individual cell types and their developmen-
tal trajectories in LUAD, we next sought to explore the complex landscape of cell-cell
communication within the tumor microenvironment. To achieve this, we employed
CellChatDB, a meticulously curated database that compiles literature-supported ligand-
receptor interactions.

The overall cell-cell communication network was first visualized using a circular plot,
which depicted the number of interactions and their corresponding weights/strengths
among different cell populations (Fig. 6A). Given the complexity of the communication
network, we further dissected the signaling patterns originating from each cell group.
This analysis revealed a particularly robust interaction network between epithelial cells
and myeloid cells (Fig. 6B), suggesting a significant crosstalk between these two cell
types that likely influences tumor progression. To highlight key molecular interactions,
we generated a bubble plot, which emphasized the importance of specific signaling path-
ways such as SCGB3A2-MARCO and APP-CD74 in mediating communication between
epithelial and myeloid cells (Fig. 6C).

Guided by our previous pseudotime analysis, which implicated CXCR4 in tumorigen-
esis and development, we focused on identifying the cell types engaged in active CXCR-
CXCL signaling. Consistent with our earlier findings, the CCL signaling pathway was
found to be highly active among fibroblast cells, T cells, and myeloid cells (Fig. 6D),
underscoring the role of these signaling axes in coordinating cellular functions within
the tumor microenvironment.

To provide a holistic view of the interrelationships among all cell populations, we
constructed a correlation heatmap. This analysis not only validated our previous obser-
vations but also revealed that CXCR4* TAM exhibited significant correlations with
tumor cells and other immune cell types (Fig. 6E). Collectively, our analysis of intercel-
lular communication networks provides critical insights into the molecular mechanisms
underlying LUAD pathogenesis and may inform the development of novel therapeutic
strategies targeting cell-cell interactions.

3.6 Spatial organization of cell subpopulations reveals functional interplay in LUAD
Tissues

Building on our understanding of cellular composition, developmental trajectories, and
intercellular communication in LUAD, we further explored the spatial organization of
cell type subpopulations within tumor tissues. The dataset (GSE189487) of Lung Adeno-
carcinoma, retrieved from the Gene Expression Omnibus (GEO) database, encompasses
samples derived from patients diagnosed with lung adenocarcinoma and normal indi-
viduals [43]. Leveraging spatial transcriptomics, we analyzed tissue sections from both
cancerous and normal vasculature regions of LUAD patients. Based on the unbiased
clustering and spot features for resolution as 1, we classified the spatial transcriptomic
spots into seven distinct cell clusters: malignant cells, epithelial cells, myeloid cells, fibro-
blasts, CXCR4* TAM, SPP1" malignant cells, as well as T and B cells (Fig. 7A). In the co-
localization region of malignant cells and macrophages, we screened out capture points
where the SPP1/CXCR4 expression level was 25% higher than a specific threshold, which
were defined as CXCR4 + TAM/SPP1 + Malignant Spot. The spatial distribution patterns
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cellular subpopulations. F OS survival analysis on four group of TCGA-LUAD

of these seven cell types were visualized in Fig. 7B7 providing a comprehensive overview
of their localization within the tissue microenvironment.

To validate the accuracy of the spatial classification, we examined the expression of
specific marker genes for each cell type (Fig. 7C). Notably, we identified spatial spots that
co-expressed CXCR4, SPP1, and EPCAM, indicating the spatial co-localization of these
key molecules (Fig. 7D-F), with higher expression levels highlighted in red. Furthermore,
the signature scores of CXCR4* TAM and SPP1* malignant cells exhibited a significant
positive correlation (Fig. 7G), suggesting a potential functional interplay between these
cell populations in the tumor microenvironment. Additionally, we also visualized the
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expression of classic T cell markers (Fig. 7H-I), contributing to a more complete under-

standing of the spatial immune cell landscape in LUAD.

3.7 The heterogeneity of immunotherapy and immune infiltration between SPP1*
Malignant"9"/CXCR4*TAMP9" and SPP1* Malignant'®¥/CXCR4*TAM'*"

To further investigate the heterogeneity of SPP1* Malignant"#"/CXCR4*TAM"&" and
SPP1* Malignant'®¥/CXCR4*TAM!Y, 22 immune cell components were calculated for
each patient using the “ssGSEA” methods. Among these immune cells, CD8T cells and
Macrophage MO were highly expressed in the SPP1* Malignant'®"/CXCR4 TAM"
group (Fig. 8A-B), while the low infiltration group were low expression. These results
suggest that the reason for better prognosis in the low infiltration group may be related
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to the immune microenvironment and have a higher level of immune infiltration in
LUAD. At the same time, we evaluated the effect of low and high infiltration on TIDE
score, Dysfunction score, Exclusion score, and MSI score using the “TIDE” algorithm.
The result showed that the TIDE score, Dysfunction score, Exclusion score in SPP1*
Malignant"8"/CXCR4*TAM"8" were significantly increased, while the MSI score was
relatively low. (Fig. 8C-F). This indicated that the immune escape potential of patients
in high infiltration increased, and the efficacy of immune checkpoint suppressive ther-
apy might be poorer. To validate the results, we performed the high and low infiltra-
tion with the GSE135222 dataset. SPP1* Malignant"®" and CXCR4*TAMM¢" patients
showed shorter survival time than SPP1* Malignant'®” and CXCR4*TAM!™Y, individually
(Fig. 8G-H). Finally, Drug susceptibility prediction via “oncoPredict” R package indicated
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that IC50 values for Cytarabine and Gemcitabine were significantly lower in high infil-
tration group, while Gefitinib had the opposite trend (Fig. 81-K).

3.8 Validation of CXCR4-driven LUAD progression in vitro

To translate our in-silico and spatial findings into functional insights, we conducted a
series of in vitro experiments to validate the role of key genes in LUAD progression.
Given the critical role of CXCR4 identified in our previous analyses, we first examined
its expression levels in three lung cell lines. Quantitative analysis revealed that the A549
cell line exhibited an approximately 8-fold increase in CXCR4 expression compared to a
reference control (BEAS-2B cell lines) (Fig. 9A).

Subsequently, we employed knockdown the CXCR4 mRNA to investigate the impact
of CXCR4 on tumor cell behavior (Fig. 9B). The results of the CCK-8 assay indicated
that knockdown of CXCR4 significantly enhanced cell viability (Fig. 9C), suggesting that
lung cancer cells with low expression of CXCR4 might enhance their survival ability by
evading the killing effect of CXCR4* TAM. Consistent with this finding, colony forma-
tion assays demonstrated that CXCR4-knockdown cells formed a greater number of
colonies with larger sizes (Fig. 9D), indicating enhanced proliferative capacity. The EAU
assay demonstrated that compared with the shNC group, the EAU positive cell rates of
A549 and Calu-3 cell lines treated with shCXCR4 were significantly increased, which
also indicated that knockdown of CXCR4 could promote the cell proliferation of these
two cell lines (Fig. 9E).

To assess the role of CXCR4 in tumor cell invasion and migration, we performed Tran-
swell assays. The results showed that the knockdown of CXCR4 significantly enhanced
the invasive and migratory abilities of A549 and Calu-3 cells (Fig. 9F), highlighting its
importance in the metastatic potential of LUAD cells. Finally, flow cytometry analysis
revealed that CXCR4 knockdown inhibited apoptosis in lung cancer cells (Fig. 9G), fur-
ther emphasizing the multifaceted role of CXCR4 in regulating tumor cell fate. Through
GSEA analysis of the samples of CXCR4+TAM-high and CXCR4+TAM-low, the
results showed that the glycolytic pathway was significantly upregulated and the immune
response was significantly downregulated in the CXCR4 + TAM-high group (Fig. 9H).
These in vitro findings provide strong functional evidence supporting the significance of
CXCR4 in LUAD development and progression, laying the foundation for future thera-
peutic interventions targeting this molecule. Tumor cell intrinsic CXCR4 may act as a
“metabolic checkpoint” that restrains glycolysis. Its knockdown releases this brake, trig-
gering Warburg-effect reprogramming. This metabolic shift creates a lactate-rich, glu-
cose-depleted microenvironment that drives the polarization and immunosuppressive
function of CXCR4 + TAMs, ultimately leading to both enhanced tumor proliferation
and CD8 + T cell suppression.

4 Discussion

According to the 2020 GLOBOCAN statistics, there were approximately 2.2 million
new cases of lung cancer each year, ranking second in incidence and first in mortality,
accounting for 18% of all cancer deaths, with an extremely high degree of malignancy
[44]. Despite the continuous advancement of screening and treatment methods, due
to the large number of patients and high heterogeneity, most patients are diagnosed at
the middle or advanced stage, resulting in a five-year survival rate of less than 20% for
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non-small cell lung cancer [45]. For LUAD patients who are not suitable for surgery,
targeted and immunotherapy offer new options. Although PD-1/PD-L1 inhibitors and
others can activate immunity by regulating the tumor microenvironment, their effi-
cacy varies from person to person [46]. Therefore, developing biomarkers for predict-
ing therapeutic efficacy and prognosis is the key to promoting precision medicine and
optimizing patient diagnosis and treatment. The CXCR4/CXCL12 axis plays a crucial
role in various solid tumors such as lung cancer, liver cancer, and breast cancer, and
can promote the migration, invasion, and distant metastasis of cancer cells. Further-
more, studies have shown that CXCR4 inhibitors can significantly improve the tumor
microenvironment of pancreatic cancer and enhance the tumor’s sensitivity to immune
checkpoint inhibitors, thereby improving the efficacy of immunotherapy. For this rea-
son, CXCR4 is regarded as a promising immune-related prognostic marker. However, its
value in the evaluation of tumor immune prognosis, especially in lung adenocarcinoma,
has not been fully explored. LUAD poses a significant global health challenge with dis-
mal survival rates. Previous research has highlighted the importance of the immune
microenvironment, inflammation, and specific cell types like TAM in LUAD progression
[47, 48]. However, traditional research methods often lack the ability to comprehensively
analyze dynamic cell-cell interactions and temporal changes in the tumor microenviron-
ment. Existing studies on the regulatory mechanism of CXCR4* TAM, especially in the
context of inflammation in LUAD, remain incomplete, hindering the development of
targeted therapies.

We successfully characterized the cell composition of LUAD and normal tissues,
revealing substantial differences in cell-type proportions. For epithelial cells, we identi-
fied specific malignant cell subtypes and demonstrated that SPP1* malignant cells may
be the end - stage product of epithelial cell transformation. In myeloid cells, we found
that CXCR4" TAM is the terminal effector in a hierarchical differentiation pathway and
plays a crucial role in promoting inflammation. For T cells, we discovered a potential
developmental hierarchy from NK cells to Treg cells. The intercellular communication
analysis revealed strong interactions between epithelial and myeloid cells, with CXCR4"*
TAM as a key regulator.

Despite these achievements, our study has limitations. The in vitro experiments
only used a limited number of cell lines, which may not fully represent the complex-
ity of LUAD in vivo. Additionally, the mechanisms by which CXCR4" TAM regulates
the immune microenvironment through inflammation are not fully explored. Future
research could expand the scope of in vitro and in vivo models, investigate the detailed
molecular mechanisms of CXCR4 - mediated inflammation, and explore the feasibility
of developing CXCR4-targeted drugs in combination with other immunotherapies to
improve LUAD treatment outcomes.

Our study innovatively applies single-cell spatiotemporal analysis to decipher the tran-
scriptomic landscape of LUAD. This approach enabled the precise delineation of cellular
heterogeneity, trajectory of epithelial cell malignant transformation, and the functional
dynamics of myeloid and T cells. By integrating spatial transcriptomics with in vitro vali-
dation, we uncover the pivotal role of CXCR4 + tumor-associated macrophages, thereby
nominating CXCR4 as a promising therapeutic target and providing a multidimensional
perspective beyond previous single-level analyses. Moreover, our study unveils a tar-
getable immune-suppressive point driven by the SPP1/CXCR4 axis, offering a rational
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roadmap for novel combination therapies in LUAD. Specifically, our data provide a
rationale for combining CXCR4 blockade with current anti-PD-1/PD-L1 immunother-
apy. This strategy concurrently targets immune evasion, dismantling the key immuno-
suppressive niche by preventing TAM recruitment and potentially reprogramming their
function. Importantly, the SPP1/CXCR4 + signature identified here could serve as a pre-
dictive biomarker to enrich for patients most likely to benefit from such a combination,
moving towards a more personalized treatment approach. These findings have signifi-
cant implications for the development of novel treatment strategies for LUAD. Our find-
ings reveal that the SPP1/CXCR4 axis in LUAD exhibits mechanistic distinctions from
its roles in other cancers. Firstly, in contrast to head and neck squamous cell carcinoma
where stromal fibroblasts are key SPP1 sources [49], we identify SPP1+ Malignant as
the predominant contributor, indicating a cell-type-specific reprogramming inherent to
the LUAD TME. This integrated pathway aligns with the oncogenic signaling architec-
ture and immune evasion priorities of LUAD, differing from the metastasis-centric role
described in hepatocellular carcinoma [50].

In vitro knockdown of CXCR4 in LUAD cell lines unexpectedly enhanced their prolif-
erative, invasive, and pro-survival capacities. This apparent contradiction likely reflects
the profound cell type specific and context dependent duality of CXCR4 signaling. In
the TME, CXCR4 expression on TAMs is central to their recruitment and polarization,
establishing a dominant immunosuppressive niche that drives progression. Conversely,
within cancer cells, CXCR4 may engage in autocrine or feedback loops that, in certain
contexts, restrain hyper-proliferative pathways or prime cells for apoptosis; its loss in
vitro could thus release this intrinsic brake. This duality underscores that CXCR4 is not
a simple ‘on’ or ‘oft’ switch for cancer but a context-dependent regulator. Future studies
employing cell type—specific knockout models are essential to disentangle these com-
partment-specific functions for therapeutic targeting. This duality can be reconciled by
considering established mechanisms: the CXCR4/CXCR?7 dual-receptor system, where
CXCR?7 can scavenge the shared ligand CXCL12 and modulate signaling outcomes [51]
and ligand-independent or biased signaling regulated by the cellular context [52]. Con-
sequently, the in vitro phenotype may reveal a cell-intrinsic, context-specific regulatory
function of CXCR4 that is dominated in vivo by its overarching role in recruiting immu-
nosuppressive CXCR4* TAMs. This refined perspective, grounded in existing literature,
underscores the complexity of CXCR4 biology and highlights the necessity for future
studies employing cell type-specific models to dissect its compartmentalized functions
in tumor progression. In early-stage lesions, CXCR4 may guide macrophage recruitment
to sites of initial immune activity, where signals like IFN-y could transiently polarize
them toward a pro-inflammatory state [53]. However, as the tumor advances, chronic
exposure to factors such as hypoxia, TGF-B, and lactate within an established TME
reprograms CXCR4+TAMs into a stably immunosuppressive phenotype that facili-
tates immune evasion and progression [54]. This stage-specific plasticity is supported
by single-cell studies showing shifting chemokine receptor profiles in LUAD macro-
phages and functional data demonstrating CXCR4 dependent unidirectional transition
of monocytes into pro-metastatic macrophages [31]. Therefore, our findings illuminate
the dominant role of this axis in advanced disease. Our study is the tumor cell-intrinsic
expression and function of SPP1 in LUAD progression, which underscores a critical,
context-dependent duality of this multifunctional cytokine. This observation invites a
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direct comparison with other malignancies, such as head and neck squamous cell car-
cinoma (HNSCC) and hepatocellular carcinoma (HCC), where the predominant cellu-
lar source and consequent biological impact of SPP1 diverge significantly, highlighting
the cell-type specificity of the SPP1 signaling axis. This nuanced understanding under-
scores that therapeutic targeting of CXCR4+TAMs must be contextual, prioritizing
patients with advanced, immunosuppressive TMEs where this pathway is actively driv-
ing immune suppression. A key limitation of our study, our computational predictions of
an SPP1* Malignant and CXCR4* TAM axis were not validated by direct experimental
evidence. While our bioinformatic analyses strongly suggest interaction between SPP1*
Malignant and CXCR4* TAMs, we did not perform ligand-receptor binding assays, co-
culture systems, or antibody-blocking experiments to conclusively demonstrate a physi-
cal and functional interaction. Moreover, the precise functional consequences and the
downstream signaling cascades that mediate this effect remain an open question, as we
did not perform functional assays to directly test T-cell functionality. We are collabo-
rating with Lab LU to perform ligand-receptor binding assays, co-culture systems, or
antibody-blocking experiments to conclusively demonstrate a physical and functional
interaction by Q3 2026.
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