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Exosomal POSTN from cancer-
associated fibroblasts drives
progression of microinvasive
lung adenocarcinoma: insights
from single-cell and tissue
exosome sequencing analysis

Jie Chen1†, Chenkang Zhou2†, Yixin Chen2†, Kate Huang3,
Yumin Wang2,3* and Junjun Wang2*

1Department of Intensive Care Unit, The First Affiliated Hospital of Wenzhou Medical University,
Wenzhou, China, 2Department of Laboratory Medicine, The First Affiliated Hospital of Wenzhou
Medical University, Wenzhou, China, 3Department of Pathology, The First Affiliated Hospital of
Wenzhou Medical University, Wenzhou, China
Background: Microinvasive adenocarcinoma (MIA) represents an early stage of

lung adenocarcinoma (LUAD), yet how the tumor microenvironment (TME) and

cancer-associated fibroblast (CAF)-derived exosomes contribute to its

progression remains unclear. We aimed to define the cellular ecosystem of MIA

and to clarify the role of periostin (POSTN) and POSTN+ CAF-derived exosomes in

early LUAD progression.

Methods: Single-cell RNA sequencing (scRNA-seq) and tissue-derived exosomal

RNA sequencing were performed on four primary MIA lesions and matched

adjacent lung tissues. Integrated analyses of scRNA-seq data, exosomal

transcriptomes, the TCGA-LUAD cohort, and an independent LUAD tissue/

serum cohort were used to characterize POSTN expression and to evaluate its

prognostic and diagnostic relevance. Primary MIA-associated POSTN+ and

POSTN- CAFs were isolated for exosome preparation, followed by co-culture

experiments with LUAD cell lines and xenograft assays.

Results: scRNA-seq identified a malignant Cancer–alveolar type II (Cancer-AT2)

epithelial subset and multiple CAF subsets. Among these, POSTN+ CAFs were

enriched in MIA tissues and showed enhanced crosstalk with Cancer-AT2 cells

through extracellular matrix (ECM)-related ligand–receptor interactions. Tissue-

derived exosomes contained 588 differentially expressed mRNAs, among which

POSTN was markedly upregulated and showed the strongest association with

fibroblast-related signatures. POSTN was predominantly expressed in fibroblasts

across independent non-small cell lung cancer datasets and was elevated in

LUAD tissues, tissue-derived exosomes, and serum exosomes, correlating with

advanced stage, lymph node metastasis, and poor survival. Functionally, POSTN+

CAF-derived exosomes promoted LUAD cell proliferation, migration, invasion,

colony formation, and xenograft growth.
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Conclusion: Exosomal POSTN derived from POSTN+ CAFs may represent an

important stromal mediator of MIA/LUAD progression and a potential diagnostic

and prognostic biomarker in early-stage LUAD.
KEYWORDS

cancer-associated fibroblasts, exosomes, lung adenocarcinoma, microinvasive
adenocarcinoma, postn
1 Introduction

Lung cancer remains a formidable global health challenge, with

incidence and mortality rates in China accounting for 17.9% and

23.8%, respectively, of all malignant tumors in 2020 (1). Among its

subtypes, lung adenocarcinoma (LUAD) has shown a steadily rising

incidence worldwide and exhibits a higher prevalence in females

(2). A critical concern in its management is that approximately 75%

of patients are diagnosed at an advanced stage, thereby missing the

window for curative surgical intervention (2). Robust evidence

underscores the life-saving value of early detection: while the 5-

year survival for Stage IIIA–IV LUAD patients is only 10–36%, it

rises dramatically to 77–92% for Stage I patients. Notably, both

adenocarcinoma in situ (AIS) and microinvasive adenocarcinoma

(MIA) achieve nearly 100% 5-year disease-specific survival after

complete resection, highlighting the crucial importance of early

diagnosis (3, 4). It is precisely at the transitional stage of MIA, where

malignant cells have begun to breach the basement membrane but

have not yet gained full invasive potential, that the molecular

drivers of progression become activated (5, 6). Therefore, elucidat-

ing the mechanisms underlying MIA progression represents a

pivotal opportunity to alter the natural history of LUAD, potentially

unveiling novel biomarkers for monitoring early disease evolution

and therapeutic targets for preventing advancement to inva-

sive carcinoma.

Exosomes play a crucial role in intercellular communication by

transferring bioactive molecules—including DNA, various RNA

species, and proteins—between cells (7). They have been extensively

implicated in key tumorigenic processes such as metastasis, inva-

sion, and angiogenesis (8). By mediating dialogue between cancer

cells and the tumor microenvironment (TME), exosomes promote

epithelial-mesenchymal transition (EMT), angiogenesis, and

immune evasion, thereby accelerating cancer progression (9).

While most previous studies have relied on exosomes isolated

from peripheral blood or cell culture systems, growing evidence

highlights the unique value of exosomes derived directly from

tumor tissues. Such tissue-derived exosomes more faithfully

mirror the complex molecular landscape of the native TME,

which includes heterogeneous signals from tumor cells, stromal

components, and immune cells (10, 11). In contrast, conventional

cell culture models lack the intricate multicellular crosstalk of actual

tumor tissue, limiting their ability to fully recapitulate TME

dynamics (12, 13). Despite their potential, the role of tissue-derived

exosomes, particularly in early-stage lesions such as MIA, remains

underexplored. A deeper understanding of these exosomes could

provide critical insights into the initial molecular events driving

LUAD progression.
02
Single-cell RNA sequencing (scRNA-seq) has transformed

cancer research by resolving gene expression at single-cell resolu-

tion, enabling detailed dissection of intratumoral heterogeneity and

the TME (14, 15). In LUAD, scRNA-seq studies have revealed

diverse malignant epithelial states and distinct stromal and immune

cell subsets, linking specific TME patterns to radiologic phenotypes

and patient outcomes (16). In parallel, exosomal RNA profiling has

shown that tumor-derived exosomal mRNAs and non-coding

RNAs actively drive lung cancer growth, metastasis, therapy resis-

tance, and immune evasion, while also offering promise for early

diagnosis and prognostic stratification (17). Recent work has begun

to couple exosome-related gene programs with single-cell–defined

cell populations in the TME, highlighting the value of integrating

cellular-resolution atlases with exosome-centered analyses to

decode tumor–stroma crosstalk in LUAD (18). Despite these

advances, critical gaps remain, particularly in early-stage lesions

such as MIA, which represent a pivotal transition between adeno-

carcinoma in situ and fully invasive disease. Here, based on the

integrated analysis of single-cell and tissue exosome sequencing,

this study aims to systematically investigate the cellular dynamics

and intercellular communication mechanisms within the MIA

microenvironment. We seek to identify key stromal cell subpopu-

lations that drive early tumor progression through exosome-medi-

ated signaling and to delineate their functional roles in promoting

malignant transformation. The research employs a multi-level

validation strategy to establish the biological significance of the

identified cellular crosstalk in MIA development. By elucidating the

complex cellular interactions at this critical transitional stage, our

findings provide novel insights into the early pathogenesis of LUAD

and offer potential biomarkers for early detection and therapeutic

targets for preventing disease progression. This work not only

advances our fundamental understanding of MIA biology but also

holds significant promise for improving clinical outcomes through

early intervention strategies.
2 Materials and methods

2.1 Sample collection

The overall experimental design and workflow are presented in

Figure 1. Cancer tissues and matched adjacent normal tissues were

collected from four patients with MIA who underwent surgery at

the First Affiliated Hospital of Wenzhou Medical University be-

tween April 5 and April 10, 2022 (Supplementary Table 1). All

samples were transported to Echo Biotech Company and processed
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within 8 hours of collection. All patients were diagnosed with stage I

LUAD. The inclusion criteria were as follows: (I) histopathological

confirmation of diagnosis; (II) age between 18 and 80 years; (III) no

prior palliative surgery, neoadjuvant chemotherapy, or radiother-

apy; (IV) absence of significant organ dysfunction unrelated to the

malignant disease; (V) no history of major neurological or psychi-

atric conditions; and (VI) no severe renal impairment, cardiovas-

cular disease, cerebrovascular disease, hematological disorders,

endocrine abnormalities, metabolic diseases, or mental illness.

Additionally, a total of 50 LUAD tissue samples and matched

adjacent normal tissues were collected and pathologically con-

firmed. This cohort included 4 cases at stage I, 11 at stage II, 17

at stage III, and 15 at stage IV. Peripheral blood samples were also

obtained from 30 treatment-naive LUAD patients and 20 healthy

donors. Plasma was separated from blood cells by centrifugation at

1000 × g for 10 minutes at 4 °C. The harvested plasma was aliquoted

and stored at –80 °C until further analysis.

2.2 Extraction and identification of tissue
exosomes

Extracellular vesicles (EVs) were isolated from tissue specimens

using a modified protocol based on the method of Vella et al. (19).

Tissue dissociation was performed using the Human Tumor

Dissociation Kit (Miltenyi Biotec, cat. no. 130-095-929) according

to the manufacturer’s instructions. Exosome preparations were

further enriched by ultracentrifugation, and total protein concen-

tration was measured using a bicinchoninic acid assay (20). The

morphology of the isolated vesicles was examined by transmission
Frontiers in Immunology 03
electron microscopy, and exosomal identity was verified by western

blot detection of the canonical markers TSG101, CD63, and CD81.

2.3 Library preparation for scRNA-seq
analysis

Single-cell transcriptome libraries were prepared using the

Chromium Single Cell 3′ Library and Gel Bead Kit v3.1 (10x

Genomics) according to the manufacturer’s instructions. Briefly,

single-cell suspensions were loaded onto the Chromium Controller

to generate gel bead-in-emulsions (GEMs), in which individual cells

were partitioned together with barcoded gel beads. Reverse tran-

scription was performed within GEMs to produce barcoded full-

length cDNA, which was then recovered and amplified by PCR.

Amplified cDNA was subsequently subjected to enzymatic frag-

mentation to yield fragments of approximately 200–300 bp, fol-

lowed by end repair and A-tailing. After size selection, P7 adapters

were ligated, and sample indices were introduced by PCR amplifi-

cation. A final size-selection step was performed to obtain the

sequencing-ready libraries. Library quality and fragment size dis-

tribution were assessed before sequencing. The libraries were then

sequenced on an Illumina NovaSeq 6000 platform using paired-end

150-bp reads.

2.4 Single-cell sequencing data processing
and bioinformatics analysis

Raw sequencing reads were first subjected to quality assessment

using FastQC (v0.11.2). Downstream processing was performed
FIGURE 1

Flow chart of this study.
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with the Cell Ranger pipeline (v4.0.0), including sample

demultiplexing, barcode processing, alignment to the human ref-

erence genome (GRCh38), transcript counting, and generation of

unique molecular identifier (UMI)-based gene expression matrices.

Subsequent analyses were conducted in R using the Seurat package

(v4.0.3). Cells were retained if they expressed between 200 and 7,

000 genes and had a mitochondrial gene proportion of no more

than 25%. After quality filtering, the data were normalized using

the NormalizeData function with a scale factor of 10, 000, and

the top 2, 000 highly variable genes were identified using

FindVariableFeatures. Principal component analysis was performed

on the variable genes, and batch effects across samples were

corrected in PCA space using Harmony (v1.0). The batch-corrected

data were then used for downstream dimensionality reduction,

clustering, and visualization.

A total of 21 cell subpopulations were identified. Immune cell

populations were annotated using the SingleR package with the

Blueprint_Encode and HPCA reference datasets, whereas stromal

and epithelial populations were assigned on the basis of established

canonical marker genes. Malignant epithelial cells were further

distinguished by copy number variation analysis using inferCNV.

Cell type-specific marker genes were identified with Seurat’s

FindAllMarkers function using the thresholds min.pct = 0.25 and

logfc.threshold = 0.25. Differential expression analysis between

tumor and matched adjacent tissues was performed using

FindMarkers with the criteria min.pct = 0.1, adjusted P < 0.01,

and |log2FC| > 0.5. Cell–cell communication analysis was carried

out using CellChat (v1.5.0). Based on the CellChatDB ligand–

receptor database, communication probabilities between cell types

were inferred using the computeCommunProb function, and dif-

ferences in interaction number and strength between conditions

were compared using compareInteractions.

2.5 Tissue exosome sequencing

Total RNA was extracted from tissue-derived exosomes using

the Exosome RNA Purification Kit (Simgen, cat. no. 5202050)

according to the manufacturer’s instructions. RNA concentration

and purity were assessed using the RNA Nano 6000 Assay Kit on an

Agilent 2100 Bioanalyzer system (Agilent Technologies, CA, USA).

Only RNA samples that met the quality requirements for library

preparation were used for subsequent sequencing. Sequencing

libraries were constructed from 4.5 ng of total RNA per sample

using the SMARTer Stranded Total RNA-Seq Kit v2 (Takara Bio

USA, Inc.) following the manufacturer’s protocol. Briefly, exosomal

RNA was reverse-transcribed and converted into strand-specific

cDNA, after which library fragments were generated and amplified.

Unique index codes were added to each sample to enable multi-

plexed sequencing. The quality and fragment size distribution of the

libraries were evaluated using the Agilent 2100 Bioanalyzer, and

library quantification was further verified by qPCR. Indexed librar-

ies were pooled and clustered on a cBot Cluster Generation System

using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego,

CA, USA). After cluster generation, the libraries were sequenced on

an Illumina NovaSeq 6000 platform to generate paired-end 150-bp

reads at EchoBiotech Co., Ltd. (Beijing, China). The resulting
Frontiers in Immunology 04
sequencing data were used for downstream transcriptomic profiling

and differential expression analysis of t issue-derived

exosomal RNAs.

2.6 Cell culture and processing

Two LUAD cell lines, A549 (ATCC® CRM-CCL-185™) and

H1299 (ATCC® CRL-5803™), were obtained from the Cell Bank of

the Chinese Academy of Sciences (Shanghai, China). Both cell lines

were cultured in RPMI-1640 medium (Gibco, Waltham, MA, USA)

supplemented with 10% fetal bovine serum (FBS, Gibco) and

maintained at 37 °C in a humidified incubator with 5% CO2.

Primary CAFs were isolated from cancer tissues of MIA patients

using differential adhesion after digestion with a trypsin–collage-

nase mixture. Isolated CAFs were identified by vimentin immuno-

fluorescence and maintained in complete RPMI-1640 medium

containing FBS, growth supplements, penicillin, and streptomycin.

POSTN+ CAFs and POSTN- CAFs were isolated using an immu-

nomagnetic bead separation system (Thermo Fisher Scientific, MD,

USA). In this procedure, cells expressing POSTN surface antigen

were bound to magnetic beads conjugated with a POSTN antibody

and retained in a magnetic field, while POSTN- cells were removed

during washing. Exosomes derived from POSTN+ CAFs were

isolated using an analogous immunomagnetic procedure.

2.7 Cell proliferation assay

Cell proliferation was assessed using the Cell Counting Kit-8

(CCK-8; DOJINDO, Japan). Cells were seeded in 96-well plates at a

density of 4 × 10³ cells per well and treated with either exosomes or

phosphate-buffered saline (PBS) as a control. The CCK-8 assay was

performed daily for four consecutive days. Briefly, 10 mL of CCK-8

solution was added to each well, followed by incubation at 37 °C for

1 hour. Absorbance was then measured at 450 nm using a

SpectraMax microplate reader (Molecular Devices, USA).

2.8 Colony formation assay

Cells were seeded in 6-well plates at a density of 5 × 10² cells per

well and treated with either exosomes or PBS as a control. Cells were

cultured in 2 mL of medium for 14 days, with the medium replaced

every four days. After the incubation period, colonies were photo-

graphed and counted. Colonies were then fixed with 4% parafor-

maldehyde for 30 minutes and stained with 0.2% crystal violet

(Beyotime, Shanghai, China) for 15 minutes.
2.9 Transwell assay

Cell migration and invasion were assessed using 24-well

Transwell plates with 8 mm pore filters (Corning, Tewksbury,

MA, USA). For both assays, LUAD cells (4 × 104 cells in 100 mL)
treated with exosomes or PBS were seeded in serum-free medium in

the upper chamber, while the lower chamber contained medium

supplemented with 20% FBS as a chemoattractant. For the invasion

assay, the upper chamber was pre-coated with Corning Matrigel.

After 48 hours of incubation, cells that migrated or invaded through
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the membrane were fixed with 4% paraformaldehyde and stained

with 0.2% crystal violet.

2.10 RNA extraction and RT-qPCR

Total RNA was extracted from tissues, cultured cells, and

exosomes using TRIzol reagent (Invitrogen, CA, USA) according

to the manufacturer’s instructions. cDNA was synthesized from 0.5

mg of total RNA using a cDNA synthesis kit (Takara, Japan).

Quantitative real-time PCR was performed on a QuantStudio 5

Real-Time PCR System (Applied Biosystems, Foster City, CA, USA)

using SYBR Green reagents (Takara). Gene expression levels were

normalized to b-actin as the endogenous control, and relative

mRNA expression was calculated using the 2−DDCt method.

Amplification specificity was assessed by melting curve analysis.

Gene-specific primers were synthesized by Sangon Biotech

(Shanghai, China) with the following sequences: b-actin-F: 5′−GA
CGGCTACCCGATCTCGGCAT−3′, b-actin-R: 5′−ACGGCTTT
CCAGCGCATCCGCA−3′, POSTN-F: 5′−CTGCTTCAGGGAGA
CA CACC−3′ , POSTN-R: 5′−ACCACAGGAGGCTAACT

CCA−3′.

2.11 Nude mice tumor experiment

BALB/c nude mice (female, 4–6 weeks old, 18–22 g) were

maintained under specific pathogen-free (SPF) conditions. For

xenograft establishment, A549 or H1299 cells (5 × 106 cells per

mouse) were suspended in 200 mL phosphate-buffered saline (PBS)

and injected subcutaneously into the right flank of each mouse.

Tumor growth was allowed to proceed for approximately 2 weeks

until the xenograft volume reached about 100 mm³. At that time, 10

mg of exosomes isolated from lung adenocarcinoma-derived CAFs

were injected directly into the tumor center, while mice in the

control group received an equal volume of PBS. Each group

contained five mice. Tumor growth was monitored over time, and

tumor size was measured with calipers. Tumor volume was calcu-

lated using the formula: V = ½ × (long diameter × short diameter²).

Tumor growth curves were generated on the basis of serial volume

measurements. At the end of the experiment, mice were euthanized

and xenograft tumors were surgically excised for gross assessment

and light microscopic examination.

2.12 Statistical analysis

All statistical analyses were performed using GraphPad Prism 8

and R software (version 4.0.3). Continuous variables were analyzed

according to the distribution characteristics of the data. For com-

parisons between two independent groups, a two-tailed unpaired t-

test was used for normally distributed data, whereas the Wilcoxon

rank-sum test was applied for data that did not meet the assumption

of normality. For paired comparisons, a paired t-test or Wilcoxon

signed-rank test was used as appropriate. For comparisons among

more than two groups, one-way analysis of variance (ANOVA) or

the Kruskal–Wallis test was used according to the data distribution.

Survival analysis was performed using the survival and survminer R

packages. Kaplan–Meier survival curves were generated to evaluate

overall survival, and differences between groups were assessed using
Frontiers in Immunology 05
the log-rank test. Diagnostic performance was evaluated by receiver

operating characteristic (ROC) curve analysis, and the area under

the curve (AUC) was calculated to assess the discriminatory ability

of candidate genes. All tests were two-sided unless otherwise

specified. A P value of less than 0.05 was considered statisti-

cally significant.
3 Results

3.1 Single-cell landscape and immune
remodeling in MIA and adjacent lung
tissues

After quality control, a total of 40, 413 high-quality cells from

four primary MIA lesions and their matched adjacent tissues were

retained for analysis. These cells were grouped into 20 transcrip-

tionally distinct clusters (Figure 2A). Based on canonical marker

expression, the clusters were further consolidated into 12 major cell

types, including epithelial cells, natural killer (NK) cells, B cells,

macrophages, neutrophils, plasmacytoid dendritic cells (pDCs), T

cells, dendritic cells, fibroblasts, endothelial cells, mast cells, and

plasma cells (Figures 2B, C). Comparison of cell-type composition

between tumor and adjacent tissues revealed a pronounced remod-

eling of the immune microenvironment in MIA. Tumor tissues

contained substantially higher proportions of B lymphocytes, T

lymphocytes, and plasma cells, whereas the proportion of NK cells

was markedly reduced relative to adjacent normal tis-

sues (Figure 2D).

3.2 Global remodeling of intercellular
communication networks and signaling
pathways in MIA

CellChat analysis revealed substantial remodeling of the inter-

cellular communication landscape between MIA lesions and

matched adjacent lung tissues. In adjacent tissues, the strongest

overall interactions were mainly concentrated among NK cells,

endothelial cells, and T cells, with dense local signaling also

observed among macrophages, pDCs, and dendritic cells

(Supplementary Figure 1A). By contrast, MIA tissues displayed a

more broadly reorganized network in which T cells emerged as a

central communication hub, accompanied by increased connectiv-

ity of B cells, epithelial cells, fibroblasts, and endothelial cells

(Supplementary Figure 1B). Additionally, stromal and epithelial

participation in tumor tissues, including stronger fibroblast-derived

and endothelial-derived signaling, although epithelial-to-macro-

phage communication remained more prominent than fibroblast-

to-macrophage signaling (Supplementary Figures 1C, D).

Endothelial cell signaling also shifted between tissue types: in

adjacent tissues, endothelial cells showed lower signal intensity than

macrophages (Supplementary Figure 2A), whereas in tumor tissues

their signaling became markedly stronger and exceeded that of

macrophages (Supplementary Figure 2B). Representative ligand–

receptor analysis further supported this shift, showing condition-

specific interaction repertoires and stronger ECM-associated
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communication in tumor tissues than in adjacent tissues

(Supplementary Figure 2C). Together, these findings indicate that

early MIA is associated with marked rewiring of immune–stromal

communication networks.

3.3 Reorganization of outgoing and
incoming communication patterns in MIA

Comparative analysis of cell–cell communication between MIA

lesions and matched adjacent tissues revealed marked differences in

signaling pathway usage. Tumor tissues lost several pathways that

were prominent in adjacent tissues while acquiring additional

pathways that were not evident in the normal microenvironment

(Supplementary Figures 3A, B). Although the overall patterns of

outgoing signaling across major cell populations were broadly

similar between the two conditions, incoming signaling profiles

differed substantially (Supplementary Figures 3C, D). In adjacent

tissues, endothelial cells, fibroblasts, and epithelial cells displayed

distinct incoming signaling patterns. In contrast, these three cell

types converged toward a nearly identical incoming pattern in

tumor tissues, suggesting a more coordinated stromal and epithelial

response to microenvironmental cues. Moreover, whereas immune

cells in adjacent tissues largely shared a common incoming signal-

ing profile, those in tumor tissues were separated into two distinct

reception patterns, designated pattern 1 and pattern 3

(Supplementary Figures 3E, F). Collectively, the observed organi-

zation of incoming and outgoing signaling patterns may be asso-

ciated with the increased abundance and altered organization of

immune cells within the tumor microenvironment, as compared

with adjacent normal tissue.
Frontiers in Immunology 06
3.4 Identification of Cancer-AT2 as the
predominant malignant epithelial
subpopulation in MIA

To delineate the epithelial landscape of MIA and identify the

predominant malignant epithelial subpopulation, we performed a

refined analysis of epithelial cells within the tumor microenviron-

ment. Epithelial cells were classified into six subpopulations, in-

cluding Cancer-AT2, Normal-AT2, AT1, Club, Ciliated, and Basal

cells (Figures 3A, B). Among these, Cancer-AT2, Normal-AT2, and

Club cells accounted for the largest fractions (Figure 3C). Notably,

the proportion of Cancer-AT2 cells was markedly higher in tumor

tissues than in adjacent tissues (93.41% vs. 6.59%; Figure 3D),

indicating an expansion of malignant epithelial cells within MIA

lesions. Cancer-AT2 also represented the largest epithelial subpop-

ulation overall, and showed the highest malignancy score among all

epithelial subsets (Figure 3E). Consistently, inferCNV analysis

further supported the malignant nature of Cancer-AT2 cells by

demonstrating more pronounced copy number variation patterns

than those observed in other epithelial populations (Figure 3F). We

next examined the expression of representative epithelial marker

genes across these subpopulations. CEACAM6, HPGD, SFTPA1,

SFTPD, AGER, SCGB3A2, CAPS, and KRT17 showed clear sub-

type-specific expression patterns (Figure 3G). CEACAM6 was

mainly expressed in Cancer-AT2, AT1, and Club cells, whereas

HPGD was largely restricted to Cancer-AT2 cells. SFTPA1 and

SFTPD were enriched in Cancer-AT2, Normal-AT2, AT1, and Club

cells, while AGER was predominantly confined to AT1 cells.

SCGB3A2 was detected mainly in Cancer-AT2, Normal-AT2, and

Club cells, CAPS was enriched in Club, Ciliated, and Basal cells, and
FIGURE 2

Single-cell transcriptomic landscape of MIA and matched adjacent lung tissues. (A) UMAP visualization of all cells colored by unsupervised clusters
and by sample origin. (B) UMAP plot showing the annotation of major cell types, including B cells, dendritic cells, endothelial cells, epithelial cells,
fibroblasts, macrophages, mast cells, neutrophils, NK cells, plasmacytoid dendritic cells (pDCs), plasma cells, and T cells. (C) Dot plot showing the
expression of canonical marker genes used for cell-type annotation. (D) Stacked bar plot showing the relative proportions of major cell populations
across individual samples.
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KRT17 was primarily expressed in Basal cells (Figure 3H).

Together, these findings define a heterogeneous epithelial landscape

in MIA and identify Cancer-AT2 as the predominant malignant

epithelial subpopulation.

3.5 Heterogeneity of fibroblast-lineage
cells and enrichment of POSTN+ CAFs in
MIA

To characterize fibroblast heterogeneity within the MIA micro-

environment, fibroblast-lineage cells were further resolved into

seven CAF subtypes, including POSTN+ CAFs, SFRP2+ CAFs,

VEGFD+ CAFs, inflammatory CAFs (iCAFs), myofibroblastic

CAFs (myoCAFs), endothelial–mesenchymal transition CAFs

(EnMTCAFs), and pericytes (Figures 4A–C). Among these popu-

lations, POSTN+ CAFs, SFRP2+ CAFs, VEGFD+ CAFs, and

pericytes constituted the predominant fractions (Figure 4D). The

proportions of iCAFs (69.26% vs. 30.74%), POSTN+ CAFs (65.6%

vs. 34.4%), and myoCAFs (53.7% vs. 46.3%) were markedly higher

in tumor tissues than in adjacent tissues (Figure 4E), indicating a

preferential expansion of these activated fibroblast subsets in the

MIA stroma. Consistent with their annotations, POSTN, SFRP2,

VEGFD, PTPRC, MYH11, PECAM1, and RGS5 were among the

most prominently upregulated genes in fibroblast-lineage cells
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(Figure 4F). Their expression displayed clear subset specificity:

POSTN was mainly confined to POSTN+ CAFs and EnMTCAFs;

SFRP2 to POSTN+ CAFs and SFRP2+ CAFs; VEGFD to POSTN+

CAFs and VEGFD+ CAFs; PTPRC to iCAFs; MYH11 to myoCAFs,

EnMTCAFs, and pericytes; PECAM1 to EnMTCAFs; and RGS5 to

EnMTCAFs and pericytes (Figure 4G). These findings define a

highly heterogeneous fibroblast compartment in MIA and identify

POSTN+ CAFs as a transcriptionally distinct and tumor-enriched

stromal population.

3.6 MIA tissue-derived exosomes carry a
distinct, ECM-related mRNA cargo

Exosomes isolated from MIA lesions and matched adjacent

tissues displayed typical discoid morphology under transmission

electron microscopy and expressed classical exosomal markers

CD63, CD81, and TSG101, confirming the successful isolation of

bona fide exosomes (Supplementary Figures 4A, B). Comparative

transcriptomic profiling revealed that exosomes from MIA tissues

contained a distinct mRNA cargo compared with those derived

from matched adjacent tissues, comprising 588 differentially ex-

pressed mRNAs, of which 212 were upregulated and 376 were

downregulated (Supplementary Figures 5A, B). Among the upreg-

ulated transcripts, CCL19, NHS, URB1, PHLDA2, and POSTN
FIGURE 3

Epithelial cell heterogeneity and identification of the malignant Cancer-AT2 subpopulation in MIA. (A) Epithelial cells were divided into 6 subsets,
including Cancer-AT2, Normal-AT2, AT1, Club, Ciliated, Basal. (B) Markers for epithelial cell subsets. (C, D) Summary of epithelial cell subset
proportions in carcinoma and adjacent tissues. (E, F) CNV analysis shows that the Cancer-AT2 cell population has the highest malignancy level
among these subsets. (G) Feature plots of representative epithelial marker genes. (H) Violin plots showing subtype-specific expression of
representative marker genes.
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showed the greatest increases in expression. Functional enrichment

analysis indicated that differentially expressed exosomal mRNAs

were mainly associated with basic cellular and regulatory processes

at the Gene Ontology (GO) level (Supplementary Figure 5C),

whereas KEGG pathway analysis highlighted significant enrichment

in the Fanconi anemia pathway, ECM–receptor interaction, and

other related signaling pathways (Supplementary Figure 5D).

Together, these results indicate that tissue-derived exosomes in

MIA possess a remodeled mRNA landscape enriched in ECM-

associated transcripts, including POSTN, which may contribute to

tumor–stroma crosstalk and microenvironmental remodeling.

3.7 Fibroblasts show the strongest
association with tissue-derived exosomal
signatures in MIA

To identify the cell population most closely associated with

tissue-derived exosomal signatures in MIA, we integrated exosomal

and single-cell transcriptomic data. Enrichment analysis of

exosome-related pathways showed that fibroblasts, epithelial cells,

macrophages, endothelial cells, and dendritic cells had the strongest

representation of exosome-associated programs among the major

cell populations (Figure 5A). Correlation analysis further showed

that fibroblasts had the strongest and most consistent association
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with exosomal transcriptomic profiles across individual exosome

samples, and this relationship remained evident at the group level

(Figure 5B). We next examined the overlap of highly expressed

genes across major cell populations. Endothelial cells, fibroblasts,

and epithelial cells shared a substantial number of transcripts, while

neutrophils, dendritic cells, and macrophages also showed consid-

erable overlap; NK cells and T cells displayed a similarly related

expression pattern (Figure 5C). In line with these findings, endo-

thelial cells, fibroblasts, and epithelial cells contained the largest

numbers of highly expressed genes among the major cell popula-

tions. In addition, representative marker-gene analysis further

supported the presence of shared transcriptional features across

related cell types (Figure 5D). Tese results indicate that fibroblasts

are most closely linked to tissue-derived exosomal signatures in

MIA, while exosome-associated transcriptional features are shared

across several stromal and immune cell populations.

3.8 Enhanced epithelial–fibroblast
crosstalk centered on cancer-AT2 cells and
POSTN+ CAFs in MIA

To characterize epithelial–fibroblast communication in MIA,

we compared inferred interactions between epithelial and fibroblast

subpopulations in tumor and matched adjacent tissues. Tumor
FIGURE 4

Heterogeneity of fibroblast-lineage cells in MIA and enrichment of POSTN+ CAFs in tumor tissues. (A) Fibroblasts were divided into 7 subsets:
POSTN+CAFs, SFRP2+CAFs, VEGFD+CAFs, iCAFs, myoCAFs, EnMTCAFs, Pericyte. (B) Canonical marker genes for fibroblast subtype annotation
shown as a dot plot. (C) Comparison of subtype-associated marker expression between cancer and adjacent tissues. (D, E) Summary of fibroblasts
cell subset proportions in carcinoma and adjacent tissues. (F) Feature plots of representative marker genes across fibroblast-lineage cells. (G) Violin
plots showing subtype-specific expression of representative marker genes.
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tissues showed a slightly greater number of inferred interactions

than adjacent tissues (10, 826 vs. 10, 381), together with a substan-

tially higher overall interaction strength (1, 349 vs. 811; Figure 6A),

indicating enhanced crosstalk between these two compartments in

the tumor microenvironment. Communication network analysis

showed that among epithelial subsets, Cancer-AT2 cells engaged

most frequently with fibroblast populations, with the strongest

interactions observed with POSTN+ CAFs, followed by SFRP2+

CAFs, VEGFD+ CAFs, and pericytes (Figure 6B). This hierarchy

was consistently observed for both overall signaling and incoming

signaling intensity (Figures 6C, D). At the pathway level, the

communication repertoire differed markedly between the two

conditions. Several pathways, including NGL, LIFR, CD45, IL1,

ACTIVIN, and NRXN, were more prominent in tumor tissues,

whereas PVR, NCAM, CD226, IFN-II, PARs, MHC-I, CSF3, and

ICAM were more evident in adjacent tissues (Figure 6E). Together,

these findings indicate that epithelial–fibroblast communication is

selectively strengthened in MIA, with Cancer-AT2 cells and

POSTN+ CAFs forming a major interaction axis within the

tumor microenvironment.

3.9 Clinical relevance of exosome-derived
candidate genes highlights POSTN as a
potential biomarker in LUAD

To assess the clinical relevance of exosome-derived candidate

genes, we examined their expression, prognostic value, and diag-

nostic performance in LUAD, with a particular focus on POSTN.

Compared with adjacent normal tissues, LUAD tissue–derived

exosomes showed marked upregulation of the five most differen-

tially expressed mRNAs: CCL19 (fold change = 12.7), NHS (fold
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change = 8.9), URB1/KIAA0539 (fold change = 6.9), PHLDA2 (fold

change = 9.5), and POSTN (fold change = 10.2) (Figure 7A). In the

TCGA-LUAD cohort (n = 598), all five genes were significantly

overexpressed in tumor tissues relative to normal lung (Figure 7B; P

< 0.001). Survival analysis showed that CCL19 was not associated

with overall survival, whereas higher NHS expression predicted

better prognosis; in contrast, higher URB1, PHLDA2, and POSTN

expression was associated with worse overall survival (Figure 7C;

Supplementary Figures 6A–D). ROC analysis indicated that all five

genes possessed diagnostic value for LUAD, with AUCs of 0.703

(CCL19), 0.836 (NHS), 0.902 (URB1), 0.911 (PHLDA2), and 0.812

(POSTN) (Figure 7D).

Because POSTN was associated with poor prognosis, it was

selected for further validation. POSTN mRNA expression was

significantly higher in LUAD cell lines than in BEAS-2B cells

(Figure 7E). In clinical samples, POSTN expression was increased

in LUAD tissues relative to adjacent tissues and was higher in

metastatic than in non-metastatic cases (Figure 7F). A similar

pattern was observed for tissue-derived exosomal POSTN, which

was elevated in LUAD, associated with metastasis, and varied across

clinical stages (Figure 7G). In addition, serum exosomal POSTN

was significantly increased in patients with LUAD compared with

healthy controls (Figure 7H). Together, these findings support the

clinical relevance of POSTN in LUAD.

3.10 POSTN+ CAF-derived exosomes
promote LUAD cell malignancy and tumor
growth

To clarify the source and functional significance of exosomal

POSTN in the MIA/LUAD microenvironment, we combined
FIGURE 5

Integrated analysis of tissue-derived exosomes and single-cell transcriptomes identifies fibroblasts as the cell population most closely associated
with exosomal signatures in MIA. (A) Heatmap showing the enrichment of exosome-related pathways across major cell populations. (B) Bubble plot
showing the correlations between major cell populations and tissue-derived exosomal transcriptomic profiles. (C) Pairwise overlap matrix of highly
expressed genes among major cell populations. (D) Dot plots showing the expression of representative macrophage-associated genes, neutrophil-
associated genes, and T-cell-associated genes across major cell populations. Dot size represents the percentage of cells expressing each gene, and
color intensity indicates the average expression level.
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FIGURE 7

Clinical evaluation of exosome-derived candidate genes and validation of POSTN in LUAD. (A) Expression levels of the five most upregulated
differentially expressed mRNAs—CCL19, NHS, URB1/KIAA0539, PHLDA2, and POSTN—in tissue-derived exosomes from LUAD tissues and matched
adjacent normal tissues. (B) Expression levels of CCL19, NHS, URB1, PHLDA2, and POSTN in tumor and normal lung tissues from the TCGA-LUAD
cohort. (C) Kaplan–Meier overall survival analysis according to POSTN expression in LUAD. (D) Receiver operating characteristic (ROC) curves
showing the diagnostic performance of the five candidate genes in LUAD. (E) Relative POSTN mRNA expression in BEAS-2B bronchial epithelial cells
and LUAD cell lines (A549, H1299, HCC827, and PC9). (F) Relative POSTN mRNA expression in adjacent and LUAD tissues, and in non-metastatic
and metastatic LUAD samples. (G) Tissue-derived exosomal POSTN mRNA levels in LUAD, stratified by lymph node metastasis status and
pathological stage. (H) Relative serum exosomal POSTN mRNA expression in healthy controls and patients with LUAD. *Asterisks indicate statistical
significance versus adjacent tissue or the non-metastatic group (**P < 0.01; ***P < 0.001), and hash symbols indicate significance between tumor
subgroups (##P < 0.01; ###P < 0.001).
FIGURE 6

Enhanced epithelial–fibroblast crosstalk centered on cancer-AT2 cells and POSTN+ CAFs in MIA. (A) Bar plots showing the total number of inferred
interactions and the overall interaction strength between epithelial and fibroblast compartments in cancer and adjacent tissues. (B) Differential
interaction network among epithelial and fibroblast subpopulations. (C) Heatmaps showing overall signaling patterns of epithelial and fibroblast
subpopulations in cancer and adjacent tissues. (D) Heatmaps showing incoming signaling patterns of epithelial and fibroblast subpopulations in
cancer and adjacent tissues. (E) Molecules unique to tumor or adjacent tissue in epithelial-fibroblast communication.
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transcriptomic analyses with in vitro and in vivo experiments.

Immune infiltration analysis showed that POSTN expression was

negatively correlated with tumor purity and B-cell infiltration, but

positively correlated with CD8+ T cells, macrophages, neutrophils,

and dendritic cells (Supplementary Figure 7A), indicating that

elevated POSTN expression is associated with a stromal- and

immune-enriched tumor microenvironment. Consistent with this

observat ion, analys is of the NSCLC_GSE127465 and

NSCLC_GSE148071 datasets showed that POSTN expression was

highest in fibroblasts among tumor microenvironment–associated

cell populations (Supplementary Figure 7B). Together, these find-

ings support fibroblasts, particularly POSTN+ CAFs, as a major

source of POSTN in the tumor microenvironment.

We next assessed the functional effects of POSTN+ CAF-

derived exosomes on LUAD cells. Compared with exosomes from

POSTN- CAFs, exosomes derived from POSTN+ CAFs significantly

promoted the proliferation of both A549 and H1299 cells

(Figures 8A, B). Colony formation assays showed a similar increase

in clonogenic growth after treatment with POSTN+ CAF-derived
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exosomes (Figure 8C). In addition, Transwell assays demonstrated

that POSTN+ CAF-derived exosomes enhanced the migratory and

invasive capacities of both LUAD cell lines (Figures 8D, E). The

tumor-promoting effect of POSTN+ CAF-derived exosomes was

further confirmed in vivo. In xenograft models established with

A549 and H1299 cells, mice receiving POSTN+ CAF-derived

exosomes developed larger tumors than those receiving POSTN-

CAF-derived exosomes, and tumor growth was accelerated over

time (Figure 8F). Collectively, these results indicate that POSTN+

CAF-derived exosomes enhance the malignant behavior of LUAD

cells and promote tumor growth.
4 Discussion

Despite the recognized importance of CAFs and EVs in LUAD

(21), how fibroblast-derived exosomal signals contribute to

microenvironmental remodeling and early progression in MIA
FIGURE 8

In vitro and in vivo effects of POSTN+ CAF–derived exosomes on LUAD cells. (A, B) CCK-8 assays showing the proliferation of A549 (A) and H1299
(B) cells after treatment with exosomes derived from POSTN- CAFs or POSTN+ CAFs. (C) Representative images of colony formation in A549 and
H1299 cells treated with exosomes from POSTN- CAFs or POSTN+ CAFs. (D, E) Representative images of Transwell migration and invasion assays in
A549 (D) and H1299 (E) cells treated with exosomes from POSTN- CAFs or POSTN+ CAFs. (F) Tumor growth in nude mice bearing A549 or H1299
xenografts treated with PBS, POSTN- CAF–derived exosomes, or POSTN+ CAF–derived exosomes. *P < 0.05, **P < 0.01, ***P < 0.001 versus the
control group; #P < 0.05, ##P < 0.01, ###P < 0.001 versus the POSTN- CAF–derived exosome group.
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remains insufficiently understood. In the present study, we inte-

grated single-cell transcriptomics, tissue-derived exosomal RNA

sequencing, clinical validation, and functional assays to investigate

stromal–epithelial communication in microinvasive lung adenocar-

cinoma. Our data indicate that MIA already exhibits substantial

microenvironmental remodeling, characterized by expansion of a

malignant Cancer-AT2 epithelial population, enrichment of

POSTN+ CAFs, and strengthened communication between fibro-

blasts and epithelial cells. We further found that POSTN was

elevated in tissue-derived exosomes and remained clinically rele-

vant across tissue, exosomal, and serum-based analyses.

Functionally, exosomes derived from POSTN+ CAFs promoted

LUAD cell proliferation, migration, invasion, clonogenic growth,

and xenograft progression. Taken together, these findings support a

model in which POSTN+ CAFs represent an active stromal com-

ponent in early LUAD evolution and suggest that exosomal POSTN

may involved in tumour-promoting stromal–epithelial crosstalk.

It is worth noting that POSTN is not a newly identified CAF

marker; rather, it has already been recognized as a prominent

stromal and CAF-associated molecule in NSCLC. For example,

Chen et al. identified a myofibroblastic CAF subpopulation,

POSTN+ CAFs, which might associate with SPP1+ macrophages

to promote the formation of desmoplastic architecture and partic-

ipate in immune suppression (22). In addition, Wasik et al. con-

firmed that high POSTN expression may be critical for angiogenesis

and the progression of NSCLC and serves as an independent

prognostic factor for NSCLC (23). Thus, the principal contribution

of the present work is not to redefine POSTN as a CAF biomarker,

but to extend this framework by showing that POSTN in CAF-

derived exosomes is associated with aggressive tumour phenotypes

and may participate in early-stage LUAD progression. Our study

also provide a plausible biological context for the tumour-promot-

ing effects of POSTN-positive CAF-derived exosomes. Our cell–cell

communication analysis highlighted strong epithelial–fibroblast

interactions centered on Cancer-AT2 cells and POSTN+ CAFs,

with enrichment of ECM-related signaling. This observation is

consistent with the known biology of POSTN as a matricellular

protein involved in matrix organization, cell adhesion, and tumour-

supportive stromal activation. Previous studies have shown that

CAF-derived POSTN can enhance NSCLC cell proliferation, mi-

gration, epithelial–mesenchymal transition, and treatment resis-

tance, and that these effects may involve ERK activation or integrin-

associated signaling pathways (24–26). Although our study did not

directly dissect the downstream pathway activated by exosomal

POSTN in recipient cells, the combined transcriptomic and func-

tional evidence supports the interpretation that POSTN+ CAFs

contribute to a matrix-remodeling stromal program that favors

malignant progression.

At the same time, our findings should not be interpreted as

evidence that POSTN is transferred exclusively through exosomes.

Intercellular communication within the tumour microenvironment

is inherently multifaceted and is mediated through several parallel

mechanisms, including soluble cytokines and growth factors, ex-

tracellular vesicles of different subclasses, matrix-bound signaling,

and direct cell–cell contact (27, 28). This issue is particularly

relevant for POSTN, which is a secreted matricellular protein and
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may exert its biological effects in more than one form (29). In

addition to being packaged into extracellular vesicles, POSTN may

be released into the extracellular space, incorporated into the

surrounding matrix, or act in concert with broader stromal remod-

eling processes driven by activated fibroblasts (30). As a result, the

tumour-promoting effects associated with POSTN+ CAFs in vivo

are likely to reflect a combination of vesicle-mediated transfer and

non-vesicular stromal mechanisms rather than a single mode of

delivery. Our functional data clearly show that exosomes derived

from POSTN+ CAFs are sufficient to enhance malignant pheno-

types in LUAD cells, supporting exosomes as a biologically relevant

route of stromal signaling. However, these experiments do not

establish that exosomal transfer is the only mechanism responsible

for the observed effects, nor do they exclude the contribution of

soluble POSTN or other fibroblast-derived factors carried by the

same microenvironment. Thus, exosomes represent an important

and experimentally supported route through which POSTN-asso-

ciated stromal signals can be conveyed in MIA, while additional

complementary mechanisms are also likely to participate in shaping

tumour behavior in vivo.

Compared with circulating vesicles, tissue-derived extracellular

vesicle preparations are more likely to reflect local tumour–stroma

communication because they are obtained directly from the lesion

and its surrounding microenvironment and therefore retain more

tissue-specific biological information (19, 31). However, extracellu-

lar vesicle isolation from solid tissues remains technically challeng-

ing. Previous methodological studies have shown that tissue

dissociation and ultracentrifugation can effectively enrich vesicle

populations, but recovery efficiency, yield, and subtype purity are all

influenced by the nature of the starting material and the details of

the isolation workflow (19, 31). In addition, growing evidence

suggests that tissue-derived preparations may contain heteroge-

neous extracellular vesicle subpopulations, which should be taken

into account when interpreting downstreammolecular profiles (32).

Consistent with this, the MISEV2018 guidelines recommend that,

unless rigorous evidence for vesicle subtype assignment is available,

such preparations should be described as enriched extracellular

vesicle fractions rather than definitive exosome isolates (33). In our

study, vesicle morphology was confirmed by transmission electron

microscopy, and the preparations expressed canonical extracellular

vesicle markers, including TSG101, CD63, and CD81, supporting

the overall quality of the isolated material. Nevertheless, the present

data are most appropriately interpreted as arising from enriched

tissue-derived extracellular vesicle preparations rather than abso-

lutely pure exosomes.

The clinical observations in this study further support the

relevance of POSTN in LUAD. In the TCGA-LUAD cohort, all

five exosome-derived candidates were overexpressed in tumors, but

only URB1, PHLDA2, and POSTN were clearly associated with

poor survival, and POSTN showed strong diagnostic performance.

Our own cohort confirmed that POSTN mRNA and exosomal

POSTN levels were elevated in LUAD cell lines, tumor tissues, and

tissue-derived exosomes, with higher levels in patients with lymph

node metastasis and a stepwise increase across pathological stages.

Serum exosomal POSTN was also significantly higher in LUAD

patients than in healthy controls, echoing previous reports that
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circulating exosomal POSTN is linked to tumor burden and

metastatic behavior in other cancers (34, 35). Importantly, our

study extends these observations by tracing POSTN to a specific

stromal source and linking it to a biologically meaningful route of

communication in an early-stage disease context. In this sense,

exosomal POSTN may be considered not only a candidate bio-

marker, but also a readout of stromal activation during the

transition from minimally invasive to more aggressive disease.

This study has several limitations that should be acknowledged.

First, the discovery cohort used for single-cell and tissue-derived

exosomal profiling was relatively small and derived from a single

center, which may limit generalizability; future studies should there-

fore include larger, multicenter cohorts to confirm the robustness of

the observed stromal–exosomal patterns. Second, although our

functional assays showed that POSTN+ CAF-derived exosomes

promote malignant phenotypes, the study did not directly establish

that POSTN itself is the sole or indispensable effector; this question

should be addressed in future work through targeted POSTN

knockdown or overexpression in CAFs, together with rescue exper-

iments in recipient cells. Third, the downstream signaling events

triggered by POSTN-associated exosomal transfer were not mecha-

nistically dissected; more detailed pathway analyses, including

transcriptomic, proteomic, and inhibition-based validation, will be

needed to define the molecular programs activated in recipient

tumour cells. Fourth, although our single-cell data strongly suggested

enrichment of POSTN+ CAFs in the stromal compartment, we were

unable to validate their spatial relationship to epithelial regions,

including the Cancer-AT2 compartment, by immunofluorescence,

immunohistochemistry, or spatial transcriptomic approaches; future

studies incorporating these methods would help define the anatom-

ical distribution of POSTN+ CAFs and clarify whether their

localisation supports the proposed stromal–epithelial communication

axis. Fifth, because intercellular transfer within the tumour microen-

vironment is not limited to exosomes, the current study cannot

exclude contributions from soluble factors, other extracellular vesicle

subtypes, or contact-dependent mechanisms; future experiments

using more selective vesicle isolation strategies, secretion-blocking

approaches, and conditioned-medium controls would help distin-

guish these possibilities. Finally, although the extracellular vesicle

preparations were validated morphologically and by canonical mark-

ers, tissue-derived vesicle isolation remains technically challenging

and may yield heterogeneous vesicle populations; accordingly, future

studies should incorporate more rigorous extracellular vesicle char-

acterization and standardized isolation workflows to improve purity,

reproducibility, and cell-of-origin resolution.
5 Conclusion

In summary, our work reveals that even at the microinvasive

stage, LUAD is characterized by a profoundly remodeled microen-

vironment in which POSTN+ CAFs emerge as central stromal

players. By integrating single-cell and tissue-derived exosomal

transcriptomes with functional experiments, we identify a

POSTN+ CAF–exosomal POSTN–Cancer-AT2 axis that enhances
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malignant epithelial behavior and is closely linked to disease

progression and poor prognosis. These findings not only provide

mechanistic insight into how stromal fibroblasts and exosomes

drive MIA evolution but also highlight exosomal POSTN as a

promising biomarker and potential therapeutic target in early-

stage LUAD. Future studies targeting POSTN+ CAFs or disrupting

exosomal POSTN signaling, alone or in combination with existing

targeted and immunotherapies, may offer new avenues to prevent

or delay the progression of MIA to invasive lung adenocarcinoma.
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Glossary

NSCLC Non-small cell lung cancer
Frontiers in Immunol
MIA Microinvasive adenocarcinoma
LUAD Lung adenocarcinoma
CAFs Cancer-associated fibroblasts
POSTN Periostin
TME Tumor microenvironment
scRNA-seq Single-cell RNA sequencing
TCGA The Cancer Genome Atlas
GEO Gene Expression Omnibus
GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
ROC Receiver Operating Characteristic
ECM Extracellular matrix
EMT Epithelial-mesenchymal transition
EVs Extracellular vehicles
BCA Bicinchoninic acid
CCK-8 Cell Counting Kit-8
ogy 16
PBS Phosphate-buffered saline
RT-qPCR Reverse transcription quantitative polymerase chain reaction
SPF Specific pathogen-free
NK cells Natural killer cells
pDCs Plasmacytoid dendritic cells
AT2 Alveolar type II
iCAFs Inflammatory cancer-associated fibroblasts
myoCAFs Myofibroblastic cancer-associated fibroblasts
EnMTCAFs Endo t h e l i a l–me s en c h yma l t r a n s i t i o n c a n c e r -

associated fibroblasts
AUC Area under the curve
CNV Copy number variation
GSVA Gene set variation analysis
LR-pairs Ligand–receptor pairs
FDR False Discovery Rate
OS Overall survival
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