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Abstract

Non-small cell lung cancer (NSCLC) continues to be a leading cause of cancer-related deaths globally, primarily
due to its late diagnosis and the complex nature of its tumor microenvironment (TME). Within this environment,
cancer-associated fibroblasts (CAFs) play a crucial role in regulating NSCLC progression and therapeutic resistance.
Recent advancements in single-cell and spatial technologies have uncovered significant heterogeneity among
CAFs, revealing distinct subpopulations with varying cellular origins, phenotypes, and functions. Besides, the role
of small extracellular vesicles (sEVs) in facilitating bidirectional communication highlights functional importance
of CAF derived sEVs in mediating the crosstalk between cancer and TME, implicating the potential of CAF-sEVs to
be un-invasive diagnostic biomarkers for NSCLC. Despite such new insights, challenges remain exist, particularly
concerning the mechanisms that drive CAF plasticity, the interactions between specific CAF subsets with cancer
cells or immune cells, and the translational significance of CAF-sEVs. In this review, we summarize the latest
advances in our understanding of CAF heterogeneity, the functional roles and clinical relevance of CAFs and their
secreted sEVs in driving NSCLC, and the translational landscape of CAF-targeted strategies. By critically evaluating
the most recent evidence, this review provides clinically relevant insights and highlights future directions for
overcoming CAF-mediated barriers to therapy. Our aim is to facilitate the development of more precise, biomarker-

patients with NSCLC.

driven, and safe approaches for targeting CAFs, ultimately improving personalized treatment and outcomes for

Background

Despite significant progress in elucidating the mecha-
nisms of cancer development over recent decades,
addressing these complex mechanisms remains challeng-
ing. Non-small cell lung cancer (NSCLC), encompass-
ing lung adenocarcinoma (LUAD), lung squamous cell
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carcinoma (LUSC), and large cell lung cancer (LCLC), is
the predominant subtype of lung cancer and is frequently
diagnosed at advanced stages. While traditional treat-
ments including chemotherapy, radiotherapy, targeted
therapies, and immunotherapy, have improved outcomes
for some patients, the mortality rate for NSCLC remains
high. Increasing evidence highlights the important role
of the tumor microenvironment (TME), particularly the
stromal compartment, in driving tumor heterogeneity
and complexity beyond what is explained by cancer cell-
intrinsic genetic mutations alone.

As one of the dominant components of TME stroma,
cancer associated fibroblasts (CAFs) have emerged as
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principal regulators of NSCLC biology [1-3]. They form
an intricate crosstalk network for dynamic regulation
among tumor cells and stromal cells, which is crucial for
cancer progression [4, 5]. Unlike quiescent fibroblasts,
CAFs are activated fibroblasts characterized by meta-
bolic adaptation [6]. Once viewed as a relatively uniform
population of activated fibroblasts, recent advances in
single-cell RNA sequencing (scRNA-seq), spatial tran-
scriptomics, and multiplex imaging have reshaped our
understanding of CAF heterogeneity [7]. These stud-
ies reveal that CAFs are a highly diverse population,
comprising multiple subtypes distinguished by distinct
molecular signatures, spatial distributions, and func-
tional roles. Notably, specific CAF subsets have been
implicated in promoting tumor growth, metastasis,
immune evasion, and therapy resistance, while others
may exert tumor-restraining effects [8]. This functional
plasticity and diversity pose both challenges and oppor-
tunities for developing CAF-targeted therapies.

Recently, more and more research elucidates the criti-
cal role of CAF-derived small extracellular vesicles (SEVs)
in mediating the dynamic crosstalk between CAFs, tumor

cells and TME. These sEVs transport oncogenic microR-
NAs (miRNAs), long non-coding RNAs (IncRNAs), and
proteins to cancer cells and TME, leading to acquisition
of metastatic, stemness, and drug-resistant phenotypes.
Conversely, tumor-derived sEVs can reciprocally repro-
gram CAFs into pro-tumorigenic phenotypes, establish-
ing a bidirectional communication axis to support tumor
progression. Although the clinical validation of EV-based
biomarkers remains a critical challenge, their diagnostic
and therapeutic potential remains highly promising.

The heterogeneity of cancer-associated fibroblasts
(CAFs), their diverse functional roles in tumor progres-
sion, and the therapeutic potential of targeting CAFs have
been comprehensively addressed in previous reviews [5,
9]. In particular, Cheung et al. provided an in-depth anal-
ysis of the origins and functional contributions of CAFs
in driving NSCLC progression [10]. Recent advances in
single-cell sequencing have gained new insight into the
understanding of the complexity and diversity of CAF
subtypes, revealing novel clinical implications in NSCLC.
Additionally, emerging research on small extracellular
vesicles (sEVs) reveals their significant role in driving
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cancer progression, highlighting the importance of elu-
cidating the specific contribution of CAF-sEVs in driv-
ing NSCLC development. In this review, we summarize
the most recent updates about CAFs in NSCLC, with a
particular focus on the CAF heterogeneity, sEV-mediated
communication, and their translational significance. By
critically examining the ways in which CAFs contribute
to tumor growth, therapy resistance, and disease evolu-
tion, we aim to delineate both the current challenges
and emerging opportunities in targeting these cells. Fur-
thermore, we propose integrative approaches to harness
CAF plasticity for improving NSCLC outcomes. Our
aim is to provide a comprehensive foundation that will
not only inspire further research, but also support the
development of more effective, personalized treatment
approaches for patients with NSCLC.

Method

In this review, data collection methods included a com-
prehensive search of English peer-reviewed literature
from 2017 to 2025 to ensure that an extensive range of
studies addressing the CAFs and NSCLC were included,
mainly focusing the latest studies from 2023 to 2025.
The PRISMA flow diagram illustrates the study selection
process (Fig. 1) [11]. Search was conducted in PubMed
employing relevant keywords related to the “CAFs” and
“NSCLC’ which initially retrieved 191 relevant articles.
After removing duplicates, the titles and abstracts were
screened to assess their potential eligibility. Studies
did not investigate the interaction between CAFs and
NSCLC were excluded, resulting in a total of 163 eligible
studies. The remaining articles were further evaluated
based on the predefined inclusion and exclusion criteria,
resulting in the final inclusion of 95 eligible studies in the
review. These 95 studies were selected through the afore-
mentioned PRISMA screening process and are related
to NSCLC and CAFs. This ensures academic rigor. We
systematically sourced studies (95/121) and incorporated
supporting citations (26/121), ensuring both structural
integrity and substantive content of the article, while
demonstrating the meticulousness of our citations.

The goal was to systematically collect and analyze both
descriptive and numerical data from studies that inves-
tigated the role of CAFs in NSCLC, focusing on their
heterogeneity, functional mechanisms, therapeutic resis-
tance, and clinical relevance as biomarkers or therapeu-
tic targets. Additionally, when available, insights from
clinical trials and observational studies were included to
enrich the findings and support the overarching narra-
tive. This review synthesizes the latest advancements in
understanding CAFs and their roles in NSCLC progres-
sion and therapy resistance.
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Origin and heterogeneity of CAF

Origin of CAF

CAFs are integral to the solid TME. Normal fibro-
blasts (NFs), also known as quiescent fibroblasts, are
major sources of CAFs. In breast cancer, it has demon-
strated that CD26* NFs can transform into inflammatory
CAFs (iCAFs), which exhibit enhanced aggressiveness
through the secretion of pro-inflammatory cytokines
and the suppression of anti-tumor signaling. In contrast,
CD26" NFs give rise to myofibroblastic CAFs (myCAFs),
which increase stromal stiffness via collagen remodel-
ing, thereby highlighting the impact of NF heterogene-
ity on CAF phenotypes [12]. Additionally, NFs can be
recruited and activated into CAFs through various stim-
uli, including transforming growth factor-beta (TGE-f3)
[13], homeodomain-interacting protein kinase (HIPK2)
[14], epiregulin (EREG) [15], and hepatocyte growth fac-
tor (HGF). CAFs can also originate from mesenchymal
stem cells (MSCs) [16]. In chronic lymphocytic leukemia
(CLL), it has been shown that tumor cell-secreted exo-
somes can induce the transition of MSCs into CAFs via
miR-146a-mediated suppression of SUP16 [17]. In lung
cancer, CAFs have recently been found to arise from M2
macrophages through a process termed macrophage-
myofibroblast transition (MMT), which is driven by
Smad3. Inhibition of MMT, either by macrophage-spe-
cific genetic deletion or pharmacological suppression of
Smad3, can effectively suppress MMT-driven CAF for-
mation and tumor progression, indicating the therapeu-
tic potential of targeting the MMT process [18]. A more
recent study from the same group further dissected the
downstream effectors of Smad3-driven MMT, identifying
the hematopoietic transcription factor RUNX1 as a key
regulator via TGF-B1/Smad3 signaling. Stromal expres-
sion of RUNX1 is positively correlated with infiltration
of MMT-derived CAFs and poor survival in lung cancer
patients, further implicating its therapeutic relevance.
Specific inhibition of RUNXI1 effectively suppresses
tumor growth by inhibiting MMT [19]. Collectively,
these studies indicate that targeting CAF plasticity rep-
resents a promising therapeutic strategy for lung cancer.

Heterogeneity of CAF

CAFs were previously believed to be a relatively uniform
population of matrix-producing cells. However, advances
in scRNA-seq have revealed that CAFs are heteroge-
neous, exhibiting diverse phenotypes. By integrating
scRNA-seq and scATAC-seq analyses, three conserved
subtypes of CAFs, steady state-like (SSL) CAFs, mecha-
noresponsive (MR) CAFs, and immunomodulatory
(IM) CAFs, have been identified across various cancers,
including breast, pancreatic, and skin cancers. Disrup-
tion of underlying mechanical forces by depleting FAK
expression leads to a reduction in IM and MR-CAFs but



Wu et al. Journal of Translational Medicine (2025) 23:830 Page 4 of 20

Identification of studies via databases and registers
5 Records removed before
b Records identified from:Pubmed screening.
§ Databases (n =191)  , ([r)1u;=)g<):ate records removed
S Records removed for other
2 reasons (n =1)
Records screened Records excluded
—>
(n=184) (n =46)
o Rei)orts sought for retrieval Reports not retrieved
= (n =138) (n=1)
‘s
o
e
: '
7]
S Reports excluded:
?neg%t;)assessed for eligibility —_— Reason 1: the intervention
measures studied are
unrelated (n=18)
Reason 2 non-English
publications (n=5)
Reason 3 the research
design does not match
(n=19)
M)
2
3 Studies included in review
° (n =95)
c

Fig. 1 Flow chart of review process. This flow chart illustrates the methodology employed in the systematic screening of CAFs research related to the
NSCLC. A total of 191 records were identified from PubMed databases. After the removal of 7 records (6 duplicates and 1 for other reasons), 184 records
were screened for eligibility. Of these, 46 were excluded and 138 reports were sought for retrieval. One report could not be retrieved, and 137 reports were
assessed for eligibility. Ultimately, 42 reports were excluded (18 unrelated intervention measures, 5 non-English publications, and 19 with unmatched
research designs), resulting in 95 studies being included in the final review
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enrichment in SSL-CAFs with tumor-promoting effects.
Conversely, immune checkpoint inhibition therapy sig-
nificantly suppresses SSL-CAFs, indicating the transla-
tional significance of delineating the functional roles of
different CAF subsets [20]. In lung cancer, multiplex fluo-
rescence immunohistochemistry targeting CAF markers
(PDGFRA, PDGFRB, FAP, and aSMA) has identified 15
distinct CAF subsets with differential associations with
prognosis in NSCLC. Notably, CAF7 (PDGFRA~/PDG-
FRB*/FAP*/aSMA?*) correlates with poor prognosis and
an immune-suppressive signature, while CAF13 (PDG-
FRA*/PDGFRB*/FAP-/aSMA*) is associated with better
prognosis and lower PD-1 expression in immune cells
[21]. This finding emphasizes the importance of eluci-
dating the functional roles and translational significance
of CAF subclusters. In parallel, a novel CAF-S5 subset
(FAP*/PDPN*/aSMA~) was discovered in NSCLC, char-
acterized by an inflammatory phenotype and distal spa-
tial distribution from tumor regions. CAF-S5, along with
CAEF-S1 (FAP*/aSMA*/PDPN*), independently predicts
poor survival even after curative resection. Moreover,
CAE-S5 predicts poor survival across several cancers
based on TCGA validation, indicating its prognostic sig-
nificance [22]. Consistently, these studies suggest that
FAP* CAFs possess prognostic significance and repre-
sent promising therapeutic targets. Further scRNA-seq
analyses have reported additional CAF subsets with
prognostic and translational relevance. Kim et al. identi-
fied five CAF subsets from primary lung CAFs, includ-
ing immunosuppressive CAFs, neoantigen-presenting
CAFs, myofibroblastic CAFs, and proliferative CAFs.
Neoantigen-presenting CAFs (UBE2T, TK1, and KPNA2)
have been associated with poor prognosis. Function-
ally, KPNA2-overexpressing CAFs promote tumor pro-
gression by mediating metastasis, drug resistance, and
immune suppression, implicating KPNA2* CAFs as
potential therapeutic targets [23]. Through integrated
analysis of multiple datasets across cancers and normal
tissue, a subset of COL11A1* cancer-specific fibroblasts
(CSFs) has been identified specifically in tumor tissues,
characterized by high expression of LRRC15, ITGA1l,
SPHK1, and FAP. The proportion of COL11A1* CSFs is
associated with poor prognosis in lung cancer and func-
tionally promotes tumor progression through regula-
tion of ECM remodeling and immune suppression [24].
By single-cell imaging mass cytometry (IMC) analysis,
Cords et al. recently identified 11 CAF subtypes across
1,070 NSCLC patients and evaluated their prognos-
tic significance. Among these clusters, tCAFs (CD10*/
CD73*) and hypoxic tCAFs (CAIX*/CD10*) are corre-
lated with poor prognosis, chemoresistance, and metas-
tasis, while ifnCAFs, iCAFs, SMA CAFs, and dCAFs
are associated with favorable prognosis in NSCLC.
This study emphasizes the importance of dissecting the
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prognostic variation among CAF subtypes and target-
ing central regulators driving tCAFs and hypoxic tCAFs
as potential strategies to improve patient outcomes [25].
Similarly, a recent study revealed the heterogeneous roles
of CAF subsets in tumorigenesis and their plasticity in
pancreatic ductal adenocarcinoma (PDAC). A novel
interferon-response CAF subtype (ifCAF), characterized
by elevated expression of interferon-stimulated genes
and STING pathway activation, was identified by scRNA-
seq. STING agonists induce ifCAF polarization while
suppressing pro-tumorigenic myCAFs. IfCAFs displayed
anti-tumor effects by polarizing tumor-associated neu-
trophils toward an anti-tumor phenotype and suppress-
ing tumor invasiveness [26]. These findings highlight the
importance of elucidating the dynamics and plasticity of
CAFs. Therapeutic strategies targeting CAFs must pri-
oritize subtype-specific approaches, such as suppress-
ing pro-tumorigenic CAF-driven fibrotic remodeling or
polarizing CAFs toward anti-tumorigenic phenotypes, in
order to disrupt their tumor-promoting functions while
harnessing context-dependent anti-cancer potential.

The functional association between CAF heterogene-
ity and various hallmarks of cancer has also been inves-
tigated recently. A single-cell and spatial transcriptomics
study identified POSTN* CAFs enriched in advanced
NSCLC tumors, which are spatially co-localized with
SPP1** macrophages that drive immune suppression
via T cell exclusion/exhaustion and ECM remodeling.
POSTN* CAFs independently predict poor progno-
sis in lung cancer, underscoring their clinical utility as
prognostic biomarkers and therapeutic targets to dis-
rupt CAF-macrophage crosstalk and enhance immuno-
therapy efficacy in NSCLC [27]. CAFs are also crucial
for mediating drug resistance to targeted therapies, and
their effects on treatment response are heterogeneous.
Based on their capacity to regulate resistance to EGFR
tyrosine kinase inhibitors (EGFR-TKIs), three functional
subtypes of CAFs have been identified: HGF7*/FGF7*/~
subtype I with the strongest resistance to both EGFR-
and ALK-TKIs, HGF7/FGF7* subtype II with moderate
TKI resistance, and HGF7-/FGF7- subtype III with the
weakest TKI resistance. Both in vitro and in vivo stud-
ies demonstrated that combined treatment with a MET
inhibitor (targeting HGF signaling) and FGFR inhibitor
successfully overcame type I CAF-induced resistance,
while FGFR inhibitor alone was effective against type II
CAF-induced resistance. These data suggest that various
combination regimens tailored to CAF heterogeneity are
effective strategies for overcoming TKI resistance [28].
Jing Hao et al. linked specific CAF subtypes to tumor
invasiveness, classifying NSCLC tumors into high des-
moplastic CAFs (HD-CAF) and low desmoplastic CAFs
(LD-CAF) based on the degree of connective tissue
proliferation, with HD-CAF serving as an independent
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prognostic factor for NSCLC. HD-CAFs, characterized
by high ST8SIA2 expression, play a functional role in pro-
moting NSCLC invasion, suggesting ST8SIA2 as a poten-
tial therapeutic target against NSCLC metastasis [29]. A
study by Xu et al. further delineated three metastasis-
specific CAF subpopulations (myCAF, iCAF, apCAF) in
advanced NSCLC through single-cell transcriptomics.
ApCAFs dominate in bone metastasis via SPP1-CD44/
SPP1-PTGER4 signaling to promote osteolysis, while
iCAFs prevail in brain metastasis through MET-HGE-
mediated neural niche remodeling. These CAF subtypes
exhibit distinct prognostic implications and organotro-
pism, with apCAF-enriched cases showing shorter bone
metastasis-free survival and iCAF-high tumors correlat-
ing with immunosuppressive TME features. Spatial IHC
confirmed that MET* tumor cells are spatially aligned
with HGF* iCAFs in brain metastases, suggesting that
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CAF subtype-specific inhibitors could serve as precision
therapies to disrupt organ-specific metastatic niches [30].

In summary, the origin and heterogeneity of CAFs are
complex (Fig. 2). Understanding this heterogeneity may
facilitate the discovery of novel biomarkers for patient
stratification and prognosis. Furthermore, elucidating the
functional roles of different CAF subsets could enable the
development of targeted therapies and inform strategies
to overcome CAF-mediated resistance to both conven-
tional and immune-based treatments.

Role of CAF in tumorigenesis

Collagen, a crucial extracellular matrix (ECM) structural
component, along with its receptor integrin all, regu-
lates the matrix cross-linking enzyme LOXL1 expressed
by CAFs. This process reshapes and aligns collagen fibers,
facilitating tumor cell dissemination and correlating with

Transdifferentiation of Mesenchymal Stem Cells

o)

’ - Smad3-driven MMT
N

D)

Macrophage-Myofibroblast Transition

e

— N
—

Tumor cell-secreted exosomes

Various
Stimuli

Cancer-associated
fibroblast(CAF)

Activation of Normal Fibroblasts

—

Expression of HGF/FGF

Subsets of Lung CAFS
1

HD-CAFs  LD-CAFs

l l Myofibrillar  Proliferative
High Moderate Low  CAFs CAFs
Best Weakest
resistance resistance

immunosuppressive Neoantigen
CAFs CAFs

Fig. 2 Origins and heterogeneity of CAFs in NSCLC. This schematic illustrates the diverse origins and subtypes of CAFs in NSCLC. CAFs can originate
from multiple sources including NFs, MSCs, and macrophages. The figure also highlights the heterogeneity of CAFs, indicating subgroups based on their
expression levels of HGF and FGF. These subgroups exhibit varying levels of resistance to therapy, with high expression correlating to the best resistance
and low expression correlating to the weakest resistance. Additionally, specific subtypes of CAFs identified in lung cancer include myofibrillar CAFs, pro-
liferative CAFs, immunosuppressive CAFs, necantigen-presenting CAFs, and subtypes based on the degree of desmoplasia such as high desmoplastic

CAFs (HD-CAF) and low desmoplastic CAFs (LD-CAF)



Wu et al. Journal of Translational Medicine (2025) 23:830

poor prognosis in NSCLC [31]. CAF-secreted VCAM-1
activates the AKT and MAPK signaling pathways by
binding to integrin a4f1 on cancer cells, thereby pro-
moting lung cancer growth. Clinically, high expression of
VCAM-1 in CAFs significantly correlates with unfavor-
able outcomes [32]. Additionally, the autophagy protein
p62 is critical for CAF activation under hypoxic condi-
tions in lung adenocarcinoma. p62-dependent autophagy
activates CAFs by stimulating the Nrf2-ATF6 pathway,
leading to tumor progression [33]. TIMP-1 exhibits a
paradoxical dual role: initially regarded as a tumor sup-
pressor via MMP inhibition and antiproliferative effects
[34], it becomes pro-tumorigenic when overexpressed
by CAFs in lung adenocarcinoma. Hyperactivated TGE-
B1/SMAD3 signaling drives excessive TIMP-1 secre-
tion, which binds CD63 on cancer cells to activate PI3K/
Akt and pro-invasive pathways, bypassing its traditional
MMP-dependent tumor-suppressive functions. TIMP-1
may exhibit stage- and subtype-specific roles in lung
cancer, potentially driving tumor progression via CD63
in LUAD (CD63"8"/MMP9"¥), while acting as a tumor
suppressor through MMP inhibition in LSCC (CD63"g"/
MMP9™¥), suggesting context-dependent mechanisms
in tumor microenvironment metabolism. High expres-
sion of both CD63 and TIMP-1 predicts poor progno-
sis in LUAD patients, underscoring the translational
significance of targeting the CD63-dependent tumor-
promoting effects of CAF-derived TIMP-1 [35]. CAFs
can also promote lung cancer progression by affecting
lipid metabolism. Compared to NFs, CAFs in lung can-
cer exhibit increased lipid droplet (LD) accumulation.
Mechanistically, hypoxia-induced stabilization of HIFla
activates SCD1 transcription, leading to LD accumula-
tion in CAFs and subsequent tumor progression. High
SCD1 expression in CAFs is associated with poor prog-
nosis in lung cancer [36]. While the pro-tumorigenic
effects of CAFs are well documented, recent evidence
suggests that the interplay between CAFs and apoptotic
cancer cells can suppress lung cancer cell growth. This is
achieved through NOTCH1-dependent WISP-1 secre-
tion from CAFs, which activates STAT1 in cancer cells.
In vivo treatment with recombinant WISP-1 or CAF-
derived WISP-1 significantly suppresses tumor growth,
highlighting the translational potential of reprogramming
CAFs by apoptotic cancer cells [37]. Collectively, these
observations suggest that the dual role of CAFs in can-
cer progression depends on subtype-specific secretomes
and their interactions with the microenvironment, which
vary across tumor stages and molecular subtypes. Spe-
cifically targeting the pro-tumorigenic subtypes of CAFs
may represent a promising treatment strategy.
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Role of CAF in metastasis

CAFs are integral to the tumor stroma, altering the
mechanical properties of the ECM through synthesis and
remodeling. This activity promotes cancer cell prolifera-
tion and invasion. A higher proportion of CAFs is linked
to the progression of lung cancer from adenocarcinoma
in situ (AIS) to invasive lung adenocarcinoma (IAC),
highlighting the role of ECM remodeling by CAFs in
facilitating metastasis [38].

Additionally, CAFs promote metastasis by secret-
ing both paracrine and autocrine cytokines. It has
been shown that CAFs in NSCLC exhibit higher lev-
els of autophagy, which is essential for HMGBI secre-
tion. HMGBI, in turn, promotes cancer cell migration
and invasion by upregulating factors such as D-F, Twist,
MMP2, and MMP9 in CAFs. Further in vivo studies
demonstrated that targeting CAF autophagy using the
autophagy inhibitor chloroquine (CQ) effectively sup-
pressed tumor growth, indicating its therapeutic poten-
tial [39]. Recent research has demonstrated that a-SMA*
CAFs induced by activation of Notch signaling (via
increased expression of Jagl/2 from cancer cells) pro-
mote NSCLC metastasis. This finding indicates that cell-
cell communication between CAFs and cancer cells can
induce pro-metastatic phenotypes in CAFs, suggesting
that targeting microenvironmental communication path-
ways may be an effective strategy to suppress metastasis
[40].

Low expression of miR-101-3p in CAFs has been
shown to correlate with worse prognosis. Downregula-
tion of miR-101-3p in CAFs releases the expression of
VEGE, stimulating the AKT/endothelial nitric oxide syn-
thase (eNOS) signaling pathway in cancer cells and pro-
moting metastasis. This study suggests miR-101-3p as
a potential candidate for metastasis therapy [41]. High
expression of Musashi-2 (MSI2) in CAFs is correlated
with poor prognosis in NSCLC and has been identified
as a critical mediator of metastasis. Depletion of MSI2
suppresses NSCLC metastasis by attenuating IL-6-driven
EMT, underscoring the therapeutic potential of targeting
the MSI2/IL-6 axis in CAFs to inhibit advanced NSCLC
metastasis [42].

Although CAFs generally promote metastasis, under
certain conditions they can display anti-metastatic
effects. The anti-metastatic role of CAFs can be influ-
enced by intercellular communication with cancer cells.
Apoptotic cancer cells can reprogram CAFs into an
anti-metastatic phenotype by inducing WISP-1 secre-
tion, which suppresses cancer cell metastasis. Enhanced
expression of Notch ligand delta-like protein 1 on apop-
totic cancer cells triggers this signaling cascade, ulti-
mately suppressing metastasis [43]. This finding suggests
that reprogramming CAFs into anti-metastatic pheno-
types could be a potential strategy for treating metastatic
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NSCLC. Furthermore, high expression of nicotinamide
N-methyltransferase (NNMT) in CAFs has been corre-
lated with better disease-free survival, indicating a nega-
tive regulatory role on aggressiveness. NNMT*Y CAFs
display a greater pro-metastatic effect on cancer cells
compared to NNMT"e" CAFs. In vitro and in vivo exper-
iments have validated that NNMT suppresses metastasis
by downregulating genes involved in ECM remodeling
through methylation regulation. Therefore, NNMTMeh
CAFs may suppress lung cancer metastasis [44]. Overall,
while CAFs play a significant role in promoting metasta-
sis by modulating epithelial-to-mesenchymal transition
(EMT) and influencing numerous signaling pathways,
they may also have suppressive roles under certain cir-
cumstances. Understanding the interactions between
CAFs and cancer cells during metastasis could provide
valuable insights for developing targeted therapies to
inhibit metastatic progression.

Role of CAF in mediating immune suppressive
microenvironment

The hallmarks of cancer include chronic inflammation,
immune cell infiltration, and the ability of cancer cells to
evade immune responses [45]. The TME comprises vari-
ous immune cells, including natural killer (NK) cells, T
cells, tumor-associated macrophages (TAMs), neutro-
phils, B cells, and dendritic cells (DCs). Both the innate
and adaptive immune systems are activated during can-
cer development, playing dual roles in tumor suppres-
sion and promotion. CAFs are instrumental in enabling
cancer cells to evade immune surveillance by recruiting
immune cells to the TME and inducing immunosuppres-
sive phenotypes. The influence of fibroblasts on lung can-
cer immunity has been extensively studied.

Recent advances have revealed the extensive roles of
CAFs in modulating various immune cell populations.
CAFs actively interact with TAMs in lung cancer. Analy-
sis of TCGA datasets from NSCLC cases has shown that
CAF infiltration is positively correlated with M2 mac-
rophage infiltration and predicts poor immunotherapy
response. Mechanistically, FGF5 is a key factor regulat-
ing the interaction between CAFs and M2 macrophages,
making it a potential therapeutic target for NSCLC. Glyc-
erophospholipid metabolism, in contrast, is negatively
correlated with CAF-associated genes and influences the
TME composition in NSCLC patients [46]. Wu and col-
leagues reported that CD248* CAFs in NSCLC, whose
infiltration correlated with poor survival, promote tumor
progression through polarization of M2 macrophages
via the CXCL12-CXCR4 interaction [47]. However, the
mechanisms by which other CAF subtypes regulate TAM
infiltration and recruitment in NSCLC remain to be elu-
cidated. Additionally, CAFs can affect the recruitment
and polarization of monocytes. Bioinformatic analysis of
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LCSC patient databases revealed a positive correlation
between CAF infiltration and monocytic myeloid cells.
Functional assays confirmed that CAFs recruit CCR2*
monocytes via CCL2 secretion and induce their polariza-
tion into immunosuppressive myeloid-derived suppres-
sor cells (MDSCs) [48].

Advancements in scRNA-sequencing have facilitated
the identification of interactions between CAF subtypes
and immune-suppressive signatures. Integrated analysis
of bulk and scRNA-seq data from LUAD revealed that
CAF cells exhibit heterogeneity between clusters char-
acterized by “cold” (low immune infiltration) and “hot”
(high immune infiltration) tumor features. An activated
CAF cluster (caf_c1_scissor), characterized by upregula-
tion of CXCL12, TGFB1, and COL3Al, is associated with
“cold” tumors. Interaction analyses showed high CXCL12
expression involved in interactions with TAMs and T
cells, while IGF2 and POSTN are significant in interac-
tions with C1QA* and GPNMB* TAMs, respectively [49].
A similar activated CAF cluster, defined as COL11A1*
CAFs, was reported by Zhang and colleagues through
integrated scRNA-sequencing datasets from multiple
cancers, including lung cancer. Upregulation of CXCL12
in the COL11A1* CAF cluster is thought to mediate
interactions between CAFs and immune cells such as
macrophages, MDSCs, and regulatory T cells (Tregs)
[24]. CAF-related risk features based on gene expres-
sion can predict LUAD prognosis and immunotherapy
responsiveness. Integrated bioinformatic analysis identi-
fied EXO1, CCNB1, CLEC3B, and CD302 as hub genes
for stratifying CAFs into high-risk (high EXO1, CCNBI;
low CLEC3B, CD302) and low-risk groups, with the
high-risk group correlating with poor prognosis and poor
immunotherapy response. Patients with low-risk features
show higher immune infiltration and are more likely to
establish an immune-responsive “hot” tumor state [50].
Interestingly, while the immune-suppressive effects of
CAFs are well documented, Koeck et al. reported a stro-
mal fibroblast signature associated with improved over-
all survival in NSCLC, as analyzed using local patient
cohorts and TCGA datasets. Further functional valida-
tion showed that CAFs recruit B cells and CD4* T cells
through CXCL16 and CCL13, suggesting an immune-
promoting role for CAFs. Moreover, patients with
stroma'¢"/B cell" signatures had significantly improved
survival [51]. It should be noted, however, that this signa-
ture may also include non-cancer-associated lung fibro-
blasts, highlighting the importance of further dissecting
CAF subsets to elucidate their heterogeneous transla-
tional significance in NSCLC.

In summary, CAFs play a crucial role in modulating
the immune landscape of the TME, influencing cancer
progression and patient outcomes. Understanding these
interactions provides insights into potential therapeutic
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strategies targeting CAFs to enhance the efficacy of can-
cer treatment.

Role of CAF in cancer stemness

Cancer stem cells (CSCs) possess the ability to self-
renewal, exhibit enhanced metastatic potential, and resist
anti-cancer therapies. These pluripotent cancer cells
share similarities with normal stem cells in their capac-
ity to differentiate into various cancer cell types, contrib-
uting to primary tumor progression and the formation
of secondary tumors. Additionally, CSCs often express
high levels of ATP-binding cassette (ABC) transporters,
enabling the efflux of chemotherapeutic agents and con-
tributing to multidrug resistance (MDR), while dysregu-
lation of key signaling pathways further facilitates their
survival [52]. CSCs can also enter a quiescent, dormant
state, making them inherently resistant to chemotherapy
and allowing them to survive and regenerate, thereby
sustaining tumor growth.

CAFs regulate CSC characteristics by secreting ECM
components and various growth factors. For example,
CD10* CAFs expressing transmembrane hydrolase sup-
port tumor stemness and induce chemoresistance by
degrading osteogenic growth peptide (OGP), an antitu-
moral peptide. CD10*/GPR77* CAFs can secrete IL-6 and
IL-8 to maintain CSC stemness, thereby promoting che-
motherapy resistance in patients with lung cancer [53]. In
addition, study in mice has shown that TGFp-enriched
CAFs promote sphere formation and invasion of CSCs,
facilitating TGFP-dependent squamous cell carcinoma
metastasis and survival in the lung [54]. Given the criti-
cal crosstalk between CAFs and CSCs, targeting specific
CAF subsets, CSCs, and their interactions could repre-
sent an effective strategy against CSC-driven chemoresis-
tance. To explore this, a tumor microenvironment-based
drug screening platform using patient-derived lung can-
cer cells and CAFs has been established to identify and
repurpose compounds targeting both cancer cells and
CSCs. Among 1,524 compounds screened, aloe-emodin
and digoxin were identified as having anticancer and
anti-CSC activity in vitro and in vivo, findings further
confirmed in patient-derived xenografts (PDX). The com-
bination of digoxin and chemotherapy demonstrated
efficacy in lung cancer models [55]. Thus, understanding
the role of CAFs in promoting cancer stemness and their
interactions with CSCs provides critical insights into
potential therapeutic targets and strategies for overcom-
ing chemoresistance in lung cancer.

In summary, cancer-associated fibroblasts (CAFs) are
central regulators of the NSCLC tumor microenviron-
ment, contributing to tumorigenesis, metastasis, immune
suppression, and cancer stemness. By remodeling the
extracellular matrix, CAFs facilitate tumor invasion and
spread. They secrete factors that enhance cancer cell
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growth and survival, and modulate the immune land-
scape to promote immune evasion. Moreover, CAFs
support the maintenance of cancer stem cells, driving
therapy resistance. Together, these diverse functions
position CAFs as key orchestrators of NSCLC progres-
sion and attractive targets for therapeutic intervention
(Fig. 3).

Role of CAF in drug resistance

Chemotherapy

Chemoresistance remains a significant challenge in
NSCLC treatment, with CAFs playing a crucial role in
promoting resistance. In LUAD, CAFs physically modu-
late the ECM by enhancing collagen cross-linking. ECM
stiffening reprograms metabolism, promoting glycolysis
and mitochondrial respiration in CAFs through a YAP/
TAZ-dependent pathway, while increasing glycolysis
in cancer cells. This metabolic interaction promotes
nucleotide biosynthesis and cancer cell proliferation
[56]. Therefore, CAFs contribute to NSCLC chemo-
resistance through ECM remodeling and metabolic
reprogramming.

Recent research has identified a master transcrip-
tion factor, PRRX1, which enhances tumor invasive-
ness and chemotherapy resistance by reshaping the
super-enhancer landscape and coordinating the fibro-
blast-to-myofibroblast phenotypic shift through the
TGE-B pathway. Depletion of fibroblast-specific PRRX1
in genetically engineered mouse models induces sus-
tained remission of cisplatin resistance, indicating that
the PRRX1-induced myofibroblast subset is a promis-
ing target for reversing cisplatin resistance. Clinically,
high PRRX1 expression significantly correlates with poor
prognosis [57]. Plasminogen activator inhibitor-1 (PAI-
1) promotes pulmonary fibrosis by enhancing myofibro-
blast characteristics and inducing a-SMA expression in
fibroblasts, contributing to cisplatin resistance. Inhibiting
a-SMA expression using a PAI-1 inhibitor enhances cis-
platin efficacy in lung cancer cells co-cultured with CAFs.
High PAI-1 expression correlates with advanced patho-
logical stages, indicating its association with aggressive
NSCLC phenotypes and suggesting PAI-1 as a potential
therapeutic target [58]. CAFs also drive immune-suppres-
sive microenvironments that confer chemoresistance.
Chemotherapy-induced upregulation of PDL-1 in CAFs
further promotes resistance by increasing HGF secretion
and inducing cancer stemness, positioning CAF-derived
PDL-1 as both a prognostic biomarker and therapeutic
target to reverse resistance [59].

In summary, CAFs contribute to NSCLC chemoresis-
tance through ECM remodeling, metabolic reprogram-
ming, and secretion of growth factors that activate key
signaling pathways in cancer cells. Understanding these
mechanisms provides essential insights for developing
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strategies to overcome chemoresistance and improve
patient outcomes.

Targeted therapy

Mutations in the epidermal growth factor receptor
(EGEFR) are critical therapeutic targets in NSCLC. Three
generations of EGFR-TKIs are in clinical use. First-gen-
eration EGFR-TKIs such as gefitinib and erlotinib are
reversible inhibitors, while second- and third-genera-
tion TKIs were developed to address resistance, includ-
ing T790M mutation-induced resistance [60]. ALK gene
mutations and KRAS mutations also represent important
targets, but drug resistance remains a significant chal-
lenge [61, 62]. One mechanism of acquired resistance
to EGFR-TKIs mediated by CAFs is secretion of growth
factors such as IGF-1 and HGF. Co-culture experiments
have shown that these factors bind IGF-1R and c-Met
in lung cancer cells, increasing annexin A2 (ANXAZ2)
expression, triggering EMT, and conferring resistance
to gefitinib [63]. In osimertinib treatment, CAFs induce

oncogenic pathways including MET, Akt, EMT/stem-
ness marker Snail, and [B-catenin, leading to resistance.
POSTN secreted from CAFs also contributes to osimer-
tinib resistance in EGFR-mutant NSCLC by activating
the ERK pathway, promoting proliferation, EMT, and
drug resistance. Knockdown of POSTN restores osimer-
tinib sensitivity [64]. CAFs can also promote resistance
by secreting kynurenine, which activates the AhR path-
way in tumor cells and triggers AKT/ERK signaling [65].
Tranilast, an antiallergic drug that interferes with the
secretion of cytokines from inflammatory cells, has been
reported to suppress TKI resistance conferred by CAFs in
NSCLC. Mechanistically, tranilast inhibits the secretion
of IL-6 from CAFs, leading to suppression of STAT3 sig-
naling in lung cancer cells and inhibition of EMT. Com-
bined treatment with tranilast reverses CAF-conferred
resistance to osimertinib in EGFR-mutated NSCLCs and
selumetinib in KRAS-mutated NSCLCs [66].

Signaling crosstalk between CAFs and NSCLC
cells is crucial to TKI resistance. Primary CAFs from
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osimertinib-resistant patients induce resistance in
NSCLC cell lines by stimulating MET, Akt, EGER,
and Wnt/B-catenin signaling and CSC phenotypes.
Osimertinib-resistant cancer cells can also activate
CAFs from NFs. Targeting MET with capmatinib over-
comes CAF-induced osimertinib resistance, indicating
the therapeutic potential of disrupting CAF—cancer cell
communication [67]. In almonertinib resistance, NSCLC
cells activate CAFs via increased TGF-P1 secretion, and
activated CAFs confer resistance by suppressing YAP/
TAZ signaling. Targeting YAP/TAZ restores almoner-
tinib efficacy, suggesting that dual inhibition of TGF-p1-
CAF crosstalk and Hippo signaling may synergize with
EGFR-TKIs [68]. Most recently, it has been reported that
DKK1 secreted from gefitinib resistant cells can induced
the transition of CAFs from myofibroblast to inflamma-
tory fibroblast phenotype via activation of c-Jun pathway,
which support gefitinib resistance. Blockade of DKK1
effectively reverse gefitinib resistance through disruption
the crosstalk between inflammatory fibroblast and cancer
cells [69].

Most recently, by scRNA-seq of NSCLC patients
undergo EGFR-TKI treatment, specific CAFs subset
responsible for EGFR-TKI resistance has been identified.
CTHRCI1* CAFs have been found to enriched in resis-
tant tumor. Mechanistically, CTHRC1" CAFs enhance
the glycolytic activity of cancer cells by activating the
TGF-B/Smad3 signaling pathway. A natural compound
called Gambogenic Acid, by disrupting the function of
CTHRC1* CAFs, was found to be effectively reverse
EGFR-TKI resistance of NSCLC cells. This study suggests
the importance of investigating the specific TKI resistant
CAF subsets for identifying CAF treatment target for
reversing TKI resistance [70].

Immune therapy

In the past decade, immunotherapy has revolutionized
oncology treatment with its rapid development. How-
ever, the majority of NSCLC patients exhibit resistance to
immunotherapy, complicating cancer treatment. There-
fore, research on immunotherapy resistance is crucial.
The relationship between CAFs and immunotherapy
resistance is of particular interest. TGF-f signaling plays
a significant role in activating fibroblast phenotypes in
cancers. This signaling pathway is associated with T cell
exclusion and a lack of response to immune checkpoint
inhibitors (ICIs). TGFp-related genes expressed in the
TME and increased infiltration of myofibroblastic CAFs
(myoCAFs) in solid tumors correlate with reduced T cell
infiltration and resistance to immunotherapy [71, 72]. In
NSCLC, FBLIM1* CAF subtypes correlate with increased
expression of TGEP signaling molecules, indicating a
poor prognosis for immunotherapy [73]. The DNA dam-
age-sensing kinase ataxia-telangiectasia mutated (ATM)
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maintains the myoCAF phenotype in lung cancer. Inhibi-
tion of ATM in a murine lung cancer model suppresses
tumor growth and increases CD8" T cell infiltration, sug-
gesting that targeting ATM can potentially “normalize”
myoCAFs, overcome myoCAF-mediated immune eva-
sion, and enhance immunotherapy response [74].

The ECM, composed of collagen, fibronectin, glycos-
aminoglycans, and proteoglycans, plays a critical role in
the immunosuppressive microenvironment in NSCLC
[75]. CAFs produce ECM proteins that contribute to the
suppression of immunotherapy responses [76]. The dense
collagen fiber network produced by CAFs can restrict T
cell entry into the tumor tissue and increase matrix den-
sity, leading to reduced infiltration of CD8" T cells, which
are crucial for anti-tumor immune responses. Throm-
bospondin 2 (THBS2), a tumor biomarker secreted by a
THBS2* CAF subset, contributes to immune escape and
resistance to immunotherapies in LUAD. High levels of
THBS2 are associated with an increased ECM/stromal
signature, reduced immune cell infiltration, and mark-
ers of immune exhaustion, resulting in poor response to
immunotherapy and shorter post-treatment survival [77].
The abundance of cancer-associated ECM (C-ECM)-up
genes, linked to ECM protein production by CAFs, may
serve as potential indicators for predicting responsive-
ness to ICB therapy. Non-responders to ICB therapy
often show significant upregulation of C-ECM-up genes
compared to responders [78]. Additionally, high expres-
sion levels of AMPDI, associated with several immune
cells, correlate with higher TIDE (Tumor Immune Dys-
function and Exclusion) scores and poorer response to
immunotherapy in LUAD patients [79]. Together, these
studies suggest the crucial effects of CAF in inducing
immunotherapy resistance through driving ECM remod-
eling. The effects of CAFs on the immune response are
heterogeneous, and certain subtype of CAFs might show
supportive effect for immunotherapy. Miyai et al. iden-
tified a Meflin® CAF subset in LUAD, characterized by
low expression of a-SMA and positive PDGFRa expres-
sion. Meflin® CAFs are preferentially found in inva-
sive LUAD and correlate with a favorable response to
immune checkpoint blockade (ICB) therapy, accompa-
nied by increased CD4" T cell infiltration and angiogen-
esis in NSCLC tumors [80]. Additionally, the expression
of PD-L1 on CAFs has been reported as an independent
prognostic factor predicting favorable relapse-free sur-
vival in non-metastatic lung cancer. PD-L1 expression on
CAFs is stimulated by IFN-y from activated lymphocytes,
suggesting an induction of an immune response [81]. On
the other hand, CAFs can induce PD-L1 expression on
lung cancer cells through CXCL2 secretion, potentially
leading to resistance to ICB therapy [82], demonstrating
the complex and cell-type dependent role of PD-L1 in
driving response to ICB therapy.



Wu et al. Journal of Translational Medicine (2025) 23:830

Radiotherapy
In recent decades, the combination of chemotherapy and
radiotherapy has emerged as a standard treatment strat-
egy for stages 1 to 3 NSCLC, with significant advance-
ments in radiotherapy techniques. Neoadjuvant therapy
combining chemotherapy and radiotherapy followed by
surgery for stage IIIA patients has reported a promising
5-year overall survival rate exceeding 50% [83]. However,
overcoming radiotherapy resistance has become a signifi-
cant challenge in NSCLC treatment. The role of CAFs in
radiotherapy resistance is increasingly recognized.

CAFs exhibit inherent resistance to radiation and play
a critical role in communication with tumor cells, as
evidenced by their development of radiation resistance
when co-cultured with cancer cells [84]. Recent research
reveals that senescent fibroblasts can acquire CAF-like
functions and regulate the CAF phenotype, leading to
increased expression of a-SMA and Vimentin, which pro-
mote tumor invasion and metastasis [85]. Both a-SMA
and Vimentin are regulated by the STAT3 pathway, which
can be activated by the accumulation of intracellular
reactive oxygen species (ROS) in senescent fibroblasts
during CAF activation [86]. Recent studies highlight that
irradiated CAFs, while resistant to apoptosis, upregulate
immunosuppressive receptors (CD73 and CD276) and
maintain cytokine secretion, potentially reinforcing TME

Table 1 Mechanisms of drug resistance in NSCLC mediated by CAFs
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immunosuppression post-radiotherapy, suggesting that
targeting adenosine/CD73 pathways could enhance ther-
apeutic efficacy in stroma-rich NSCLC [87].
Senescence-like CAFs induced by radiotherapy are
reported to promote the proliferation of lung cancer
cells and induce radio-resistance through the JAK/STAT
pathway. Using FOXO4-p53 interfering peptide (FOXO4-
DRI) to induce apoptosis in senescence-like CAFs sig-
nificantly sensitizes NSCLC cells to radiotherapy both in
vitro and in vivo [88]. While fractionated doses of radia-
tion inhibit the proliferation, migration, and invasion
abilities of lung CAFs, ionizing radiation can also activate
CAFs, resulting in stronger pro-malignant behavior. This
phenomenon, known as “radiation activation,” promotes
cancer cell survival, migration, and resistance to radia-
tion therapy and chemotherapy [89]. Taken together,
targeting CAFs or preventing their activation would be
beneficial in improving the efficacy of radiation therapy.
In summary, CAFs contribute to resistance against
chemotherapy, targeted therapy, immunotherapy, and
radiotherapy in NSCLC through a variety of molecular
pathways and cellular mechanisms, as detailed in Table 1.

Role of CAF secreted sEVs
sEVs are crucial mediators of communication within the
tumor microenvironment, carrying miRNAs, mRNAs,

Therapy type Drugs Mechanisms Refs.
Chemo-therapy Cisplatin ECM remodeling, YAP/TAZ-mediated metabolic reprogramming [57]
Cisplatin PRRX1/ TGF-B driven fibroblast-myofibroblast shift [58]
Cisplatin PAI-1 induction of a-SMA expressing CAFs [59]
Cisplatin Induction of cancer stemness through PDL-1/HGF axis [60]
Targeted therapy Gefitinib Induction of ANXA2-mediated EMT by IGF-1/HGF from CAFs [64]
/Erlotinib
Gefitinib Activation of c-Jun by DKKI from inflammatory CAFs [70]
Gefitinib AhR/AKT/ERK signaling activated by Kyn from [66]
/Erlotinib
Osimertinib Activation of ERK pathway by CAF-derived POSTN [65]
Osimertinib Activation of STAT3/EMT signaling by IL-6 from CAFs [67]
/Selumetinib
Osimertinib Activation of MET/AKT/EGFR/Wnt pathways by TGF{31 [68]
Almonertinib Suppressing YAP/TAZ via Hippo pathway [69]
Osimertinib Activation of TGFB/Smad3 signaling by CTHRC1* CAFs [71]
Immune therapy ICls T cell exclusion induced by TGF from myoCAFs [72,73]
ICls FBLIM1" CAFs with elevated TGF3 [74]
ICls MyoCAF phenotype maintained by ATM [75]
ICls THBS2* CAFs promote ECM-mediated immune exclusion [78]
ICls ECM produced from CAFs promotes ICl resistance [77,79]
ICls CAF-derived CXCL2 upregulates PD-L1 on cancer cells to promotes ICl resistance [83]
ICls Meflin® CAFs (PDGFRa™) improves ICB response and CD4* T cell infiltration [81]
ICls CAF-expressed PD-L1 (IFN-y-induced) improves ICl response. [82]
Radiotherapy Radiotherapy ROS/STAT3 pathway activates a-SMA/Vimentin in CAFs [87]
Radiotherapy Irradiated CAFs upregulate CD73/CD276 and enhance adenosine-mediated immunosuppression [88]
Radiotherapy FOXO4-DRl reverses radio-resistance by inducing apoptosis in senescence-like CAFs [89]
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proteins, and IncRNAs to recipient cells and induc-
ing diverse cellular responses. sEVs mediate crosstalk
between cancer cells and CAFs: cancer cell-derived
sEVs can activate CAFs, while CAF-derived sEV cargos
regulate cancer cell proliferation, metastasis, and drug
resistance [90]. CAF-derived sEVs are emerging as prom-
ising non-invasive biomarkers for clinical diagnosis and
prognosis. They carry bioactive molecules that can affect
tumor behavior and patient outcomes. On one hand,
sEVs can be easily isolated from bodily fluids like blood,
allowing for repeated, real-time monitoring of tumor
dynamics and treatment responses. On the other hand,
they offer a comprehensive view of the tumor microen-
vironment, highlighting interactions between cancer cells
and stromal components such as CAFs, which is crucial
for personalized medicine.

miRNA

One type of cargo carried by sEVs is miRNAs, a major
class of small non-coding RNAs that mediate post-tran-
scriptional gene silencing by binding to the 3’-untrans-
lated region (UTR) or open reading frames (ORFs) of
target mRNAs. MiRNAs derived from CAF-sEVs have
been reported to mediate various pathological processes
in NSCLC.

Jiang et al. demonstrated that CAF-derived sEVs pro-
mote lung cancer tumorigenesis by suppressing the
cytotoxic effects of T cells on cancer cells. Specifically,
CAF-derived sEVs were enriched in OIP5-AS1, and
these EVs carrying OIP5-AS1 suppressed the levels of
miR-142-5p in lung cancer cells. This suppression led to
the upregulation of PD-1, a downstream target of miR-
142-5p, which prevents apoptosis induced by peripheral
blood mononuclear cells (PBMCs) [91]. Additionally,
CAF-derived EVs carrying miR-369 promote the prolif-
eration and metastasis of LUSC cells by directly bind-
ing to NF1 and activating the MAPK signaling pathway.
Clinically, miR-369 was found to be upregulated in LUSC
tissue compared to normal, suggesting it as a potential
LUCS diagnostic marker [92]. Furthermore, miR-210
carried by CAF-derived EVs targets UPF1 and activates
the PTEN/PIBK/AKT pathway, thereby promoting the
migration and invasion of NSCLC cells [93]. Addition-
ally, CAF-sEVs deliver miR-3124-5p to suppress TOL-
LIP expression, thereby activating the TLR4/MyD88/
NF-«B signaling axis, which drives NSCLC proliferation,
migration, and invasion. The downregulation of TOLLIP
correlates with poor patient prognosis, positioning miR-
3124-5p as a promising serum biomarker and therapeutic
target to disrupt CAF-mediated TME remodeling [94].
miRNA from CAFs-sEVs also play important role in drug
resistance. High levels of miR-103a-3p in CAFs and their
sEVs promote cisplatin resistance in NSCLC by suppress-
ing apoptosis through targeting Bakl [95]. CAF-derived
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sEVs also promote the proliferation and cisplatin resis-
tance of lung cancer cells by transferring miR-20a, which
leads to the downregulation of PTEN and activation of
the PI3K/AKT pathway [96].

Conversely, tumor cell-derived sEVs can also promote
the activation of CAFs. For example, upregulated SUR1
in NSCLC induces the phosphorylation of KHSRP by
p70S6K, resulting in decreased levels of let-7a-5p in can-
cer cell-derived EVs, which is supported by clinical data
showing elevated SUR1 expression correlates with CAF
accumulation and poor prognosis in NSCLC patients.
These EVs, with reduced let-7a-5p expression, promote
the transformation of NFs to CAFs via TGFBR1-depen-
dent activation of the TGF-p signaling pathway [97].

IncRNAs

Another type of cargo in CAF-derived sEVs is long non-
coding RNA (IncRNA). CAFs support cancer growth by
producing ATP and metabolic intermediates that nour-
ish adjacent cancer cells, aiding in their metabolic repro-
gramming to overcome restricted nutrition and oxygen
caused by competitive utilization and inadequate supply
within the TME. It is now evident that CAFs also support
their own metabolic reprogramming into patterns favor-
able to NSCLC growth through the secretion of sEVs.
One example of how CAFs affect metabolism is through
the upregulation of glutamine transporters SLC38A2 and
SLC7A5. LINCO01614 has been found to enrich in CAF-
sEVs of LUAD, which correlated with poor prognosis and
glutamine influx of clinical LUAD. sEVs-LINC01614 pro-
mote LUAD progression through enhancing glutamine
uptake of LUAD cells by activating the ANXAS/p65/
NF-xB /SLC38A2 and SLC7A5 axis. Blocking of sEVs-
LINCO01614 inhibits glutamine addiction and LUAD
progression in vivo, indicating the therapeutic potential
of targeting sEVs-LINC01614 [98]. LINC01833 has been
found to up-regulated in NSCLC patients. CAF-derived
sEVs carrying LINC01833 promote NSCLC progression
by suppressing miR-335-5p to upregulate VAPA, driving
tumor cell proliferation, invasion, and M2 macrophage
polarization, highlighting its potential as a therapeutic
target to disrupt TME-driven malignancy [94, 99].

Protein

In addition to the aforementioned IncRNAs and miR-
NAs, CAF-derived small sEVs can also facilitate lung
cancer tumorigenesis through the transfer of their pro-
tein cargos. Notably, Snaill, a crucial mTF involved in
EMT, was found to be overexpressed in CAF-derived
sEVs, as evidenced by higher Snaill levels in sEVs isolated
from patient-derived CAFs compared to healthy controls
of lung cancer. This overexpression significantly enhances
the EMT process in A549 cells, which can be mitigated
by treatment with GW4869, implicating the therapeutic
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Table 2 List of EVs related to CAFs in NSCLC
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Type cargo Effect ref
miRNAs miR-369 Promotes LUSC proliferation/metastasis by targeting NF1and activating MAPK signaling. [92]
miR-210 Enhances NSCLC migration/invasion by targeting UPF and activating PTEN/PI3K/AKT pathway [93]
miR-103a-3p Induces cisplatin resistance in NSCLC by targeting Bak1 and suppressing apoptosis [95].
miR-20a promotes proliferation/cisplatin resistance by downregulating PTEN and activating PI3K/AKT pathway, [96]
miR-3124-5p Promotes NSCLC progression by targeting TOLLIP and activating TLR4/MyD88/NF-kB signaling [94].
INcRNAs LINCO1614 Enhances glutamine uptake via ANXAS/p65/NF-kB /SLC38A2 and SLC7AS5 axis [98].
LINC01833 Promotes NSCLC proliferation, invasion, and M2 macrophage polarization through suppressing miR-335-5p [94,
and upregulating VAPA 99]
Protein Snaill Enhances EMT in cancer cells [100]
METTL3 Promoting proliferation, invasion, stemness, and glutaminolysis through stabilizing SLC7A5 via m6A [101]
modification,
THBS2 Promote tumor growth through suppressing immune cell infiltration [771

potential of targeting CAF-sEVs [100]. Additionally,
METTLS3, a methyltransferase enriched in CAF-derived
sEVs, drives NSCLC progression by stabilizing SLC7A5
mRNA via m6A modification, promoting tumor prolif-
eration, invasion, stemness, and glutaminolysis, with its
inhibition showing potent antitumor effects in preclinical
models, highlighting its therapeutic potential [101]. By
comprehensively analyzing multiply omics datasets from
clinical NSCLC samples, Yang et al. has revealed a dis-
tinct subset of CAFs characterized by high expression of
THBS2, which is an independent prognostic factor pre-
dicting poor prognosis at early stage and poor response
to immunotherapy. THBS2 is preferentially secreted from
THBS2-positive CAFs via sEVs, promoting tumor growth
by suppressing immune cell infiltration. Importantly, ele-
vated plasma levels of EV-THBS2 serve as a prognostic
marker for poor disease-free survival. This study high-
lights the potential of CAF derived sEVs-THBS2 to be a
biomarker for prognosis and treatment response predic-
tion, and its therapeutic potential is also warranted to
be investigated in future [77]. These findings collectively
suggest that CAF-derived sEVs play multifaceted roles
in facilitating tumor growth and may serve as prognostic
markers for poor clinical outcomes in NSCLC.

In summary, CAF-derived sEVs carry a variety of func-
tional cargos—including specific miRNAs, IncRNAs, and
proteins—that contribute to NSCLC progression, metas-
tasis, drug resistance, and immune modulation. The
major cargos and their corresponding effects are summa-
rized in Table 2.

Translational significance of CAF-sEVs in NSCLC diagnosis
and challenges

While current research of CAF-sEVs mainly focus on the
functional role of their cargos and the underlying mech-
anisms, recent researches in the field start to pay more
attention to the potential of CAF-sEV cargos to be bio-
markers or therapeutic targets, with several prognostic
biomarkers being identified in CAF-sEV cargos. Future

studies should emphasize more about the translational
significance of CAF-sEVs and their potential clinical
application. Although specific CAF-sEVs based diagnos-
tic biomarkers are not yet available in clinical practice for
LUAD, clinically trials have been conducted to evaluate
the potential of EVs to be a diagnostic and prognostic
biomarkers NSCLC, shedding light on the future clini-
cal application of CAF-sEV biomarkers. For example,
the potential of lung cancer exosome derived proteins
for early lung cancer diagnosis and staging through
deep-learning analysis was investigated in clinical trial
(NCT04529915). ExoDx™ Lung (ALK), the first exosome-
based liquid biopsy tool has been developed for detecting
EML4-ALK mutations in NSCLC patients [102].

While CAF-derived sEVs hold promise as biomarkers
for clinical diagnosis and prognosis, the utilization of
CAF-derived sEVs as biomarkers is subject to several lim-
itations. The heterogeneity of CAFs might complicate the
interpretation of data derived from sEVs. Moreover, iso-
lation and characterization of sEVs requires the advanced
techniques and standardized protocols to ensure con-
sistent and reliable results in different clinical settings.
Meanwhile, further research is required to address the
challenges posed by the heterogeneity of CAFs and to
establish standardized analytical methods. Further inves-
tigation of the molecular composition of CAF-derived
sEVs and their functional roles within the tumor micro-
environment will be crucial for their effective incorpora-
tion into clinical practice.

Therapeutic potential of targeting CAF

The recognition of CAFs as pivotal contributors within
the TME has opened up promising avenues for thera-
peutic interventions in cancer treatment. Through the
targeting of CAF-associated signaling pathways and
interactions, investigators have pursued novel strate-
gies aimed at halting tumor advancement and bolstering
treatment efficacy. By unraveling the complex interplay
among CAFs, immune cells, and the TME, innovative
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treatment modalities are being developed to disrupt
tumorigenic processes across various fronts, heralding
the advent of more potent cancer therapies.

Targeting CAFs

As mentioned above, FAP™ CAF has been shown to cor-
relate with poor prognosis in NSCLC, which links to
multiple aggressive cancer phenotypes. Recently, thera-
peutic strategy specifically targeting this subset have
been developed. Fang et al. engineered human FAP-
specific CAR-NK-92 cells (hFAP-CAR-NK-92) to selec-
tively eliminate FAP-expressing cells, including CAFs
and FAP* tumor cells. Results showed that hFAP-CAR-
NK-92 cells successfully targeted hFAP-positive NSCLC
and suppressed tumor growth by activating the Cas-
pase-3/GSDME pyroptosis pathway [103]. FAP* CAF tar-
geted therapy has been further explored by investigating
the regulatory mechanisms of FAP expression and their
effector molecule. It is reported that circNOX4 upregu-
lated FAP by sponging miR-329-5p, which regulates FAP
expression in CAF of NSCLC. Blocking of IL6 by IL6-
neutralizing antibody effectively suppressed the growth
of circNOX4 overexpressing xenograft, suggesting the
therapeutic potential of targeting FAP regulatory path-
way in CAF [104]. Further, FAP* CAF has been linked to
the resistance of ICI therapy, making it a potential target
for improving ICI efficacy. As demonstrated by Kraxner
et al, FAP* CAF infiltration positively correlated with
Treg infiltration and immune suppressive microenviron-
ment, pointing this subset to be a target to reverse immu-
notherapy resistance [105]. Peyraud et al. additionally
characterized FAP"aSMA™ CAF subsets together with
MYH11*aSMA* CAFs as key drivers of primary resis-
tance in mature tertiary lymphoid structures (mTLSs)
-positive NSCLC, both of which correlated with poor
treatment response in ICI-treated mTLS-positive
NSCLC. Spatial transcriptomic analysis revealed that
FAP*aSMA" CAFs correlate with CD8" T cell exhaus-
tion, while MYH11*aSMA* CAFs promote immuno-
suppression via CD4" Treg infiltration. These findings
underscore the clinical relevance of dual CAF-targeted
strategies to reverse immune exclusion and enhance ICI
efficacy in NSCLC patients [106]. Together, these stud-
ies highlight the therapeutic potential of targeting FAP*
CAF in NSCLC. Fascin, an EMT target associated with
poor prognosis in tumors, exhibits potential as a thera-
peutic target due to its involvement in tumor invasion
and migration. Recent research implicates Fascin expres-
sion in CAFs with poor prognosis in LUAD, suggesting
its involvement in tumor-CAF crosstalk and highlighting
anti-Fascin therapy as a novel treatment avenue for the
cancer stroma [107].
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Targeting the signaling pathways of CAFs

The critical role of TGE-P in activating CAFs and shap-
ing their interactions with immune cells underscores
the potential of TGF-p inhibition therapy as a targeted
approach against CAFs [108]. Peyraud et al. demon-
strated that TGF-B/IFN-y signaling crosstalk in CAF-rich
stroma drives T cell dysfunction, suggesting combined
TGE-B blockade with ICIs could restore antitumor
immunity [106]. Concurrently, CAFs undergo meta-
bolic alterations, known as the reverse Warburg effect,
in which tumor cells induce mitochondrial dysfunction,
leading to increased glycolysis and release of high-energy
metabolites into the TME. Strategies targeting reactive
oxygen species (ROS) and TGF-p levels offer promising
therapeutic avenues by modulating this metabolic inter-
action [109-111]. By exploring the intricate connection
between TGF-p, CAF metabolism, and the TME, we can
pave the way for innovative treatment strategies that aim
to disrupt the tumorigenic processes at multiple levels.
Developing strategies to disrupt the interaction between
CAFs and cancer cells is thought to be a promising
approach for developing effective anti-cancer drugs. The
novel aptamer-based conjugate Gint4.T-STATS3, targeting
PDGFRpP and STAT3, suppresses CAF-tumor crosstalk
with cancer cells. Gint4.T-STAT3 suppressed CAF-driven
proliferation and metastasis through inhibiting STAT3
activation, suggesting therapeutic potential for disrupt-
ing tumor microenvironment remodeling and resistance
mechanisms [112]. Anlotinib, a multitarget antiangio-
genic tyrosine kinase receptor inhibitor, has shown to
enhance the efficacy of anti-PD1 therapy by inducing
apoptosis of CAFs and suppressing its migration ability.
Further, anlotinib inhibits the immune suppressive role
of CAF, leading to the increased infiltration of CD8" T
cells and PD-1 inhibitor-induced cytotoxicity. This study
elucidates the underlying mechanisms of the synergistic
effect of combined treatment of anlotinib and immuno-
therapy, with emphasis on the efficacy of targeting CAFs
[113]. Further clinical trial regarding this regimen is wor-
thy to be evaluated.

Antifibrotic therapy

Fibrosis serves as a pivotal characteristic of the TME
across numerous types of solid tumors. Notably, idio-
pathic pulmonary fibrosis (IPF) stands out as the most
prevalent form of idiopathic interstitial pulmonary dis-
ease and is recognized for elevating the risk of NSCLC.
DEGs in NFs and CAFs isolated from NSCLC patients
play crucial roles in the fibrotic process, with up-regu-
lation of ITGA1l, COL1Al, and COL11A1l suggestive
of the involvement of CAFs in lung fibrosis [114]. Con-
sequently, there exist numerous overlapping genetic,
molecular, and cellular mechanisms that bridge the
connection between lung fibrosis and NSCLC, with
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fibroblast activation being a noteworthy aspect [115].
Metformin, through AMPK activation and inhibition of
NOX4 expression, inhibits the transformation of lung
fibroblasts into myofibroblasts induced by TGE-p, offer-
ing a potential anti-fibrotic approach to overcome radio-
therapy resistance [116]. Clinically, pirfenidone is utilized
as an antifibrotic agent for the treatment of IPF. Pirfeni-
done not only attenuated fibroblast activity but also effi-
ciently regulated the interactive communication between
NSCLC cells and CAFs, leveraging its synergistic ability
to restrain both IL-6 and TGF-f signaling [117].

Challenges of CAF targeting therapy

Several challenges exist for targeting CAFs as person-
alized therapy in NSCLC. One major challenge is the
heterogeneity of CAFs. The existence of multiple CAF
subtypes with different functions and phenotypes makes
it difficult to develop a single - target therapy that can
effectively inhibit all pro - tumor CAF activities while
maintain the anti-tumor effects of CAFs. The application
of personalized medicine through CAF heterogeneity
analysis in NSCLC shows significant potential. The eluci-
dation of different functions and phenotypes of CAF sub-
types make it possible to develop targeted therapies that
focus on specific CAF subsets for more precise patient
stratification.

Additionally, the potential side effects of CAF targeted
therapies need to be carefully considered. The distinction
between NFs and CAFs is pivotal for developing targeted
therapies against CAFs while preserving physiological
fibroblast functions to avoid adverse effects on normal
tissues. NFs, typically quiescent and reported marked by
heterogeneous CD26 expression in breast cancer, main-
tain tissue homeostasis through transient activation by
factors like TGF-PB during wound healing [9, 12, 13, 118].
scRNA-seq identifies three major NF subpopulations:
adventitial (CD34"), alveolar (AOC3"), and rare myofi-
broblasts (ACTA2*/POSTNY), with adventitial and alve-
olar fibroblasts enriched in histologically normal regions
and associated with improved survival in LUAD [119]. In
contrast, CAFs exhibit sustained activation via oncogenic
pathways and express pro-tumorigenic markers such as
a-SMA, FAP, POSTN, and COL1A1, which are absent or
minimal in NFs [17, 103, 113, 120]. Therapeutic strategies
must leverage these differences by targeting CAF-specific
markers or pathways while avoiding NF disruption [18,
30, 103]. By exploiting molecular, functional, and spatial
distinctions, precision CAF-targeted therapies could dis-
rupt pro-tumorigenic niches without compromising stro-
mal integrity, offering new avenues to improve NSCLC
outcomes.
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Conclusions

In conclusion, the intricate interplay between CAFs, sig-
naling pathways, and the TME presents a multifaceted
landscape ripe for therapeutic intervention in the context
of cancer treatment. Targeting CAFs directly through
various modalities, including genetic, pharmacological,
and immunotherapeutic approaches, holds promise in
impeding tumor progression and enhancing treatment
responses. Furthermore, deciphering the signaling path-
ways involved in CAF activation and metabolism unveils
novel avenues for targeted therapies, with potential syn-
ergies to disrupt tumorigenic processes at multiple lev-
els. Antifibrotic strategies, particularly in the context
of fibrosis-associated diseases such as IPF and NSCLC,
offer additional therapeutic opportunities by modulating
the fibrotic components of the TME. Collectively, these
advancements underscore the transformative potential of
targeting CAFs and their associated signaling pathways
in the quest for more effective cancer therapies.

Future perspective

The evolving understanding of CAF heterogeneity and
their dynamic interactions within the NSCLC microenvi-
ronment presents both challenges and opportunities for
therapeutic innovation. Future research should prioritize
elucidating the molecular mechanisms underlying CAF
heterogeneity and plasticity, particularly focusing on how
these CAF subpopulations influence patient prognosis
and treatment responses, which will guide the develop-
ment of more precise CAF targeted therapy. Meanwhile,
the heterogeneity and versatility of CAFs, including their
potential to act as both promoters and suppressors of
cancer progression, underscore the complexity of tar-
geting CAF-sEVs in NSCLC. Future research should
aim to clarify the origins and roles of CAF-sEVs to cre-
ate targeted therapies that disrupt the tumor-supportive
microenvironment in NSCLC. Current limitations in the
clinical translation of CAF include insufficient evidence
from clinical trial. Overcoming CAF-mediated physical
and functional barriers, such as ECM stiffness and immu-
nosuppressive TME will require innovative approaches.
These include combination therapies that integrate
CAF-targeting agents with immunotherapy, small mol-
ecule inhibitors targeting CAF-secreted factors including
sEVs, and strategies to deplete CAF subtypes associated
with poor prognosis. Further, therapeutic modulation
of CAFs to remodel the tumor microenvironment may
improve clinical outcomes. We believe that bridging
gaps in mechanistic understanding, biomarker discovery,
and clinical Validation could change CAFs from “hidden
force” into actionable targets for NSCLC management.
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