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Abstract. Lung cancer remains a leading cause of cancer‑related 
death. Despite advances in targeted therapies and immuno‑
therapy, treatment outcomes remain suboptimal due to tumor 
heterogeneity and therapeutic resistance. The tumor microen‑
vironment (TME), a dynamic ecosystem comprising immune 
cells, stromal components, extracellular matrix and bioactive 
molecules, serves a critical role in promoting tumor progression 
and resistance. The present review comprehensively analyzes 
the molecular mechanisms underlying TME‑mediated 
immune evasion, and resistance to chemotherapy, radiotherapy 
and immunotherapy. In addition, emerging therapeutic strate‑
gies targeting the TME are highlighted, such as immune 
microenvironment modulation, metabolic and epigenetic 
interventions, and nanotechnology‑based drug delivery 
systems. By integrating multi‑omics datasets and spatial tran‑
scriptomics, TME‑directed interventions are moving toward 
biomarker‑guided, personalized regimens.
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1. Introduction

Lung cancer accounts for 18% of global cancer deaths, with 
non‑small‑cell lung cancer (NSCLC) comprising 85% of 
cases (1). Despite advances in targeted agents and immune 
checkpoint blockade (ICB), the 5‑year survival rate remains 
at ≤25%  (2). Notably, primary or acquired resistance 
occurs in 50‑60% of patients with EGFR mutations within 
12‑18 months (3) and in ≥30% of patients treated with ICB (4). 
Intratumoral heterogeneity and clonal evolution are recognized 
drivers of resistance; however, the tumor microenvironment 
(TME) is increasingly appreciated as an active factor that 
imposes metabolic, physical and immunological barriers to 
therapy (5).

The heterogeneity of NSCLC further complicates treatment. 
Genomic analyses have revealed distinct molecular subtypes 
of NSCLC, such as KRAS, BRAF and RET, each requiring 
tailored therapies (6). However, even within the same subtype, 
intratumoral heterogeneity drives clonal evolution and thera‑
peutic escape (5). For example, KRAS G12C inhibitors, such 
as sotorasib, achieve objective response rates (ORRs) of 37%; 
however, resistance emerges through alternative pathway acti‑
vation or phenotypic switching (7). Immunotherapy resistance 
is equally complex, with TME‑mediated mechanisms such as 
T‑cell exhaustion, myeloid‑derived suppressor cells (MDSCs) 
and collagen‑rich physical barriers impeding immune cell 
infiltration (8).

The TME has emerged as a critical factor in cancer 
progression and therapeutic resistance, as supported by both 
preclinical models and clinical trial data (9‑14). Comprising 
tumor cells, immune cells, stromal components, extracellular 
matrix (ECM) and bioactive molecules, the TME is a dynamic 
ecosystem that actively promotes tumor evolution, immune 
evasion and therapeutic resistance (10). Chronic inflammation 
within the TME, for example, has been linked to the develop‑
ment of an immunosuppressive environment, which facilitates 
tumor progression and resistance to immunotherapy  (11). 
Studies have shown that components of the TME, such as 
tumor‑associated macrophages (TAMs), MDSCs and regula‑
tory T cells (Tregs), serve key roles in suppressing antitumor 
immune responses  (12,13). Additionally, the ECM and its 
degradative enzymes contribute to tumor invasion and metas‑
tasis by remodeling the physical structure of the TME (14). 
Understanding these interactions is crucial for developing 
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novel therapeutic strategies that target the TME to overcome 
resistance and improve patient outcomes.

The present review aims to provide a comprehensive 
analysis of the role of the TME in lung cancer progression 
and therapeutic resistance. Firstly, the molecular mechanisms 
underlying TME‑mediated immune evasion and resistance to 
chemotherapy, radiotherapy and immunotherapy were explored. 
Furthermore, emerging therapeutic strategies targeting the 
TME, such as immunotherapy combinations, anti‑angiogenic 
therapies and nanoparticle‑based drug delivery systems, were 
critically evaluated, and their potential to overcome resistance 
and enhance treatment efficacy discussed. The current review 
will highlight the importance of integrating TME profiling 
into personalized medicine approaches, and emphasize the 
need for further research to address the challenges posed by 
TME heterogeneity and plasticity. By bridging gaps in the 
current knowledge, the review seeks to inform future research 
directions and clinical applications in the management of lung 
cancer.

2. Heterogeneity of the lung cancer microenvironment 

The heterogeneity of the lung cancer microenvironment 
arises from the complex interplay of cellular and non‑cellular 
components, as well as emerging factors such as microbiota 
and neuronal crosstalk  (15,16). This heterogeneity poses 
notable challenges for therapeutic intervention, necessitating 
a deeper understanding of the dynamic interactions within the 
TME to develop effective treatment strategies.

Cellular components. The TME in lung cancer is char‑
acterized by a complex array of immune cells, including 
TAMs, MDSCs and Tregs, which collectively contribute 
to an immunosuppressive environment (5) (Fig. 1). TAMs, 
particularly the M2‑polarized subset, secrete interleukin 
(IL)‑10 and transforming growth factor‑β (TGF‑β) to inhibit 
antitumor immunity and support tumor progression  (5). 
Similarly, MDSCs impair cytotoxic T‑cell function via reac‑
tive oxygen species and arginase production (17), and Tregs 
further reinforce immunosuppression through secretion of 
immunosuppressive cytokines, such as IL‑10 and TGF‑β (18). 
However, studies have highlighted the heterogeneity of these 
immune cells within the TME (19,20). For example, it has been 
suggested that TAMs can exhibit both protumorigenic and 
antitumorigenic functions depending on their spatial distribu‑
tion and functional orientation within the tumor (21,22). This 
heterogeneity complicates therapeutic strategies targeting 
TAMs, as interventions may need to account for their dual 
roles (23).

Cancer‑associated fibroblasts (CAFs) contribute to tumor 
progression and therapeutic resistance by remodeling the ECM 
and secreting growth factors such as TGF‑β and fibroblast 
growth factor (FGF) (24) (Fig. 1). Through ECM deposition 
and cross‑linking, CAFs create a physical barrier that impedes 
drug penetration and immune cell infiltration, while also 
promoting angiogenesis and metastatic dissemination (25,26). 
Additionally, the presence of other immune cell subsets, such 
as natural killer (NK) cells and γδ T cells, has been shown to 
influence tumor outcomes. NK cells, known for their ability 
to recognize and lyse tumor cells without prior sensitization, 

can be impaired in the TME due to factors such as TGF‑β 
and programmed death‑ligand 1 (PD‑L1) expression (27). γδ 
T cells, which are involved in both innate and adaptive immu‑
nity, have also been shown to serve a role in shaping the TME 
and affecting therapeutic responses (28).

Non‑cellular components. The ECM undergoes dynamic 
remodeling in the TME, driven by matrix stiffness, collagen 
crosslinking and protease activity (29). Matrix metallopro‑
teinases (MMPs) and other proteases degrade the ECM, 
facilitating tumor invasion and metastasis (30). Additionally, 
increased matrix stiffness can enhance tumor cell proliferation 
and resistance to therapy by promoting mechanotransduction 
pathways (30). These changes in the ECM create a physical 
barrier that limits drug delivery and contributes to therapeutic 
resistance.

Soluble factors, such as cytokines (for example, IL‑6 and 
TNF‑α), chemokines and growth factors, are critical drivers 
of TME heterogeneity. IL‑6, for example, promotes tumor 
progression by activating the STAT3 pathway, which enhances 
cell survival and proliferation  (31). TNF‑α, while often 
associated with inflammation, can also contribute to immu‑
nosuppression by upregulating PD‑L1 expression on tumor 
cells (31). Growth factors such as vascular endothelial growth 
factor (VEGF) drive angiogenesis and create an immunosup‑
pressive microenvironment, further complicating therapeutic 
strategies (32).

Emerging factors. Recent studies have identified the presence 
of intratumoral microbiota within the lung cancer microen‑
vironment, with microbial metabolites influencing oncogenic 
signaling and immune evasion (33,34). For example, certain 
bacterial species have been shown to modulate the expression 
of immune checkpoint molecules, such as PD‑L1, thereby 
enhancing tumor immune evasion (35) (Fig. 1). Furthermore, 
the role of the gut‑lung axis in shaping the lung TME has 
garnered attention. The gut microbiota can influence systemic 
immunity and inflammation, which in turn affects the compo‑
sition and function of the lung microbiota and TME (36). This 
interplay between the gut and lung may offer novel targets for 
therapeutic intervention.

Neuronal interactions within the TME have also emerged 
as a novel area of research  (37). Neurotrophic factors and 
axonogenesis promote tumor innervation, which can enhance 
tumor growth and metastasis (38). Studies have suggested that 
neural signaling may influence the secretion of protumorigenic 
factors, such as TGF‑β, and create a permissive environment 
for tumor progression  (39,40) (Fig.  1). Additionally, the 
involvement of neuronal‑derived exosomes in transmitting 
signals that promote tumor cell survival and therapeutic 
resistance has been revealed (41), highlighting the importance 
of understanding the bidirectional communication between 
neurons and tumor cells in shaping the TME.

The heterogeneity of the lung cancer microenviron‑
ment, driven by diverse cellular interactions and dynamic 
non‑cellular components, presents a notable barrier to effec‑
tive therapy. Understanding these complex interactions is 
essential for developing targeted approaches that can modulate 
the TME to enhance treatment efficacy. By addressing the 
dual roles of immune cells, the fibrotic networks created by 
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CAFs and the physical barriers of the ECM, future therapeutic 
strategies may be better designed to overcome resistance and 
improve patient outcomes.

3. Dynamic crosstalk in the TME: Mechanisms of 
progression 

The intricate crosstalk within the TME facilitates immune 
evasion, metabolic reprogramming and epigenetic modula‑
tion, thereby creating a permissive niche for tumor growth and 
therapeutic resistance (12,42). Understanding these dynamic 
interactions is crucial for developing novel therapeutic strate‑
gies that target the TME to enhance treatment efficacy and 
overcome resistance in lung cancer.

Immune evasion and checkpoint dysregulation. The TME 
facilitates immune evasion through various mechanisms, 
including the upregulation of immune checkpoint molecules 
and the polarization of immune cells (11). PD‑L1, a well‑known 
immune checkpoint protein, is often upregulated in lung 
cancer cells, enabling them to suppress T‑cell activity and 
evade immune detection (43,44) (Fig. 2). Previous studies have 
also highlighted the role of the lymphocyte‑activation gene 

3 (LAG‑3)/fibrinogen‑like protein 1 (FGL1) axis and V‑type 
immunoglobulin domain‑containing suppressor of T‑cell 
activation (VISTA) in immune evasion. LAG‑3, expressed 
on exhausted T cells, interacts with FGL1, leading to T‑cell 
dysfunction (45). VISTA, another immune checkpoint mole‑
cule, contributes to the immunosuppressive environment by 
inhibiting T‑cell activation (46). TAMs serve a notable role in 
immune evasion by polarizing toward an M2 phenotype. This 
polarization is driven by cytokines such as colony stimulating 
factor 1 (CSF‑1), which activates CSF‑1 receptor signaling 
in macrophages  (47). However, the extent to which these 
mechanisms contribute to immune evasion may vary among 
different lung cancer subtypes and patient populations, neces‑
sitating further investigation to clarify their roles and potential 
therapeutic targets.

Metabolic reprogramming and hypoxia. Hypoxia is a common 
feature of the TME, and has marked effects on tumor progres‑
sion and therapeutic resistance (48) (Fig. 2). Hypoxia‑induced 
autophagy, mediated by hypoxia‑inducible factor‑1α and 
BCL‑2/adenovirus E1B 19 kDa protein‑interacting protein 
3, supports the survival of cancer stem cells (CSCs). CSCs 
are known for their ability to self‑renew and differentiate, 

Figure 1. TME composition and interactions in lung cancer. Components of the TME, including immune cells (such as TAMs, MDSCs and Tregs), stromal cells 
(for example, CAFs and endothelial cells), ECM and soluble factors (cytokines, chemokines and growth factors), are shown, as are the interaction between these 
components. For example, TAMs secrete IL‑10 and TGF‑β, thus inhibiting antitumor immune responses, and CAFs promote tumor progression by secreting 
ECM components and growth factors. This figure was created using Figdraw (www.figdraw.com, ID: YTYOW4a999). CAFs, cancer‑associated fibroblasts; 
ECM, extracellular matrix; IL‑10, interleukin‑10; MDSCs, myeloid‑derived suppressor cells; PD‑L1, programmed death‑ligand 1; TAMs, tumor‑associated 
macrophages; TME, tumor microenvironment; TGF‑β, transforming growth factor‑β; Tregs, regulatory T cells.
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contributing to tumor heterogeneity and resistance to 
therapy (49). By maintaining CSC survival, hypoxia‑induced 
autophagy ensures a reservoir of cells capable of repopulating 
the tumor after treatment.

Lactate, a byproduct of anaerobic metabolism, accumu‑
lates in the TME under hypoxic conditions and serves a role in 
promoting immunosuppression (50) (Fig. 2). Lactate‑mediated 
signaling in stromal cells, such as Notch/C‑C motif chemo‑
kine ligand 5, fosters an immunosuppressive environment 
by attracting Tregs and inhibiting the function of cytotoxic 
T cells (51). This metabolic reprogramming not only supports 
tumor growth but also creates a barrier to effective immune 
responses, highlighting the complex interplay between 
metabolic changes and immune modulation in the TME.

Epigenetic modulation in the TME. Epigenetic changes within 
the TME markedly influence tumor progression and thera‑
peutic resistance (42) (Fig. 2). RNA modifications, including 
m6A, m5C and ac4C, have emerged as critical regulators of 
mRNA stability and translation. These modifications can 
affect the expression of immune‑related genes, such as PD‑L1, 
STAT1 and IRF7, thereby modulating immune cell function 

and the overall immune response within the TME (52). For 
example, m6A methylation of specific mRNA transcripts can 
enhance their stability and translation efficiency, leading to 
increased production of proteins involved in immune evasion 
and tumor promotion (53).

Long non‑coding RNAs (lncRNAs) also serve a role 
in shaping the TME through epigenetic mechanisms  (54). 
Hypoxia‑induced lncRNA‑HAL has been shown to promote 
stemness and therapeutic resistance by interacting with chro‑
matin remodeling complexes (55). By altering the epigenetic 
landscape, lncRNA‑HAL contributes to the maintenance of 
a favorable environment for tumor growth and resistance 
to treatment (56). Understanding the specific roles of these 
epigenetic modulators and their interactions within the TME 
is crucial for developing novel therapeutic strategies aimed at 
reversing epigenetic changes and enhancing treatment efficacy 
in lung cancer.

The intricate crosstalk within the TME, involving immune 
evasion, metabolic reprogramming and epigenetic modula‑
tion, creates a complex landscape of resistance mechanisms 
in lung cancer. By targeting key nodes in these networks, such 
as immune checkpoint regulation, hypoxia‑driven pathways 

Figure 2. Mechanisms of therapeutic resistance in the TME. The mechanism by which the TME drives treatment resistance is shown, including immune escape 
mechanisms (such as PD‑L1 upregulation, the LAG‑3/FGL1 axis and the role of VISTA), metabolic reprogramming (for example, hypoxia‑induced autophagy 
and immunosuppression due to lactic acid accumulation) and epigenetic regulation (such as RNA modification and the role of lncRNAs). This figure was 
created using Figdraw (www.figdraw.com, ID: STSWAa4006). CSCs, cancer stem cells; FGL1, fibrinogen‑like protein 1; LAG‑3, lymphocyte‑activation gene 3; 
lncRNA, long non‑coding RNA; PD‑L1, programmed death‑ligand 1; TME, tumor microenvironment; VISTA, V‑type immunoglobulin domain‑containing 
suppressor of T‑cell activation.
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and epigenetic modifiers, novel therapies can be developed to 
disrupt the supportive role of the TME in tumor progression. 
These approaches hold promise for enhancing the effective‑
ness of existing treatments and addressing the challenge of 
therapeutic resistance.

Resistance to targeted therapy. Resistance to targeted thera‑
pies, such as EGFR‑tyrosine kinase inhibitors (TKIs), is a 
notable challenge in lung cancer treatment. One of the key 
mechanisms underlying this resistance is the activation of 
alternative signaling pathways. TAMs contribute to resistance 
against targeted therapies such as EGFR‑TKIs by secreting 
hepatocyte growth factor, which activates the c‑MET pathway 
and bypasses EGFR inhibition  (57). Moreover, TAMs and 
CAFs collaboratively foster a fibrotic niche via ECM remod‑
eling, which physically restricts drug access and activates 
alternative survival pathways (58,59).

Genetic alterations, including secondary EGFR mutations 
(such as T790M) and MET amplification, remain key drivers 
of acquired resistance (60). These changes are often facili‑
tated by a pro‑inflammatory TME, which promotes genomic 
instability and enriches for resistant clones (61). 

Resistance to ICB. Immune checkpoint inhibitors (ICIs) have 
revolutionized the treatment landscape for lung cancer, but 
resistance to these therapies remains a key issue. Resistance to 
ICIs can be influenced by various factors within the TME (62). 
For example, the presence of immunosuppressive cells, such 
as MDSCs and Tregs, can inhibit the activation and function 
of cytotoxic T cells. These immunosuppressive cells can be 
recruited and activated by cytokines such as TGF‑β and IL‑10, 
which are often upregulated in the TME. The dense infiltration 
of MDSCs and Tregs creates a suppressive milieu that limits 
the efficacy of ICB (63).

Moreover, physical barriers within the TME, such as a 
dense ECM and poor vascularization, can prevent immune cells 
from infiltrating the tumor (64). A recent study demonstrated 
that the ECM stiffness, mediated by collagen crosslinking and 
MMPs, can physically impede T‑cell migration and reduce 
the delivery of ICIs to their targets. This structural barrier is 
further exacerbated by the presence of immunosuppressive 
cytokines, which collectively contribute to the resistance of 
tumors to immunotherapy (64).

The interplay between targeted therapeutic resistance and 
immune evasion is complex and can be influenced by the TME. 
Metabolic changes induced by targeted therapies can alter the 
TME and contribute to immune resistance (65). For example, 
hypoxia resulting from tumor growth can lead to the upregula‑
tion of PD‑L1 and the recruitment of immunosuppressive cells. 
Additionally, the release of damage‑associated molecular 
patterns from dying cancer cells during targeted therapy can 
activate innate immune responses that paradoxically promote 
immunosuppression.

4. TME‑driven therapeutic resistance in lung cancer

Comprehending TME‑mediated resistance mechanisms is 
essential to devise new lung cancer therapies that restore drug 
sensitivity and prolong patient survival. Future research should 
focus on assessing the molecular and cellular interactions 

within the TME and exploring combination therapies that 
target multiple resistance pathways simultaneously.

Immune evasion and resistance mechanisms. Previous 
studies have highlighted the role of immune evasion mecha‑
nisms in therapeutic resistance (Table I). Utsumi et al (66) 
demonstrated that AXL‑mediated drug resistance in 
ALK‑rearranged NSCLC was enhanced by growth‑arrest 
specific protein 6 from macrophages and MMP11‑positive 
fibroblasts, underscoring the importance of cellular interac‑
tions within the TME. Moreover, Peyraud et al (67) utilized 
spatially resolved transcriptomics to reveal determinants 
of primary resistance to immunotherapy in NSCLC with 
mature tertiary lymphoid structures, suggesting that the 
spatial organization of immune cells may impact therapy 
outcomes. However, Nishinakamura et al (68) showed that 
coactivation of innate immune suppressive cells induced 
acquired resistance against combined Toll‑like receptor 
7/8 agonist treatment and programmed cell death protein 
1 (PD‑1) blockade, further illustrating the dynamic nature 
of immune resistance mechanisms. Notably, large clinical 
trials, such as KEYNOTE‑189, have validated the impact of 
TME features on immunotherapy response, reinforcing the 
clinical relevance of these mechanisms (69).

The involvement of specific T‑cell subsets in lung cancer 
resistance mechanisms has garnered attention in previous 
research. γδ T cells, which are part of the innate‑like 
T‑cell population, have been shown to serve a dual role in 
the TME (70). Some studies have indicated that γδ T cells 
can mediate antitumor responses through the secretion of 
IFN‑γ and the killing of tumor cells (71,72). However, other 
research has suggested that γδ T cells may also contribute 
to immunosuppression by producing immunosuppressive 
cytokines, such as IL‑10 and TGF‑β, in the TME, thereby 
promoting tumor progression and resistance to therapy (73). 
For example, Liu et al (28) demonstrated that the frequency 
and function of γδ T cells were altered in patients with 
lung cancer, and these cells may influence the efficacy of 
immunotherapy. Additionally, tissue‑resident memory T 
cells  (Trm) have been identified as key players in local 
immune responses. Trm cells persist in tissues long‑term 
and can provide immediate protection against tumor recur‑
rence (74). However, in the context of chronic inflammation 
and an immunosuppressive TME, Trm cells may lose their 
function or even promote tumor growth. It has been shown 
that the expression of checkpoint molecules, such as PD‑1 
and LAG‑3, on Trm cells can limit their antitumor activity, 
contributing to therapeutic resistance (75).

In addition to T‑cell subsets, other immune cells such 
as innate lymphoid cells (ILCs) have been implicated in 
shaping the TME and influencing therapeutic outcomes. 
ILCs, including ILC1s, ILC2s and ILC3s, can regulate tumor 
inflammation and immune responses through the secretion 
of cytokines. For example, ILC3s have been reported to 
promote tumor progression by secreting IL‑22, which can 
enhance tumor cell survival and resistance to therapy (76). 
Furthermore, the interaction between ILCs and other 
immune cells, such as macrophages and dendritic cells, can 
modulate the overall immune response in the TME, affecting 
the efficacy of immunotherapy (77).
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Fibroblast‑induced resistance and metabolic reprogramming. 
Additionally, paracrine signaling mechanisms between tumor 
cells and CAFs can synergize with the TME to drive resistance 
(Table I). Ebid et al (78) investigated the cross‑talk signaling 
between NSCLC cell lines and fibroblasts, demonstrating that 
this interaction can attenuate the cytotoxic effect of cisplatin. 
This previous study highlighted the role of CAFs in mediating 
chemoresistance. Additionally, Zhang et al (79) identified lactate 
dehydrogenase A as a novel predictor for immunotherapy 
resistance, linking metabolic reprogramming within the TME 
to therapy outcomes. Wang et al  (80) conducted single‑cell 
transcriptomics analysis and revealed an immunosuppressive 
network between periostin (POSTN) CAFs and atypical chemo‑
kine receptor 1 (ACKR1) endothelial cells (ECs) in TKI‑resistant 
lung cancer, providing insights into the cellular and molecular 
mechanisms underlying resistance to targeted therapies.

Genetic alterations and resistance. Additionally, genetic alter‑
ations within tumor cells can synergize with the TME to drive 
resistance (Table I). Wang et al (81) showed that SMARCA4 
mutations induced tumor cell‑intrinsic defects and resistance 
to immunotherapy, suggesting that genetic alterations within 
tumor cells may synergize with the TME to drive resistance. 
Huang et al (82) demonstrated that EGFR mutations can induce 
suppression of CD8+ T cells and anti‑PD‑1 resistance via the 
ERK1/2‑p90RSK‑TGF‑β axis, linking genetic alterations to 
immune evasion mechanisms. Kobayashi et al (83) explored 
the impact of bevacizumab and microRNA (miR)‑200c on 
epithelial‑mesenchymal transition (EMT) and EGFR‑TKI 
resistance in EGFR‑mutant lung cancer organoids, suggesting 
that targeting EMT‑related pathways may offer a promising 
strategy to overcome resistance.

Multicellular models and combination therapies. Moreover, 
advanced multicellular models and combination therapies are 
being explored to better understand and overcome TME‑driven 
resistance (Table I). Tan et al (84) evaluated drug resistance for 
EGFR‑TKIs in lung cancer using a multicellular lung‑on‑a‑chip 
model, allowing for a more accurate simulation of the TME 
and providing valuable data on resistance mechanisms. 
Pan et al (85) investigated the role of disulfidptosis‑related genes 
in radiotherapy resistance of lung adenocarcinoma, emphasizing 
the importance of understanding TME‑driven resistance across 
different therapeutic modalities. Han et al (86) showed that 
osimertinib in combination with anti‑angiogenesis therapy may 
be a promising option for osimertinib‑resistant NSCLC, high‑
lighting the potential of combination therapies in overcoming 
resistance mediated by the TME.

Nanotechnology and resistance management. Finally, 
nanotechnology offers innovative approaches to monitor and 
manage resistance within the TME (Table I). Shen et al (87) 
developed an adaptable nanoprobe integrated with quantita‑
tive T1‑mapping MRI for accurate differential diagnosis 
of multidrug‑resistant lung cancer, offering a novel option 
for monitoring and managing resistance within the TME. 
Lu et al (88) showed that reprogramming of TAMs via the 
STAT3/CD47‑signal regulatory protein α axis promoted 
acquired resistance to EGFR‑TKIs in lung cancer, emphasizing 
the role of immune cell reprogramming in resistance.

5. Challenges and future directions

The heterogeneity of the TME presents notable challenges 
for the development of effective biomarkers for lung cancer. 
Spatial transcriptomics has emerged as a powerful tool for 
mapping immune‑stromal interactions among different 
lung cancer subtypes  (89). This technology allows for the 
simultaneous analysis of multiple cell types and their spatial 
configurations, providing insights into how immune cells, such 
as CD8+ T cells and TAMs, interact with stromal components 
including CAFs and ECM proteins (90). Studies have shown 
that the spatial distribution of immune cells within the TME 
can influence therapeutic responses, with immune‑excluded 
or immune‑desert tumors exhibiting poor responses to immu‑
notherapy  (90,91). By leveraging spatial transcriptomics, 
researchers can better characterize the TME landscape and 
identify key biomarkers that predict treatment outcomes (91). 
This approach may not only enhance the understanding 
of TME heterogeneity but also aid in the development of 
personalized therapeutic strategies.

The integration of single‑cell sequencing and artificial 
intelligence (AI) offers promising options for developing 
personalized TME‑targeted therapies (92). However, trans‑
lation into clinical practice requires validation through 
large‑scale trials, as exemplified by the ongoing efforts 
in biomarker‑driven studies. Single‑cell RNA sequencing 
(scRNA‑seq) has revolutionized the understanding of cellular 
heterogeneity within the TME, revealing distinct subpopu‑
lations of immune cells and their functional states  (92). 
AI algorithms can analyze vast datasets generated from 
scRNA‑seq to predict therapeutic vulnerabilities and optimize 
treatment combinations. For example, AI models can identify 
specific immune cell subsets or signaling pathways that are 
critical for tumor progression and resistance, enabling the 
design of targeted therapies that disrupt these interactions (93). 
This approach has shown potential in improving the efficacy 
of immunotherapy and overcoming resistance in patients with 
lung cancer (93). However, challenges remain in translating 
these findings into clinical practice, including the need for 
standardized protocols and the integration of multiomics data 
to capture the full complexity of the TME.

Translating TME‑targeted therapies into clinical prac‑
tice faces several barriers, particularly related to off‑target 
effects and delivery systems (19,94,95). TME‑modulating 
agents, such as ICIs and anti‑angiogenic drugs, often exhibit 
off‑target effects that can limit their therapeutic efficacy 
and cause adverse events (96). For example, the secretion of 
FGL1 by hepatocytes and tumor cells can blunt the efficacy 
of anti‑PD‑1 immunotherapy, highlighting the need for 
strategies to enhance treatment specificity (97). Additionally, 
optimizing delivery systems to ensure targeted drug delivery 
and minimize systemic toxicity remains a critical challenge. 
Nanoparticle‑based drug delivery systems and targeted 
conjugates are being explored as potential solutions to over‑
come these barriers (98). These approaches aim to enhance 
the precision of TME‑targeted therapies, ensuring that drugs 
reach their intended targets while minimizing off‑target 
effects. Further research is needed to refine these technolo‑
gies and evaluate their clinical feasibility in patients with 
lung cancer.

https://www.spandidos-publications.com/10.3892/ijo.2025.5824
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The complexity of TME heterogeneity poses notable hurdles 
in developing effective therapeutic strategies. The dynamic 
nature of the TME, with its diverse cell types and signaling 
pathways, makes it difficult to identify consistent biomarkers 
for patient stratification and treatment monitoring (99). For 
example, the coexistence of immunosuppressive and immu‑
nostimulatory signals within the TME can lead to variable 
responses to immunotherapy, complicating the prediction of 
treatment outcomes. Recent studies have highlighted the need 
for a deeper understanding of TME plasticity and the identifi‑
cation of stable biomarkers that can reliably predict therapeutic 
responses across different patient populations (9,100).

Another critical challenge lies in the technical limitations 
of advanced imaging and sequencing technologies. While 
spatial transcriptomics and single‑cell sequencing have mark‑
edly advanced the understanding of TME heterogeneity, these 
techniques require highly specialized equipment and exper‑
tise, limiting their widespread adoption in clinical settings. 
Furthermore, the integration of multiomics data remains a 
complex task, as it necessitates sophisticated bioinformatics 
tools and standardized protocols to ensure data comparability 
and reproducibility.

In addition, addressing the challenges posed by TME 
heterogeneity and developing personalized TME‑targeted 
therapies requires a multidisciplinary approach that integrates 
advanced technologies, including spatial transcriptomics, 
single‑cell sequencing and AI. Overcoming clinical transla‑
tion barriers will necessitate innovative strategies to enhance 
drug specificity and delivery. By addressing these challenges, 
more effective and personalized treatments may be developed 
for patients with lung cancer.

6. Therapeutic strategies and clinical application of the 
TME

Therapeutic strategies targeting the TME offer innovative 
approaches to overcome resistance and improve outcomes 
in lung cancer treatment (100). By modulating the immune 
microenvironment (Table  II) and targeting metabolic and 
epigenetic pathways (Table III), researchers and clinicians 
are developing more effective and personalized treatment 
regimens. These strategies hold the promise of enhancing the 
efficacy of existing therapies and addressing the challenges 
posed by the dynamic and heterogeneous nature of the TME.

Immune microenvironment modulation
ICIs. ICIs have revolutionized the treatment landscape of 
NSCLC by targeting key pathways such as PD‑1, PD‑L1 and 
cytotoxic T‑lymphocyte associated protein 4 (CTLA‑4) (101). 
Large clinical trials, including CHECKMATE‑227 and 
KEYNOTE‑024, have established the efficacy of ICIs in 
improving overall survival, underscoring their clinical impor‑
tance (102,103). These therapies aim to enhance the antitumor 
immune response by blocking inhibitory signals that suppress 
T‑cell activity within the TME. PD‑1 and PD‑L1 inhibitors are 
the most extensively studied ICIs in NSCLC. Forde et al (104) 
demonstrated the potential of neoadjuvant PD‑1 blockade 
(pembrolizumab) in resectable lung cancer, showing notable 
tumor regression and increased major histological response 
rates. In addition, grade ≥3 adverse events were reported in 

<10% of patients, with the most common being fatigue and 
elevated transaminases. Similarly, Niemeijer  et  al  (105) 
utilized PET imaging to identify PD‑1 and PD‑L1 expression 
patterns in patients with NSCLC, providing insights into the 
spatial distribution of these targets within the TME. However, 
discrepancies in response rates across studies highlight the 
need for biomarker‑guided patient selection. Zhang et al (106) 
compared the efficacy of anti‑PD‑1 and anti‑PD‑L1 therapies 
in combination with chemotherapy for advanced squamous 
NSCLC, concluding that both approaches were effective but 
with varying toxicity profiles. This finding underscores the 
importance of optimizing treatment combinations based on 
tumor subtype and patient‑specific factors.

Combining ICIs with other therapies, such as radiotherapy 
or anti‑angiogenic agents, has shown promise in enhancing 
therapeutic efficacy. Nivolumab plus radiotherapy has been 
reported to yield an ORR of 45%, with grade ≥3 toxicities in 
18% of patients (primarily radiation pneumonitis and lympho‑
penia) (107). By contrast, low‑dose apatinib combined with 
PD‑1 blockade resulted in grade ≥3 adverse events in 15% of 
patients, mainly hypertension and hand‑foot syndrome (108). 
These data facilitate comparative risk‑benefit assessment 
across TME‑targeted strategies.

Targeting multiple immune checkpoints, such as PD‑1 
and CTLA‑4, has emerged as a strategy to amplify immune 
responses; however, this approach is often limited by substan‑
tial toxicity. Leighl et al (109) evaluated the combination of 
durvalumab (anti‑PD‑L1) and tremelimumab (anti‑CTLA‑4) 
in patients with anti‑PD‑1/PD‑L1‑resistant NSCLC, showing 
only modest activity (ORR: 9%) but grade 3‑4 toxicities in 
35% of patients. Similarly, the CHECKMATE‑227 trial, while 
demonstrating survival benefit, reported treatment‑related 
adverse events in 76% of patients receiving nivolumab plus 
ipilimumab, with 33% experiencing grade 3‑4 events (103). 
These findings highlight the challenging risk‑benefit balance 
of dual checkpoint blockade, particularly in heavily pretreated 
patients, and underscore the need for better patient stratification 
and toxicity management strategies.

Previous studies have explored innovative combinations, 
such as personalized neoantigen vaccines. Ott et  al  (110) 
reported promising results with a neoantigen vaccine combined 
with anti‑PD‑1 therapy in patients with advanced melanoma 
and NSCLC. Similarly, Awad et al  (111) demonstrated the 
feasibility of integrating neoantigen vaccines with chemo‑
therapy and anti‑PD‑1 therapy in non‑squamous NSCLC. 
These approaches leverage tumor antigens to enhance immune 
recognition, potentially overcoming resistance mechanisms 
within the TME.

Immune cells. Immune cells within the TME serve a 
critical role in modulating tumor progression and therapeutic 
resistance in lung cancer. This section focuses on the thera‑
peutic strategies and clinical applications of targeting specific 
immune cell populations, such as TAMs, tumor‑infiltrating 
lymphocytes (TILs) and chimeric antigen receptor T (CAR‑T) 
cells.

Natural product‑based interventions, such as herbal 
extracts, have shown immunomodulatory potential in preclin‑
ical models. Li et al (112) demonstrated that the Fuzheng Sanjie 
recipe could reprogram TAMs and reduce tumor growth in 
Lewis lung cancer mice. Similarly, Gao et al (113) reported 
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that ginseng extract altered the behavior of A549 lung cancer 
cells and TAMs in co‑culture systems. However, the transla‑
tional potential of these natural products is limited by several 
factors, including undefined active components, batch‑to‑batch 
variability, poor bioavailability and a lack of rigorous clinical 
trial data (114). While these studies provide valuable insights 
into TME modulation, their clinical applicability remains 
uncertain without standardized formulations and validation in 
human trials. Li et al (115) showed that hydroxychloroquine 
could enhance chemosensitivity and promote the transition 
of M2‑TAMs to M1‑like macrophages, thereby suppressing 
tumor growth in NSCLC. However, discrepancies exist in the 
effectiveness of TAM‑targeted therapies, as some studies high‑
light the challenges of achieving consistent reprogramming of 
TAMs across different tumor models (47,115).

TILs are a diverse population of immune cells that infiltrate 
the tumor site and serve a pivotal role in antitumor immune 
responses (116). CD8+ T cells, a major subset of TILs, are 
particularly important for their ability to recognize and kill 
tumor cells; however, the function of TILs is often suppressed 
within the immunosuppressive TME (116). Mechanistically, 
TILs can be inhibited through several pathways. For example, 
the upregulation of immune checkpoint molecules such as 
PD‑1 and PD‑L1 on TILs can lead to T‑cell exhaustion, 
reducing their cytotoxic activity against tumor cells  (117). 
Furthermore, Tregs and MDSCs within the TME can secrete 
immunosuppressive cytokines, including IL‑10 and TGF‑β, 
which further suppress the activation and proliferation of 
TILs (118). Additionally, the metabolic environment of the 
TME, characterized by hypoxia and high levels of adenosine, 
can impair TIL function by promoting the expression of 
inhibitory receptors and reducing the availability of essential 
nutrients (119). 

The spatial distribution and density of TILs within 
tumors can predict response to immunotherapy. For 
example, tumors with a high density of CD8+ TILs in the 
tumor core tend to respond better to ICIs compared with 
those with a peripheral distribution of TILs  (119). This 
highlights the importance of understanding not only the 
presence but also the localization and functional state of 
TILs in the TME. Sumitomo et al  (120) investigated the 
association between PD‑L1/PD‑L2 expression and TILs 
in NSCLC, revealing that M2‑TAMs and TILs interact to 
create an immunosuppressive TME. This previous study 
underscored the importance of targeting both TAMs and 
TILs to enhance therapeutic outcomes. Furthermore, 
CAR‑T cells have shown promise in hematological malig‑
nancies but face notable challenges in solid tumors such as 
lung cancer. Zhang et al (121) performed a Phase I trial of 
EGFR‑specific CAR‑T cells in relapsed/refractory NSCLC, 
demonstrating manageable safety and preliminary efficacy. 
However, the therapeutic potential of CAR‑T in solid tumors 
is limited by several factors, including on‑target/off‑tumor 
toxicity, inadequate tumor infiltration and the immu‑
nosuppressive TME  (122). Additionally, manufacturing 
complexity, high costs and the risk of cytokine release 
syndrome further constrain their widespread clinical appli‑
cation (123). Current research focuses on improving CAR‑T 
design to overcome these barriers, but their role in lung 
cancer remains investigational.

Emerging evidence has suggested that targeting other 
immune cells, such as MDSCs, may also enhance thera‑
peutic efficacy. For example, Kong et al  (124) showed that 
the Modified Bushen Yiqi formula reduced the chemotactic 
recruitment of MDSCs in Lewis lung cancer‑bearing mice, 
thereby enhancing antitumor immunity.

Therapies that target TME components
CAFs. CAFs are a critical component of the TME and serve 
a multifaceted role in promoting tumor progression and thera‑
peutic resistance in lung cancer (125). CAFs contribute to tumor 
progression through various mechanisms, including promoting 
cancer cell proliferation, enhancing metastasis and inducing 
therapeutic resistance (126). Li et al (127) demonstrated that 
α1,6‑fucosyltransferase regulates the cancer‑promoting capacity 
of CAFs by modifying EGFR core fucosylation in NSCLC. 
Similarly, Yang et al (128) showed that exosomes derived from 
CAFs containing miR‑210 promoted NSCLC migration and 
invasion through the PTEN/PI3K/AKT pathway.

CAFs are also implicated in therapeutic resistance. 
Chen et al (129) reported that CAFs can transfer SERPINE2 
via exosomes, enhancing tumor progression and resistance 
to treatment in lung cancer. Additionally, Sun et  al  (130) 
highlighted the role of the paired related homeobox 1‑oxLDL 
receptor 1 axis in supporting CAFs‑mediated immune suppres‑
sion and tumor progression, suggesting potential therapeutic 
targets.

CAFs influence tumor metabolism and signaling path‑
ways to promote resistance. Wang  et  al  (80) revealed an 
immunosuppressive network between POSTN CAFs and 
ACKR1 ECs in TKI‑resistant lung cancer, emphasizing the 
role of CAFs in mediating resistance to targeted therapies. 
Furthermore, studies have shown that CAFs promote glycol‑
ysis in NSCLC cells, enhancing DNA damage repair and 
radioresistance (126,128,129).

ECM. The ECM is a critical component of the TME, 
and serves an important role in lung cancer progression 
and therapeutic resistance. Targeting the ECM offers prom‑
ising therapeutic strategies to enhance treatment outcomes. 
Integrins and MMPs are key mediators of cancer cell adhe‑
sion and invasion. Wang et al (131) demonstrated that shikonin 
attenuated lung cancer cell adhesion to the ECM and metas‑
tasis by inhibiting integrin β1 expression and the ERK1/2 
signaling pathway. Similarly, Wang et al (132) showed that 
miR‑29c suppressed lung cancer cell adhesion to the ECM and 
metastasis by targeting integrin β1 and MMP2. These studies 
highlight the potential of targeting integrins and MMPs to 
reduce metastasis and improve patient outcomes.

ECM degradation is a critical step in tumor invasion and 
metastasis. Bi et al (133) reported that PRDM14 could promote 
the migration of human NSCLC cells through ECM degra‑
dation in vitro. Additionally, Zhang et al (134) demonstrated 
that protein arginine methyltransferase 1 small hairpin RNA 
inhibited NSCLC cell migration by suppressing EMT, ECM 
degradation, and Src phosphorylation. These findings under‑
score the importance of targeting ECM degradation pathways 
to prevent tumor progression.

ECM remodeling contributes to therapeutic resistance 
in lung cancer. Wang et al (135) revealed that stromal ECM 
is a microenvironmental cue that can promote resistance to 
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EGFR‑TKIs in lung cancer cells. Furthermore, Shie et al (136) 
showed that acidosis promoted the metastatic colonization of 
lung cancer via remodeling of the ECM and vasculogenic 
mimicry. These studies emphasize the role of ECM remod‑
eling in mediating therapeutic resistance and the need for 
strategies to modulate ECM composition.

Previous studies have explored innovative approaches to 
target the ECM. Peláez et al (137) demonstrated that sterculic 
acid can alter the expression of adhesion molecules and ECM 
compounds to regulate the migration of lung cancer cells. 
Additionally, Abdel‑Hafez et al (138) investigated inhalable 
nano‑structured microparticles for ECM modulation as a 
potential delivery system for lung cancer. These approaches 
offer promising avenues to enhance therapeutic efficacy by 
modulating the ECM.

Immune cells. Emerging evidence has underscored the 
therapeutic value of targeting immune cell‑TME crosstalk. 
For example, beyond herbal compounds, previous studies 
have highlighted that modulation of TAM polarity via STAT3 
inhibition or CD47‑SIRPα axis blockade can resensitize 
EGFR‑TKI‑resistant tumors by restoring phagocytic clearance 
and enhancing T‑cell infiltration (88,115). Furthermore, the 
interaction between immune cells and other TME components, 
such as CAFs and ECM, can modulate the overall immune 
response, affecting the efficacy of immunotherapy.

Anti‑angiogenic therapy. Anti‑angiogenic therapy has 
emerged as a promising strategy in the treatment of lung 
cancer, targeting the VEGF pathway and other angiogenic 
factors to normalize tumor blood vessels, alleviate hypoxia 
and enhance drug delivery (139). The VEGF pathway is a 
critical target for anti‑angiogenic therapy (140). The phase 
III IMpower150 trial demonstrated that combining atezoli‑
zumab, bevacizumab and chemotherapy markedly improved 
survival in non‑squamous NSCLC, providing robust clinical 
validation (141). Similarly, Qiang et al (142) demonstrated the 
efficacy of first‑line chemotherapy combined with immuno‑
therapy or anti‑angiogenic therapy in advanced KRAS‑mutant 
NSCLC, showing improved progression‑free survival. 
Similarly, Cai et al (143) reported tumor cavitation in patients 
with NSCLC receiving anti‑angiogenic therapy with apatinib, 
highlighting the potential of this approach in specific patient 
populations.

Combining anti‑angiogenic therapy with other modali‑
ties has shown promise in enhancing therapeutic efficacy. 
Zhang et al (146) evaluated the combination of anti‑angiogenic 
therapy, radiotherapy and PD‑1 inhibitors in patients with 
driver gene‑negative NSCLC brain metastases, demonstrating 
improved outcomes. Additionally, Song et al (145) reported 
the efficacy of PD‑1 inhibitors combined with anti‑angiogenic 
therapy in NSCLC with brain metastases, further supporting 
the benefits of multi‑modal approaches.

Despite initial success, resistance to anti‑angiogenic 
therapy remains a challenge. Studies have identified mecha‑
nisms, such as upregulation of compensatory pro‑angiogenic 
factors (for example, basic FGF, platelet‑derived growth 
factor and VEGF‑C) and recruitment of bone marrow‑derived 
endothelial progenitor cells as key contributors to resis‑
tance (146,147). Furthermore, tumor heterogeneity and the 
TME serve notable roles in mediating resistance, necessitating 
strategies to overcome these limitations.

Novel therapeutic approaches: Antibody‑drug conjugates 
(ADCs) and bispecific antibodies. In addition to the afore‑
mentioned therapies, novel approaches such as ADCs and 
bispecific antibodies are emerging as promising strategies in 
the treatment of lung cancer. ADCs are engineered molecules 
that combine the specificity of antibodies with the potency 
of cytotoxic drugs. They selectively deliver chemotherapy 
agents to cancer cells expressing specific antigens, thereby 
minimizing off‑target effects (141). For example, enfortumab 
vedotin, an ADC targeting Nectin‑4, has shown notable 
efficacy in patients with advanced NSCLC. In a phase I/II 
trial, an ORR of 41% and a median duration of response of 
10.5 months was demonstrated (141). Another ADC, sacitu‑
zumab govitecan, which targets Trop‑2, has also exhibited 
promising results in early‑phase trials for NSCLC (6). These 
ADCs represent a novel frontier in personalized lung cancer 
therapy by leveraging antigen specificity to enhance treatment 
efficacy and reduce systemic toxicity. Bispecific antibodies, 
which can simultaneously bind to two different antigens, offer 
unique advantages in cancer immunotherapy. They can redirect 
immune cells to tumor cells or modulate immune checkpoints 
more effectively. For example, bispecific antibodies targeting 
PD‑L1 and TGF‑β have been developed to overcome immuno‑
suppression in the TME (148). Preclinical studies have shown 
that these bispecific antibodies can enhance T‑cell activation 
and tumor cell killing (148,149). Additionally, bispecific T‑cell 
engagers are being explored to redirect T cells to cancer cells 
expressing specific antigens, such as EGFR or HER2, which 
are frequently upregulated in lung cancer  (149,150). Early 
clinical trials have indicated that bispecific antibodies can 
achieve tumor regression in a subset of patients with refrac‑
tory NSCLC, highlighting their potential as next‑generation 
immunotherapies (148‑150).

These emerging therapies, including ADCs and bispecific 
antibodies, are expected to markedly impact the treatment 
landscape of lung cancer by addressing the limitations of 
current targeted therapies and immunotherapies. Further 
clinical research is warranted to optimize their application and 
combination strategies in the context of the TME.

7. Conclusion 

In conclusion, the TME drives drug resistance in lung cancer 
through immune evasion, metabolic reprogramming and 
epigenetic modulation. While targeting TME components 
shows promise, several challenges remain. Immune‑based strat‑
egies, such as dual checkpoint blockade and CAR‑T therapy, are 
limited by toxicity and poor efficacy in solid tumors. Natural 
product interventions face translational hurdles due to undefined 
mechanisms and a lack of clinical validation. Emerging tech‑
nologies, such as spatial transcriptomics and nanodrug delivery, 
offer potential solutions but require further optimization for 
clinical application. Future research should prioritize not only 
multiomics integration but also rigorous preclinical models and 
well‑designed clinical trials to distinguish promising research 
possibilities from preliminary findings.
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