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Lung cancer remains the leading cause of cancer-related mortality, and immune checkpoint inhibitors (ICIs) have
revolutionized its treatment. However, immunotherapy responses vary significantly among patients, and adverse
effects, such as immune-related pneumonitis, pose clinical challenges. Both the tumor macroenvironment
(TMaE) and tumor microenvironment (TME) play pivotal roles in modulating immunotherapy outcomes; how-
ever, the complex crosstalk between them remains insufficiently characterized. This review discusses systemic
(macroenvironmental) factors, including host metabolic status, coexisting pulmonary diseases, and baseline
immune competence, alongside tumor-intrinsic (microenvironmental) determinants, such as programmed death-
ligand 1 (PD-L1) expression, tumor mutation burden (TMB), and immune cell infiltration. Furthermore, we
highlight the role of mechanotransduction pathways, including YAP/TAZ signaling, extracellular matrix (ECM)
stiffness, and mechanical stress, in immune evasion, suggesting their potential as novel therapeutic targets.
Finally, we explore emerging preclinical models simulating the TME and TMaE for immunotherapy response and
safety assessment using lung cancer-derived organoids and organ-on-a-chip platforms. A deeper understanding of
the interplay between TMaE and TME, combined with advanced modeling approaches, may ultimately lead to
more precise and personalized immunotherapy strategies for patients with lung cancer.

1. Introduction cancer-related deaths worldwide. This sobering reality is primarily

attributed to the persistent difficulty in detecting micrometastatic dis-

Over the past two decades, lung cancer management has evolved
dramatically with the advent of molecularly targeted therapies, immune
checkpoint inhibitors (ICIs) [1-3]. Innovations in target therapies and
ICIs have redefined the therapeutic landscape, enabling patients with
advanced or metastatic disease—who would have previously faced a
prognosis of mere months—to now achieve prolonged survival with a
sustained quality of life. Recently, ICIs have been increasingly incor-
porated into the treatment of early stage lung cancer in neoadjuvant,
perioperative, and adjuvant settings. This has led to a greater number of
patients becoming eligible for potentially curative surgical resection,
with significantly reduced recurrence rates and improved overall sur-
vival [4].

Despite these advances, lung cancer remains the leading cause of

ease and minimal residual tumor burden at an early stage of the disease.
A substantial proportion of patients are still diagnosed at an advanced
phase, and clinical outcomes remain dismal in several scenarios: in the
absence of actionable genomic alterations, in cases of primary or ac-
quired resistance to ICIs, following recurrence after definitive local
therapies, or in the presence of aggressive metastatic patterns, such as
brain involvement.

ICIs have revolutionized the treatment paradigm by enabling the
host immune system to recognize and eliminate tumor cells. Unlike
cytotoxic agents or targeted therapies that act directly on cancer cells,
ICIs modulate the immune milieu, resulting in heterogeneous and often
unpredictable therapeutic responses and toxicity profiles. Although
programmed death-ligand 1 (PD-L1) expression is commonly used as a
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biomarker to guide immunotherapy, its predictive accuracy remains
limited, reminiscent of the early era of epidermal growth factor recep-
tor- tyrosine kinase inhibitor (EGFR-TKI) therapy, when clinical surro-
gates such as sex, ethnicity, and smoking history were used in the
absence of validated molecular targets. This highlights the critical need
for more robust and tumor-specific biomarkers that can reliably predict
therapeutic responses and guide personalized treatment strategies.

To refine patient selection and optimize immunotherapy outcomes, a
deeper understanding of the tumor microenvironment (TME) is imper-
ative. The TME comprises a dynamic interplay between infiltrating
lymphocytes, tumor-associated macrophages, cancer-associated fibro-
blasts, dendritic cells, and the extracellular matrix. Moreover, the me-
chanical properties of tumors, such as stiffness, have emerged as critical
determinants of immune cell trafficking and function, thereby influ-
encing immune escape mechanisms. Recent advances in single-cell RNA
sequencing (scRNA-seq) and spatial transcriptomics have enabled
detailed and comprehensive characterization of the TME.

Beyond the local tumor context, systemic physiological fac-
tors—collectively referred to as the tumor macroenvironment (TMaE)-
play a critical role in shaping treatment response, particularly to
immune-oncologic therapies. Host factors, such as nutritional status,
metabolic diseases, systemic inflammation, and immune competence,
modulate the efficacy and tolerability of ICIs. This is particularly rele-
vant in elderly smokers, a population commonly afflicted with chronic
pulmonary comorbidities, including chronic obstructive pulmonary
disease (COPD), interstitial lung disease (ILD), and idiopathic pulmo-
nary fibrosis (IPF), all of which heighten the risk of severe immune-
related adverse events, such as pneumonitis.

In this review, we present a clinician’s perspective on the evolving
understanding of lung cancer biology, emphasizing the significance of
both TMaE and TME as integral components of the tumor ecosystem.
Through this lens, we explore the translational and clinical implications
of these interdependent factors in shaping therapeutic responses, resis-
tance, and future immuno-oncology (IO) strategies.

2. Main

2.1. Tumor macroenvironment: systemic and host factors influencing
immunotherapy

2.1.1. Influence of nutritional and metabolic factors on ICI efficacy and
toxicity

The tumor macroenvironment refers to the broader, systemic factors
that influence the tumor, distinguishing it from the tumor microenvi-
ronment, which specifically describes the immediate surroundings of the
tumor itself. The tumor macroenvironment includes various elements,
such as the patient’s age, sex, overall immune status, nutritional state,
body composition (underweight or overweight), metabolic condition,
comorbidities, organ function, and medications.

In contrast, the tumor ecosystem encompasses both the tumor
microenvironment and macroenvironment, creating a complex dynamic
network. The significance of both the macroenvironment and microen-
vironment in lung cancer has gained increasing attention, particularly in
the context of ICIs. These therapies not only influence immune cells in
the tumor vicinity but also affect circulating immune cells and systemic
immunity, ultimately contributing to tumor cell eradication.

Typically, overweight and obesity are regarded as favorable prog-
nostic factors in various cancers, including lung cancer, a phenomenon
often referred to as the obesity paradox [5]. Additionally, studies have
shown that patients with non-small cell lung cancer (NSCLC) and
metabolic syndrome tend to have improved overall survival when
treated with first-line ICIs [6]. More recent research has indicated that
poor prognosis is associated with low muscle mass and high adiposity
when body composition is analyzed in detail [7]. In another study
involving patients with NSCLC, ICIs showed better treatment outcomes
than conventional chemotherapy in those with a body mass index (BMI)
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below 28, whereas no added benefit was observed in patients with a BMI
of 28 or higher [8]. This paradox may be explained by the fact that
heightened immune activation in obese patients can simultaneously
enhance antitumor responses and increase susceptibility to immune-
related toxicity [9].

A meta-analysis demonstrated that a higher BMI (overweight or
obese) is significantly associated with an increased risk of immune-
related adverse events (irAEs) in patients receiving ICIs [10]. In
contrast, patients with lung cancer and sarcopenia experience more
postoperative complications and side effects from IO treatments [11].
Specifically, for patients with squamous cell lung cancer (SqCLC) and
sarcopenia who received IO therapy, both progression-free survival
(PFS) and overall survival (OS) were significantly worse than those
without sarcopenia, as confirmed by CT imaging [12].

Recent research has underscored the crucial influence of the host
microbiota on the efficacy of ICIs in treating NSCLC. A high baseline
alpha diversity of the gut microbiome has been correlated with
enhanced clinical outcomes, including extended PFS and OS in patients
undergoing treatment with PD-1/PD-L1 inhibitors [13,14]. Specific
commensal bacterial taxa, including Akkermansia muciniphila, Bifido-
bacterium longum, and Bacteroides fragilis, have been found to be
enriched in individuals who respond to treatment. These taxa are
believed to enhance anti-tumor immunity by promoting T cell activation
and facilitating favorable immune phenotypes [15-18]. Furthermore,
transplantation of fecal microbiota from ICI responders into germ-free
mice restores ICI responsiveness, thereby confirming a causal relation-
ship between microbiota composition and treatment efficacy [19].
Conversely, the administration of broad-spectrum antibiotics, either
prior to or during ICI therapy, has been shown to disrupt microbial di-
versity and significantly reduce therapeutic efficacy [20-22]. This un-
derscores the adverse effects of microbiota dysbiosis on immune
modulation. These findings suggest that the gut microbiome functions as
both a predictive biomarker and a potential therapeutic target for
improving immunotherapy outcomes in NSCLC.

The immune condition of the patient plays a crucial role in deter-
mining the success of immunotherapy. Immune profiling of peripheral
blood has become a promising and less invasive method for predicting
the response of patients with cancer to ICIs. Research has shown that
certain immune cell types present in the peripheral blood are linked to
the effectiveness of ICIs. For example, an increased frequency of effector
memory CD8' T cells, mature natural killer (NK) cells, and PD-1"
TIGIT* CD8" T cells has been associated with favorable responses
[23,24]. In contrast, elevated levels of CD39" regulatory T cells and
monocytic myeloid-derived suppressor cells (m-MDSCs) are indicative
of poor outcomes [25,26]. Additional studies have demonstrated that
the baseline lymphocyte-to-monocyte ratio (LMR), neutrophil-to-
lymphocyte ratio (NLR), and specific T cell activation profiles can
function as predictive biomarkers for the efficacy of ICI [27-29].

Patients with NSCLC and diabetes mellitus (DM) demonstrate poorer
PFS and OS when treated with pembrolizumab [30]. In contrast, other
studies have shown that the diabetes medication metformin can enhance
the efficacy of ICIs by preventing immune cell exhaustion and enhancing
immune responses [31]. Additionally, metformin and immunotherapy
have been reported to exhibit a synergistic effect in killing lung cancer
cells [32].

The administration of concomitant medications during ICI therapy
has been identified as a potential factor influencing both the efficacy and
toxicity of treatment. Notably, angiotensin-converting enzyme in-
hibitors (ACEi) and angiotensin receptor blockers (ARBs) have been
investigated for their immunomodulatory properties. While preclinical
models indicate that ACEi/ARBs may facilitate T cell infiltration and
diminish immunosuppressive signaling within the tumor microenvi-
ronment, clinical studies have yielded inconsistent results [33-36].
Some retrospective analyses have observed improved PFS in NSCLC
patients receiving ACEi/ARBs with ICIs [37,38]. However, other studies
have reported no significant link or even slightly worse OS, suggesting

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en septiembre 08,
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



Y. Park et al.

Table 1
Summary of Key Findings on Immune Checkpoint Inhibitor Responses in Lung
Cancer Patients with Coexisting Pulmonary Comorbidities.

Co- Year  Key findings Reference
morbidity
COPD 2024 Patients with COPD had an increased risk of [44]

IRP (OR 1.54,95 % CI [1.24,1.92], P < 0.01).
2024  COPD is predictive of improved efficacy but [45]
slightly worse toxicity with immune
checkpoint inhibitor therapy.
CPFE increased risks of shorter OS and the [132]
development of ICI-related ILD
2022  Case report: patient developed a progressive- [46]
fibrosing phenotype after IO
Case report: Nivolumab with good response [133]
and a safe outcome in NSCLC and IPF
2018  Pre-existing pulmonary fibrosis significantly [47]
increases the risk of anti-PD-1 related
pneumonitis.
2021 Patients with ILD receiving PD-1 inhibitors [134]
more frequently died of cancer-related causes
than from ILD
2024  ICIP developed in approximately 30 % of the [48]
patients, with IPF and CRP identified as risk
factors for severe ICIP (grades 3-5). Patients
with irAEs had significantly better PFS and
OS than those without irAEs.

CPFE 2024

ILD 2017

COPD: Chronic Obstructive Pulmonary Disease; IRP: Immune-related Pneumo-
nitis; OR: Odds Ratio; CI: Confidence Interval; CPFE: Combined Pulmonary
Fibrosis and Emphysema; OS: Overall Survival; ICI: Inmune Checkpoint Inhib-
itor; ILD: Interstitial Lung Disease; I0: immuno-oncology; NSCLC: Non-Small
Cell Lung Cancer; IPF: Idiopathic Pulmonary Fibrosis; PFS: Progression-Free
Survival; ICIP: Immune Checkpoint Inhibitor-related Pneumonitis; irAEs:
immune-related Adverse Events.

that the effects may vary depending on the context and tumor type
[34,39].

Similarly, aspirin, owing to its anti-inflammatory properties and in-
hibition of prostaglandin E2 (PGE2), has been postulated to enhance the
efficacy of ICIs by reducing PD-L1 expression and augmenting cytotoxic
T cell responses. Nevertheless, clinical data remain inconclusive; while
certain studies have observed a trend toward improved outcomes, others
have not demonstrated significant survival benefits or alterations in the
irAE profiles [40-42]. Proton pump inhibitors (PPIs) and corticoste-
roids, commonly prescribed to oncological populations, have been
associated with diminished microbial diversity and systemic immuno-
suppression, which may adversely affect the response to ICIs [41,43].
Notably, corticosteroid use at baseline for indications unrelated to
cancer is correlated with significantly poorer outcomes in ICI therapy
and an elevated risk of irAEs. Collectively, these findings highlight the
critical need to assess concomitant medication use in patients under-
going immunotherapy, as certain pharmaceuticals may attenuate or
potentiate immune activation, thereby influencing treatment efficacy
and safety.

2.1.2. Coexisting pulmonary diseases affecting immunotherapy outcomes
Patients with lung cancer often present with coexisting pulmonary
conditions, including COPD, ILDs, such as IPF, and combined pulmonary
fibrosis and emphysema (CPFE), primarily due to shared risk factors
such as smoking. Key findings on the impact of ICIs in lung cancer pa-
tients with coexisting pulmonary comorbidities are presented in Table 1.
In these patients, obstructive pneumonia caused by tumor-related
airway blockage and bacterial pneumonia secondary to chemotherapy-
induced immunosuppression are common. Specifically, patients with
COPD have been shown to exhibit approximately 1.5-fold increased risk
of developing immune-related pneumonitis (IRP) compared with those
without COPD [44]. While a meta-analysis reported that chronic
inflammation associated with COPD may enhance the efficacy of
immunotherapy, it also contributes to heightened toxicity [45].
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CPFE, commonly observed in heavy smokers, is characterized by
upper-lobe emphysema and lower-lobe fibrosis. This combined pathol-
ogy is independently associated with a poor prognosis, and the preva-
lence of lung cancer is notably high in these patients owing to their
extensive smoking history. Given the underlying chronic inflammation
and fibrotic changes, the use of immune checkpoint inhibitors in pa-
tients with CPFE requires particular caution, as it may result in severe
IRP [46].

Patients with IPF or chronic interstitial pneumonia (CIP) undergoing
treatment for lung cancer with ICIs face a heightened risk of developing
immune checkpoint inhibitor-related pneumonitis (ICIP), which can
substantially impact their treatment results and prognosis. A retro-
spective study demonstrated that the presence of pre-existing pulmo-
nary fibrosis significantly increased the risk of developing severe
pneumonitis. The study reported a pneumonitis incidence of 35.1 % in
patients with underlying fibrosis compared to only 5.8 % in those
without fibrosis [47]. Notably, pulmonary fibrosis has been identified as
an independent risk factor for ICIP, highlighting the importance of
meticulous patient selection and monitoring during immunotherapy.
The clinical manifestations of pneumonitis in patients with IPF under-
going treatment with ICIs primarily encompass organizing pneumonia
and diffuse alveolar damage, with the latter associated with a signifi-
cantly poorer prognosis. Although patients with irAEs face a higher risk
of negative outcomes, they paradoxically exhibit better PFS and OS than
those without. This suggests a complex interplay between the underly-
ing fibrosis, immune response, and therapeutic efficacy [48]. Therefore,
while ICIs continue to be effective for some lung cancer patients with
IPF, the increased risk of severe and potentially fatal pneumonitis ne-
cessitates careful patient selection and stringent monitoring protocols
during treatment.

Recent studies have reported the onset of asthma following ICI
therapy. Specifically, cases of asthma have been observed in patients
with small cell lung cancer (SCLC) treated with atezolizumab and in
NSCLC patients who received durvalumab after concurrent chemo-
radiotherapy (CCRT) [49,50]. These findings suggest a possible link
between ICI treatment and asthma development, potentially mediated
by Th2 cell activation and eosinophilia.

2.1.3. Renal, hepatic, and bone marrow dysfunction and the feasibility of
ICI therapy

In addition to respiratory comorbidities, patients with lung cancer
may present with conditions such as renal impairment, liver disease, and
chemotherapy-induced bone marrow suppression. These factors can
potentially influence the efficacy of ICIs, which rely on immune cell
activation.

ICI therapy is generally feasible for patients with impaired renal
function. Since ICIs are primarily metabolized in the liver and not
excreted renally, no dose adjustment is typically required for patients
with mild-to-moderate chronic kidney disease (CKD) [51,52]. However,
owing to the potential risk of immune-related nephrotoxicity (ir-
nephritis), regular monitoring of urinalysis, eGFR, and serum creatinine
levels is recommended. ICI therapy has also been administered to pa-
tients on dialysis, although close monitoring is warranted due to the
challenges in managing immune responses and treatment-related
adverse events [52].

Although ICIs are metabolized in the liver, they are not inherently
hepatotoxic or nephrotoxic and can be safely used in patients with
preserved liver function. Higher serum albumin levels and lower
Charlson Comorbidity Index scores have been associated with improved
survival [53]. In patients with underlying hepatitis B or C, ICI therapy
has demonstrated an acceptable safety profile [54]. In patients with
NSCLC and non-alcoholic fatty liver disease (NAFLD), ICI treatment did
not significantly alter survival or disease progression [55]. Some studies
have reported that ICIs can be safely administered to patients with
NSCLC with Child-Pugh class A cirrhosis, maintaining therapeutic effi-
cacy with manageable toxicity. In such cases, ICI therapy may be
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Table 2
Clinical trials targeting immune cells in the TME.
Target Drug Name (Developer) Combination Therapy Cancer Type  Phase  NCT Number Status
TIGIT Pembrolizumab/Vibostolimab co-formulation Etoposide or cisplatin or carboplatin ~ SCLC 11 NCT05224141  Active, not recruiting
(Merck)
TIGIT AZD2936 (AstraZeneca) — NSCLC /11 NCT04995523  Recruiting
TIGIT Tiragolumab (Genentech/Roche) Atezolizumab NSCLC I NCT03563716  Active, not recruiting
TIGIT Tiragolumab (Genentech/Roche) AtezolizumabCarboplatin/ SCLC I NCT04256421  Active, not recruiting
Etoposide
LAG-3 Relatlimab (BMS) Nivolumab NSCLC I NCT04623775  Active, not recruiting

relatively safe and effective. However, for patients with Child-Pugh class
B cirrhosis, careful clinical judgment and close monitoring are required,
while ICI use is generally discouraged in those with Child-Pugh class C
cirrhosis due to a higher risk [56].

The efficacy of ICIs may be reduced in patients with compromised
bone marrow function. A retrospective study of patients with NSCLC
who received ICIs following progression after cytotoxic chemotherapy
showed that those who had a treatment-free interval of more than 36
days experienced greater clinical benefits than those without such a
break. Since ICIs rely on an intact immune response, better outcomes
may be expected when bone marrow function has adequately recovered
before initiating ICI therapy [57].

2.2. Tumor microenvironment: immune and cellular components

The tumor microenvironment plays a decisive role in cancer pro-
gression and treatment responses. The intricate relationship among
adaptive and innate immune cells, stromal cells, cytokines, and extra-
cellular matrix elements collectively dictates the immunological
response within the neoplastic ecosystem. Comprehension of this land-
scape is imperative for improving immunotherapeutic efficacy.

Tumors are classified based on their immunophenotypes into three
distinct types: immune-inflamed, immune-excluded, and immune-
desert. Immune-inflamed tumors are designated as “hot tumors” and
are associated with T cell infiltration, interferon-y (IFN-y) signaling,
expression of PD-L1, and a high tumor mutational burden (TMB)
[58,59]. These tumors exhibit heightened responsiveness to ICIs
[60,61]. Tumors that exhibit characteristics associated with immune-
excluded and immune-desert phenotypes are designated as “cold tu-
mors”. Immune-excluded tumors are characterized by the confinement
of CD8 + T lymphocytes to the margin, with no infiltrating CD8 + T
lymphocytes in the tumor mass, whereas immune-desert tumors are
characterized by the absence of CD8 + T lymphocytes in both the tumor
and periphery. "Cold tumors* are characterized by low mutational load,
low major histocompatibility complex (MHC) class I expression, and low
PD-L1 expression, and show limited response to ICIs [59,62].

Immune cells within the TME comprise various immune cell types,
including T cells, B cells, macrophages, dendritic cells (DCs), and NK
cells. These immune cells can either promote or inhibit tumor growth,
depending on the signals they receive from the TME.

Cells that mediate antitumor immunity include cytotoxic CD8" T
cells, NK cells, DCs, M1-polarized macrophages, and N1-polarized neu-
trophils. CD8™ T cells exert cytotoxicity by inducing granule exocytosis,
Fas ligand (FasL)-mediated apoptosis, and secreting IFN-y and tumor
necrosis factor-o (TNF-a). NK cells eliminate tumor cells primarily by
releasing perforin and granzymes to induce apoptosis, while also
enhancing antitumor immunity through the secretion of pro-
inflammatory cytokines and chemokines and by promoting antigen
cross-presentation to cytotoxic T lymphocytes. DCs serve as professional
antigen-presenting cells (APCs), activating T cells through antigen pre-
sentation and costimulatory signaling while also interacting with NK
and B cells. Their infiltration into tumors enhances immune activation
and the recruitment of effector immune cells [63,64]. Macrophages,
which are derived from circulating monocytes, are pivotal immune cells
in the TME. These cells are broadly classified into two phenotypes: pro-

inflammatoryM1 and anti-inflammatory M2 macrophages. M1-
polarized tumor-associated macrophages (TAMs) secrete pro-
inflammatory cytokines and reactive oxygen/nitrogen species, which
are crucial for host defense and tumor cell elimination [65,66]. Frid-
lender et al. demonstrated that transforming growth factor-p (TGF-p) is
responsible for the polarization of tumor-associated neutrophils (TANSs)
phenotypes, classifying them into N1 and N2 types. N1 neutrophils
display an antitumor profile, whereas N2 neutrophils exhibit a protumor
phenotype. TGF-f induces N2 neutrophil polarization, whereas type I
interferon (IFN-I) induces N1 polarization [67]. N1 TANs suppress
tumor growth and metastasis through direct or antibody-dependent
cytotoxicity and activation of various immune cells, including T cells,
B cells, NK cells, and DCs. They also produce reactive oxygen species
(ROS) via increased nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity, contributing to tumor cell death [68,69].
Ongoing research highlights the antitumor potential of immune cells
within the tumor microenvironment, and recent clinical trials of thera-
peutic agents targeting these cells are summarized in Table 2.

In contrast, tumor-promoting immune cells include regulatory T cells
(Tregs), MDSCs, M2-polarized TAMs, and N2-polarized TANs. Tregs are
essential for maintaining immune homeostasis and peripheral tolerance,
but within the TME, they suppress cytotoxic T cell responses through
both contact-dependent mechanisms (e.g., direct cytolysis and DC
disruption) and contact-independent mechanisms (e.g., secretion of
suppressive cytokines and metabolic interference) [70,71]. MDSCs,
including  polymorphonuclear (PMN-MDSCs) and monocytic
(M—MDSCs) subsets, promote angiogenesis and metastasis by producing
MMP9, VEGF, and prokineticin 2(PROK2) [72,73]. MDSCs also suppress
antitumor T cell responses through multiple mechanisms, including
promoting Treg expansion, depleting essential amino acids, and
releasing ROS, which impair T cell receptor (TCR) signaling. Addition-
ally, MDSCs interfere with T cell migration and viability via factors such
as ADAM17 and galectin-9 [74]. M2-polarized TAMs promote immu-
nosuppression by expressing PD-L1 and secreting anti-inflammatory
cytokines, such as IL-10, TGF-, and IL-4, which inhibit effector T cell
function and support Tregs activation. These actions impair antitumor
immunity, facilitate immune evasion, and contribute to tumor pro-
gression and therapeutic resistance [75]. N2 TANs promote tumori-
genesis by inducing genomic instability and secreting factors such as
neutrophil elastase and PGE2. They further support tumor progression
by enhancing angiogenesis and metastasis, suppressing effector T and
NK cells, and recruiting Tregs and macrophages [76].

2.3. Mechanotransduction and tumor microenvironment: Implications for
cancer progression and immunotherapy

2.3.1. Mechanotransduction and tumor microenvironment stiffness

The extracellular matrix (ECM) is a dynamic and essential compo-
nent of the tumor microenvironment that profoundly influences cancer
progression. It not only provides structural support but also transmits
biochemical and biomechanical signals through interactions with
cellular receptors, such as integrins, Piezol, and transient receptor po-
tential vanilloid4 (TRPV4), thereby regulating cell proliferation, sur-
vival, migration, and differentiation [77]. During tumor development,
the ECM undergoes active remodeling, characterized by increased
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Table 3
Clinical trials targeting ECM stiffness.
Target Drug Name Cancer Type Phase NCT Number Status
TGF-p TEW-7197 Advanced Solid Tumors I NCT02160106 Completed
Halofuginone Adult Solid Tumor I NCT00027677 Completed
Fresolimumab NSCLC /1 NCT02581787 Completed
S-3304 Solid Tumors I NCT00033215 Completed
CAF Sibrotuzumab NSCLC I NCT02209727 Terminated
68 Ga-FAP-2286 Solid Tumors /1 NCT04939610 Recruiting
MMP Prinomastat (AG3340) Lung cancer il NCT00004199 Completed
Marimastat Lung cancer 1II NCT00003011 Active, not recruiting
FAK VS-6766 NSCLC I NCT03875820 Active, not recruiting
SIGX1094R Advanced Solid Tumors I NCT06739291 Recruiting
YAP/TAZ Verteporfin (VP) Adult Solid Tumor I NCT06381154 Terminated
IK-930 Adult Solid Tumor I NCT05228015 Terminated
VT3989 Solid Tumor /11 NCT04665206 Recruiting
SRC Dasatinib Malignant Solid Tumour I NCT00388427 Completed
deposition, and stiffness, which enhances integrin coactivator with PDZ-binding motif (TAZ) activity. These cues are

signaling, facilitates focal adhesion formation, and promotes oncogenic
transformation and metastatic dissemination [78,79]. Furthermore,
ECM remodeling alters the behavior of stromal cells, promotes angio-
genesis and immune evasion, and helps establish a tumor-promoting
niche [79].

Mechanotransduction, the process by which cells sense and convert
mechanical cues into intracellular biochemical signals, is central to the
response of tumor cells and stromal components to ECM stiffness. This
process is mediated by cell-ECM adhesion molecules (e.g., integrins),
cytoskeletal elements (e.g., actin filaments), and intracellular signaling
cascades [80]. Elevated matrix stiffness directly drives tumor progres-
sion by promoting various malignant phenotypes. Mechanistically,
increased stiffness enhances integrin clustering and FAK activation,
triggering downstream signaling via the RhoA/ROCK and MAPK/ERK
pathways, which drive cytoskeletal remodeling and heightened acto-
myosin contractility. This process promotes epithelial-to-mesenchymal
transition (EMT), which is associated with enhanced invasiveness,
metastasis, and therapeutic resistance [81,82].

The lung is continuously exposed to mechanical stretch and
contraction, which transmits mechanical cues to both normal and ma-
lignant cells. Given the distinct anatomical origins, such as alveolar
adenocarcinoma, bronchial squamous cell carcinoma, or small cell lung
cancer, the initial matrix stiffness and the resulting mechanical stress
within the TME likely differ substantially [83-85]. Moreover, in path-
ological conditions like emphysema or pulmonary fibrosis, altered tissue
compliance further modifies the mechanical forces affecting tumor
behavior. As mechanical stress, including matrix stiffness and cyclic
stretching, can promote oncogene expression, targeting these biome-
chanical factors may represent a valuable therapeutic approach [84,86].

Cancer-associated fibroblasts (CAFs) are key stromal components of
the TME, actively involved in ECM deposition and remodeling, medi-
ating crosstalk with cancer cells, and contributing to EMT, tumor inva-
sion, and metastasis [87]. Consequently, targeting CAF activation and
ECM remodeling has emerged as a promising strategy to disrupt the
biomechanical support of tumors and enhance therapeutic responsive-
ness [88]. A multicenter study reported that the antifibrotic agent pir-
fenidone reduced the incidence of lung cancer in patients with IPF [89].
In addition, experimental studies have demonstrated a synergistic effect
of pirfenidone combined with cisplatin in killing both tumor cells and
CAFs [90]. Ongoing clinical trials are also investigating the therapeutic
potential of targeting CAFs to remodel the TME using agents such as
TGF-f receptor type I kinase inhibitors, fibroblast growth factor receptor
(FGFR) inhibitors, and histone deacetylase (HDAC) inhibitors [91].

2.3.2. YAP/TAZ in the mechanotransduction and immune evasion
Mechanical cues in the tumor microenvironment, including ECM

stiffness, cytoskeletal tension, and altered tissue architecture, are critical

regulators of the Yes-associated protein (YAP) and transcriptional

transduced through integrin-based focal adhesions and a cytoskeletal
network involving FAK, Src, Rho guanosine triphosphate (GTP) ases,
ROCK, and actomyosin contractility. The core mechanotransduction
pathway increases F-actin polymerization and facilitates nuclear trans-
location of YAP/TAZ by linking cytoskeletal tension to nuclear pore
dynamics [82]. In parallel, mechanical signals enhance YAP/TAZ tran-
scriptional activity by dissociating repressive complexes, such as
SWI-SNF [92]. YAP/TAZ activation in tumors reflects a failure to restore
mechanical homeostasis, in contrast to the transient activation observed
during tissue regeneration [93]. YAP alleviates pulmonary fibrosis by
promoting alveolar regeneration through the modulation of alveolar
type 2 (AT2) cell stemness [94]. Moreover, a recent study demonstrated
that the inhibition of epithelial cell YAP-TEAD/LOX signaling attenu-
ates pulmonary fibrosis [95].

Tumors, characterized by persistent mechanical abnormalities such
as increased ECM stiffness, altered blood flow, and unresolved inflam-
mation, sustain chronic YAP/TAZ signaling. Thus, mechanical dysre-
gulation, rather than genetic inactivation of the Hippo pathway,
emerges as the primary driver of YAP/TAZ-mediated oncogenic pro-
grams in solid tumors.

Recent studies have elucidated the critical role of YAP/TAZ in
regulating immune evasion within the TME. In BRAF inhibitor-resistant
melanoma cells, YAP activation directly upregulates PD-L1 by binding to
its upstream enhancer, thereby suppressing CD8" T-cell cytotoxicity and
cytokine production, a process that is reversible by PD-1 blockade [96].
In NSCLC, YAP directly regulates PD-L1 transcription by binding to its
enhancer region, as demonstrated by the correlation between YAP and
PD-L1 expression in tumor tissues and the functional modulation of PD-
L1 levels through YAP knockdown or overexpression [97]. In lung
adenocarcinoma, increased matrix stiffness activates YAP, leading to the
upregulation of PD-L1 and Ki-67 expression, suggesting that mechano-
transduction via YAP links ECM stiffness to immune escape and tumor
proliferation [84]. TAZ overexpression in breast and lung cancer cell
lines promotes PD-L1-dependent immune evasion by inducing T-cell
apoptosis and suppressing IL-2 production, effects that are reversed by
PD-L1 blockade [98].

YAP/TAZ also influences the function of tumor-infiltrating immune
cells. YAP enhances FOXP3 expression and regulatory T cell (Treg)
function by amplifying TGFB/SMAD activation through activin
signaling, thereby suppressing antitumor immunity. Targeting YAP or
its downstream activin receptor pathway disrupts Treg-mediated
immunosuppression and restores antitumor responses in vivo [99]. In
pancreatic ductal adenocarcinoma, YAP promotes an immunosuppres-
sive microenvironment by inducing cytokine and chemokine secretion
that drives MDSC accumulation, correlating with poor survival [100].
YAP1 plays a pivotal role in promoting M2 TAM polarization within the
colon tumor microenvironment, enhancing tumorigenesis and cancer
stem-like cell (CSC) generation. Inhibition of YAP1 through genetic
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Table 4

Disease Modeling Approaches for the Tumor Microenvironment in Lung Cancer.

Lung Cancer 207 (2025) 108726

Model Type Key Features

Advantages

Limitations

References

2D Cell Culture Monolayer cultures of lung cancer cell lines

Spheroids Aggregates of cancer cells forming 3D structures

Organoids 3D cultures derived from patient tissues, maintaining

genetic and phenotypic characteristics

Patient-Derived
Xenografts (PDX)

Implantation of patient tumor tissues into
immunodeficient mice

Organ-on-a-Chip
Models

Miniaturized devices simulating organ-level
functions, incorporating multiple cell types

Cost-effective

High-throughput screening

Easy manipulation

Mimics tumor architecture

Better cell-cell interactions than 2D
culture

Simple to establish

Preserves tumor heterogeneity
Have self-differentiation
capabilities

Suitable for drug screening
Maintains tumor architecture and
heterogeneity

Useful for in vivo drug testing
Precise control over
microenvironment

Real-time analysis of cellular
response and drug effects
Reduced animal testing

Lack of cellular diversity
Poor representation of TME

Limited representation of TME
components
Lacks stromal and immune cells

Absence of immune and stromal
components

Technical challenges in
establishment and maintenance
Lack of human immune system
Time-consuming and costly

Technical complexity
Limited immune component
diversity

Challenges in replicating full
organ complexity

[135,136]

[135,137,138]

[108,139,140]

[141-143]

[144-146]

silencing or the phytochemical agent ovatodiolide suppresses M2 po-
larization, disrupts CSC maintenance, and impedes tumor progression in
both in vitro and in vivo models [101]. YAP activation in tumor cells
drives IL-6 secretion, which recruits TAMs to the TME in hepatocellular
carcinoma (HCC) [102]. A recent study using a small cell lung cancer
organoid library revealed that non-neuroendocrine (non-NE) SCLC is
dependent on insulin-like growth factor (IGF)-1-driven activation of
YAP1 and AP1 [103]. A recent study reported that YAP overexpression
induces an immunosuppressive tumor microenvironment in colorectal
cancer. The immune checkpoint V-domain Ig suppressor of T-cell acti-
vation (VISTA) has been identified as a direct transcriptional target of
the SP1-YAP/TEAD4 complex [104]. Another study demonstrated that
YAP overexpression in renal cell carcinoma promotes the accumulation
of MDSCs in the TME. Inhibition of YAP using a TEAD inhibitor reduces
MDSC accumulation and suppresses tumor development [105].

Given the multifaceted role of YAP/TAZ in promoting immune
evasion through PD-L1 upregulation, Treg stabilization, and recruitment
of immunosuppressive myeloid cells, such as MDSCs and TAMs, thera-
peutic targeting of the YAP/TAZ axis holds promise for enhancing the
efficacy of ICIs across multiple tumor types. To enhance the efficacy of
immune checkpoint inhibitors, combining them with YAP inhibitors or
using YAP-related biomarkers to select appropriate candidates for
immunotherapy may be beneficial.

Based on accumulating evidence linking ECM stiffness and mecha-
notransduction to tumor progression, clinical trials investigating the
effects of agents targeting these properties are currently underway
(Table 3).

2.4. Preclinical models simulating TME and TMaE for immunotherapy
response and safety assessment

2.4.1. Lung cancer organoids and immune organoids as personalized
Predictors

Numerous disease modeling systems have been developed to inves-
tigate lung cancer, with their respective advantages and disadvantages,
as detailed in Table 4. While traditional two-dimensional (2D) cell cul-
tures offer a cost-effective and high-throughput approach for drug
screening, they inadequately represent the multicellular complexity and
immune-stromal interactions characteristic of the TME. Patient-derived
xenografts (PDX) preserve the architecture of tumors in vivo and can be
utilized in humanized mouse models to explore interactions between the
human immune system and tumors. However, they are often time-
consuming, expensive, and may not fully replicate the functional
human immune system. Spheroids offer an advancement over 2D cul-
tures by replicating the three-dimensional (3D) architecture of tumors

and facilitating cell-cell interactions. However, they remain deficient in
replicating stromal and immune components, which are essential for
assessing immune checkpoint blockade and adoptive cell therapies.

Recently, there has been increasing interest in the use of patient-
derived lung cancer organoids (LCOs), 3D cellular structures gener-
ated from tumor tissues, to evaluate the efficacy of various anticancer
therapies [106]. One of the major limitations in establishing lung cancer
organoids is the small size of biopsy specimens, which often provide
insufficient tissue for organoid generation.

Despite significant advances in this field, the establishment of LCOs
remains technically challenging. Recent studies have reported average
success rates as low as 17 % for biopsy-derived samples, with overall
rates ranging from 7 % to 41 %, depending on the tissue type and
methodology [107-109].

However, this issue has been largely addressed through the incor-
poration of cryobiopsy into diagnostic procedures, enabling the acqui-
sition of 5-10-fold larger tissue samples compared to conventional
biopsy methods [110,111].

Co-culture systems involving LCOs and autologous immune cells
have been developed for immunotherapy. When immune checkpoint
inhibitors are introduced in this setting, activated immune cells can kill
tumor organoids in some patients, whereas others show limited immune
responses. Bronchoalveolar lavage (BAL) fluid-derived normal lung
organoids are currently being developed, and studies utilizing these
models are underway to investigate irAEs associated with immune
checkpoint inhibitors [112,113]. Co-culture platforms incorporating
these organoids are being actively explored as tools to predict the effi-
cacy and toxicity of immunotherapy. In addition to immune cells, co-
culture with CAFs is used to better mimic the in vivo tumor microen-
vironment [107,114-119]. These organoid-based systems have also
been used to evaluate NK cell-mediated cytotoxicity against lung cancer
cells [120].

Although in vitro systems cannot fully replicate the complexity of the
human immune environment, the development of organoid-immune cell
co-culture platforms represents a significant step toward personalized
immunotherapy. These platforms hold great promise for predicting
therapeutic responses to immune checkpoint inhibitors and are expected
to evolve rapidly in the coming years.

2.4.2. Lung cancer organ-on-a-chip models mimicking TMaE and TME
The lungs, particularly the alveolar region, are uniquely exposed to
both air and blood circulation. Therefore, lung-on-a-chip platforms that
incorporate an air-fluid interface system are considered to more phys-
iologically recapitulate the in vivo lung microenvironment [121-123].
Recent advances in 3D bioprinting and microfluidic engineering have
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Fig. 1. Interplay between the tumor macroenvironment (TMaE) and tumor microenvironment (TME), including mechanotransduction, in lung cancer immuno-
therapy and predictive modeling. This schematic illustrates the integrated influence of the tumor macroenvironment (TMaE), tumor microenvironment (TME), and
mechanotransduction on the immune response and treatment outcomes in lung cancer. Systemic host factors, such as metabolism, nutritional status, inflammation,
organ dysfunction, and the microbiome, define the tumor macroenvironment (TMaE), which shapes immune competence and interacts dynamically with the local
tumor microenvironment (TME). Within the TME, extracellular matrix (ECM) stiffness activates mechanotransduction signaling, notably via YAP, promoting epi-
thelial-mesenchymal transition (EMT), PD-L1 upregulation, and recruitment of immunosuppressive cells such as regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs). These changes facilitate immune evasion and drive tumor progression and resistance to immune checkpoint inhibitors (ICIs). Predic-
tive modeling platforms, such as patient-derived lung cancer organoids, immune organoids, and organ-on-a-chip systems, offer translational tools to simulate these
complex interactions and optimize therapeutic efficacy while minimizing toxicity, supporting personalized treatment strategies.

facilitated the development of tumor-on-a-chip systems that mimic the
complex tumor microenvironment. These platforms simulate blood flow
through artificial blood vessels, thereby enabling immune cell stimula-
tion and precise control over drug concentrations, allowing for high-
throughput drug screening [124].

Advanced organ-on-a-chip platforms are increasingly employed to
recapitulate the key biomechanical aspects of the TME, including matrix
stiffness and cyclic stretch stimuli applied to cancer cells. In parallel, the
integration of immune cells, endothelial cells, and fibroblasts in co-
culture systems enables the modeling of both direct cell-cell in-
teractions and indirect signaling via cytokines, thereby offering a more
comprehensive representation of the dynamic interplay within the TME
and TMaE [125].

Several studies have utilized lung-on-a-chip models to investigate
EGFR-TKI responses and mechanisms of resistance [126,127]. Other
studies have developed tumor-on-a-chip devices for the in vitro evalu-
ation of immunotherapy responses, utilizing 3D cell culture systems that
allow direct interaction between tumor and immune cells. These plat-
forms have successfully demonstrated the potential for assessing the
efficacy of immune checkpoint inhibitors in a physiologically relevant
manner [128].

Recent advances in tumor-on-chip technology have enabled the dy-
namic modeling of immune-tumor interactions in a physiologically
relevant context. These microfluidic platforms utilize 3D co-culture
systems embedded in hydrogels to recreate a simplified TME, incorpo-
rating tumor cells, stromal components, and immune cells, such as CD8™"
T cells and macrophages. Live imaging and advanced image analysis

algorithms facilitate the real-time assessment of ICI responses, including
T cell-mediated cytotoxicity. In a recent study, lung tumor-on-chip
platforms were generated from autologous primary cells derived from
NSCLC patients, allowing ex vivo evaluation of anti-PD-1 efficacy. The
addition of immunosuppressive FAP* CAFs impaired the therapeutic
response, highlighting the ability of these systems to recapitulate
stroma-dependent mechanisms of immunotherapy resistance.

While promising, current limitations include challenges in sustaining
immune cell viability, modeling patient-specific TCR diversity, and
reproducing systemic irAEs, necessitating further development for
clinically predictive applications [129,130].

One of the primary challenges in advancing tumor-on-a-chip models
is optimizing the culture medium composition to ensure that the in-
teractions between lung cancer cells and immune cells accurately reflect
those in the native tumor microenvironment. In addition, the inherent
technical complexity of these models and the restricted diversity of
immune components pose further challenges, as they impede the full
replication of the intricate nature of the tumor microenvironment.

In the near future, the establishment of a personalized platform that
co-cultures both normal lung organoids and lung cancer organoids
derived from the same patient, along with immune cells and immune
checkpoint inhibitors, may enable the rapid evaluation of both efficacy
and irAEs. This could ultimately facilitate the safe and effective appli-
cation of immunotherapy for lung cancer. To achieve this, methods for
reliably generating normal lung organoids from BAL samples, rather
than relying solely on biopsy tissues, must be optimized [113,131].
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3. Conclusion

Lung cancer immunotherapy has transformed the treatment land-
scape; however, its efficacy and toxicity remain highly variable among
patients. Both TMaE and TME play crucial roles in shaping immune
responses, influencing the effectiveness of ICIs, and the risk of irAEs.
Macroenvironmental factors, including host metabolism, systemic
inflammation, organ function, and coexisting pulmonary diseases,
interact with microenvironmental factors, such as PD-L1 expression,
TMB, and immune cell infiltration, to determine treatment outcomes.

Emerging evidence suggests that mechanotransduction pathways,
particularly YAP/TAZ signaling and ECM stiffness, contribute to im-
mune evasion and therapy resistance. The integration of mechanobiol-
ogy into immunotherapy research may provide new therapeutic
strategies for enhancing treatment responses. Predictive models,
including patient-derived lung cancer organoids and organ-on-a-chip
systems, are promising tools for assessing drug efficacy and toxicity in
a personalized manner (Fig. 1).

Future research should focus on refining biomarker-driven patient
selection, targeting mechanotransduction pathways, and developing
innovative predictive models to improve the outcomes of lung cancer
immunotherapy. A deeper understanding of the dynamic interactions
between TMaE, TME, and mechanobiology is essential for optimizing
treatment strategies and minimizing toxicity, ultimately paving the way
for precision immunotherapy in lung cancer.
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