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Abstract: Non-small cell lung cancer (NSCLC) is the most common subtype of lung cancer, and high programmed death-ligand 1
(PD-L1) expression (=50%) is a key biomarker for predicting clinical benefit from immune checkpoint inhibitors (ICIs). This therapy
has substantially improved long-term survival rates, with a five-year survival rate exceeding 25%. Nevertheless, primary or acquired
resistance occurs in 30-40% of PD-L1-high patients. This resistance arises from multifactorial mechanisms involving tumor-intrinsic
adaptations, immune microenvironment reprogramming, and extrinsic immunosuppressive signals. In this review, we systematically
dissect the biological and clinical drivers of ICIs resistance in PD-L1-high NSCLC and explore emerging strategies to overcome these
barriers, including novel combinatorial approaches and biomarker-guided therapies.
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Introduction

The rising incidence of NSCLC constitutes a significant challenge within the field of oncology, as it is the leading cause
of cancer-related deaths worldwide. Immunotherapy has emerged as a crucial strategy in the management of this
malignancy. The PD-L1 molecule, an essential immune checkpoint, plays a significant role in the tumor microenviron-
ment by mediating immune evasion. Elevated PD-L1 expression is frequently associated with enhanced responses to
ICIs, making it a key biomarker for patient stratification and treatment planning.' Despite the favorable outcomes
observed in a subset of patients treated with programmed death-1 (PD-1) /PD-L1 inhibitors, a considerable proportion
continues to experience resistance to these therapies. The mechanisms underlying resistance in PD-L1 high NSCLC may
differ fundamentally from those in PD-L1 low or negative tumors. While all NSCLC patients may develop resistance
through tumor-intrinsic factors or microenvironmental influences, PD-L1 high tumors present unique challenges. First,
their strong PD-L1 expression suggests active immune evasion pathways that may be more dependent on alternative
checkpoints (eg, LAG-3, TIM-3) when PD-1/PD-L1 blockade is applied. Second, the inflammatory microenvironment in
these tumors may foster more rapid adaptive resistance through T-cell exhaustion or the recruitment of regulatory T cells.
Third, spatial heterogeneity of PD-L1 expression is particularly problematic in high expressers, where biopsy sampling
errors could lead to inappropriate treatment decisions.

Resistance can be categorized as either primary or acquired, underscoring the complexity of immune evasion
mechanisms.” Primary resistance denotes a lack of response upon initial treatment, while acquired resistance manifests
an initial positive response, ultimately leading to disease progression (Figure 1). Mechanisms of resistance to immune
checkpoint blockade are multifaceted and can arise from tumor-intrinsic factors and elements from the tumor micro-

environment. Tumor cells may develop genetic alterations that promote immune evasion, such as mutations in key
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Figure | A general diagram illustrating how cancer resistance develops following immunotherapy treatment. Intrinsic mutations in cancer cells primarily render them
resistant to immunotherapy, resulting in refractory cancer cells. Acquired resistance emerges in surviving cancer cells after immunotherapy, leading to further refractory
cancer cells.

oncogenic pathways or upregulation of alternative immune checkpoints. Research has indicated that the epidermal
growth factor receptor (EGFR) mutations may influence PD-L1 expression and contribute to resistance against PD-1/PD-
L1 inhibitors.>® Additionally, the tumor microenvironment, often characterized by immunosuppressive cells and
cytokines, can exacerbate resistance mechanisms. Tumor-associated macrophages (TAMs) and regulatory T cells
(Tregs) may express PD-L1, establishing a feedback loop that diminishes T-cell activation and fosters tumor survival.”
However, these findings have not been systematically integrated for PD-L1-high subgroups. Despite PD-L1°s predictive
value, its utility is limited by spatial and temporal heterogeneity. The heterogeneity of PD-L1 expression within tumors
presents further complications in accurately predicting treatment responses. This variability can occur not only among
different patients but within the same tumor, resulting in inconsistencies in therapeutic effectiveness.® Recent research
suggests that combining PD-L1 expression profiling with other biomarkers, such as tumor mutational burden (TMB) and
microsatellite instability (MSI), may improve predictive accuracy.” Current literatures'®!" lack a unified discussion of
why PD-L1-high NSCLC fails ICIs despite biomarker positivity. Key gaps are as follows: (a) The impact of co-occurring
genomic alterations on PD-L1 regulation. (b) Dynamic changes in PD-L1 and alternative checkpoints (eg, LAG-3) post-
ICI exposure. A comprehensive understanding of mechanisms underlying these resistance patterns is essential for
augmenting therapeutic efficacy and improving patient outcomes.'?

Investigating the signaling pathways and their regulation within the tumor microenvironment is essential for
developing novel therapeutic strategies to overcome resistance. Targeting pathways involved in PD-L1 regulation,
such as the PI3K/AKT/mTOR signaling pathway, represents a promising approach to enhancing the efficacy of
immunotherapies.'® Additionally, the innovative combination therapies that integrate ICIs with other treatment modalities
is underway, to improve clinical responses and mitigate resistance.'* A deepen understanding of the mechanisms that
contribute to primary and acquired resistance is critical for optimizing immunotherapy strategies and enhancing patient
outcomes. Future research should focus on identifying reliable predictive biomarkers and developing combination
therapies that can effectively address the complex nature of immunotherapy resistance.'> This review will focus
specifically on resistance mechanisms in PD-L1 high NSCLC, analyzing both tumor-intrinsic factors and
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microenvironmental influences that contribute to immunotherapy failure. We will highlight emerging predictive biomar-
kers beyond PD-L1 and discuss novel therapeutic approaches targeting the unique biology of these tumors. By focusing
on this subgroup, we aim to provide insights that can directly inform treatment strategies for patients most likely to
benefit from immunotherapy.

Tumor-Intrinsic Resistance to Immunotherapy

Defects in Antigen Presentation
Defects in antigen presentation represent critical factors facilitating immune evasion by tumor cells. Antigen presentation
is a fundamental biological process in which major histocompatibility complex (MHC) molecules display peptide
fragments derived from intracellular proteins to T cells, initiating an immune response. However, in various cancers,
including NSCLC, this process is significantly impaired, which diminishes the capacity of the immune system to
recognize and attack tumor cells. One primary mechanism through which tumors evade immune detection is the down-
regulation of MHC class I molecules on their surface. This down-regulation is not merely a passive occurrence; it can be
actively modulated by various signaling pathways. For instance, the phosphoinositide 3-kinase (PI3K) pathway has been
demonstrated to inhibit the expression of MHC class I molecules, facilitating immune escape.'® Additionally, the tumor
microenvironment (TME), characterized by hypoxia and immunosuppressive cytokines, can exacerbate the down-
regulation of MHC class I expression.'” Research has demonstrated that various tumor cells can lose MHC class
I expression due to genetic alterations or epigenetic modifications. This loss of expression hinders the presentation of
tumor antigens to CD8" cytotoxic T lymphocytes.'® The down-regulation of MHC class I is frequently accompanied by
deficiencies in the antigen processing machinery (APM), which encompasses proteins essential for generating and
transporting peptide fragments to MHC molecules. Such impairments prevent the effective presentation of tumor-
specific antigens, enabling tumors to evade immune surveillance, as T cells are rendered unable to recognize and respond
to the tumor cells.'” The TME also plays a significant role in contributing to these defects. Factors secreted by tumor
cells, such as immunosuppressive cytokines, can disrupt the functionality of antigen-presenting cells (APCs), further
compromising their ability to present antigens effectively.'®

Another significant aspect of antigen presentation defects in tumors is the phenomenon known as “antigenic
modulation.” Tumor cells may alter the expression of target antigens in response to immune pressure, a mechanism
observed across various cancer types. This modulation may result in the loss of specific antigens recognized by T cells,
thereby facilitating the evasion of immune detection.”® The implications of these defects in antigen presentation are
substantial, contributing to immune evasion, particularly ICIs that depend on the presence of functional T cells to exert
their effects. Tumors that exhibit low levels of MHC class I expression often demonstrate poor responses to ICIs, as the
absence of effective antigen presentation restricts the activation of T cells capable of targeting the tumor.?' Therapeutic
strategies aimed at restoring the expression of MHC class I, including small molecules to inhibit the PI3K pathway or
enhance transporter associated with antigen processing (TAP) function, have demonstrated promise in preclinical
models.?> Combination therapies that integrate ICIs could counteract the impact of MHC class I down-regulation by
revitalizing exhausted T cells, thus enhancing anti-tumor immunity.*®

Spatiotemporal Heterogeneity of PD-L| Expression

PD-L1 expression is a critical determinant influencing the efficacy of ICIs. However, PD-L1 expression possesses
significant spatiotemporal heterogeneity, making it challenging a predictive biomarker for immunotherapy responses.
This heterogeneity can be observed within a single tumor, between different metastatic sites within the same patient, and
even over time as the tumor evolves in response to treatment.®> The heterogeneity in PD-L1 expression is affected by
several factors, including the TME, genetic alterations, and the patient’s treatment history. A study has demonstrated that
PD-L1 expression can vary markedly between primary and metastatic tumors, with some metastatic sites displaying
higher PD-L1 levels than the primary tumor.® The spatial heterogeneity of PD-L1 expression introduces additional
complexity. Tumors can upregulate PD-L1 as a response to immune pressure from therapies such as chemotherapy or
radiation, and immune cells in the TME.>* The regulation of PD-L1 expression is significantly influenced by epigenetic
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factors. DNA methylation, mediated by enzymes such as EZH2, plays a key role in modulating PD-L1 levels. A report
has shown that the upregulation of EZH2 in lung cancer tissues correlates with increased PD-L1 expression, leading to an
immunosuppressive TME.? This epigenetic modification can occur in response to various stimuli, including hypoxia and
inflammatory cytokines, complicating the therapeutic landscape. In addition, the PI3K/AKT signaling pathway plays
a significant role in modifying PD-L1 expression. Persistent activation of this pathway has been associated with increased
PD-L1 levels, facilitating immune evasion and resistance to ICI therapies.

To mitigate the challenges presented by spatiotemporal heterogeneity of PD-L1 expression, there is an increasing
interest in developing non-invasive imaging techniques capable of dynamically assessing PD-L1 expression in real-time.
The implementation of radiolabeled antibodies targeting PD-L1 for positron emission tomography (PET) imaging has
shown promise in providing a comprehensive overview of PD-L1 expression across multiple tumor sites.”® The
spatiotemporal heterogeneity of PD-L1 expression poses significant challenges in cancer immunotherapy. A thorough
understanding of the factors driving spatiotemporal heterogeneity of PD-L1 expression, coupled with the advancement of
innovative imaging techniques, will be essential in optimizing the application of immune checkpoint inhibitors and
enhancing patient outcomes in cancer treatment.

Upregulation of Immunosuppressive Molecules

The upregulation of immunosuppressive molecules in the TME is a key mechanism through which tumors evade the
immune system surveillance. This phenomenon is evident in NSCLC, where the upregulation of PD-L1 expression on
both tumor cells and immune cells significantly contributes to the suppression of T-cell responses. Immunosuppressive
factors, including various cytokines and immune checkpoint molecules, foster an environment that promotes tumor
growth while inhibiting effective anti-tumor immunity. The level of PD-L1 expression is significantly higher in NSCLC
tumors compared to adjacent normal tissues, and this increased expression is associated with poor clinical outcomes.**
The upregulation of PD-L1 and other immunosuppressive molecules, such as transforming growth factor-beta (TGF-p),
has been associated with the recruitment and activation of regulatory T cells (Tregs), which further undermine the anti-
tumor immune response.>” Tumor cells upregulating various immune checkpoints, including cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), lymphocyte-activation gene 3 (LAG-3), and T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3), is increasingly recognized as a critical mechanism by which tumors evade immune surveillance.
The upregulation of these checkpoints can establish a complex network of immune inhibitory signals that not only
attenuate T-cell activation but also contribute to establishing an immunosuppressive environment. Specifically, the
interplay between PD-1/PD-L1 and other checkpoints such as CTLA-4 and LAG-3 may result in T-cell exhaustion,
ultimately culminating in impaired anti-tumor immunity.®

Tumor Heterogeneity

Tumor heterogeneity denotes the presence of various cell populations within a single tumor, which can differ in genetic,
phenotypic, and functional characteristics. This heterogeneity is a significant factor contributing to treatment resistance
and disease progression. Single-cell RNA sequencing (scRNA-seq) has emerged as an effective tool for examining this
heterogeneity, facilitating the analysis of gene expression profiles at the cell level. Distinct subpopulations of cancer cells
may demonstrate varying responses to therapeutic interventions, which lead to the survival of resistant clones capable of
repopulating the tumor after treatment.”® Additionally, spatial transcriptomics can mirror these heterogeneous populations
within the tumor, elucidating how TME influences tumor cell behavior and therapeutic responses.”’ Investigating the
mechanisms driving this heterogeneity is essential for developing more effective therapies and for enhancing patient
prognoses.

Immunosuppressive Tumor Microenvironment

TME is a complex and dynamic ecosystem that plays a critical role in tumor progression and immune evasion. It
consists of diverse cell types, including tumor cells, immune cells, fibroblasts, and endothelial cells, which interact
to form a supportive niche for tumor growth. A key feature of the TME is its immune suppressive nature, which
hinders effective anti-tumor immune responses.>’ > Immunosuppressive cells, such as regulatory T cells (Tregs),
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myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs), are frequently abundant
in the TME. These cells can secrete immunosuppressive cytokines, including TGF-B and interleukin-10 (IL-10),
which inhibit the functions of effector T cells and foster an environment conducive to tumor growth.***> TAMs
and MDSCs often exhibit high levels of PD-L1 expression, which not only diminishes T cell activation but also
promotes the survival of tumor cells.®3® Consequently, these immune suppressive cells can induce a state of
immune tolerance, where the immune system fails to recognize and effectively attack tumor cells.

Immunosuppressive Cell Infiltration

Immunosuppressive cell infiltration represents a defining characteristic of the TME and significantly impacts the efficacy
of cancer therapies, particularly immunotherapies. Tregs can directly suppress effector T cell functions by secreting
immunosuppressive cytokines such as TGF-f3 and IL-10, as well as by engaging inhibitory receptors on T cells. TGF-f is
a multifunctional cytokine that inhibits both the proliferation and activation of effector T cells while promoting the
differentiation of naive T cells into Tregs, thus perpetuating a cycle of immunosuppression within the tumor
microenvironment.>” In contrast, IL-10 is essential for preserving an anti-inflammatory environment that facilitates
tumor growth by inhibiting the activity of pro-inflammatory immune cells.®*® Their presence within the TME is
frequently correlated with poor prognosis and reduced efficacy of immune checkpoint inhibitors.® MDSCs are another
critical component of the immune-suppressive milieu within tumors. They exert their effects by producing elevated levels
of arginase, nitric oxide, and reactive oxygen species, which can induce T-cell dysfunction and apoptosis.*> MDSCs are
often associated with unfavorable prognostic outcomes in various cancers, as they contribute to the establishment of an
immunosuppressive niche that enables tumors to evade immune surveillance.*”*' The accumulation of MDSCs in the
TME has also been linked to resistance to immunotherapy, making them prime targets for novel therapeutic
strategies.*>** TAMs also significantly influence the immune landscape of tumors, exhibiting both pro-inflammatory
and anti-inflammatory phenotypes.**** The polarization of TAMs towards an M2-like phenotype is typically associated
with immune suppression and tumor progression.*® The dynamic interplay among these immune cells creates a feedback
loop that not only inhibits effector T cell function but also fosters tumor progression, rendering them attractive targets for
therapeutic intervention in cancer treatment. A recent study®’ revealed that in PD-L1-high lung cancer, cell-intrinsic PD-
L1 signaling drives immunosuppression by myeloid-derived suppressor cells through the IL-6/Jak/Stat3 pathway.
Overall, the infiltration of immune suppressive cells into the TME is a critical factor contributing to the immune evasion
of tumor cells.

Metabolic Microenvironment Dysregulation

The metabolic microenvironment of tumors is frequently dysregulated, significantly affecting tumor cell behavior
and the immune response. Tumor cells often undergo abnormal metabolic pathways that allow them to thrive in
hypoxic and nutrient-deprived environments. This metabolic reprogramming is defined by an increase in glyco-
lysis, even in the presence of oxygen—a phenomenon referred to as the Warburg effect.*®*’ This shift in
metabolism not only facilitates rapid cell proliferation but also results in the accumulation of metabolic by-
products, such as lactate, which can further inhibit immune cell function.’® Lactate generated in the TME may
impede T cell activation and promote the differentiation of Tregs, contributing to immune evasion.’’ The
dysregulated metabolism within the TME adversely affects the functionality of Tregs, MDSCs, and TAMs. The
interactions between tumor cells and immune cells are mediated by various metabolites that can influence immune
cell differentiation and function. Elevated levels of TGF-B and IL-10 in the TME may induce M2 polarization in
macrophages, which promotes tumor growth and suppresses effective anti-tumor immunity.’> The metabolic
requirements of tumor cells can lead to competition for nutrients, exacerbating the immunosuppressive environ-
ment. Overall, the dysregulation of metabolic pathways within the TME not only supports the survival of tumor
cells but modulates the functions of immune cells, perpetuating a cycle of immunosuppression. Targeting these
pathways and the interactions among immune cells may offer promising avenues for therapeutic intervention in
cancer treatment.”
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Formation of Physical Barriers

The physical barriers within the TME influence T cell infiltration and activity. The TME consists of a dense extracellular
matrix (ECM) and abnormal vasculature, which can obstruct the effective migration of T cells to tumor sites. These
physical barriers not only hinder T-cell access but contribute to an overall immunosuppressive environment by promoting
fibrotic reactions that further isolate tumor cells from the immune system. Research®® has indicated that the remodeling
of the ECM, through the activity of cancer-associated fibroblasts (CAFs), can significantly impact T cell behavior. CAFs
secrete various cytokines and growth factors that alter the composition of the ECM, making it stiffer and less permeable
to immune cells. The mechanical properties of the ECM can directly affect T cell behavior.” This indicates that the
physical characteristics of the ECM are not just passive barriers; they actively modulate T-cell responses. The spatial
organization of CAFs and ECM components can create niches that exclude T cells, a phenomenon referred to as immune
exclusion.’®” In such cases, T cells may be present within the TME but remain unable to infiltrate the tumor mass. This

remodeling creates a physical barrier that prevents T cell access to tumor cells, facilitating tumor immune evasion.>®>’

The Dysfunction of Host Immune System

The dysfunction of the host immune system presents a significant challenge to effective cancer immunotherapy, often
manifesting as T-cell exhaustion. This phenomenon occurs when T-cells lose their effectiveness in responding to antigens
due to prolonged exposure to their targets, resulting in a state where they fail to proliferate or produce cytokines
efficiently.®® T-cell exhaustion mainly refers to the upregulation of inhibitory receptors, including PD-1, CTLA-4, and
TIM-3, which dampen T-cell activity and promote immune tolerance.®’ Within the TME, the persistent presence of tumor
antigens can lead to chronic stimulation of T cells, ultimately causing their functional decline and exhaustion. The
immunosuppressive cytokines may aggravate T cell dysfunction.®” The metabolic status of T-cells can significantly
impact their functionality. In nutrient-deprived environments, T-cells frequently exhibit impaired proliferation and
compromised effector functions, which is exacerbated by the higher metabolic demands of tumor cells.®® Patients
exhibiting elevated levels of exhausted T cells tend to have poorer prognoses and diminished responses to
immunotherapies.®*®> Additionally, studies have demonstrated that PD-L1 overexpression in breast cancer induces
exhaustion of persistently activated CD4+ T cells, thereby compromising immunotherapy efficacy.®® T cell exhaustion
represents a critical barrier to effective cancer immunotherapy, underscoring the need for a multifaceted approach to
restore T cell functionality and enhance anti-tumor immunity. Therefore, it is reasonable to speculate that in non-small
cell lung cancer with high PD-L1 expression, the exhaustion of T cells may be one of the reasons for its resistance.

Genomic and Epigenetic Regulatory Abnormalities

Genomic Instability

Genomic instability significantly impacts tumor progression and therapeutic response, particularly in elderly patients
aged 75 and above. The interaction between age-related immunosenescence and genomic instability is essential for
evaluating treatment outcomes in this population.®” The aging process is associated with a decline in immune function,
diminished T-cell responses, and increased chronic inflammation. These changes can exacerbate the effects of genomic
instability. Compromised immune surveillance allows for the increased genetic alterations that may lead to tumorigen-
esis. This is especially pertinent in NSCLC, where mutations in the TP53 tumor suppressor gene are prevalent.”® Such
mutations not only contribute to the malignant phenotype but impede the immune system’s capacity to recognize and
eliminate tumor cells. Although genomic instability can result in an increased mutation burden that may enhance the
immunogenicity of tumors, making them more susceptible to immunotherapy, the overall efficacy of immunotherapy in
elderly patients may be diminished.®®”° This reduction in effectiveness is due to the combined effects of immunosenes-
cence and the altered TME, which is affected by genomic instability.

Chromosomal instability (CIN) mainly refers to an increased rate of chromosomal alterations, which include gains,
losses, and structural rearrangements.”' This instability may result in mutations or deletions within critical genes
associated with drug resistance, particularly those involved in the JAK/STAT signaling pathway.’>”* When chromosomal
instability induces mutations or deletions in the genes of the JAK/STAT pathway, it can severely disrupt the signaling
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cascade mediated by Upd3-a cytokine with homology to interleukin-6.”* This disruption often results in reduced
expression of PD-L1. The downregulation of PD-L1 expression not only undermines the tumor’s ability to escape
immune surveillance but diminishes the overall efficacy of immunotherapies targeting the PD-1/PD-L1 axis. Tumors
exhibiting high levels of CIN tend to display a more aggressive phenotype and correlate with a poorer prognosis, chiefly
due to their capacity to adapt to therapeutic pressures and evade immune detection.”*’°

The role of long non-coding RNAs (IncRNAs) in mediating genomic instability has become increasingly prominent in
recent years.®”’” These IncRNAs can regulate the expression of genes associated with DNA repair and cell cycle
regulation, thus impacting the stability of the genome. In lung cancer, specific IncRNA signatures linked to genomic
instability have been indicated to correlate with the prognosis and treatment response.”® Genomic instability plays
a pivotal role in cancer progression and the efficacy of treatment, particularly in elderly patients. The interaction between
age-related immune decline and genomic alterations necessitates a thorough understanding of these elements to refine
therapeutic strategies and improve survival outcomes in this at-risk population. Future research should focus on
elucidating the molecular mechanisms that link genomic instability to immune dysfunction and exploring targeted
therapies.

Epigenetic Reprogramming

Epigenetic reprogramming refers to the heritable changes in gene expression that do not involve alterations to the
underlying DNA sequence.”’ Epigenetic modifications, including DNA methylation, histone modifications, and non-
coding RNA expression, can markedly affect the expression of genes involved in immune regulation. The enhancer of
zeste homolog 2 (EZH2), an epigenetic regulator, has been demonstrated to promote the formation of an immunosup-
pressive TME by upregulating PD-L1 expression through HIF-10.% This epigenetic control can lead to the silencing of
genes that would typically promote anti-tumor immunity, thereby facilitating immune evasion. The interplay between
epigenetic modifications and chromosomal instability can establish a feedback loop that exacerbates tumor aggressive-
ness and therapeutic resistance.*” DNA methylation and histone modifications are critical epigenetic mechanisms that
regulate gene expression in various biological processes, including immune responses. In the cancer, these modifications
can lead to the silencing of immune activation genes, such as MHC-I, which is essential for presenting antigens to T cells
and initiating immune responses. The down-regulation of MHC-I expression in tumors allows cancer cells to evade
detection and elimination by the immune system, contributing to tumor progression and metastasis.®’ Moreover, the
interplay between DNA methylation and histone modifications is intricate, and can lead to a feedback loop that
exacerbates immune suppression.®? This dynamic fosters a TME that not only supports cancer cell growth but actively
undermines anti-tumor immune responses, making it challenging to achieve effective immunotherapy outcomes.
Consequently, targeting the epigenetic machinery presents a promising avenue for therapeutic intervention, potentially
restoring sensitivity to ICIs and improving outcomes in cancers with high levels of epigenetic reprogramming.

Strategies for Overcoming Drug Resistance

Multiple mechanisms are involved in the process of immunotherapy resistance (Figure 2). Overcoming resistance in
cancer immunotherapy represents a complex challenge that necessitates innovative strategies.**** One promising method
involves the optimization of combination therapies, which can enhance efficacy by targeting multiple pathways
concurrently. The application of epigenetic modulators like DNA methyltransferase inhibitors can reverse silencing in
immune activation genes and restore the expression of MHC-I in tumor cells. In addition, directly targeting signaling
pathways of immune suppression can significantly enhance the effectiveness of immunotherapies. Another critical aspect
of addressing resistance is to select biomarkers capable of predicting patient responses to combination therapies. By
stratifying patients according to their molecular profiles, clinicians can develop tailored treatment regimens likely to yield
positive outcomes for patients.

Optimization of Combination Therapy Strategies
The combination therapy strategies are crucial for enhancing the efficacy of cancer treatments, particularly in overcoming
resistance. A promising approach is the integration of ICIs with various therapeutic modalities, including chemotherapy,
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Figure 2 Mechanisms related to immunotherapy resistance. The limited effectiveness of immunotherapy is primarily due to various mechanisms of immunotherapy
resistance. Tregs, MDSCs, and TAMs, combined with tumor-released immunosuppressive cytokines, contribute to the exhaustion of tumor-infiltrating lymphocytes (TILs). In
the TME, Tumor cells often undergo abnormal metabolic pathways that allow them to thrive in hypoxic and nutrient-deprived environments. This metabolic reprogramming
is defined by an increase in glycolysis, even in the presence of oxygen—a phenomenon referred to as the Warburg effect. The remodeling of the ECM and abnormal
vasculature can significantly impact T cell behavior. The down-regulation of MHC class | molecules on the tumor surface, some signaling pathways, and antigenic modulation
impair the process of antigen presentation. PD-L| expression possesses significant spatiotemporal heterogeneity. Tumor heterogeneity denotes the presence of various cell
populations within a single tumor, which can differ in genetic, phenotypic, and functional characteristics. Genomic instability and chromosomal instability significantly impact
tumor progression and therapeutic response. Epigenetic reprogramming supports tumor cell growth but actively undermines anti-tumor immune responses.

targeted therapy, and radiotherapy.®® These multifaceted strategies seek to harness the synergistic effects of different
treatments to improve patient outcomes.

Combining ICIs with chemotherapy can significantly enhance T cell activation, resulting in improved anti-tumor
responses.®® The timing and sequencing of these combination therapies are critical factors that can substantially influence
their effectiveness. Administering chemotherapy before ICIs may help reduce tumor burden and enhance the infiltration
of immune cells into the TME. Conversely, immunotherapy as a neoadjuvant treatment can start the immune system,
augmenting the response to subsequent therapies.”’

One of the most promising strategies in cancer immunotherapy is dual ICIs targeting PD-1 in conjunction with cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) or lymphocyte activation gene 3 (LAG-3).*® These combinations have
demonstrated the ability to activate T cells synergistically. However, the balance between efficacy and toxicity remains
a critical consideration in the clinical application of these therapies. The PD-1/PD-L1 pathway is crucial in tumor-induced
immune evasion. Elevated levels of PD-L1 expression are often associated with preferable responses to PD-1 inhibitors, such
as pembrolizumab and nivolumab, which have become standard treatments for patients with advanced NSCLC exhibiting
PD-L1 expression levels of 1% or greater.® The combination of PD-1 and CTLA-4 inhibitors has yielded promising results,
demonstrating increased overall survival rates in various cancers, including lung cancer.®® This dual blockade enhances T cell
activation and proliferation, culminating in a more robust immune response against tumor cells. LAG-3 serves as another
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checkpoint that inhibits T cell activation and proliferation; its blockade may enhance the efficacy of PD-1 inhibition.
Combining PD-1 with LAG-3 inhibitors may improve therapeutic outcomes.”® Preclinical investigations have indicated that
dual blockade targeting PD-1 and LAG-3 can result in significant tumor regression and improved survival rates in murine
tumor models, indicating potential benefits in clinical settings.”’ Nevertheless, the increased efficacy of these combination
therapies often corresponds with heightened toxicity. Immune-related adverse events (irAEs) are a prominent concern
associated with dual checkpoint inhibitors, as they can lead to serious complications affecting multiple organ systems,
including the skin, gastrointestinal tract, and endocrine organs.®” The incidence of irAEs tends to be substantially higher with
combination therapies compared to monotherapy, necessitating careful patient selection and monitoring. By harnessing the
synergistic effects of various therapeutic modalities and tailoring treatment regimens according to individual patient profiles,

clinicians can enhance efficacy and overcome drug resistance.

Biomarker-Guided Precision Therapy

Biomarkers play a vital role in the precise treatment of tumors, as they facilitate therapeutic decision-making and
enable the stratification of patients for immunotherapy. Among these biomarkers, PD-L1 has emerged as a critical
factor influencing the efficacy of ICIs in NSCLC. The heterogeneity of PD-L1 expression and the variability in
response rates to ICIs underscore the necessity for additional biomarkers that may stratify patients. Bone Marrow
Stromal Antigen 1 (BST1) has garnered significant attention due to its role in immune response and potential
association with PD-L1 expression. A recent study indicates that BST1 may be a promising biomarker for predicting
response to chemoimmunotherapy.”> TMB has been recognized as a substantial predictor of response to ICIs across
diverse tumor types, including NSCLC.”**® TMB quantifies the total number of mutations within a tumor’s genome
and has been correlated with an increased neoantigen load, which enhances the likelihood of immune recognition and
results in a more favorable therapeutic response. Patients with high TMB levels generally have improved responses to
PD-1/PD-L1 inhibitors compared with those with lower TMB levels.””*° Additionally, in patients with advanced non-
small cell lung cancer (NSCLC) and high tumor mutational burden, irrespective of PD-L1 expression status, first-line
treatment with the combination of nivolumab and ipilimumab demonstrated significantly prolonged PFS compared to
platinum-based chemotherapy.'® The findings establish TMB as an independent predictive biomarker for patient
selection in dual immune checkpoint inhibitor therapy, highlighting its potential to guide treatment decisions beyond
PD-L1 stratification. Integration of PD-L1, BST1, and TMB provides a comprehensive approach to patient stratifica-
tion in NSCLC. While PD-L1 serves as a well-established biomarker for predicting responses to IClIs, the inclusion of
BST1 and TMB enhances the precision of patient selection. This multifaceted biomarker strategy aligns with the
principles of precision medicine, which endeavors to tailor treatments based on the individual characteristics of

patients.

Future Directions
Application of Circulating Tumor DNA (ctDNA)

ctDNA has emerged as a non-invasive biomarker that provides real-time insights into tumor dynamics, including
mutation status, treatment response, and the detection of minimal residual disease (MRD). Recent advancements in
high-throughput sequencing technologies have significantly enhanced the sensitivity and specificity of circulating
tumor DNA (ctDNA) detection, enabling its application in early cancer diagnosis, monitoring treatment efficacy,
and predicting recurrence.'®"'? In NSCLC, c¢tDNA can predict patient outcomes, making it a valuable tool for
guiding treatment decisions.'®® The technology has evolved to include next-generation sequencing and digital
droplet PCR, which enhance the sensitivity of ctDNA detection, allowing for the identification of low-frequency
mutations that may not be captured in traditional tissue biopsies. Moreover, ctDNA can provide insights into the

clonal evolution of tumors, helping to identify emerging resistance mechanisms during therapy.'®*
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Multi-Omics Strategies for Optimizing Immunotherapy Benefit Population Selection

The integration of multi-omics strategies, encompassing genomics, transcriptomics, proteomics, and epigenomics, is
revolutionizing the landscape of cancer treatment, particularly in the context of immunotherapy.'® By analyzing the
tumor microenvironment and the molecular characteristics of tumors at a comprehensive level, researchers can identify
distinct patient populations that are more likely to benefit from immunotherapy. This approach enables the stratification
of patients based on their unique tumor biology, resulting in more tailored and effective treatment regimens. Furthermore,
multi-omics analyses can reveal insights into the mechanisms of resistance that tumors may develop against immu-
notherapies, enabling the design of combination therapies that can overcome these barriers.'> The advent of spatial
transcriptomics has revolutionized our understanding of tumor heterogeneity and the mechanisms underlying resistance
to therapies in cancers such as lung cancer.'’® This innovative technique allows researchers to map gene expression
profiles within the context of the tumor microenvironment, providing insights into the spatial distribution of resistant
clones.'”” By examining how different regions of a tumor respond to treatment, spatial transcriptomics can reveal the
presence of subclonal populations that exhibit distinct biological behaviors and therapeutic responses. As the technology
continues to advance, the ability to integrate multi-omics data will enhance our understanding of tumor heterogeneity and
the immune landscape, ultimately guiding more precise therapeutic strategies and improving patient outcomes in the

realm of cancer immunotherapy.

Conclusion

The intricate landscape of immunotherapy resistance in PD-L1 high-expressing NSCLC underscores the intricacies of
cancer treatment and emphasizes the necessity for a comprehensive approach in research and clinical practice.
Mechanisms of resistance are not isolated; instead, they represent interconnected processes influenced by intrinsic
cellular characteristics and the TME. This review elucidates various factors contributing to immunotherapy resistance,
including genetic alterations, epigenetic reprogramming, and the dynamic nature of the TME. The complexity of
immunotherapy resistance necessitates a personalized approach to treatment. Current biomarkers, such as PD-L1 and
TMB, exhibit limitations in their predictive accuracy. These highlight the need to identify novel biomarkers that more
accurately predict a patient’s likelihood of benefiting from ICIs. Combination therapies represent a promising approach
for overcoming resistance. The combination of targeted therapies, chemotherapy, and innovative immunotherapeutic
agents may yield a synergistic effect. Nevertheless, achieving optimal integration of these modalities requires a profound
understanding of the mechanisms underlying resistance. Insights derived from investigations into the tumor microenvir-
onment hold particular promise. Immunosuppressive cells, cytokines and extracellular matrix components have a certain
role in inhibiting immune response. Targeting these elements may be possible to reverse resistance and improve patient
outcomes.

In summary, addressing immunotherapy resistance in PD-L1 high-expressing NSCLC demands urgent, coordi-
nated efforts to translate mechanistic insights into clinical breakthroughs. The interconnected resistance drivers—
including genetic alterations, epigenetic reprogramming, and dynamic tumor microenvironment (TME) interactions
—while advancing beyond current biomarker limitations. The complexity of these resistance pathways underscores
the necessity for personalized therapeutic strategies and innovative combination approaches targeting immunosup-
pressive TME elements. Looking forward, emerging therapies leveraging multi-omics profiling and novel TME
modulators hold significant promise for overcoming resistance and optimizing precision medicine in NSCLC

immunotherapy.
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