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Abstract

Immune checkpoint inhibitors have reshaped the management of lung cancer, especially non-
small cell lung cancer (NSCLC) that comprises nearly 85% of all lung cancer cases. Despite
this, durable benefit is limited to a subset of patients, warranting the establishment of robust
predictors of response. This review discusses pathological determinants and biomarker
classes that inform immune checkpoint inhibitor sensitivity in lung cancer, emphasizing how
tumor-intrinsic programs intersect with the immune microenvironment. Among molecular
biomarkers, programmed cell death ligand 1 (PD-L1) immunohistochemistry is widely
implemented, but its spatial/temporal heterogeneity and variable cutoffs restrict standalone
performance. Genomic features such as tumor mutational burden, copy-number instability,
and oncogenic drivers modulate neo-antigenicity and immune contexture, while epigenetic
and transcriptomic signatures capture functional states including interferon-y signaling and
DNA damage-repair programs. Cellular readouts refine prediction by quantifying cytotoxic
CD8+ T cells and their activated subsets, B-cell-rich niches, and suppressive populations
such as regulatory T cells, myeloid cells, neutrophils, and cancer-associated fibroblasts. A
particular focus is placed on tertiary lymphoid structures: their density, maturation, and location
correlate with major pathological response and longer disease-free survival in neoadjuvant
settings. Finally, systemic biomarkers, including circulating tumor DNA, tumor cells, immune
phenotypes, and inflammation indices offer minimally invasive, dynamic monitoring. As no
single marker captures the complexity of immune checkpoint inhibitor response, integrative,
standardized, multi-parameter models are essential to reliably distinguish responders from
non-responders, and direct rational combination strategies in lung cancer patients.
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Introduction

Lung cancer is one of the deadliest cancers worldwide, 85% of
cases of which belongs to non-small cell lung cancer (NSCLC)
subtype [1]. In recent years, immune checkpoint inhibitors have
not only been used in advanced-stage lung malignancies but have
also been used for early-stage tumors and in both neoadjuvant
and adjuvant settings. FDA approval of an anti-cytotoxic T
lymphocyte antigen 4 (CTLA-4) monoclonal antibody has been
widely considered a milestone that marked the start of the modern
era of immunotherapy [2]. This was followed in 2015 with FDA
approval of the Programmed cell death protein 1 (PD-1) inhibitor
nivolumab in patients with NSCLC with disease progression
following first-line chemotherapy. In 2016, pembrolizumab was
approved for first-line treatment in patients with high programmed
cell death ligand 1 (PD-L1) expression [3]. From the biological
standpoint, one way for tumor cells to evade immune surveillance
is to upregulate immune checkpoint molecules, which may result
in the suppression of effective antitumor immune responses.
Immune checkpoint inhibitors address this immune evasion
by blocking checkpoint pathways, including CTLA-4, PD-1
and PD-L1, thereby relieving inhibitory signaling and restoring
cytotoxic effector-cell activity against malignant cells [4]. Still,
responses to immunotherapy are not a function of a sole factor.
Instead, they represent a complex tumor-intrinsic and immune
microenvironmental interplay. The diversity of the tumor immune
landscape, as well as differences in underlying tumor biology, are
likely to account for much of the variability observed in clinical
outcomes with immune checkpoint inhibitors [5]. Despite major
therapeutic advances, only a subset of patients exhibit durable
response, underscoring the establishment of reliable biomarkers
that can predict immune checkpoint inhibitor efficacy [6].

Predictive biomarkers represent measurable biological features
to help estimate the probability of response to immune checkpoint
blockade. Most importantly, they can help to identify those patients
more likely to benefit from immune checkpoint inhibitors, which
aids in appropriate individual treatment selection and can lead to
improved safety and overall clinical benefit [7]. At the same time,
clarifying the biology behind these markers can inform rational
combination strategies, particularly for addressing primary
resistance or relapses after an initial response. Therefore, not only
does biomarker research strengthen the practical use of immune
checkpoint inhibitors in the clinic, but it is a foundation for the next
step in the progress of cancer immunotherapy, not without clinical
and scientific value [8]. In addition, stratifying patients based
on biomarkers may lower unnecessary treatment expenditures
and promote more efficient use of healthcare resources [9]. The
first major category of biomarkers of immunotherapy response is
molecular biomarkers, which include PD-L1 expression, genetic
mutations and genomic instability features, epigenetic biomarkers
and transcriptomic signatures [10]. Next, cellular biomarkers of
immunotherapy response are mainly attributed to different kinds
of tumor-infiltrating immune cells such as cytotoxic T cells,
B-cells and immune inhibitory cells as well as the development
of tertiary lymphoid structures [11]. Lastly, systemic biomarkers
of immunotherapy response involve circulating tumor DNA
(ctDNA), circulating tumor cells (CTCs), circulating immune
cells and their associated systemic inflammatory indices [12]. In
this review, we discuss the recent progress made in establishing
these biomarkers of immunotherapy response in lung cancer and
highlight their potential to distinguish immunotherapy responders
from nonresponders, thereby aiding in efficiently limiting lung
cancer tumor burden.

Molecular biomarkers of immunotherapy response in lung
cancer
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PD-LI

PD-L1 inhibits T-cell-mediated antitumor immunity through its
interaction with the PD-1 receptor. Immune checkpoint inhibitors
work by disrupting this inhibitory signaling axis. As a result,
higher PD-L1 expression is often linked to greater sensitivity of
tumors to immune checkpoint inhibitors [13]. Because PD-LI
testing is comparatively well standardized and can be implemented
routinely in clinical workflows, PD-L1 expression has become one
of the most practical and commonly used biomarkers for predicting
immune checkpoint inhibitor benefit, regardless of smoking status
(Figure 1) [14]. In practice, PD-L1 can be measured using several
scoring frameworks, including the tumor proportion score (TPS),
tumor cell score, immune cell score, and combined positive score
[15]. Available data suggest that the concomitant consideration of
TPS along with combined positive score may refine performance
from the prediction point of view more than either of the metrics
[16]. Notably, early clinical findings have been shown to correlate
PD-L1 expression above 5% with better responses to treatment
with the PD-1 inhibitor nivolumab as early as in 2012 [17]. In
one study in patients with NSCLC treated with PD-1 blocking
antibody (pembrolizumab), patients with a PD-L1 TPS >50%
showed an objective response rate of 45.2% [18]. Moreover,
compared to chemotherapy, treatment with pembrolizumab in TPS
patients with PD-L1>50% led to significantly prolonged overall
and progression-free survival and lowered the incidence of adverse
events [19, 20]. These findings resulted in approval of nivolumab
by the FDA in 2016 as a first-line therapy or therapy following the
initial treatment for NSCLC with the expression of PD-L1 factored
into treatment decision-making explicitly [21]. In the CheckMate
227 trial, a PD-L1 expression threshold of 1% was used, while
patients with PD-L1 expression >1% and PD-LI expression <1%
had a 5-year survival rate of 24% versus 14% and 19% versus 7%
in combination immunotherapy versus chemotherapy, respectively
[22]. In a similar setting, patients with NSCLC who underwent
concurrent chemoradiotherapy followed by durvalumab
demonstrated an overall survival benefit mainly among PD-L1
expression >1% [23]. However, despite the clear value in the clinic,
PD-L1 expression is marked by temporal and spatial heterogeneity,
and therefore discordance may exist between primary lesions and
metastatic sites. In addition, the most appropriate threshold for
defining PD-L1 positivity remains controversial [24]. Therefore,
PD-L1 status alone may not provide sufficient predictive power,
and its combination with other biomarkers represents a better
approach for anticipating immune checkpoint inhibitor responses.

Genetic biomarkers

Genomic instability is a hallmark of malignant transformation
and arises from alterations within the tumor cell genome.
Mismatch repair deficiency and high microsatellite instability
are uncommon in NSCLC; however, NSCLC exhibits the highest
overall tumor mutational burden [25]. The broad distribution
of tumor mutational burden in NSCLC is partly explained by
distinct mutational landscapes in smokers versus never-smokers,
which generate substantially different somatic mutation profiles
[26]. Tumor mutational burden serves as a predictive biomarker
for immune checkpoint inhibitor benefits in NSCLC, and this
association has been reported even when accounting for PD-L1
expression status (Figure 1) [27]. In addition to overall mutation
load, chromosomal instability may also shape immunotherapy
outcomes. In immunotherapy-treated NSCLC cohorts, tumors
with high copy number variation were reported to show higher
expression of PD-L1, CD39, and CD19, together with increased
infiltration of CD8" and CD3" T cells. This profile is consistent
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Figure 1. Molecular biomarkers of immunotherapy response in lung cancer. PD-1 blockade with immune checkpoint inhibitors (ICIs) restores
T cell activity against tumor cells by disrupting the interaction between PD-1 and PD-L1 on T and tumor cells, respectively. Key molecular
biomarkers include PD-L1 expression, assessed through various scoring methods (tumor proportion score, tumor cell score, immune cell
score, combined positive score), with higher expression linked to better response. Genetic biomarkers (tumor mutational burden, copy number

variations and oncogenic drivers e.g., EGFR, KRAS, STK11 mutations) influence immune recognition. Epigenetic modifications (DNA
methylation and histone modifications particularly via histone deacetylases like HDAC6 and HDACS) present promising tools for predicting
immunotherapy response in lung cancer. Transcriptomic markers related to IFNy signaling, DNA damage repair genes and T cell effector genes,

further contribute to immunotherapy outcomes.

with a more immune-active tumor state and suggests that copy
number variation could serve as an additional genomic indicator
for immunotherapy responsiveness in NSCLC [28]. Oncogenic
driver alterations further influence immune checkpoint inhibitor
efficacy in NSCLC by affecting PD-L1 expression, tumor
mutational burden, and the tumor microenvironment. For instance,
epidermal growth factor receptor (EGFR)-mutant NSCLC is often
characterized by lower tumor mutational burden and reduced
PD-L1 expression, while KRAS-mutant tumors more frequently
show higher levels of both. The most common EGFR alterations,
exon 19 deletions and the exon 21 L858R substitution, together
represent more than 90% of EGFR mutations and can substantially
reprogram the tumor microenvironment. Mechanistically, EGFR
signaling can activate the PI3K-AKT-mTOR pathway and increase
expression of chemokines, which shifts the dynamics towards
immunosuppressive environment [29, 30]. In line with this,
NSCLC subsets harboring ALK, EGFR, HER2, or RET alterations
generally derive limited benefit from PD-1/PD-L1 blockade when

used alone. On the other hand, tumors with concurrent TP53 and
KRAS mutations show better response to immune checkpoint
inhibitors, while those with KRAS plus STK11 and/or KEAPI co-
mutations are frequently resistant to immunotherapy (Figure 1)
[29].

Epigenetic biomarkers

Epigenetic changes contribute to tumor initiation and progression
and affect responsiveness to immune checkpoint inhibitors
[31]. Through mechanisms like DNA methylation and histone
modification, epigenetic programs can be used to control immune
checkpoints, which can influence the outcome of immunotherapy
[32]. For example, genome-wide epigenetic modification
patterns defined by methylation in promoter regions can predict
immunotherapy response in NSCLC [33]. In stage IV patients
with NSCLC treated with anti-PD-1 agents, a classifier of DNA
methylation results, which was called EPIMMUNE, was linked
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with both progression-free and overall survival [34]. Histone
deacetylases (HDACs) represent another epigenetic axis relevant to
antitumor immunity. In the case of NSCLC, the anti-proliferative
HDACS has been reported to be able to restore CD8+ T-cell
effector function and improve responses to anti-PD-1 therapy
(Figure 1) [35]. In parallel, HDACG6 expression has been proposed
as a potential prognostic marker in patients undergoing immune
checkpoint inhibitor treatment, and preclinical data provide
evidence that the combination of inhibition of histone deacetylase
enzyme family with inhibition of PD-1 checkpoint protein can
inhibit tumor growth, and also favors a tumor microenvironment
that is better conducive to the activity of cytotoxic T lymphocytes
[36]. Beyond tissue-based profiling, integrating the epigenetic
markers into the liquid biopsy platforms is a new frontier. DNA
methylation features observed in ctDNA can be potentially
useful for preliminary detection, treatment monitoring and
response prediction [37]. However, although a correlation between
ctDNA methylation and outcomes for targeted therapy has
been established, its predictive value for the efficacy of immune
checkpoint inhibitor is less clear and requires further validation
[37]. Overall, epigenetic control is closely linked to antitumor
immunity, and further research could provide clinically useful
biomarkers in lung cancer.

Transcriptomic biomarkers

Transcriptomic profiling-based biomarkers provide a powerful
framework to predict immune checkpoint inhibitor responses. By
capturing transcriptional programs related to T-cell activation,
antigen presentation, and interferon-y (IFNy) signaling,
transcriptomic signatures can provide a functional readout of
tumor immune status [38]. IFNy is a central antitumor immunity
regulator and is tightly associated with PD-L1 expression. In
several cancer types, expression of mRNA related to IFNy has
been shown to be predictive of responses to PD-1 blockade
(Figure 1) [39]. In contrast, the resistance to immune checkpoint
inhibitors has been linked to genetic alterations that involve
components of the IFNy signaling cascade [6]. In patients
treated with Atezolizumab, higher expression of T cell effector
genes and [FNy related programs had the association with an
extended overall survival [40]. IFNy expression itself has also
been associated with benefit with the median progression-free
survival being significantly longer in patients in the nivolumab
group with higher levels of IFNy [41]. Composite transcriptomic
models may further strengthen predictive performance. The
GDPLichi score, constructed from seven DNA damage repair-
related genes, stratifies lung adenocarcinoma with the high-
risk group showing increased tumor mutational burden, higher
neoantigen load, and elevated expression of PD-L1 and CTLA4,
suggesting greater immunotherapy sensitivity [42]. Additional
transcriptomic markers, including CSF1R and HCST, have shown
positive associations with PD-L1 expression and CD8" T-cell
infiltration, indicating potential prognostic and predictive value in
NSCLC patients treated with anti-PD-L1 therapy [43]. Moreover,
T-cell receptor co-expression gene signatures have been validated
as predictors of immune checkpoint inhibitor benefit, with higher
expression levels associated with improved outcomes (Figure 1)
[44].

Cellular biomarkers of immunotherapy response in lung
cancer

Cytotoxic T cells

CD8* cytotoxic T cells are the core effector population responsible
for antitumor immunity (Figure 2). One of the central effects
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of immune checkpoint inhibitors is to reinvigorate exhausted or
functionally impaired CD8" T cells [45]. This suggests that clinical
benefit may depend not only on how many CD8" T cells are
present in the tumor microenvironment, but also on their activation
status and functional capacity. In this context, assessment of
CD8+ T-cell infiltration and activity is a reasonable strategy with
suitable predictive relevance [46]. Similarly, scRNA-seq studies
performed on patients undergoing combined immune checkpoint
inhibitor and chemotherapy suggested that patients exhibiting a
major pathological response showed more expansion of effector
memory T cells, tissue-resident memory T cells and circulating
effector T cells than nonresponders [47]. At the level of clinical
outcome, a meta-analysis examining CD8+ tumor-infiltrating
lymphocytes in patients treated with immune checkpoint inhibitors
including samples of patients with NSCLC found an increase in
CD8+ T-cell infiltration was associated with improved overall
and progression-free survival, and objective response rates [48].
Consistent with these findings, a retrospective analysis found that
in patients treated with chemoradiotherapy with the addition of
immune checkpoint inhibitors, high baseline density of CD8+
tumor-infiltrating lymphocytes was significantly correlated with
prolonged progression-free survival, but there was no prognostic
impact in patients treated with chemoradiotherapy alone [49]. In
anti-PD-1 treated metastatic NSCLC, objective response rates rose
markedly as intratumoral CD8"* tumor-infiltrating lymphocyte
density increased [50].

At the same time, wide differences in cutoff definitions across
studies have made it difficult to standardize CD8* T cells as
predictive biomarkers in routine practice. A further complication
is that CD8" tumor-infiltrating lymphocytes are not uniformly
functional: some populations may be poorly cytotoxic, non-
tumor-reactive, or otherwise unresponsive to immune checkpoint
inhibitor-mediated reinvigoration, and thus may contribute
little to effective antitumor immunity [51, 52]. For this reason,
relying only on total CD8" T-cell numbers has not consistently
predicted immune checkpoint inhibitor benefit in all cohorts. To
overcome this limitation, recent work has increasingly focused on
phenotypically defined CD8" T-cell subsets. CD39, in particular,
has been proposed as a marker enriched on tumor-specific T
cells, and CD39* CD8" T cells have been reported as independent
predictors of response to PD-1 or PD-L1 blockade in NSCLC,
with responders showing significantly higher proportions of these
cells than nonresponders [47]. Similarly, high PD-1 expression
on CD8" T cells reflects strong tumor antigen recognition and is
closely linked to effective antitumor immunity. Responders to
immune checkpoint inhibitors display significantly elevated PD-1
expression on CD8* T cells relative to nonresponders [53]. Even
though PD-1 expression is commonly interpreted as a feature of
T-cell dysfunction or exhaustion, PD-1* CD8"* tumor-infiltrating
lymphocytes are still capable of sustained CXCL13 secretion. This
chemokine can attract CXCR5-expressing B cells and follicular
helper T cells, thereby supporting the development of tertiary
lymphoid structures. In NSCLC, patients who respond to PD-1
blockade have a significantly higher fraction of PD-1 T cells, and
this population is associated with better overall survival [54].

B cells

Tumor-infiltrating B cells drive local antitumor antibody
production and the expansion of CD4" T-cell clones [55]. By
secreting cytokines, these B cells can further amplify effector
T-cell function. Tumor-infiltrating B cells correlate with increased
proportions of activated and memory CD4" T cells and with
lower Treg infiltration, supporting a role for these structures
in organizing effective antitumor immunity and influencing
prognosis (Figure 2) [56, 57]. Consistently, expression of B-cell-
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Figure 2. Cellular biomarkers of immunotherapy response in lung cancer. Activated CD8* cytotoxic T cells, which are central to antitumor
immunity, are rejuvenated by immune checkpoint inhibitors, driving enhanced tumor cell killing. Tumor-infiltrating B cells, through antibody

production and cytokine secretion, contribute to T-cell activation and support antitumor responses. M2 macrophages, associated with

immunosuppressive functions, promote tumor progression but may also alter following immunotherapy. Treg cells, which suppress effector

T-cell activation, can also limit the efficacy of immunotherapy by downregulating immune responses. Tertiary lymphoid structures, which can

develop intratumorally, peritumorally or extratumorally, are key indicators of immune response. The maturity and density of tertiary lymphoid

structures, especially intratumoral structures, correlate with improved therapeutic responses and better survival outcomes.

related gene programs, including CXCL13, has been linked to
improved immunotherapy results in NSCLC patients receiving
neoadjuvant immunochemotherapy [58]. Tumors from chemo +
immunotherapy-treated patients achieving major pathological
response show significantly greater B-cell infiltration than tumors
from cases without major pathological response [59]. Further
scRNA-seq work identified FCRL4"FCRL5" B cells (memory),
which are more abundant in patients with major pathological
response. These cells may contribute to improved treatment
efficacy and function as predictive biomarkers for immune
checkpoint inhibitor responsiveness in NSCLC [60].

Immune-inhibitory cells

An immunosuppressive tumor microenvironment is sustained
by multiple inhibitory cellular populations. This is further
strengthened by suppressive cytokines including IL-6, IL-8
and TGF-b and is frequently linked to poorer responses
to immunotherapy [61]. Among these factors, circulating
immunosuppressive cells, particularly myeloid-derived suppressor
cells, have been repeatedly linked with the outcome of immune
checkpoint inhibitors, and may represent clinically useful
predictive information [62]. At the same time, the intratumoral
suppressive populations can directly remodel the immune activity
in the tumor and as such can affect the efficacy of treatment.
scRNA-seq analyses of samples from patients with lung cancer
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obtained before and during PD-1 blockade therapy have shown
unique Treg dynamics in responders and nonresponders. Patients
who do respond usually exhibit only a relatively small decrease in
Treg frequency, while nonresponders exhibit a more significant
increase in Treg frequency together with upregulation of
immunosuppressive genes such as ILIR2, REL and LAYN [46].
Mechanistically, this observation is biologically plausible because
immune checkpoint inhibitor therapy upregulates T-cell activation
through shared signaling pathways that go through the T-cell
receptor and CD28. As a result, immune checkpoint inhibitors may
increase activation not only in effector CD8+ T cells but may also
stimulate inhibitory Tregs. Under these conditions, therapeutic
benefit is associated with the balance of these populations.
Consistent with this concept, responders are characterized by
high PD-1 expression predominantly on CD8* T cells, while in
nonresponders PD-1 expression is enriched on Tregs. Therefore,
the ratio of PD-lhigh CD8" T cells to PD-1high Tregs has been
suggested as a useful predictive metric, with the most favorable
responses observed when PD-1 expression is elevated in CD8"
T cells but relatively low in Tregs (Figure 2) [53]. Macrophage
heterogeneity within the tumor microenvironment further
influences immune checkpoint inhibitor responses. sScCRNA-seq
profiling has identified Macro_SPP1 macrophages, which promote
angiogenesis, and Macro SELENOP macrophages, which
exhibit anti-inflammatory properties. Both subsets display M2-
like, tumor-promoting features characteristic of tumor-associated
macrophages (Figure 2). Following immune checkpoint inhibitors
therapy, Macro_ SPP1 macrophages decrease, whereas Macro_
SELENOP macrophages increase in patients without major
pathological response. Moreover, cancer-associated fibroblast-
associated gene signatures are significantly enriched in patients
with progressive disease compared with those achieving complete
or partial responses after anti-PD-1 therapy [63].

Tertiary lymphoid structures

During chronic inflammatory states, tertiary lymphoid structures
can form ectopically in nonlymphoid tissues and develop both in
terms of their architectural organization and their immunologic
functions [64]. Their formation is orchestrated by chemokines
and cytokines, which promote the recruitment of lymphocytes
and myeloid cells [65]. Within tumors, checkpoint-like tertiary
lymphoid structures can be present in stroma (extratumoral),
tumor parenchyma (intratumoral), or at the invasive margin
(peritumoral), mainly maturing in a continuum from rather
loose collections of lymphocytes to lymphoid-like structures.
Intratumoral tertiary lymphoid structure formation is biologically
significant because it reduces dependence on immune-cell
migration to distant secondary lymphoid organs. By functioning
as a local immune “hub” near malignant tissue, Tertiary lymphoid
structures may enable more rapid priming and expansion of T-
and B-cell responses at the tumor site, potentially accelerating
and strengthening antitumor immunity [66]. In cancer types,
intratumoral Tertiary lymphoid structures are generally associated
with improved treatment responses and reduced risk of cancer
recurrence and thus support their relevance as both prognostic
and predictive factors in immuno-oncology [65, 67]. These
observations have also provided motivation for therapeutic
strategies that aim to induce or boost tertiary lymphoid structure
formation, either alone or together with immune checkpoint
inhibitors, especially considering that immune checkpoint
inhibitors themselves may induce tertiary lymphoid structure
formation in certain contexts [68].

In lung adenocarcinoma, mature tertiary lymphoid structures
are strongly associated with prolonged overall and disease-free
survival, and their presence protects against metastasis (Figure
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2) [69]. When NSCLC patients are further stratified by tertiary
lymphoid structure maturity (low vs. high maturity), treatment-
associated differences become more apparent. In one study, high-
maturity tertiary lymphoid structures were identified in 30 of
40 patients treated with neoadjuvant immunochemotherapy,
compared with 13 of 41 patients receiving chemotherapy alone
and 25 of 40 untreated controls. This tendency helps to believe
that chemotherapy can impair the maturation of tertiary lymphoid
structure, but immune checkpoint inhibitors can stimulate
the development of tertiary lymphoid structures [70]. The
same analysis also showed a difference in clinical outcomes of
treatment groups. Major pathological response occurred in 45.0%
of patients who received neoadjuvant immunochemotherapy,
including 14 cases of pathological complete response, whereas
the chemotherapy-only group showed a major pathological
response rate of 17.1% with only 2 cases achieving pathological
complete response. Notably, tumors from patients achieving major
pathological response had significantly higher tertiary lymphoid
structure maturity, and tertiary lymphoid structure maturity
served as an independent predictor of disease-free survival within
the immunochemotherapy cohort [70]. Similar trends have been
reported elsewhere, including longer disease-free survival in
patients with high-maturity tertiary lymphoid structures compared
with low-maturity Tertiary lymphoid structures [71]. After
neoadjuvant immunotherapy, mature tertiary lymphoid structures
have also been linked to higher CD8* T-cell density and greater
epithelial infiltration, consistent with enhanced immune activation
in the tumor microenvironment [72]. Taken together, these data
support a model in which neoadjuvant immunochemotherapy
promotes tertiary lymphoid structure maturation, which is
then associated with stronger antitumor immune responses and
improved clinical outcomes.

Tertiary lymphoid structures density varies considerably
among patients, and their formation has been reported more
often in responders than in nonresponders after neoadjuvant
immunochemotherapy, and tertiary lymphoid structure-positive
cases showed significantly longer disease-free survival [73]. In
addition, increases in tertiary lymphoid structure number and size
after neoadjuvant immunotherapy were associated with improved
long-term event-free survival [72]. Beyond simple presence/
absence, higher tertiary lymphoid structure density has been
associated with increased rates of pathological complete response
and major pathological response in NSCLC patients treated
with neoadjuvant immunochemotherapy [74]. Increased tertiary
lymphoid structure density has also been observed in patients who
achieved major pathological response and in responsive lesions
from individuals with multiple primary lung cancers treated
with neoadjuvant pembrolizumab [75]. Consistent with these
observations, phase II clinical trial results further indicated that
tertiary lymphoid structure abundance was significantly higher in
patients with pathological complete response or major pathological
response than in nonresponders [76]. Transcriptomic analyses
after neoadjuvant durvalumab or pembrolizumab-based therapy
revealed upregulation of tertiary lymphoid structure-related
genes, including CXCL13, alongside increased tertiary lymphoid
structure density by multiplex immunohistochemistry [77].
Collectively, these findings position Tertiary lymphoid structures
as strong candidate biomarkers associated with pathological
response and longer-term benefit from immune checkpoint
inhibitors in NSCLC.

Tertiary lymphoid structures also show clear spatial
heterogeneity in NSCLC, appearing intratumorally, peritumorally,
or in extratumoral stromal regions [66]. Such spatial heterogeneity
is presumably a biology of the underlying tumor and potentially
can be of significance to outcomes. The intratumoral Tertiary
lymphoid structures in NSCLC have been in many cases reported
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to be at higher density and frequency as compared to those at
almost the invasive margin or in stroma surrounding the tumor.
Significantly, tertiary lymphoid structure location has been
linked to tumor aggressiveness, metastatic behavior and other
clinicopathologic features. In some contexts, high densities of
peritumoral or extratumoral tertiary lymphoid structures have
been linked to invasive characteristics and worse prognosis.
Similar site-dependent effects have also been described in other
malignancies [78]. Together, these observations suggest that
tertiary lymphoid structure localization may matter for predicting
immunotherapy benefit and could eventually inform treatment
planning. Conceptually, strategies that promote or leverage
intratumoral tertiary lymphoid structures may be more effective
at strengthening local immune priming and activation within the
tumor bed, thereby improving therapeutic responses. However,
given the limited number of studies addressing tertiary lymphoid
structure spatial distribution in NSCLC, further systematic
investigations are needed to clarify their precise roles.

Systemic biomarkers of immunotherapy response in lung
cancer

ctDNA

Circulating biomarkers are measurable tumor- or immune-related
molecules present in blood or other body fluids, including ctDNA
and extracellular vesicles, and offer a minimally invasive approach
for diagnosis, prognostication, and therapeutic monitoring.
Their clinical utility represents a major advance in precision
oncology [79]. ctDNA refers to short DNA fragments released
into the circulation from tumor cells and can capture tumor-
specific genomic alterations. Both quantitative and qualitative
features of ctDNA, such as mutation burden and epigenetic
changes, may reflect immune checkpoint inhibitor response in
NSCLC. Blood-based tumor mutational burden, estimated from
ctDNA sequencing, has been developed as a proxy for tissue
tumor mutational burden. In the MYSTIC trial, NSCLC patients
with blood-based tumor mutational burden >20 mutations/Mb
who received combination immunotherapy showed improved
overall survival (Figure 3) [80]. Beyond mutational burden,
absolute ctDNA abundance also appears informative. In the
B-FIRST study of atezolizumab in NSCLC, patients with low
ctDNA levels, defined by a maximum somatic allele fraction
<1%, had substantially higher objective response rates than
those with maximum somatic allele fraction >1% even though
ctDNA quantity was insufficient for robust blood-based tumor
mutational burden estimation in some cases [81]. In metastatic
NSCLC, a ctDNA response defined as a >50% decrease in mutant
allele fraction was associated with improved progression-free
and overall survival and enabled earlier identification of patients
likely to benefit from therapy [82]. Among patients with molecular
residual disease after chemoradiotherapy who subsequently
received consolidation immune checkpoint inhibitors, ctDNA
trajectories separated clinical courses: rising ctDNA predicted
rapid progression, whereas falling ctDNA levels were associated
with benefit (Figure 3) [83]. Similarly, in NSCLC treated with
immunochemotherapy, reductions in ctDNA allele fraction tracked
with radiographic responses and favorable long-term outcomes,
including higher response rates and improved progression-free and
overall survival [84]. Altogether, these data support the prospects
of ctDNA as an active biomarker of immune checkpoint inhibitor
efficacy prediction and monitoring in NSCLC. Nevertheless,
an insufficient number of standardized guidelines regarding the
method of ctDNA collection, processing, and analysis along with
the lack of large clinical validation of this approach to date limits
its routine use in the treatment decision-making [85].

OM. Attia /Asia-Pacific Journal of Oncology 2025; 6: 82-94

CTCs

CTCs, which disseminate from primary tumors into the
bloodstream and may seed metastases, represent another
potential biomarker source. The presence of CTCs, especially
PD-L1-positive CTCs, in patients with advanced NSCLC who
are treated with nivolumab was also linked to increased risk of
disease progression (Figure 3), which still has to be confirmed
by additional studies, as the populations in such studies are
small [86]. Extracellular vesicles (EVs), including exosomes and
microvesicles, are emerging as important mediators of intercellular
communication and carriers of bioactive molecules [87]. Tumor-
derived EVs have been explored as noninvasive biomarkers; higher
expression of costimulatory or EV-associated markers such as
CD9, CD81, and CD63 has been correlated with better objective
response rate and immune checkpoint inhibitor responses [88].
EV-associated microRNAs may add predictive information
as well; for example, EV-miR-625-5p has been reported as an
independent predictor of immune checkpoint inhibitor response
in NSCLC patients with PD-L1 expression >50% [89]. EVs also
offer an alternative platform for PD-L1 assessment, since higher
levels of exosomal PD-L1 have been associated with improved
objective response rate and overall survival (Figure 3) [90]. In
longitudinal analyses of melanoma and NSCLC treated with anti-
PD-1 antibodies, plasma exosomal PD-L1 mRNA decreased
significantly in responders at two months, remained relatively
stable in patients with stable disease, and increased in those
with progressive disease [91]. Emerging biosensor approaches,
such as the Au SERP platform for quantitative detection of EV
PD-1/PD-L1 mRNA, have shown encouraging performance in
distinguishing responders from nonresponders, highlighting the
translational potential of EV-based readouts [92].

Circulating immune cells

Populations of circulating immune cells are also predictive of
responses to immune checkpoint inhibitors (Figure 3). Dynamic
variations in the Tregs have been observed in patients with
NSCLC receiving immune checkpoint blockade treatment and
they were observed to be associated with specific clinical course
[93]. The patients with pseudoprogression exhibited a significant
decrease in circulating CD4*CD25'CD127lowFoxP3" Tregs in
a week after therapy initiation compared with hyperprogressive
disease, which was linked to a significant rise. In responders, both
total CD4°CD25"CD127lowFoxP3* Tregs and PD-1-expressing
CD4*CD25°CD127lowFoxP3" Tregs declined significantly [94].
In another NSCLC cohort receiving anti-PD-1 antibodies, higher
baseline frequencies of circulating CD4*CCR9*, CD4"'CCR10", or
CD8'CXCR4" T cells were associated with worse overall survival
compared with lower baseline levels [95]. In advanced NSCLC
treated with atezolizumab, patients with disease control showed
an increased lymphocyte ratio, whereas those with progression
demonstrated a significant decline. Progression was accompanied
by reduced circulating CD4* and CDS8" T cells and higher Tregs
and myeloid-derived suppressor cells, while the inverse immune
profile was observed in patients with disease control [96].
Among NSCLC patients treated with nivolumab, a higher ratio of
central memory to effector T cells was associated with improved
progression-free survival and correlated with higher tumor PD-
L1 expression. In contrast, enrichment of exhausted T cells and
depletion of memory effector CD8" T cells were linked to disease
progression [97].

Systemic inflammation indices



OM. Attia /Asia-Pacific Journal of Oncology 2025; 6: 82-94

89

Systemic biomarkers of immunotherapy response in lung cancer

Circulating Circulating
tumor DNA (ctDNA) tumor cells (CTCs)
Blood-based tumor DNA PD-L1+ CTCs

Minimal residual disease
detection

EV levels of CD9, CD81,
CD63 and miR-625-5p
ctDNA clearance - EV-PD-L1 levels

response

Dynamic response \\

Rising ctDNA —» tracking / , \{

progression s/ N\

Immune evasion signal

® /7;//

Circulating
immune cells

Systemic
inflammation indices

8

/- Reduced CD4+
and CD8* T cells Neutrophil-to-lymphocyte
| Higher Treg and myeloid- ratio

erived suppressor cells
- resistance

Monocyte-to-lymphocyte

\ ratio
Exhausted T cells -

~ resistance Elevated absolute

D | neutrophil

Treg decline = response

High ratio - poor outcome

Dynamic immune

remodeling Early decrease — benefit

Figure 3. Cellular biomarkers of immunotherapy response in lung cancer. Circulating tumor DNA (ctDNA), circulating tumor cells (CTCs),

circulating immune cells, and systemic inflammation indices serve as biomarkers to monitor immune checkpoint inhibitor (ICI) responses in
lung cancer. ctDNA, representing blood-based tumor DNA, offers insights into minimal residual disease, with rising ctDNA levels indicating
disease progression and ctDNA clearance correlating with therapeutic response. CTCs, particularly PD-L1-positive CTCs, and extracellular
vesicles (EV) are linked to immune evasion and can track dynamic responses to immunotherapy, with higher levels associated with poorer

outcomes. Circulating immune cell subsets, such as reduced CD4* and CD8* T cells, and increased Tregs, myeloid-derived suppressor cells and

exhausted T cells, are indicative of resistance to ICIs. In contrast, a decline in Tregs correlates with better responses. Systemic inflammation

indices, including the neutrophil-to-lymphocyte ratio, monocyte-to-lymphocyte ratio and elevated absolute neutrophils provide additional

prognostic information, with high ratios linked to poor outcomes and early decreases suggesting therapeutic benefits.

Systemic inflammatory indices derived from peripheral blood
counts further reflect host immune status. The neutrophil-to-
lymphocyte ratio, calculated from absolute circulating neutrophil
and lymphocyte counts, is closely associated with innate immune
activity and tumor burden (Figure 3) [98]. In NSCLC patients
receiving neoadjuvant immune checkpoint inhibitors, a >10%
reduction in neutrophil-to-lymphocyte ratio within four weeks was
associated with tumor regression, major pathological response, and
improved progression-free and overall survival [99, 100]. Similarly,
in patients with PD-L1 TPS >50% and without EGFR or ALK
alterations treated with pembrolizumab, a derived neutrophil-to-
lymphocyte ratio <2.6 was linked to higher objective response rate
and longer progression-free and overall survival compared with
derived neutrophil-to-lymphocyte ratio >2.6 [101]. In advanced
NSCLC treated with nivolumab, early increases in circulating cell-
free DNA and neutrophil-to-lymphocyte ratio during the first six
weeks were associated with poorer survival outcomes, suggesting
a role for real-time monitoring of emerging resistance [102].
Additional ratios have also been evaluated: a higher monocyte-
to-lymphocyte ratio and elevated absolute neutrophil counts have
been associated with shorter progression-free and overall survival
(Figure 3) [103], whereas lower platelet-to-lymphocyte ratios and
monocyte-to-lymphocyte ratios are associated with improved
progression-free survival [104].

Conclusion and future perspectives

Immune checkpoint inhibitors represent a major therapeutic
advance as precision medicine in lung cancer. Consequently,
identifying reliable biomarkers to predict immune checkpoint
inhibitors efficacy is of paramount importance. At present, PD-
L1 expression remains the only broadly approved biomarker used
in routine practice to predict immune checkpoint inhibitor benefit
in NSCLC. In general, higher PD-L1 levels are associated with
more favorable outcomes; however, PD-L1 testing is constrained
by issues such as specimen adequacy, interlaboratory variability,
and uncertainty regarding optimal positivity thresholds [105]. In
certain histologic contexts, including squamous cell carcinoma,
PD-L1 immunohistochemistry appears to have limited predictive
performance [106]. Because of these constraints, alternative
strategies are being explored, such as PET imaging with PD-L1-
targeted tracers [107, 108] and measurement of PD-L1 on CTCs,
although results have not been fully consistent and still require
clearer validation [109, 110].

Tumor-infiltrating lymphocytes, especially CD8" T cells, are
central to effective antitumor immunity, and higher CD8" T-cell
infiltration is generally associated with improved responses to
immunotherapy. In contrast, immunosuppressive compartments,
including Tregs, tumor-associated neutrophils, tumor-associated
macrophages, and cancer-associated fibroblasts, can enable
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immune escape and limit treatment benefits. Cancer-associated
fibroblasts have traditionally been viewed as tumor-promoting
because they support angiogenesis, invasion, and therapy
resistance [111]. However, more recent single-cell and spatial
transcriptomic work suggests that cancer-associated fibroblast
biology is more complex, with certain cancer-associated fibroblast
subsets potentially facilitating tertiary lymphoid structure
formation, enhancing immune-cell recruitment, and supporting
antitumor immune function [112, 113]. Response biology is
also driven by genomic factors (especially by tumor mutational
burden) that have a higher chance of generating neoantigens and
being identified by T-cells. Nevertheless, even though tumor
mutational burden is relatively high in NSCLC, even a minor
part of nonsynonymous mutations translates into any neoantigen
that can be considered immunogenic. Besides, tumor mutational
burden does not have standardized thresholds, which weakens
the value of tumor mutational burden as an independent clinical
biomarker [114]. To this end, tumor mutational burden should be
used in combination with other types of markers, including PD-
L1 expression and systemic inflammatory indices, which may
be more predictive [115]. In parallel, circulating biomarkers,
including ctDNA kinetics, immune-cell subsets, and soluble
proteins, provide minimally invasive options for prediction and
longitudinal monitoring. Reduced ctDNA levels and consistent
improvements in post-treatment inflammatory indices tend to
follow clinical improvement across a wide range of studies,
supplementary prognostic data may be found with soluble PD-L1,
serum granzyme B, and so on, but findings remain inconsistent
among cohorts [116].

Altogether, tumor-infiltrating lymphocytes and tertiary
lymphoid structures offer an understanding of immune
competence in the tumor microenvironment, a significant tumor
immune evasion axis is mediated by PD-L1. Nevertheless, both
types of biomarkers provide incomplete insights, and none of them
can explain the complexity of immunotherapy response. Other
sources of limitations are the lack of standardization of detection
measures, and high inter-study heterogeneity. In the future,
it is advisable to focus on the intense validation of predictive
markers in very different patient groups, as well as the creation
of multiparametric approaches. Integrative models that combine
multiple biomarker classes, potentially enhanced through data-
driven computational approaches, may better capture tumor-host
interactions and improve response prediction. Advancing these
strategies will be essential for reliably distinguishing responders
from nonresponders and represents an important direction for the
next phase of personalized immunotherapy in lung cancer.
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