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Abstract

Lung cancer (LC), with non-small-cell lung cancer (NSCLC) as its predominant subtype, re-
mains the leading cause of cancer-related mortality worldwide. While immune checkpoint
inhibitors (ICIs) have redefined the therapeutic paradigm in advanced NSCLC, durable
responses are confined to a limited subset of patients. A major clinical challenge persists:
the inability to accurately predict which patients will derive meaningful benefit, which
will exhibit primary resistance, and which are at risk for severe immune-related toxicities.
The imperative to individualize ICI therapy necessitates robust, dynamic, and accessible
biomarkers. Liquid biopsy has emerged as a transformative, minimally invasive tool that
enables real-time molecular and immunologic profiling. Through analysis of circulating
tumor DNA (ctDNA), circulating tumor cells (CTCs), exosomes, and peripheral blood im-
mune components, liquid biopsy offers a window into both tumor intrinsic and host-related
determinants of ICI response. These biomarkers not only hold promise for identifying
predictive signatures—such as tumor mutational burden, neoantigen landscape, or immune
activation states—but also for uncovering mechanisms of acquired resistance and guiding
treatment adaptation. Beyond immunotherapy, liquid biopsy plays an increasingly central
role in the landscape of targeted therapies, allowing early detection of actionable driver
mutations and resistance mechanisms (e.g., EGFR T790M, MET amplification, and ALK
fusion variants). Importantly, serial sampling via liquid biopsy facilitates longitudinal
disease monitoring and timely therapeutic intervention without the need for repeated
tissue biopsies. By guiding therapy selection, monitoring response, and detecting resistance
early, liquid biopsy has the potential to significantly improve outcomes in NSCLC.

Keywords: non-small-cell lung cancer (NSCLC); liquid biopsy; circulating tumor DNA
(ctDNA); immune checkpoint inhibitors (ICIs); tumor mutational burden (TMB); biomarkers;
precision oncology

1. Introduction
Lung cancer continues to represent the most lethal malignancy globally, with non-

small-cell lung cancer (NSCLC) accounting for nearly 85% of all diagnosed cases [1]. Despite
advances in systemic therapies, including the introduction of immune checkpoint inhibitors
(ICIs) and targeted therapy, treatment resistance and heterogeneous responses remain
persistent clinical challenges [2]. The lack of reliable predictive biomarkers hampers the
ability to tailor therapy effectively and avoid unnecessary toxicities. In this context, liquid
biopsy has emerged as a promising non-invasive approach for the dynamic evaluation of
tumor and immune characteristics [3].
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A major hurdle in optimizing the use of ICIs lies in the absence of reliable biomarkers
capable of accurately predicting which patients will benefit from treatment. Current
strategies such as PD-L1 expression on tumor cells or tumor mutational burden (TMB) in
tissue biopsies offer limited predictive value and are confounded by spatial and temporal
tumor heterogeneity [4]. Moreover, tissue biopsies are invasive, may not be feasible in
all patients, and cannot be repeated frequently to monitor disease evolution. As a result,
clinicians often lack the tools to dynamically tailor immunotherapy, risking both under-
and overtreatment.

Liquid biopsy refers to the sampling and analysis of non-solid biological tissue, primar-
ily blood, to detect tumor-derived components such as circulating tumor DNA (ctDNA),
circulating tumor cells (CTCs), exosomes, and other immune-related markers [5]. Unlike
traditional tissue biopsy, which provides a static snapshot of the tumor at a specific time
and location, liquid biopsy enables serial monitoring of disease evolution, treatment re-
sponse, and resistance mechanisms. Recent technological advancements have enabled
increasingly sensitive and specific detection of tumor- and immune-related biomarkers
in the bloodstream. These developments have facilitated novel insights into treatment
response, resistance mechanisms, minimal residual disease, and even immune-related ad-
verse events [6,7]. The integration of liquid biopsy into clinical workflows could transform
the way we approach immunotherapy and targeted in NSCLC, shifting from reactive to
adaptive, biomarker-guided treatment strategies.

This review comprehensively examines the emerging role of liquid biopsy in the
context of immunotherapy and targeted for NSCLC. We focus on key analyzes such as
ctDNA, mutational profiling of actionable and resistance genes, soluble immune check-
points (e.g., sPD-L1), peripheral blood immune cell ratios (e.g., NLR), and plasma-based
tumor mutational burden (cTMB) (Figure 1). We also address the current limitations of
liquid biopsy technologies and propose future directions for integrating these biomarkers
into routine clinical decision making.

 

Figure 1. Liquid Biopsy Components Highlighted in This Review: Molecular and Immune Profiling Tools.
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2. Biological Rationale and Technical Advances in Liquid Biopsy
The rationale behind liquid biopsy lies in its ability to non-invasively capture tumor

heterogeneity and molecular evolution. ctDNA, a fragment of DNA shed into the blood-
stream from apoptotic or necrotic tumor cells, reflects tumor-specific genetic alterations
and is increasingly recognized as a surrogate for tumor burden. Recent advancements in
next-generation sequencing (NGS), digital PCR, and ultra-sensitive droplet digital PCR
(ddPCR) technologies have significantly improved the detection limits and specificity of
ctDNA assays.

In addition to ctDNA, circulating tumor cells (CTCs), extracellular vesicles (EVs), and
soluble immune checkpoint molecules provide complementary information regarding tu-
mor biology, immune interactions, and microenvironmental context. Each of these analytes
offers unique advantages and limitations, and their combined evaluation may improve the
sensitivity and clinical utility of liquid biopsy as a comprehensive biomarker platform.

3. ctDNA Kinetics as a Predictor of Immunotherapy and Targeted
Therapy Response

This section focuses on circulating tumor DNA (ctDNA), a cell-free nucleic acid
biomarker, and its role in predicting treatment response, monitoring minimal residual
disease, and detecting molecular resistance during immunotherapy and targeted therapy
in NSCLC.

The dynamic changes in ctDNA levels during ICI treatment have emerged as valuable
predictors of treatment efficacy. Early decreases in ctDNA levels after the initiation of ther-
apy have been associated with favorable clinical outcomes, including longer progression-
free survival (PFS) and overall survival (OS). These observations suggest that ctDNA may
serve as an early on-treatment biomarker, potentially preceding radiographic responses
and helping to identify responders and non-responders more accurately [8].

In a multicenter prospective study evaluating circulating tumor DNA (ctDNA) dy-
namics in patients with advanced NSCLC treated with pembrolizumab, early reduction in
ctDNA levels—particularly within the first two cycles of therapy—was strongly associated
with improved clinical outcomes. Specifically, patients who exhibited a ≥50% decrease in
ctDNA variant allele frequency (VAF) demonstrated significantly prolonged progression-
free survival (PFS) and overall survival (OS) compared to those with stable or rising ctDNA
levels [9]. These findings underscore the potential of ctDNA as a real-time, non-invasive
biomarker for on-treatment response monitoring.

This concept was reinforced in exploratory analyses from the IMpower150 trial, which
evaluated atezolizumab in combination with bevacizumab and chemotherapy in patients
with metastatic nonsquamous NSCLC. In this setting, ctDNA clearance—defined as un-
detectable levels of tumor-specific mutations in plasma—was associated with superior
survival outcomes. Patients with ctDNA clearance at early on-treatment timepoints had a
median OS of 25.5 months compared to 13.4 months in those without clearance [10]. These
findings support the use of ctDNA kinetics not only as a prognostic tool, but potentially
as a predictive biomarker for treatment efficacy [6]. Beyond response monitoring, ctDNA
offers a means to assess minimal residual disease (MRD), a key determinant of long-term
outcomes in patients who achieve partial or complete responses. Several studies have
shown that the presence of residual ctDNA following initial tumor regression portends
a high risk of relapse, even in radiographically stable disease [11]. Conversely, patients
who enter molecular remission—defined by undetectable ctDNA at multiple consecutive
timepoints—often experience durable benefit, suggesting that ctDNA negativity reflects
profound immunologic control over residual tumor cells.
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In one longitudinal study by Chaudhuri et al., patients with localized or oligometastatic
NSCLC who had undergone curative-intent therapy were monitored using ultra-sensitive
ctDNA assays. Among those who remained ctDNA-negative post-treatment, none experi-
enced recurrence within the first year, whereas ctDNA-positive patients had a median lead
time of 5.2 months before radiographic progression [11]. These findings have important
implications for guiding post-ICI surveillance and adjuvant strategies. Emerging evidence
also supports the role of ctDNA in guiding treatment duration. In the CheckMate 153 study,
continuous nivolumab therapy was compared to fixed-duration treatment. Although not
formally stratified by ctDNA status, patients with prolonged benefit after discontinuation
could plausibly have been those who achieved molecular remission, underscoring the need
to integrate ctDNA into treatment de-escalation trials [12].

Importantly, ctDNA dynamics may also inform treatment intensification. Rising
ctDNA levels during therapy have been linked to molecular progression and resistance,
often weeks before clinical or radiographic evidence of relapse. Early identification of such
trends could trigger timely interventions, including switching to alternative agents, com-
bining with targeted therapies, or enrolling patients in trials of novel immunotherapeutic
strategies [13,14].

In addition to its growing role in monitoring response to immunotherapy, ctDNA
dynamics have also been actively investigated in patients receiving targeted therapies.
Among these, EGFR-mutant NSCLC represents the most extensively studied subgroup,
offering valuable insights into how ctDNA can be used to track treatment response, detect
resistance, and inform prognosis in the context of targeted therapy.

Clinical trials such as AURA3 and FLAURA have demonstrated that ctDNA analysis
for EGFR mutations can serve as an early predictor of treatment response in patients with
EGFR-mutant NSCLC [15,16]. In both trials, ctDNA dynamics assessed as early as three
weeks after treatment initiation correlated with clinical outcomes and showed potential as a
supplementary tool for early detection of disease progression [17]. Similarly, in the SWOG
S1403 trial, serial ctDNA monitoring revealed that complete clearance of EGFR mutations
by week 8 was significantly associated with longer PFS and overall survival OS, while the
persistence of ctDNA was linked to poorer outcomes [18,19]. These findings underscore
the value of ctDNA not only for response monitoring but also for identifying patients at
higher risk of early progression.

In addition to its role in monitoring, ctDNA is emerging as a valuable prognos-
tic marker. Data from the FLAURA trial showed that patients who were ctDNA EGFR
mutation-negative at baseline had significantly longer PFS in both the osimertinib and
comparator EGFR-TKI arms compared to ctDNA-positive patients [20]. Additional ctDNA
analysis can detect co-mutations linked to poorer prognosis, enabling more personal-
ized and timely treatment decisions. For instance, co-mutations in genes like TP53, RB1,
NF1, ARID1A, BRCA1, and PTEN are associated with worse outcomes in patients with
EGFR-mutant NSCLC [21]. This suggests that baseline ctDNA status may reflect under-
lying tumor burden or disease biology and can help stratify patients by risk. As such,
incorporating baseline ctDNA analysis into clinical practice could improve individualized
treatment strategies by identifying patients who may benefit from closer monitoring or
more aggressive therapy upfront.

An emerging application of liquid biopsy in NSCLC is monitoring dynamic changes
in circulating tumor DNA (ctDNA) as a surrogate marker of treatment response. Early
decreases in ctDNA levels, often occurring before radiologic changes, have been proposed
to complement traditional RECIST criteria—a concept known as liquid biopsy RECIST
(LB-RECIST) [22]. While promising, this approach is still in early clinical development and
requires further validation in larger trials.
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Analytically, the sensitivity of ctDNA assays continues to improve, with technologies
such as hybrid-capture NGS, personalized digital PCR, and molecular barcoding enabling
detection at variant allele frequencies below 0.1%. However, challenges remain, including
the standardization of thresholds for ctDNA clearance, the need for tumor-informed assays
in low-shedding tumors, and false negatives due to clonal hematopoiesis [23]. Nonetheless,
as ctDNA testing matures, it is poised to become a cornerstone in adaptive, biomarker-
guided immuno- and targeted therapy for NSCLC.

4. Mutation Profiling via ctDNA
In this section, we examine ctDNA as a tool for comprehensive genomic profiling in

NSCLC, emphasizing its utility in detecting predictive and resistance mutations relevant to
targeted therapy and immunotherapy.

4.1. Predictive and Resistance Biomarkers for Targeted Therapy

Detection of EGFR mutations in peripheral blood using ctDNA is now a well-
established tool in routine clinical practice for NSCLC. The Cobas EGFR Mutation Test v2
was the first liquid biopsy approved as a companion diagnostic to identify patients with
the EGFR T790M mutation eligible for third-generation EGFR tyrosine kinase inhibitors
(TKIs) [24,25]. Initially introduced to the field of NSCLC for identifying EGFR-sensitizing
mutations, ctDNA testing has since evolved—particularly with the advent of NGS—to sup-
port comprehensive genomic profiling, enabling broader assessment of tumor heterogeneity
and resistance mechanisms. In patients receiving targeted therapies, ctDNA analysis allows
for early detection of resistance mutations, often preceding radiographic progression [26].
A well-known example is the emergence of the aforementioned EGFR T790M mutation in
patients treated with first- or second-generation EGFR TKIs [26]. Moreover, recent prospec-
tive real-world data have shown that liquid biopsy significantly shortens turnaround time
for EGFR mutation testing (3 vs. 26 days; p < 0.001) compared to tissue NGS [27]. Impor-
tantly, liquid biopsy enabled 43.7% of patients to initiate targeted therapy before tissue
results were available, emphasizing its clinical utility in expediting treatment decisions and
improving access to precision therapies [27].

Liquid biopsy has broadened the molecular profiling capabilities in advanced NSCLC
by allowing detection of important genetic alterations beyond EGFR mutations. KRAS
and BRAF mutations are frequently identified in the blood of patients whose tumors
carry these changes, though the predictive and prognostic roles of liquid biopsy for these
mutations need further validation [28,29]. Ongoing exploratory studies aim to further
clarify and address these challenges [30,31]. Additionally, rare alterations in RET and
MET genes have been found in ctDNA from patients with advanced cancers, highlighting
the expanding clinical potential of liquid biopsy [32–34]. While ctDNA testing for gene
fusions such as ALK rearrangements and ROS1 fusions is under active investigation, its
clinical use for detection of resistance mutations is limited by lower sensitivity and a
higher likelihood of false negatives—especially when the circulating tumor DNA fraction is
low [35–37]. However, when the tumor fraction exceeds 1%, the accuracy of ctDNA assays
improves significantly, with concordance rates comparable to tissue-based testing [38].
In these cases, liquid biopsy offers a reliable and less invasive alternative for molecular
diagnosis, particularly when tissue samples are insufficient or unavailable, helping to
guide timely and personalized treatment decisions. Similar to EGFR-TKIs, resistance to
ALK inhibitors typically emerges after a median of 9–10 months, with mutations such
as L1196M, G1269A, F1174L/C, C1156Y, and G1202R accounting for approximately 30%
of cases [39]. Some of these resistance mutations are targetable with second- and third-
generation ALK inhibitors [40]. Liquid biopsy has proven useful in detecting these ALK
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resistance mutations at the time of disease progression, offering a non-invasive tool for
guiding subsequent treatment strategies.

4.2. Predictive and Resistance Biomarkers for ICI

Beyond quantifying tumor burden, ctDNA offers a powerful platform for compre-
hensive genomic profiling of NSCLC, enabling the identification of mutations that may
predict differential sensitivity or resistance to immune checkpoint inhibitors (ICIs). Somatic
alterations in key tumor suppressors and oncogenes have been shown to influence the
tumor microenvironment, modulate immune signaling, and ultimately affect immunother-
apy outcomes.

Notably, mutations in STK11 (also known as LKB1) and KEAP1 are recurrent in
NSCLC and have been independently associated with primary resistance to PD-1/PD-L1
blockade. STK11 loss impairs AMPK signaling and induces an immune-cold phenotype
characterized by reduced CD8+ T-cell infiltration and low PD-L1 expression [41]. KEAP1
mutations disrupt the NRF2 pathway, promoting antioxidant signaling and suppressing
pro-inflammatory responses within the tumor niche [42]. Similarly, PTEN loss has been
linked to impaired interferon signaling and reduced T-cell infiltration, contributing to ICI
resistance in preclinical and clinical settings [43].

In contrast, certain co-mutation patterns appear to confer enhanced immunogenicity.
Co-occurring TP53 and KRAS mutations have been associated with increased tumor muta-
tional burden (TMB), elevated neoantigen loads, and a pro-inflammatory immune milieu
that favors ICI responsiveness [44]. In multiple retrospective cohorts, these co-mutations
have been linked to improved progression-free and overall survival under PD- (L)1 therapy
compared to tumors harboring KRAS mutations alone [45,46].

The longitudinal tracking of variant allele frequencies (VAFs) of somatic mutations
via ctDNA provides an additional layer of insight. Reductions of >50% in VAF during
early treatment cycles have been associated with favorable clinical outcomes and correlate
with radiographic tumor regression. In several studies, these molecular shifts preceded
imaging-based response assessments by 4–8 weeks, suggesting that ctDNA dynamics could
serve as an early on-treatment biomarker [47,48].

Furthermore, emerging evidence suggests that mutations in chromatin remodeling
genes, including ARID1A and ARID1B, may sensitize tumors to ICIs. Loss of ARID1A
has been associated with impaired mismatch repair and increased TMB, both of which
enhance neoantigen presentation and immune recognition [48]. In preclinical models,
ARID1A-deficient tumors exhibit heightened interferon signaling and greater infiltration
by effector T cells, supporting the notion that these mutations could function as positive
predictive biomarkers for immunotherapy [49].

Collectively, these data underscore the potential of ctDNA not only as a biomarker
of tumor burden but also as a non-invasive tool for molecular stratification. By enabling
real-time assessment of clonal dynamics and mutational evolution, ctDNA can inform
precision immunotherapy strategies and support the transition from static to adaptive
treatment paradigms in NSCLC (Figure 2).



Genes 2025, 16, 954 7 of 16

 

Figure 2. ctDNA as a source of predictive and prognostic biomarkers in NSCLC, enabling mutation
profiling, resistance monitoring, minimal residual disease detection, and dynamic assessment of
treatment response.

5. Soluble Immune Checkpoint Molecules in Peripheral Blood
This section discusses soluble immune checkpoint proteins, primarily sPD-L1 and

sPD-1, as circulating protein biomarkers that may reflect immune activity and predict
clinical outcomes during ICI treatment. In addition to tumor-derived genetic material,
liquid biopsy platforms can evaluate immune-related soluble proteins in plasma, offering
further insight into the host immune response and tumor–immune interaction. Among
these, soluble forms of immune checkpoint molecules—particularly soluble programmed
death-ligand 1 (sPD-L1) and soluble programmed death-1 (sPD-1)—have gained attention
as potential non-invasive biomarkers in NSCLC.

Soluble PD-L1 (sPD-L1) is primarily derived from proteolytic cleavage of membrane-
bound PD-L1 or, less frequently, from alternative mRNA splicing variants lacking trans-
membrane domains [50]. Quantification of sPD-L1 is typically performed using enzyme-
linked immunosorbent assays (ELISA), although newer multiplexed immunoassay plat-
forms and electrochemiluminescence methods have been developed for higher sensitivity
and specificity [51]. Elevated baseline or on-treatment levels of sPD-L1 have consistently
been associated with poor prognosis in NSCLC. In a meta-analysis of 1162 patients across
11 studies, high circulating sPD-L1 levels were significantly correlated with inferior overall
survival (OS) and progression-free survival (PFS), irrespective of PD-L1 expression in
tumor tissue [52]. These findings suggest that sPD-L1 may reflect systemic immunosup-
pression or active PD-L1 shedding by tumor and immune cells as a mechanism of immune
escape. Interestingly, sPD-L1 levels do not always correlate with tumor PD-L1 expression
as assessed by immunohistochemistry, highlighting the possibility that the circulating form
may be regulated independently or produced by non-malignant stromal and immune cells
within the tumor microenvironment [53]. Some reports also indicate that treatment-induced
changes in sPD-L1 during ICI therapy may be more informative than static baseline levels.
For instance, rising sPD-L1 concentrations during treatment have been associated with
disease progression and inferior clinical outcomes [54]. The biological function of sPD-L1



Genes 2025, 16, 954 8 of 16

remains under investigation. Preclinical studies have shown that circulating sPD-L1 retains
the ability to bind PD-1 on T cells, leading to functional suppression of T cell activation
and cytokine production, potentially recapitulating the immunosuppressive effects of the
membrane-bound protein [55].

In contrast, the role of soluble PD-1 (sPD-1) is less clearly defined. Some studies
suggest that sPD-1 may act as a decoy receptor, sequestering PD-L1 and thereby preventing
inhibitory signaling through the PD-1/PD-L1 axis. In patients receiving ICIs, increasing
levels of sPD-1 during therapy have been observed in those achieving durable clinical
benefit, possibly reflecting immune activation or T-cell proliferation in response to treat-
ment [56]. However, data remain inconsistent, and the prognostic or predictive value of
sPD-1 requires further validation.

Other soluble immune checkpoint molecules—including CTLA-4, TIM-3, LAG-3,
and TIGIT—are under active investigation. Elevated plasma levels of soluble CTLA-4
have been linked to poor outcomes in melanoma and lung cancer, though their role in
NSCLC immunotherapy remains to be established [57]. Multiplex proteomic profiling of
soluble immune regulators may offer additional value in the development of multi-analyte
predictive signatures.

Overall, the assessment of circulating immune checkpoint proteins offers a non-
invasive means to monitor systemic immune dynamics and immunotherapy response.
While promising, these markers currently lack standardized thresholds, and inter-assay vari-
ability limits their clinical implementation. Prospective trials with harmonized biomarker
assessment protocols are needed to fully elucidate the utility of soluble checkpoint
molecules in guiding immunotherapy decisions.

6. Inflammatory Biomarkers and Hematologic Indices
Here, we address hematologic indices derived from routine blood tests—such as

neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and systemic
immune-inflammation index (SII)—as indirect markers of systemic inflammation and
immune status in NSCLC patients undergoing immunotherapy. Systemic inflamma-
tion plays a pivotal role in shaping the tumor microenvironment and modulating the
efficacy of immune checkpoint inhibitors (ICIs). Among the most accessible biomark-
ers for evaluating systemic immune status are hematologic indices derived from rou-
tine complete blood counts (CBC), including the neutrophil-to-lymphocyte ratio (NLR),
platelet-to-lymphocyte ratio (PLR), and systemic immune-inflammation index (SII). These
metrics offer cost-effective, universally available surrogates of host immune status and
tumor-associated inflammation.

The neutrophil-to-lymphocyte ratio (NLR) has emerged as the most studied inflam-
matory biomarker in the context of ICI therapy. Elevated baseline NLR (typically >3 or
>5, depending on the study) has been consistently associated with worse progression-free
survival (PFS) and overall survival (OS) in patients with advanced NSCLC treated with
anti–PD-1 or anti–PD-L1 agents [58,59]. Neutrophils contribute to an immunosuppres-
sive milieu through secretion of reactive oxygen species, matrix metalloproteinases, and
neutrophil extracellular traps (NETs), which can hinder T-cell infiltration and facilitate
tumor progression [60]. Conversely, lymphocytes, particularly CD8+ T cells, are critical for
antitumor immunity, and a relative reduction in their numbers may signal impaired im-
mune surveillance. A recent meta-analysis encompassing over 3000 patients with NSCLC
receiving ICIs confirmed that high baseline NLR was significantly associated with reduced
OS (hazard ratio [HR]: 2.05; 95% CI: 1.76–2.39) and PFS (HR: 1.83; 95% CI: 1.55–2.15) [61].
Furthermore, dynamic changes in NLR during treatment may offer additional prognostic
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value. Rising NLR within the first 4–8 weeks of therapy has been linked to early disease
progression and inferior clinical benefit [62].

Platelet-to-lymphocyte ratio (PLR) and systemic immune-inflammation index (SII)—which
incorporates neutrophil, lymphocyte, and platelet counts—have also been evaluated as
prognostic indicators. Elevated PLR has been associated with poor survival outcomes, po-
tentially reflecting platelet-mediated tumor protection and angiogenesis [63]. The Systemic
Immune-Inflammation Index (SII)—a blood-based marker that reflects the balance between
inflammation and immune response in the body—is calculated by multiplying the number
of neutrophils and platelets, then dividing by the number of lymphocytes—with higher val-
ues indicating a more immunosuppressive and pro-tumor environment. High SII has been
independently correlated with reduced response rates and survival in ICI-treated NSCLC
cohorts, suggesting a compounded effect of neutrophilia and thrombocytosis in promoting
immune evasion [64]. Although these indices lack tumor specificity and are influenced by
comorbid conditions (e.g., infections, corticosteroid use, hematologic disorders), their ap-
peal lies in their simplicity, reproducibility, and low cost, making them ideal candidates for
inclusion in multi-analyte biomarker models. Emerging studies have also begun exploring
integrative scoring systems that combine hematologic indices with molecular or imaging
biomarkers. For example, the Lung Immune Prognostic Index (LIPI)—which incorporates
derived NLR (dNLR) and lactate dehydrogenase (LDH) levels—has shown promise in
stratifying NSCLC patients receiving ICIs into distinct prognostic groups with differing
response rates and survival outcomes [65]. Such tools may aid in refining patient selection
and optimizing immunotherapy strategies in clinical practice.

7. Tumor Mutational Burden (TMB) from ctDNA (cTMB)
Tumor mutational burden (TMB), when assessed via ctDNA (cTMB), represents a

genomic biomarker quantifying the mutational load in circulating tumor DNA. This sec-
tion explores cTMB as a predictor of response to immune checkpoint inhibitors. Tumor
mutational burden (TMB) represents the total number of somatic mutations per megabase
(mut/Mb) of the tumor genome and serves as a surrogate for neoantigen load, which may
promote recognition by the immune system [66]. In the era of immunotherapy, TMB has
emerged as a potential predictive biomarker for response to immune checkpoint inhibitors
(ICIs) across various malignancies, including non-small-cell lung cancer (NSCLC) [67].

Traditionally, TMB is assessed using formalin-fixed paraffin-embedded (FFPE) tumor
tissue via whole-exome sequencing or large targeted next-generation sequencing (NGS)
panels (tTMB). However, tissue-based TMB analysis faces limitations, including the need for
sufficient tumor material, invasive biopsy procedures, spatial heterogeneity, and inability
to perform dynamic monitoring [68]. These constraints have led to increasing interest
in plasma-derived TMB (cTMB), calculated from circulating tumor DNA (ctDNA), as a
non-invasive alternative that enables real-time evaluation of mutational burden.

Multiple clinical studies have demonstrated that high cTMB is associated with im-
proved responses to ICIs in NSCLC. In the prospective BF1RST trial, patients with advanced
NSCLC treated with first-line atezolizumab showed improved outcomes if they had a base-
line cTMB ≥ 10 mut/Mb, including higher objective response rates (ORR: 28.6% vs. 4.4%)
and prolonged progression-free survival (PFS) [69]. Similarly, data from the B-F1RST up-
date and POPLAR/OAK studies have supported cTMB as a prognostic and predictive
marker in both first-line and previously treated settings [70].

Despite these encouraging findings, discrepancies between cTMB and tissue-based
TMB are common and arise due to several factors: variations in assay sensitivity and panel
size, differences in ctDNA shedding (especially in low-burden or indolent tumors), and
technical challenges related to background noise and clonal hematopoiesis [71,72]. While
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tTMB typically captures a broader mutational landscape, cTMB may reflect a more current
and systemic picture of tumor burden.

Recent work has focused on harmonizing cTMB thresholds and standardizing assay
platforms. In 2022, an international consensus proposed technical guidelines for cTMB
measurement, recommending minimum panel sizes of 1.5–2.0 Mb and rigorous bioinfor-
matic filtering to exclude germline and hematopoietic variants [73]. Efforts to validate
concordance between commercial assays (e.g., GuardantOMNI, FoundationOne Liquid
CDx, Tempus xF) are ongoing, with promising but variable results.

Importantly, cTMB alone may not fully capture the complexity of ICI response. As
such, several groups have proposed composite biomarker models that integrate cTMB
with PD-L1 expression, ctDNA dynamics, immune cell infiltration, and soluble immune
checkpoint levels [74,75]. For example, in a recent 2023 study by Yang et al., combining
cTMB with dynamic ctDNA response and plasma PD-L1 levels significantly improved the
predictive accuracy for ICI benefit in NSCLC patients, outperforming single-biomarker
models [76].

Going forward, the utility of cTMB may lie in its role as part of a multidimensional
biomarker panel, guiding not only patient selection for ICIs but also treatment sequencing,
escalation, and surveillance strategies. Prospective validation in randomized clinical trials
and regulatory harmonization remain essential to facilitate broader clinical adoption.

8. Clinical Utility and Implementation Challenges
Despite the growing body of evidence supporting the utility of liquid biopsy in guiding

immunotherapy for non-small-cell lung cancer (NSCLC), its widespread clinical adoption
remains hindered by several practical and regulatory barriers. While liquid biopsy offers
a compelling alternative to tissue sampling—particularly in patients with limited biopsy
access, poor performance status, or advanced disease—it is not yet uniformly integrated
into clinical workflows.

One of the most significant challenges is analytical variability among liquid biopsy
platforms. Differences in assay design, gene panel size, sequencing depth, bioinformatic
pipelines, and variant calling criteria can lead to substantial inconsistencies in detecting
mutations, calculating tumor mutational burden (cTMB), or quantifying ctDNA dynam-
ics [77]. A study comparing commercial ctDNA assays in lung cancer found only moderate
concordance in detecting actionable mutations and cTMB thresholds, highlighting the need
for harmonization [78].

Pre-analytical factors, including sample collection methods (e.g., choice of tubes, time
to processing), plasma isolation protocols, and ctDNA extraction efficiency, can introduce
variability that affects test reliability. Delays in sample processing or improper storage
conditions may lead to nucleic acid degradation or leukocyte lysis, increasing background
noise and diluting the tumor signal [79]. Thus, standardized operating procedures (SOPs)
across laboratories are essential to ensure data reproducibility and clinical trustworthiness.

From a regulatory perspective, the use of liquid biopsy in guiding immunotherapy de-
cisions remains mostly confined to investigational or laboratory-developed tests. Although
some ctDNA-based assays (e.g., Guardant360 CDx, FoundationOne Liquid CDx) have
received FDA approval for detecting targetable mutations, their utility in immunotherapy
prediction—such as for cTMB or minimal residual disease (MRD)—is still undergoing
prospective validation [80]. Additionally, reimbursement for liquid biopsy remains incon-
sistent across healthcare systems, particularly for serial monitoring, limiting its accessibility
in routine care.

Clinical interpretation of liquid biopsy results presents another layer of complexity.
For example, distinguishing between clonal hematopoiesis-derived mutations and true
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tumor-derived variants requires careful bioinformatic filtering and, ideally, matched white
blood cell sequencing. Moreover, dynamic ctDNA changes, such as transient spikes during
pseudoprogression, must be interpreted cautiously in the context of radiologic and clinical
data to avoid premature therapy discontinuation [81].

Despite these challenges, the trajectory toward clinical implementation is promising.
Multiple large-scale trials are currently evaluating the role of ctDNA-guided treatment
adaptation in NSCLC. Liquid biopsy’s key advantages—real-time monitoring, minimal
invasiveness, and capacity to reflect spatial and temporal tumor heterogeneity—make it
uniquely suited for precision immunotherapy. With the ongoing development of multi-
modal biomarker models that combine ctDNA, plasma proteomics, and immune profiling,
liquid biopsy is poised to become a cornerstone of personalized oncology.

9. Future Directions and Conclusions
The role of liquid biopsy in the management of non-small-cell lung cancer (NSCLC)

is undergoing a paradigm shift, transitioning from a complementary diagnostic tool to
a central component of precision oncology. As immunotherapy and targeted treatment
regimens become increasingly complex and personalized, there is a growing need for
dynamic, minimally invasive, and multifactorial biomarkers capable of capturing real-time
tumor behavior and host immune dynamics.

The integration of ctDNA mutation profiling, soluble immune checkpoint molecules,
hematologic inflammatory indices, and plasma-based tumor mutational burden (cTMB)
represents a promising approach to refine patient selection for immune checkpoint in-
hibitors (ICIs) and guide treatment adaptation. Such composite biomarker models could
help identify not only who is most likely to benefit from immunotherapy but also when
to escalate, de-escalate, or discontinue treatment, based on evolving molecular and
immune parameters.

Future research should prioritize large-scale, prospective clinical trials designed to
validate the predictive and prognostic value of liquid biopsy-derived biomarkers across di-
verse NSCLC populations and treatment settings. These studies should adopt harmonized
protocols for sample collection, assay design, and biomarker interpretation to improve
inter-study comparability and clinical utility.

In parallel, the development of advanced computational models, including machine
learning and AI-based algorithms, offers an opportunity to synthesize high-dimensional
data from multiple biomarker classes. Integrating genomic, transcriptomic, proteomic, and
cellular immune profiles into a unified predictive framework could significantly enhance
precision in therapeutic decision making. Initial efforts in this space have demonstrated
encouraging results, with multimodal models outperforming traditional single-biomarker
approaches in predicting ICI response [77].

Furthermore, serial liquid biopsy sampling enables longitudinal monitoring of mini-
mal residual disease (MRD), early detection of resistance mechanisms, and timely identifi-
cation of relapse. This capacity may ultimately support adaptive treatment strategies and
reduce reliance on invasive tissue re-biopsies, particularly in the metastatic setting.

As liquid biopsy technology continues to mature, several key challenges must still
be addressed, including regulatory standardization, reimbursement policy, and equitable
access to testing. Nevertheless, its clinical promise is undeniable. With continued innova-
tion and rigorous clinical validation, liquid biopsy is poised to become a cornerstone of
immunotherapy-guided care in thoracic oncology.

In conclusion, liquid biopsy represents a transformative advancement in NSCLC
management. By enabling real-time molecular profiling, immune monitoring, and adaptive
treatment decision making, it has the potential to refine the application of ICIs and targeted
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therapies, minimize toxicity, and ultimately improve clinical outcomes in patients with
lung cancer.
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for First-Line Immune Checkpoint Inhibitor Monotherapy in Advanced NSCLC: A Systematic Review and Meta-Analysis. Curr.
Oncol. 2025, 32, 365. [CrossRef]

47. Abbosh, C.; Birkbak, N.J.; Wilson, G.A.; Jamal-Hanjani, M.; Constantin, T.; Salari, R.; Le Quesne, J.; Moore, D.A.; Veeriah, S.;
Rosenthal, R.; et al. Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution. Nature 2017, 545, 446–451. [CrossRef]
[PubMed]

48. Shen, J.; Ju, Z.; Zhao, W.; Wang, L.; Peng, Y.; Ge, Z.; Nagel, Z.D.; Zou, J.; Wang, C.; Kapoor, P.; et al. ARID1A deficiency promotes
mutability and potentiates therapeutic antitumor immunity unleashed by immune checkpoint blockade. Nat. Med. 2018, 24,
556–562. [CrossRef]

49. Pan, D.; Kobayashi, A.; Jiang, P.; de Andrade, L.F.; Tay, R.E.; Luoma, A.M.; Tsoucas, D.; Qiu, X.; Lim, K.; Rao, P.; et al. A major
chromatin regulator determines resistance of tumor cells to T cell–mediated killing. Science 2018, 359, 770–775. [CrossRef]

50. Nikolic, N.; Golubovic, A.; Ratkovic, A.; Pandurevic, S.; Kontic, M. Brief Report: Predictive value of PD-L1 Expression in
non–Small-Cell Lung Cancer-Should we Set the Bar Higher for Monotherapy? Clin. Lung Cancer 2023, 24, e214–e218. [CrossRef]

51. Brun, S.S.; Hansen, T.F.; Wen, S.W.C.; Nyhus, C.H.; Bertelsen, L.; Jakobsen, A.; Nederby, L. Soluble programmed death ligand 1 as
prognostic biomarker in non-small cell lung cancer patients receiving nivolumab, pembrolizumab or atezolizumab therapy. Sci.
Rep. 2024, 14, 8993. [CrossRef]

52. Wang, Y.; He, H. Prognostic value of soluble programmed cell death ligand-1 in patients with non-small-cell lung cancer: A
meta-analysis. Immunotherapy 2022, 14, 945–956. [CrossRef]

53. Raza, A.; Mohsen, R.; Kanbour, A.; Zar Gul, A.R.; Philip, A.; Vijayakumar, S.; Hydrose, S.; Prabhu, K.S.; Al-Suwaidi, A.K.;
Inchakalody, V.P.; et al. Serum immune mediators as novel predictors of response to anti-PD-1/PD-L1 therapy in non-small cell
lung cancer patients with high tissue-PD-L1 expression. Front. Immunol. 2023, 14, 1157100. [CrossRef] [PubMed]

https://doi.org/10.1158/1078-0432.CCR-18-4049
https://www.ncbi.nlm.nih.gov/pubmed/33381953
https://doi.org/10.1016/j.jtho.2019.01.009
https://doi.org/10.1200/PO.19.00281
https://www.ncbi.nlm.nih.gov/pubmed/32923908
https://doi.org/10.1158/1078-0432.CCR-23-2693
https://www.ncbi.nlm.nih.gov/pubmed/38060240
https://doi.org/10.3390/cancers7020763
https://www.ncbi.nlm.nih.gov/pubmed/25941796
https://doi.org/10.1158/1078-0432.CCR-11-2906
https://www.ncbi.nlm.nih.gov/pubmed/22235099
https://doi.org/10.1158/2159-8290.CD-18-0099
https://doi.org/10.1038/nm.4407
https://doi.org/10.1158/2159-8290.CD-15-0283
https://doi.org/10.1158/1078-0432.CCR-16-2554
https://doi.org/10.1158/1078-0432.CCR-17-1841
https://doi.org/10.3390/curroncol32060365
https://doi.org/10.1038/nature22364
https://www.ncbi.nlm.nih.gov/pubmed/28445469
https://doi.org/10.1038/s41591-018-0012-z
https://doi.org/10.1126/science.aao1710
https://doi.org/10.1016/j.cllc.2023.04.010
https://doi.org/10.1038/s41598-024-59791-0
https://doi.org/10.2217/imt-2021-0238
https://doi.org/10.3389/fimmu.2023.1157100
https://www.ncbi.nlm.nih.gov/pubmed/37256148


Genes 2025, 16, 954 15 of 16

54. Matsuo, N.; Azuma, K.; Hattori, S.; Ohtake, J.; Kawahara, A.; Ishii, H.; Tokito, T.; Yamada, K.; Shibata, Y.; Shimokawaji, T.; et al.
Association between soluble immune mediators and tumor responses in patients with nonsmall cell lung cancer treated with
anti-PD-1 inhibitor. Int. J. Cancer 2019, 144, 1170–1179. [CrossRef]

55. Akbar, S.; Raza, A.; Mohsin, R.; Kanbour, A.; Qadri, S.; Parray, A.; Zar Gul, A.R.; Philip, A.; Vijayakumar, S.; Merhi, M.; et al.
Circulating exosomal immuno-oncological checkpoints and cytokines are potential biomarkers to monitor tumor response to
anti-PD-1/PD-L1 therapy in non-small cell lung cancer patients. Front. Immunol. 2023, 13, 1097117. [CrossRef]

56. Luo, Y.-H.; Yang, Y.-P.; Chien, C.-S.; Yarmishyn, A.A.; Ishola, A.A.; Chien, Y.; Chen, Y.-M.; Tsai, P.-H.; Lin, T.-W.; Wang, M.-L.; et al.
Circular RNA hsa_circ_0000190 Facilitates the Tumorigenesis and Immune Evasion by Upregulating the Expression of Soluble
PD-L1 in Non-Small-Cell Lung Cancer. Int. J. Mol. Sci. 2022, 23, 64. [CrossRef]

57. Kokkotou, E.; Grapsa, D.; Papadopoulou, A.; Gaitanakis, S.; Bakakos, P.; Poulakou, G.; Moutsatsou, P.; Syrigos, K. Soluble PD-L1
and Serum Vascular Endothelial Growth Factor-B May Independently Predict Prognosis in Patients with Advanced Non-Small
Cell Lung Cancer Treated with Pembrolizumab. Cancers 2025, 17, 421. [CrossRef]

58. Bagley, S.J.; Kothari, S.; Aggarwal, C.; Bauml, J.M.; Alley, E.W.; Evans, T.L.; Kosteva, J.A.; Ciunci, C.A.; Gabriel, P.E.;
Thompson, J.C.; et al. Pretreatment neutrophil-to-lymphocyte ratio as a marker of outcomes in nivolumab-treated patients
with advanced non-small-cell lung cancer. Lung Cancer 2017, 106, 1–7. [CrossRef]

59. Mezquita, L.; Auclin, E.; Ferrara, R.; Charrier, M.; Remon, J.; Planchard, D.; Ponce, S.; Ares, L.P.; Leroy, L.;
Audigier-Valette, C.; et al. Association of the Lung Immune Prognostic Index with Immune Checkpoint Inhibitor Outcomes in
Patients with Advanced Non–Small Cell Lung Cancer. JAMA Oncol. 2018, 4, 351–357. [CrossRef]

60. Zhang, X.; Zhang, W.; Yuan, X.; Fu, M.; Qian, H.; Xu, W. Neutrophils in cancer development and progression: Roles, mechanisms,
and implications (Review). Int. J. Oncol. 2016, 49, 857–867. [CrossRef]

61. Zhang, N.; Jiang, J.; Tang, S.; Sun, G. Predictive value of neutrophil-lymphocyte ratio and platelet-lymphocyte ratio in non-small
cell lung cancer patients treated with immune checkpoint inhibitors: A meta-analysis. Int. Immunopharmacol. 2020, 85, 106677.
[CrossRef] [PubMed]

62. Tang, Y.; Cui, Y.; Li, L.L.; Guan, Y.P.; Feng, D.F.; Yin, B.B.; Liang, X.F.; Yin, J.; Jiang, R.; Liang, J.; et al. Dynamics of early serum
tumour markers and neutrophil-to-lymphocyte ratio predict response to PD-1/PD-L1 inhibitors in advanced non-small-cell lung
cancer. Cancer Manag. Res. 2021, 13, 8241–8255. [CrossRef]

63. Zhou, K.; Cao, J.; Lin, H.; Liang, L.; Shen, Z.; Wang, L.; Peng, Z.; Mei, J. Prognostic role of the platelet to lymphocyte ratio (PLR) in
the clinical outcomes of patients with advanced lung cancer receiving immunotherapy: A systematic review and meta-analysis.
Front. Oncol. 2022, 12, 962173. [CrossRef]

64. Zheng, F.; Meng, Q.; Zhang, L.; Chen, J.; Zhao, L.; Zhou, Z.; Liu, Y. Prognostic roles of hematological indicators for the efficacy
and prognosis of immune checkpoint inhibitors in patients with advanced tumors: A retrospective cohort study. World J. Surg.
Oncol. 2023, 21, 198. [CrossRef]

65. Raphael, A.; Feldman, A.K.; Lazarev, I.; Kian, W.; Peled, N.; Hod, K.; Shalata, W.; Dudnik, E. Lung Immune Prognostic Index-Based
Predictive Score in Advanced Non-Small Cell Lung Cancer with a Programmed Death Ligand-1 Tumor Proportion Score ≥ 50%.
J. Clin. Med. 2025, 14, 3543. [CrossRef]

66. Chan, T.A.; Yarchoan, M.; Jaffee, E.; Swanton, C.; Quezada, S.; Stenzinger, A.; Peters, S. Development of tumor mutation burden
as an immunotherapy biomarker: Utility for the oncology clinic. Ann. Oncol. 2019, 30, 44–56. [CrossRef]

67. Shao, M.M.; Xu, Y.P.; Zhang, J.J.; Mao, M.; Wang, M.C. Tumor mutational burden as a predictive biomarker for non-small cell lung
cancer treated with immune checkpoint inhibitors of PD-1/PD-L1. Clin. Transl. Oncol. 2024, 26, 1446–1458. [CrossRef] [PubMed]

68. Hellmann, M.D.; Callahan, M.K.; Awad, M.M.; Calvo, E.; Ascierto, P.A.; Atmaca, A.; Rizvi, N.A.; Hirsch, F.R.; Selvaggi,
G.; Szustakowski, J.D.; et al. Tumor Mutational Burden and Efficacy of Nivolumab Monotherapy and in Combination with
Ipilimumab in Small-Cell Lung Cancer. Cancer Cell 2018, 33, 853–861.e4. [CrossRef]

69. Kim, E.S.; Velcheti, V.; Mekhail, T.; Yun, C.; Shagan, S.M.; Hu, S.; Chae, Y.K.; Leal, T.A.; Dowell, J.E.; Tsai, M.L.; et al. Blood-based
tumor mutational burden as a biomarker for atezolizumab in non-small cell lung cancer: The phase 2 B-F1RST trial. Nat. Med.
2022, 28, 939–945. [CrossRef]

70. Zhu, H.; Xie, D.; Yu, Y.; Yao, L.; Xu, B.; Huang, L.; Wu, S.; Li, F.; Zheng, Y.; Liu, X.; et al. KEAP1/NFE2L2 Mutations of
Liquid Biopsy as Prognostic Biomarkers in Patients with Advanced Non-Small Cell Lung Cancer: Results from Two Multicenter,
Randomized Clinical Trials. Front. Oncol. 2021, 11, 659200. [CrossRef]

71. Samol, J.; Ng, D.; Poh, J.; Tan, M.-H.; Dawar, R.; Carney, J.; Orsini, J.; Scilla, K.; Tan, Y.O.; Chin, T.M.; et al. Prospective Multicenter
Study Evaluating a Combined Circulating Tumor DNA and Circulating Tumor RNA Liquid Biopsy in Metastatic Non–Small Cell
Lung Cancer (LIQUIK). JCO Precis. Oncol. 2025, 9, e2500181. [CrossRef]

72. Si, H.; Kuziora, M.; Quinn, K.J.; Helman, E.; Ye, J.; Liu, F.; Scheuring, U.; Peters, S.; Rizvi, N.A.; Brohawn, P.Z.; et al. A Blood-based
Assay for Assessment of Tumor Mutational Burden in First-line Metastatic NSCLC Treatment: Results from the MYSTIC Study.
Clin. Cancer Res. 2021, 27, 1631–1640. [CrossRef]

https://doi.org/10.1002/ijc.31923
https://doi.org/10.3389/fimmu.2022.1097117
https://doi.org/10.3390/ijms23010064
https://doi.org/10.3390/cancers17030421
https://doi.org/10.1016/j.lungcan.2017.01.013
https://doi.org/10.1001/jamaoncol.2017.4771
https://doi.org/10.3892/ijo.2016.3616
https://doi.org/10.1016/j.intimp.2020.106677
https://www.ncbi.nlm.nih.gov/pubmed/32531712
https://doi.org/10.2147/CMAR.S329963
https://doi.org/10.3389/fonc.2022.962173
https://doi.org/10.1186/s12957-023-03077-8
https://doi.org/10.3390/jcm14103543
https://doi.org/10.1093/annonc/mdy495
https://doi.org/10.1007/s12094-023-03370-8
https://www.ncbi.nlm.nih.gov/pubmed/38190035
https://doi.org/10.1016/j.ccell.2018.04.001
https://doi.org/10.1038/s41591-022-01754-x
https://doi.org/10.3389/fonc.2021.659200
https://doi.org/10.1200/po-25-00181
https://doi.org/10.1158/1078-0432.ccr-20-3771


Genes 2025, 16, 954 16 of 16

73. Ye, L.; Chu, X.; Ni, J.; Chu, L.; Yang, X.; Zhu, Z. NGS-based Tissue-Blood TMB Comparison and Blood-TMB Monitoring in
Stage-III Non-Small Cell Lung Cancer Treated with Concurrent Chemoradiotherapy. Cancer Investig. 2024, 42, 165–175. [CrossRef]
[PubMed]

74. Chen, T.; Wang, M.; Chen, Y.; Cao, Y.; Liu, Y. Advances in predictive biomarkers associated with immunotherapy in extensive-stage
small cell lung cancer. Cell Biosci. 2024, 14, 117. [CrossRef]

75. Wu, L.; Zhang, Z.; Jiang, C.; Li, L.; Sun, X.; Bai, M.; Liu, M.; Xiong, K.; Shang, J.; Yu, J.; et al. Integration of Circulating Tumor
DNA and Metabolic Parameters on 18F-Fludeoxyglucose Positron Emission Tomography for Outcome Prediction in Unresectable
Locally Advanced Non-Small Cell Lung Cancer. Adv. Sci. 2025, 12, 2413125. [CrossRef]

76. Costantini, A.; Kamga, P.T.; Dumenil, C.; Chinet, T.; Emile, J.F.; Leprieur, E.G. Plasma biomarkers and immune checkpoint
inhibitors in non-small cell lung cancer: New tools for better patient selection? Cancers 2019, 11, 1269. [CrossRef]

77. Heeke, S.; Benzaquen, J.; Long-Mira, E.; Audelan, B.; Lespinet, V.; Bordone, O.; Lalvée, S.; Zahaf, K.; Poudenx, M.;
Humbert, O.; et al. In-house Implementation of Tumor Mutational Burden Testing to Predict Durable Clinical Benefit in Non-small
Cell Lung Cancer and Melanoma Patients. Cancers 2019, 11, 1271. [CrossRef]

78. Menzel, M.; Martis-Thiele, M.; Goldschmid, H.; Ott, A.; Romanovsky, E.; Siemanowski-Hrach, J.; Seillier, L.; Brüchle, N.O.;
Maurer, A.; Lehmann, K.-V.; et al. Benchmarking whole exome sequencing in the German network for personalized medicine.
Eur. J. Cancer 2024, 211, 114306. [CrossRef]

79. Lockwood, C.M.; Merker, J.D.; Bain, E.; Compton, C.; Grossman, R.L.; Johann, D.; Jones, F.; Jones, G.; Kreifels, M.; LeBlang, S.; et al.
Towards Preanalytical Best Practices for Liquid Biopsy Studies: A BLOOD-PAC Landscape Analysis. Clin. Pharmacol. Ther. 2025,
117, 28–33. [CrossRef]

80. Simmons, K.; Thomas, J.V.; Ludford, K.; Willis, J.A.; Higbie, V.S.; Raghav, K.P.; Johnson, B.; Dasari, A.; Kee, B.K.;
Parseghian, C.M.; et al. Sustained Disease Control in Immune Checkpoint Blockade Responders with Microsatellite Instability-
high Colorectal Cancer after Treatment Termination. Cancer Res. Commun. 2023, 3, 2510–2517. [CrossRef]

81. Cortiula, F.; Reymen, B.; Peters, S.; Van Mol, P.; Wauters, E.; Vansteenkiste, J.; De Ruysscher, D.; Hendriks, L. Immunotherapy in
unresectable stage III non-small-cell lung cancer: State of the art and novel therapeutic approaches. Ann. Oncol. 2022, 33, 893–908.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/07357907.2024.2316297
https://www.ncbi.nlm.nih.gov/pubmed/38390854
https://doi.org/10.1186/s13578-024-01283-9
https://doi.org/10.1002/advs.202413125
https://doi.org/10.3390/cancers11091269
https://doi.org/10.3390/cancers11091271
https://doi.org/10.1016/j.ejca.2024.114306
https://doi.org/10.1002/cpt.3416
https://doi.org/10.1158/2767-9764.crc-23-0340
https://doi.org/10.1016/j.annonc.2022.06.013

	Introduction 
	Biological Rationale and Technical Advances in Liquid Biopsy 
	ctDNA Kinetics as a Predictor of Immunotherapy and Targeted Therapy Response 
	Mutation Profiling via ctDNA 
	Predictive and Resistance Biomarkers for Targeted Therapy 
	Predictive and Resistance Biomarkers for ICI 

	Soluble Immune Checkpoint Molecules in Peripheral Blood 
	Inflammatory Biomarkers and Hematologic Indices 
	Tumor Mutational Burden (TMB) from ctDNA (cTMB) 
	Clinical Utility and Implementation Challenges 
	Future Directions and Conclusions 
	References

