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Liquid biopsy analyzes tumor-derived components, including circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and
extracellular vesicles (EVs) in blood and other body fluids. Unlike traditional tissue biopsies, it provides a minimally invasive,
dynamic view of tumor heterogeneity and disease evolution. Advances in detection technologies have improved sensitivity and
broadened applications, from early cancer detection and minimal residual disease monitoring to treatment response assessment
and therapy-guided strategies. Nevertheless, biological constraints, technical variability, and the lack of standardized workflows
limit routine clinical implementation. This review summarizes current methodologies, clinical applications, and the complementary
value of circulating analytes, highlights emerging innovations such as multi-omics integration and Al-driven analysis, and outlines
future directions including standardization and harmonization, multicenter interventional trials, and integration into standard
oncology practice.

Introduction populations may be eliminated, while others emerge, and
resistant clones can arise after the initial biopsy.

Cancer diagnosis and monitoring have traditionally relied

on tissue biopsies, which, while informative, are invasive,
often risky, and may not fully capture tumor heterogene-
ity. A tissue biopsy provides a snapshot of the tumor at a
single time point, whereas cancer evolves dynamically
over time. Under therapeutic pressure, certain tumor cell

Because tissue biopsies cannot be repeatedly performed
at each stage of treatment for molecular monitoring, early
detection of therapeutic resistance is often precluded.

Liquid biopsy, the analysis of tumor-derived components

Reaclout English Edition No.61 June 2026

41




uest Forum
G ‘ Liquid Biopsy in Cancer Management: Advances, Challenges, and Emerging Clinical Applications

Blood
sampling

Circulating tumor

Circulating tumor
cell

Extracellular
vesicle

\ /
[ |

A
& “

Patient with colorectal
cancer

Figure 1 Blood-Based Tumor Biomarkers. Schematic representation of ctDNA, CTCs, and EVs circulating in the bloodstream.

in body fluids, has emerged as a minimally invasive alter-
native, offering the potential for real-time monitoring of
tumor progression and response to therapy (Figure 1).
Key analytes in liquid biopsy include circulating tumor
DNA (ctDNA), which are fragments of DNA released into
the bloodstream by apoptotic or necrotic tumor cells'".

They reflect the genetic make-up of tumors and can pro-
vide information about mutations and tumor burden'.
Circulating tumor cells (CTCs), which are intact tumor
cells shed from primary tumors or metastases”. They are
capable of revealing genomic, transcriptomic, and func-
tional characteristics at the single-cell level”. They also
offer single-cell insights into tumor heterogeneity and
metastatic potential®. Extracellular vesicles (EVs), which
include exosomes and microvesicles, are membrane-
bound vesicles containing DNA, RNA, and proteins
secreted by tumor cells®. The integration of these ana-
lytes provides a more comprehensive picture of tumor
biology and facilitates the development of personalized
treatment strategies.

From an analytical perspective, these different biomarkers
impose distinct technical constraints that ultimately con-
dition their clinical applicability. For each of these ana-
lytes, signal rarity, inter-laboratory variability, required
sensitivity and specificity, as well as workflow complex-
ity, constitute major barriers to their routine clinical
implementation”. In recent years, substantial improve-
ments in the sensitivity and specificity of liquid biopsy
assays have enabled their application across a wide range
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of cancer types and clinical scenarios. These advances
benefit all major analytes. ctDNA, for sensitive detection
of tumor mutations and minimal residual disease. CTCs,
for single-cell characterization of tumor heterogeneity
and metastatic potential; and EVs, for stable molecular
profiling and insights into the tumor microenvironment.

These improvements have been made possible thanks to
recent and specific technological advances. Next-
Generation Sequencing (NGS) allows the simultaneous
detection of multiple mutations at very low frequencies,
thereby improving the sensitivity and accuracy of tumor
genetic profiling. Methods such as digital PCR (dPCR)
enable ultra-sensitive detection of known mutations.
Recent advances in microfluidic enrichment, immuno-
magnetic isolation, and single-cell sequencing now enable
the capture of extremely rare cells, such as CTCs. These
techniques also allow detailed genomic, transcriptomic,
and functional characterization at the single-cell level.
Improved isolation methods such as ultracentrifugation,
microfluidic platforms, and immunoaffinity-based capture
now enable the analysis of EVs. To obtain a more compre-
hensive view of tumor biology, it is also possible to inte-
grate multi-omics data from these different biomarkers.
All of these analyses and technologies generate large and
complex datasets, often containing noise as well as weak
signals. The integration and interpretation of these data
have been made possible by the recent advent of artificial
intelligence (Al) and advanced bioinformatics, which
enable the fusion of multiple data types, the computation

of molecular signatures, and integrated visualization® "),



These technological innovations now allow liquid biopsy
to be applied across a wider range of cancer types, includ-
ing early-stage tumors where the tumor signal is low.
They pave the way for dynamic and repeated monitoring
of minimal residual disease (MRD) and for the personal-
ized adaptation of therapies based on molecular evolution.
In this way, liquid biopsy is transitioning from a research
tool to a reliable and repeatable clinical tool, capable of
supporting decision-making in precision oncology. This
manuscript provides a comprehensive overview of the
current state of liquid biopsy technologies, their clinical
applications, limitations, and future perspectives, focus-
ing on their transformative potential
oncology.

in precision

Technological innovations have greatly enhanced the ana-
lytical performance of liquid biopsy, enabling sensitive
and specific detection of tumor-derived analytes including
ctDNA, CTCs, and EVs (Figure 2). ctDNA analysis strat-
egies can be broadly classified into tumor-informed and
tumor-agnostic approaches. Tumor-informed assays rely
on prior sequencing of tumor tissue to identify patient-
specific mutations, which are then tracked in plasma,
allowing high sensitivity and specificity. Tumor-agnostic

Blood sample from
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approaches, in contrast, use predefined gene panels or
genomic features without prior tumor knowledge,
enabling broader applicability but typically with lower
sensitivity, especially in low-burden disease.

The detection of ctDNA presents several analytical chal-
lenges. First, it represents a small fraction of the total cir-
culating DNA in the blood, especially in early-stage
cancers or after treatment. In addition, to accurately cap-
ture tumor heterogeneity, methods capable of detecting
multiple mutations simultancously are required. Various
technological approaches are available to address these
challenges. ctDNA can be detected using dPCR. The
sample is partitioned into several million microscopic
compartments (or droplets in the case of ddPCR). A PCR
amplification is then performed independently in each
compartment. This approach transforms quantitative
detection into direct counting: the number of positive
compartments corresponds exactly to the number of
copies of the targeted mutation. It provides analytical pre-
cision that cannot be achieved with conventional PCR.
Notably, it allows the detection of rare mutations, even
when their frequency in ctDNA is very low (<0.1% of
total DNA). Additionally, it provides absolute quantifica-
tion, which is essential for dynamic disease monitoring.
dPCR is particularly suitable for known mutations. After
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Figure 2 Technological approaches for circulating biomarker detection and characterization.
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sequencing tumors via tissue biopsy to identify mutations,
these same mutations can be detected in ctDNA using
dPCR at very sensitive levels (VAF <1.5%)®. dPCR can
also be used to target cancer-specific DNA methylation

9
sequences[ ].

With strong analytical linearity, detection rates ranging
from 38.7% to 46.8% can be achieved in non-metastatic
disease!”. In metastatic patients, detection rates increase
to 70.2% and 83.0%". Multiplexing, by combining differ-
ent markers or mutations, increases the probability of
detecting ctDNA, thereby mitigating variability related to
tumor heterogeneity and low signal abundance®.
However, this approach does not yet provide sufficient
sensitivity for comprehensive early cancer detection and
requires validation in larger and more heterogeneous
patient cohorts.

It also is possible to perform NGS to sequence millions of
DNA fragments simultaneously. This enables highly pre-
cise identification of mutations, insertions, deletions, and
copy number variations. NGS allows the detection of very
low-frequency mutations, sometimes present in less than
0.1% of circulating DNA fragments, and also permits
simultaneous detection of multiple mutations. Multi-site
evaluations have shown that it is possible to detect muta-
tions present at >0.5% allele frequency"”. However, the
detection of rare variants remains a major analytical chal-

lenge!”.

In a large prospective study in advanced
non-small-cell lung cancer, ctDNA sequencing could
identify actionable genomic alterations that were not
detected by contemporaneous sequencing!".

Patients whose treatment was guided by these ctDNA

tissue

findings had significantly longer overall survival com-
pared with those not treated according to ctDNA
results"". These results illustrate that NGS panels allow
the simultaneous analysis of multiple genes and mutations
efficiently, making them well-suited for dynamic disease
monitoring"". They also provide semi-quantitative mea-
I NGS panels exhibit fairly
good analytical specificity, with very few false positives,

surements of mutation levels

and good sensitivity when the variant allele frequency
(VAF) is > 0.5%"2. However, for rare variants (VAF <
0.2%), sensitivity varies considerably between assays and
across laboratories™. dPCR appears to be more sensitive
than NGS panels due to droplet partitioning and absolute
quantification™. The costs are also lower than those of
NGS panels; however, dPCR requires prior knowledge of
tumor-specific mutations"®.

CTCs represent a major analytical challenge in liquid
biopsy due to their extreme rarity in the bloodstream,
often limited to only a few cells among millions of normal
blood cells. Their abundance varies widely depending on
cancer type, disease stage, and therapeutic pressure. In
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addition, CTCs exhibit marked phenotypic and molecular
heterogeneity, encompassing epithelial, mesenchymal, or
hybrid states, which limits the effectiveness of approaches
relying on single markers. It is possible to use magnetic
beads coupled with antibodies targeting specific CTC
markers (e.g., EpCAM or other tumor antigens). This
method provides good specificity and allows for cell
recovery, although its performance can be limited by anti-
gen expression heterogeneity. From 7.5 mL of blood, the
CellSearch” system (the FDA-cleared clinical standard)
also uses CellSave tubes, which stabilize CTCs for up to
96 hours after collection, a crucial step for multicenter or
clinical studies™. This method provides high specificity
and standardized measurement suitable for clinical con-
texts, but it may be less sensitive than approaches based

on multiple molecular markers'™.

Microfluidic devices exploit the physical properties of CTCs,
such as their size, deformability, or hydrodynamic behav-
ior, to separate them from blood cells. These approaches
enable marker-independent capture of CTCs'"™"®. In a
preclinical comparison, the CROSS chip detected addi-
tional CTC subpopulations not always captured by the
CellSearch® system, highlighting potential complemen-
tary use''®. Microfluidic chips demonstrate continuous
improvements in the isolation and analysis of CTCs and
enable single-cell analyses. However, in the future, these
chips will need to address challenges related to purity,
full workflow integration, and high throughput for clinical
sample volumes. Moreover, size-based isolation methods
may fail to detect smaller CTCs, which can be the most

aggressive!"”.

After enrichment by filtration, microfluidic or immuno-
magnetic methods, the DNA or RNA from a single cell
can be uniformly amplified to generate sufficient material
for sequencing. The RNA or DNA can then be analyzed
to identify mutations, observe copy number variations
(CNVs), assess clonal heterogeneity, monitor tumor evolu-
tion, and evaluate the expression of immune or epithelial/

mesenchymal markers®1'%,

Extracellular vesicles (EVs) also represent a major techni-
cal challenge in liquid biopsy due to the complex cargo
they carry, their stability, which varies depending on stor-
age or handling conditions, and their variability in terms
of concentration, tumor type, and disease stage. More-
over, circulating tumor-derived EVs are highly outnum-
bered by EVs originating from normal cells. This extreme
dilution necessitates the use of highly sensitive and spe-
cific methods for their detection and enrichment. EVs can
be isolated and separated based on their size and density
using high-speed ultracentrifugation. Their physical
properties can also be exploited for isolation using micro-



fluidic devices. The use of microfluidic chips integrating
functionalized nanointerfaces has demonstrated higher
isolation efficiency than ultracentrifugation and may help
overcome the challenge posed by the extreme dilution of
tumor-derived EVs in the circulation. Additionally,
magnetic beads or functionalized surfaces coupled to
antibodies or ligands targeting tumor-specific EV surface
proteins can be employed. The efficiency of this approach
depends on the expression of surface markers, which can
vary across EV subpopulations and tumor types.

It is notably possible to isolate EVs using aptamers conju-
gated with a fluorophore that are specific to surface pro-
teins of tumor-derived EVs®". After isolation, EVs are
analyzed for their DNA, RNA, proteins, and sometimes
metabolites, allowing multiple types of data to be inte-
grated from a single sample. Plasma EV proteomics goes
beyond the mere quantification of EVs by providing
access to qualitative and discriminative molecular infor-
mation®. Beyond proteomic analysis, the transcriptomic
profiling of EVs faithfully reflects tumor-specific molecu-
lar signatures, including molecular subtypes, expression
programs associated with tumor progression, and relevant

. . 23
oncogenic alterations®?.

Data derived from ctDNA, CTCs, and EVs are large, het-
erogeneous, and complex, encompassing genomic, tran-
scriptomic, proteomic, and sometimes metabolomic
information. Integrating these diverse data sources requires
managing both inter-laboratory variability and very weak
signals often buried in noise. To address this, pipelines
can be implemented to normalize, filter, and merge differ-
ent types of data (NGS sequencing, dPCR, EV pro-
teomics, EV transcriptomics, single-cell sequencing)?#?.,
The combination of two to four analytes increases the
proportion of patients with “actionable” signals (potentially
usable to guide therapeutic decisions) compared to the
analysis of individual biomarkers®. AI and machine
learning further enable the identification of combined sig-
natures, the detection of subtle patterns, and the predic-

tion of tumor evolution®?®

. These integrated, multi-
analyte pipelines, empowered by artificial intelligence,
are critical for translating complex liquid biopsy data into
clinically actionable insights, laying the groundwork for

personalized cancer management.

Early cancer detection remains a major challenge, and
liquid biopsy has shown promising potential for identify-
ing tumors at an early stage in lung, colorectal, and pan-
creatic cancers through the analysis of circulating ctDNA
and EVs®""®" Targeted sequencing of frequently mutated
genes in ctDNA from lung cancer (EGFR, KRAS, PIK3CA,
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TP53) enables the early identification of lung cancers®”.

Combined with whole-genome sequencing, ctDNA assays
can detect ctDNA in the plasma of early lung cancer
patients in an ultrasensitive and personalized manner®,
The combination of whole-genome sequencing of cell-free
DNA and machine learning also optimizes the early
detection of colorectal cancer™. Early cancer detection is
also enabled through the detection of EV surface-specific
markers, such as GPCI1®?®" The proteomic content of
circulating tumor-derived EVs also enables early cancer
detection®!. The detection of CTCs is particularly chal-
lenging in early-stage cancer due to their extreme rarity
in the bloodstream.

Moreover, due to their ability to reflect the inherent
aggressiveness of the tumor, ctDNA, CTCs, and EVs have
prognostic value. Indeed, the total amount of ctDNA in
plasma often reflects tumor size and extent, and high
levels of ctDNA are generally associated with more
aggressive disease and poorer prognosis®> ™ ctDNA
also enables the identification of more invasive molecular
subtypes with distinct prognostic outcomes®™®. Similarly,
the number of CTCs is directly correlated with tumor
aggressiveness and, consequently, patient survival across
multiple cancer types®?™. The expression of certain
markers, such as PD-L1, identifying more aggressive sub-
types, can also predict poor prognosis under immunother-
apy™ 1 EV concentration is also associated with more
aggressive disease and, consequently, poorer prognosis™*.
The expression of specific proteins on the surface of EVs
can identify more aggressive subpopulations*®.
Furthermore, analysis of EV cargo provides signatures
related to tumor aggressiveness, proliferation, and angio-
genesis, which can be correlated with survival™®*,

After curative treatment (surgery, radiotherapy, chemo-
therapy), the presence of minimal residual disease (MRD),
including circulating tumor cells or tumor-derived frag-
ments, may indicate a high risk of relapse before imaging.
Thus, the detection of ctDNA after curative treatment sig-
nificantly predicts metastatic relapse in patients with vari-
ous cancer such as breast, colorectal or lung cancer**®?,
The presence of CTCs is also an indicator of relapse after
treatment and is associated with a significant decrease in
both recurrence-free and overall survival, particularly in
breast, lung, pancreatic cancers, and melanoma® ",
Similarly, the expression of specific surface markers on
EVs may indicate tumor recurrence, such as CD3l in
patients with hepatocellular carcinoma®®®. In addition, EV
concentrations during therapy have been associated with
treatment failure and reduced survival®. Despite their
promising biological relevance, EV-based approaches for
MRD monitoring are currently less mature than ctDNA-
and CTC-based assays, with fewer large prospective stud-
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ies and limited clinical standardization.

Beyond quantitative monitoring, ctDNA analysis also
enables the early identification of resistance mechanisms
induced by therapeutic pressure, such as the emergence of
secondary mutations on the treatment target or the activa-
tion of alternative signaling pathways®>®". CTCs can
also dynamically modulate the expression of EMT- and
immune evasion-related surface markers, such as PD-L1,
under therapeutic pressure®. CTCs exhibiting stem-like
and EMT-associated phenotypes are more chemoresistant
and correlate with poorer clinical outcomes®®. In addi-
tion, longitudinal monitoring of ctDNA can predict early
response to immunotherapies, such as checkpoint inhibi-
tors, and identify non-responders before conventional
imaging®®/®". For example, decreases in ctDNA levels
early after initiation of PD-1/PD-L1 blockade correlate
with radiologic response and improved progression-free
and overall survival in non-small cell lung cancer and
other tumor types®®®. Similarly, dynamic profiling of
CTCs, including immune checkpoint expression like
PD-L1, may help guide adjustments in immunotherapy

strategies, potentially optimizing patient outcomes®®,

Thus, liquid biopsy demonstrates its wide range of appli-
cations, including early cancer detection, monitoring of
relapse, assessment of immunotherapy efficacy, and
patient prognosis (Figure 3). It also holds the potential to
guide therapeutic decisions. Therefore, using post-surgical
ctDNA status to guide the initiation of adjuvant chemo-

2 )

therapy significantly reduces the use of chemotherapy in
low-risk patients while maintaining recurrence-free sur-
vival outcomes comparable to those based on standard

criterial”"

. Post-surgical ctDNA status can be used to
stratify patients and personalize the use of adjuvant che-
motherapy” "2, Today, several clinical trials are ongoing
to use ctDNA to guide the initiation of immunotherapy
(eg. NCT04093167 or NCT04660344). CTC phenotyping
may also be useful for guiding therapeutic stratification in
metastatic breast cancer’”®. Thus, CTC phenotyping can
identify patients who might benefit from anti-HER2 ther-
apy even though their primary tumor is HER2-negative”.
Moreover, the CTC count—guided management strategy
in breast cancer has shown a significant improvement in
overall survival”™. Several groups, including the LCCRH
at the CHU of Montpellier, are working on national and
European projects (EPILUNAR; https:/transcan.eu/output-
results/funded-projects/epilunar.kl and CURE, ARC founded)
aimed at guiding immunotherapy by integrating multiple
biomarkers, such as CTCs, EVs, and ctDNA.

Nevertheless, EVs are still primarily being explored as
prognostic markers or therapeutic vehicles, rather than as
direct decision-making tools for treatment modifications.

Despite the promise of liquid biopsy, significant biologi-
cal, technical, and economic challenges remain. Some
tumor-derived DNA alterations, including subclonal or
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Figure 3 Clinical Applications of liquid biopsy. Liquid biopsy applications across disease stages: early detection, minimal residual disease
monitoring, therapy response assessment, and relapse detection.
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low-frequency mutations, are inherently difficult to detect,
particularly in early-stage cancers where ctDNA levels
are extremely low. CTCs are often rare in localized dis-
ease and may not capture the full heterogeneity of the
tumor, while their dynamic phenotypes can complicate
interpretation. EVs are heterogeneous, and their content is
influenced by multiple cell types and immune status, with
a lack of standardized isolation, quantification, and char-
acterization protocols. Across all analytes, technical vari-
ability including differences in extraction methods,
library preparation, sequencing depth, and detection
platforms limits comparability between studies. Pre-
analytical factors such as sample collection, processing,
and storage, as well as inconsistent timing of longitudinal
sampling in clinical trials, can further affect analyte
abundance and interpretability. Technologically, ultra-
sensitive and harmonized platforms are needed to detect
low-abundance analytes, but these remain complex and
resource-intensive, limiting broad adoption. From an eco-
nomic standpoint, cost and feasibility influence the ability
of centers to implement liquid biopsy systematically;
although it can be cost-effective in some settings when
guiding therapy or complementing tissue biopsy, hetero-
geneity between cancer types and limited data on
response monitoring remain challenges”. Addressing
these biological, methodological, technological, and eco-
nomic limitations is essential to ensure the reliable inte-
gration of liquid biopsy into clinical practice and its
translation into actionable patient care.

Emerging directions in liquid biopsy focus on technologi-
cal innovation, analytical refinement, and broader clinical
integration. Multi-omics approaches combining DNA,
RNA, protein, lipid, and metabolite analyses promise a
more comprehensive view of tumor biology and its dynamic
evolution. Advances in ultra-sensitive detection technolo-
gies and error-suppression strategies will further improve
the detection of low-abundance analytes, particularly in
early-stage disease and minimal residual disease settings.
AT and machine learning models are increasingly applied
to integrate complex liquid biopsy datasets, improve early
detection, predict treatment response, and support person-
alized therapeutic decision-making. Today, several
research groups are pursuing early detection of pancreatic
cancer using liquid biopsy approaches, such as the PAN-
LIPSY project (ARC foundation and Fonds Pour Bertrand
Kamal) and PANCAID (https:/pancaid-project.cu/),
which aims to define and validate an Al-integrated multi-
marker blood signature combining CTCs, ctDNA, and
other circulating biomarkers across patients, benign pan-

creatic disease, and healthy cohorts'™®.
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Beyond technological advances, a major future direction
lies in the transition of liquid biopsy from a primarily
prognostic tool to a truly actionable and decision-guiding
platform, enabling treatment initiation, adaptation, or de-
escalation based on real-time molecular dynamics. This
shift will require large-scale, multicenter, interventional
clinical trials to validate liquid biopsy—guided strategies,
define clinically meaningful thresholds, and demonstrate
patient benefit. Longitudinal and adaptive monitoring
approaches will further allow early identification of
response trajectories and resistance mechanisms, support-
ing dynamic treatment optimization.

Standardization and harmonization of pre-analytical and
analytical workflows across centers will be critical to
enable inter-study comparability and widespread adop-
tion. In this regard, the European Liquid Biopsy Society
(ELBS) actively promotes such standardization by provid-
ing guidelines, recommendations, and best practices,
facilitating the translation of liquid biopsy technologies
into clinical practice (https://www.elbs.eu).

The development of point-of-care and miniaturized plat-
forms may facilitate rapid, near-patient liquid biopsy test-
ing, accelerating clinical decision-making. Pan-cancer
ctDNA panels, as well as fragmentomic and epigenomic
signatures, aim to enable broad, tumor-agnostic early
cancer detection. Furthermore, integration of liquid
biopsy data with advanced imaging modalities, such as
radiomics and functional imaging, immunomonitoring,
and clinical parameters may provide synergistic insights
into tumor biology and host-tumor interactions.
Collectively, these innovations, supported by robust mul-
ticenter clinical evidence, have the potential to transform
cancer diagnosis, longitudinal monitoring, and treatment
personalization (Figure 4).
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Al-driven analytics to guide personalized cancer therapy and decision-making.

Liquid biopsy represents a paradigm shift in cancer man-
agement, enabling minimally invasive, real-time monitor-
ing of tumor progression and response to therapy.
Advances in detection technologies, multi-omic integra-
tion, and Al-driven analysis have expanded clinical appli-
cations from early diagnosis to therapy monitoring and
personalized treatment guidance. By providing comple-
mentary information through ctDNA, CTCs, and EVs,
liquid biopsy offers a dynamic view of tumor biology that
is not achievable with tissue biopsies alone. Looking for-
ward, continued efforts toward standardization of pre-
analytical and analytical workflows, enhanced sensitivity
for early-stage disease and minimal residual disease
detection, and harmonization of technologies across cen-
ters will be essential for robust clinical implementation.
Importantly, the transition of liquid biopsy from a pre-
dominantly prognostic approach to a truly actionable
decision-support tool will require large-scale, multicenter
interventional clinical trials demonstrating clear clinical

utility and patient benefit. Ultimately, liquid biopsy has

the potential to revolutionize personalized cancer therapy
by enabling earlier detection of relapse, real-time treat-
ment adaptation, and improved patient outcomes. As ana-
lytical platforms continue to evolve and integrate multi-
omic and clinical data within routine oncology workflows,
liquid biopsy is poised to become a cornerstone of preci-
sion oncology in the coming years.
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