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Abstract: Liquid biopsies refer to the isolation and analysis of tumor-derived biological material
from body fluids, most commonly blood, in order to provide clinically valuable information for
the management of cancer patients. Their non-invasive nature allows to overcome the limitations
of tissue biopsy and complement the latter in guiding therapeutic decision-making. In the past
years, several studies have demonstrated that circulating tumor DNA (ctDNA) detection can be
used in the clinical setting to improve patient prognosis and monitor therapy response, especially
in metastatic cancers. With the advent of significant technological advances in assay development,
ctDNA can now be accurately and reliably identified in early-stage cancers despite its low levels in
the bloodstream. In this review, we discuss the most important studies that highlight the potential
clinical utility of ctDNA in early-stage breast cancer focusing on early diagnosis, detection of minimal
residual disease and prediction of metastatic relapse. We also offer a concise description of the most
sensitive techniques that are deemed appropriate for ctDNA detection in early-stage cancer and
we examine their advantages and disadvantages, as they have been employed in various studies.
Finally, we discuss future perspectives on how ctDNA could be better integrated into the everyday
oncology practice.

Keywords: liquid biopsies; circulating tumor DNA; circulating free DNA; early-stage breast cancer;
digital PCR; next-generation sequencing; prognosis; therapy monitoring; minimal residual disease;
patient surveillance

1. Introduction

The steady increase in breast cancer (BrCa) incidence since the mid-2000s [1] has
become a major issue in oncology, as it translates to more than 2 million new cases annually
around the globe [2], a number expected to reach 3 million by 2040 [3]. Notably, the
mortality rate has decreased in most Western countries due to earlier diagnosis through
mammography screening and increased awareness, accompanied by significant advances
in treatment [4]. Nonetheless, BrCa remains the primary cause of cancer-related death in
the female population worldwide, with over 0.6 million women dying of the disease in
2020 [2]; this number is predicted to rise to ~1 million in 2040 [3]. Recent statistics from USA
show that at the time of diagnosis, the vast majority of women have local- (64%) or regional-
(27%) stage BrCa, while only 6% present with distant metastasis [5]. In the same population,
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the 5-year relative survival rate is 99% for women diagnosed with localized cancer, and it
drops down to 30% for those with de novo metastatic disease [6]. However, approximately
30% of the patients who respond well to locoregional treatments will relapse [7], with a
significant proportion of them developing incurable metastases.

To date, the standard practice for BrCa detection in the asymptomatic population is
based on routine mammography, usually starting at 50 years of age, often supplemented by
an ultra-sound, even though there is no consensus yet on the use of the latter [8]. However,
one should bear in mind that these imaging techniques may produce false-positive or
false-negative results, leading to unnecessary biopsies in the first case or to under-diagnosis
in the second [8]. Other shortcomings of this approach include the lower age limit for
mammography screening and the low sensitivity and specificity of the technique. Any
suspicious mammographic findings must be further investigated by tissue biopsy, which
is considered the gold standard in diagnosis and provides important information with
prognostic and predictive value that guides therapeutic strategies. Nevertheless, tissue
biopsy has inherent limitations since it is an invasive, time-consuming procedure, rendering
its frequent use prohibitive, especially in patients with compromised health. Consequently,
therapeutic decisions are commonly made based on the molecular testing of a single biopsy
of the primary tumor or of one metastatic lesion, disregarding the way in which cancer
cells evolve and change their genetic makeup over time. The fact that only a handful of
tumor regions are sampled during biopsy hampers its utility even more since it fails to
capture spatial intra-tumor heterogeneity, which may lead to incomplete tumor profiling
and misinformed therapeutic planning.

Current treatment approaches for early-stage BrCa consist of a complex combination
of local modalities (surgery, radiotherapy) with a pharmacological scheme (chemotherapy,
endocrine and/or targeted therapy) directed at preventing recurrence and metastatic dis-
ease [8]. There are currently no validated biomarkers to monitor patient response to therapy
in real time, therefore escalation or de-escalation strategies cannot be employed during
the course of treatment to improve therapeutic outcomes. After completion of therapy, the
standard of care for patient follow-up involves periodic check-ups that include physical ex-
amination and routine mammography or other imaging tests aiming to detect early tumor
relapse. The limitations of this protocol were underlined by the recent ESMO guidelines,
where it was stated that “very importantly, most available data for follow-up recommendations
come from an era of less sophisticated diagnostic procedures . . . and new trials are urgently needed
to reassess this question” [8].

In conclusion, there is an unmet clinical need for novel, personalized biomarkers that
will allow for a more efficient management of early-stage breast cancer, from screening to
follow-up, materializing the promise of precision medicine and leading to improved patient
outcomes. Liquid biopsies have emerged as a source of such biomarkers in oncology and
have rapidly evolved in the last 10 years fueled by remarkable technological advances in
genome analysis.

Liquid biopsies refer to the isolation and analysis of tumor-derived biological material
from body fluids, most commonly blood, in order to provide clinically valuable information
for the management of cancer patients [9]. Even though the term first referred to circulating
tumor cells, it now encompasses circulating tumor DNA (ctDNA), circulating cell-free RNA
and extracellular vesicles released from cancer cells, as well as tumor-educated platelets
(Figure 1a) [10,11]. The most appealing trait of liquid biopsies is their non-invasive nature
that allows for serial sampling without raising patient safety concerns. The analysis of
circulating tumor components, especially of ctDNA, originating from multiple tumor
regions provides a molecular footprint of the whole tumor entity and enables real-time
monitoring of tumor evolution. For further reading on liquid biopsies in general as well as
their advantages and disadvantages compared to conventional tissue biopsy, the reader is
referred to some excellent reviews in the field [12–14].
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Figure 1. (a) Blood is the most commonly used body fluid for liquid biopsies. The most studied
liquid biopsy biomarkers are depicted, namely circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), cell-free RNA (cfRNA), extracellular vesicles (EVs) and tumor-educated platelets
(TEPs). Cell-free DNA (cfDNA) is also shown. (b) ctDNA carries the same genomic (point muta-
tions, insertions/deletions, translocations, copy number variations) and epigenomic (DNA methy-
lation) alterations as the tissue tumor DNA. This image was created with the use of BioRender
(https://biorender.com/) (accessed on 20 April 2023).

In the past years, several studies have demonstrated that ctDNA detection can be
introduced to the clinical setting to improve patient prognosis and monitor therapy re-
sponse, especially in advanced and metastatic cancers [15–18]. Currently, ctDNA testing is
used in clinical practice for genotyping advanced cancers to identify actionable mutations
and guide therapy, particularly in cases where tumor tissue is not available [19]. Studies
performed in early-stage cancers were lacking in number, and only in recent years sensitive
enough assays have been developed for reliable ctDNA detection in these patients.

The main goal of this review is to provide a comprehensive summary of the most
significant studies on ctDNA analysis in patients with early-stage BrCa, focusing on its
potential utility in diagnosis, therapy monitoring, detection of minimal residual disease
(MRD) and metastatic relapse. We highlight the strengths and weaknesses of these studies
and discuss future perspectives and challenges for implementing ctDNA testing in this
setting. A big part of ctDNA analysis is the methodological approach used and its potential
to provide precise and reliable data; for this reason, special emphasis is put on the technical
parameters of each study.

2. Circulating Tumor DNA

The presence of cell-free nucleic acids in the bloodstream was described for the first
time in diseased and healthy individuals in 1948 [20]. Thirty years later, by employing a
sensitive radioimmunoassay, it was demonstrated that cancer patients had elevated serum
levels of cell-free DNA (cfDNA), suggesting that this might be a new valuable biomarker
for their prognostic and therapeutic evaluation [21]. It was later confirmed, in 1989, that
tumor-derived circulating DNA was a sub-fraction of the cfDNA in cancer patients [22].

Circulating cfDNA is released during cell death processes, such as apoptosis or necro-
sis, but it may also be actively secreted by cells in extracellular vesicles (reviewed in [23]). In
healthy individuals, more than 90% of cfDNA originates from the hematopoietic cells [24].
In cancer patients, the fraction of cfDNA that is composed of tumor-derived DNA varies
depending on tumor burden [25], and it ranges from ≤0.01–0.1% in early-stage to ≥5–10%

https://biorender.com/
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in advanced-stage cancers [26]. It should be noted, though, that the amount of ctDNA
shedding into the bloodstream depends not only on the size of the tumor but also on its
location and vascularity as well as on the presence of metastases, leading to variable ctDNA
levels even across patients at the same disease stage [26]. Tumor DNA, both in tissue and in
circulation, is defined by the presence of genetic and epigenetic alterations such as somatic
point mutations, copy number variations (CNVs), chromosomal rearrangements or specific
methylation patterns (Figure 1b) (reviewed in [27]). Consequently, analysis of ctDNA,
isolated in a non-invasive manner, can be used for tumor molecular profiling, providing
the same information as the genomic DNA extracted from cancer cells obtained by tissue
biopsy [26]. Another distinctive feature of cfDNA from healthy cells compared to ctDNA is
their fragmentation pattern. Even though both DNA species are highly fragmented, cfDNA
shows a median length of 167 bp, while ctDNA is 20–30 bp shorter, with the etiology under-
lying this size difference still being unclear (reviewed in [28]). Interestingly, accumulating
evidence suggests that cfDNA size profiling, so as to separate the fraction enriched for
ctDNA, can improve the sensitivity of ctDNA analysis techniques (reviewed in [28]). The
short half-life time of ctDNA in the bloodstream, ranging from 16 min to 2.5 h [29], offers
the opportunity for a real-time assessment of the current disease state.

The first study convincingly demonstrating the clinical utility of ctDNA was published
in 2014 [30]; ctDNA analysis in metastatic colorectal cancer patients showed extremely high
sensitivity and specificity for the detection of BRAF and KRAS mutations [30]. Following
this, numerous clinical studies were performed investigating the biomarker value of ctDNA
in various types of cancer yielding encouraging results (reviewed in [9,10,27,31]).

At present, the wider clinical application of ctDNA is mainly hampered by its low
levels in the bloodstream, requiring highly sensitive techniques for precise and reliable
identification and quantification [26]. This becomes an even greater challenge in the early
stages of cancer, when the ctDNA is found in minute amounts in biological fluids due to the
small tumor burden [25]. However, recent technological advances in assay development
(see Section 3) have achieved extremely low limits of detection, providing the biomedical
community with the necessary means to proceed to the next step, the evaluation of the
clinical utility of ctDNA in early-stage cancers in large clinical trials.

3. Techniques Used for ctDNA Detection and Analysis in Early-Stage Cancers

The ultra-sensitive techniques that have been effectively applied for the identification
of ctDNA in the early stages of tumor development include digital PCR and modified
NGS-based methodologies (Figure 2) that can reliably detect rare alleles down to 0.01% [26].

Digital PCR (dPCR) is an exceptionally powerful technique that allows for accurate
quantification of rare mutations as it was first demonstrated by Kinzler and Vogelstein who
coined the term [32]. Its basic principle is the over partitioning of a sample into a multitude
of units, so that each unit contains one DNA molecule that is amplified by an individual
PCR. In this way, the exponential, analog signal of the traditional PCR is transformed into
a linear, digital one, which is transmitted by each amplified DNA molecule and is easily
detected [32]. Two main dPCR platforms have been implemented successfully in liquid
biopsies, BEAMIng and droplet dPCR.

BEAMing stands for beads, emulsion, amplification and magnets and, as its name
indicates, it combines emulsion PCR and flow cytometry of magnetic beads. After a tar-
geted amplification step to enrich for the desired sequences, individual DNA molecules
are attached to magnetic beads and further amplification occurs in numerous water-in-oil
emulsion droplets [33]. At the end, each droplet contains one bead coated with thousands
of fluorescently labeled copies of the same DNA molecule. Since mutant and wild-type
alleles carry different fluorophores, they can be separated and quantified through flow
cytometry. This method can identify low-abundance variants with confidence, even when
present at a frequency of less than 0.01% [34]. BEAMing has been applied successfully
in oncological patients, including ones with breast cancer, mainly in the metastatic or
advanced setting [35–37]. It should be noted that the BEAMing assay has been commercial-
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ized and it can only be performed by trained personnel in accredited centers. Based on
our experience [38], it is a rather costly technique that involves a complicated and quite
laborious protocol, which is probably hard to implement in everyday clinical practice.
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Figure 2. Highly sensitive molecular techniques for ctDNA detection and characterization. Droplet
digital PCR (ddPCR) is based on the partitioning of the sample into millions of water-in-oil droplets, so
that each droplet contains a single DNA molecule that is amplified individually. BEAMing stands for
beads, emulsion, amplification, and magnetics and is a type of dPCR, where amplified wild-type and
mutant alleles are differentially labeled and are separated through flow cytometry. Next-generation
sequencing (NGS) approaches that employ massive parallel sequencing with improved technical and
bioinformatics protocols to reduce errors have gained ground in ctDNA analysis. This image was
created with the use of BioRender (https://biorender.com/) (accessed on 20 April 2023).

Droplet digital PCR (ddPCR) also relies on the partitioning of the sample into mil-
lions of water-in-oil droplets so that each droplet contains a single DNA molecule that
is amplified individually. Mutant and wild-type alleles are differentially labeled with
fluorescent TaqMan-based probes and identified by flow cytometry [39]. This system was
successfully used for accurate measurement of germline copy number variations, detection
of rare alleles at a 0.001% frequency and absolute quantification of plasma cfDNA in a
cost-effective and practical way [39]; soon after, it was widely applied in clinical research.

Several initial studies in patients with early-stage breast cancer served as a proof of
concept for the feasibility of dPCR assays to detect ctDNA in this context, with some of
them focusing on the analysis of mutations in PIK3CA [40–42], a gene frequently found
altered in the primary stages of the disease. PIK3CA mutations were detected at similar
percentages (~25%) in the ctDNA of early-stage TNBC [40] and primary BrCa patients [41]

https://biorender.com/
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before undergoing surgery. Three hotspot mutations were examined by two groups,
with the first one using the QX200 Droplet Digital PCR System [40] and the second one
applying a microfluidics-based dPCR platform (QuantStudioTM3D) [41]. A much higher
sensitivity (93%) and a 100% specificity in detecting these mutations was achieved by
a different group when they employed a ddPCR assay (RainDance Technologies Inc.,
Lexington, MA, USA) in pre-surgical plasma samples of early-stage BrCa patients [42].
Notably, even after surgery, 50% (5 out of 10) of the mutation-positive patients examined
still had detectable ctDNA, indicating incomplete tumor elimination [42]. The noticeable
difference in sensitivities in the aforementioned studies is probably due to the different
dPCR platforms used; the RainDance Tehnologies system is reported to partition the sample
into 1 billion individual units affording higher sensitivity levels compared to other dPCR
platforms (reviewed in [43]). In later years, the use of ddPCR was widely adopted for the
analysis of ctDNA isolated from patients with early-stage BrCa during disease monitoring,
providing substantial evidence for the clinical utility of the new biomarker. These studies
are discussed in greater detail in Section 4.1.

The unparallel sensitivity of dPCR has earned it the title of the “gold standard” in
ctDNA analysis; however, its utility is limited by the small number of genomic loci that
can be examined in one run. This pushed the research community to the development of
highly sensitive NGS techniques that could reach comparable detection limits with dPCR
but could also track numerous mutations at the same time, reducing the possibility of
false-negative results.

Apart from BEAMing, Kinzler’s and Vogelstein’s group pioneered the Safe-Sequencing
System (Safe-SeqS), which is based on the introduction of a unique identifier (UID) to each
DNA molecule to be analyzed by NGS [44]. After amplification, many daughter molecules
with the same UID are generated, which should all carry the original mutation, if that
was present in the template molecule. In this way, reads that carry PCR or sequencing
errors are identified and excluded from further analysis. The authors demonstrated that
this approach could be used to identify rare variants and it could be integrated into any
sequencing pipeline [44]. Employment of this technique in plasma samples of stage II colon
cancer patients after tumor resection identified a group with detectable ctDNA that had
a very high risk of recurrence [45]. In the group of ctDNA-positive patients who did not
receive adjuvant chemotherapy, the sensitivity and specificity of ctDNA in predicting tumor
relapse at 36 months were 48 and 100%, respectively. The authors reported plasma variants
with allele frequencies (AFs) down to 0.003% underlining the power of this technique [46].

Cancer personalized profiling by deep sequencing (CAPP-Seq) is another ultrasensi-
tive NGS method for identification and quantification of ctDNA present in low levels [47].
It relies on an improved library preparation protocol for low DNA input and on an innova-
tive bioinformatics approach to design “selectors”, which are biotinylated DNA oligonu-
cleotides that target frequently mutated regions in the type of cancer under investigation.
The technique is first applied to tumor tissue to identify mutations in each patient and
then directly to plasma samples to detect and quantify ctDNA. As a proof of principle, the
authors used CAPP-Seq in non-small cell lung cancer patients, with a sensitivity of 50% in
stage I and 100% in stage II–IV patients, and a specificity of 96% in both groups [47]. The
limit of detection of the assay was 0.02% showing its potential to be used in early-stage
cancers. Another advantage of this method is the lack of the need to use an individualized
assay for each patient since CAPP-Seq is designed to cover mutations for almost all patients
with a specific cancer type. In this way, this approach significantly saves time and reduces
the overall cost.

Forshew and colleagues developed tagged-amplicon deep sequencing (TAm-Seq),
a method that is based on the generation of amplicons that tile large genomic regions
of cancer-associated genes in short segments [48]. This is performed in two steps: an
initial preamplification step using a pool of target-specific primers is followed by selective
amplification in individual PCRs. As a proof of concept, the authors designed primers
to amplify large coding regions of TP53, PTEN, EGFR, BRAF, KRAS, and PIK3CA, and
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by applying Tam-Seq they were able to identify plasma mutations at 2% AF with 97%
sensitivity and specificity in patients with high-grade serous ovarian carcinomas [48]. More
recently, an improved platform that used enhanced TAm-Seq (eTam-Seq) was described [49].
The original assay had been expanded to cover more cancer-associated genes based on
a primer design scheme that allowed more efficient amplification of highly fragmented
DNA, such as ctDNA. The bioinformatics pipeline was also upgraded for better base calling
and improved detection of single nucleotide variants (SNVs), short insertions/deletions
(indels) and CNVs. Analytical validation of the assay demonstrated high sensitivity and
specificity for detection of mutations at 0.25% AF and excellent concordance with digital
PCR, confirming that it can be used for reliable identification of rare variants [49]. The
Tam-Seq technology has now been commercialized by Inivata (Research Triangle Park,
NC, USA), which offers the RaDaR (Residual Disease and Recurrence) assay based on the
InVision® liquid biopsy platform.

A technique called targeted error correction sequencing (TEC-Seq) was developed
by Velculescu’s group based on targeted capture of multiple genomic regions and deep
sequencing [50]. The authors took several steps to optimize their technical protocol as well
as their bioinformatics analysis so that they could remove potential errors and reliably
detect rare alleles. They applied this method in plasma samples from 194 untreated patients
with early or advanced breast, colorectal, lung or ovarian cancer to analyze mutations
in 58 genes. The assay showed a 100% specificity and was able to detect mutant alleles
down to 0.1% AF. However, only 62% of patients with localized disease (stages I and
II) were positive for ctDNA, a rather low sensitivity that could be improved by deeper
sequencing, better error correction methods, higher DNA input and serial testing, as the
authors noted [50].

Overall, both dPCR and NGS-based assays have set high expectations for their suc-
cessful application in the management of early-stage cancer patients. DPCR techniques are
ultrasensitive and can consistently detect rare tumor-associated variants. Their main pitfall
is that they require a priori knowledge of the interrogated genomic loci and can only assay
a few mutations at a time. CAPP-seq, Tam-Seq and TEC-seq rely on deep sequencing of a
specific panel of common driver genes that can be applied in most tumor types and their
performance is comparable to that of dPCR. The use of unique molecular identifiers (UMIs)
to reduce PCR amplification errors can be incorporated in any sequencing protocol and
has proven to be a valuable tool for the detection of ultra-low frequency mutations with
high accuracy.

4. Circulating Tumor DNA in the Management of Early-Stage Breast Cancer

Repetitive blood sampling at specific time points during the course of cancer allows
the usage of ctDNA in diagnosis, prognosis and recurrence risk prediction; when ctDNA is
analyzed at regular time intervals, it can provide real-time monitoring of disease progres-
sion and patient response to therapies (Figure 3). In this section, we discuss the findings of
the most important studies where ctDNA has been examined in patients with early-stage
breast cancer.

4.1. ctDNA in Early BrCa Diagnosis

Undoubtedly, the most desired but also most challenging application of ctDNA is its
potential use in the early diagnosis of BrCa, since its obtention via non-invasive methods
makes it an appealing marker for screening the asymptomatic population. In this direction,
a few pilot studies have offered preliminary but promising results [51,52]. Rodriguez et al.
employed Safe-Seq to detect mutations in patients with suspicious mammography findings
before they underwent tissue biopsy [51]. Specifically, tumor profiling of 29 patients re-
vealed PIK3CA mutations in 79.3% (23/29) and TP53 in 34.5% (10/29) of them. One third of
the patients (10/29) also carried plasma mutations, mostly at very low AFs (0.05%–3.60%),
as expected at this early stage of the disease. Higher plasma ctDNA levels tended to be
present in patients with more aggressive clinicopathological characteristics. Interestingly,
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out of the 13 plasma mutations detected in total, 9 were concordant with tissue mutations
and 4 (3 in TP53 and 1 in PIK3CA) were found only in plasma [51]. These three TP53
alterations have been annotated as driver mutations in the COSMIC database and were
missed by tissue biopsy. Despite the small number of patients included, and the fact that
only two genes were examined, the results of this study corroborated the potential utility
of integrating plasma ctDNA detection in the screening process for breast cancer and
underlined its power to capture intratumoral heterogeneity in contrast to tissue biopsies.
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third of the patients (10/29) also carried plasma mutations, mostly at very low AFs (0.05%–
3.60%), as expected at this early stage of the disease. Higher plasma ctDNA levels tended 
to be present in patients with more aggressive clinicopathological characteristics. Interest-
ingly, out of the 13 plasma mutations detected in total, 9 were concordant with tissue mu-
tations and 4 (3 in TP53 and 1 in PIK3CA) were found only in plasma [51]. These three 
TP53 alterations have been annotated as driver mutations in the COSMIC database and 
were missed by tissue biopsy. Despite the small number of patients included, and the fact 
that only two genes were examined, the results of this study corroborated the potential 
utility of integrating plasma ctDNA detection in the screening process for breast cancer 

Figure 3. Analysis of ctDNA at various time points can contribute to the clinical management of
early-stage breast cancer (BC). Early diagnosis by ctDNA detection could be followed by administra-
tion of neoadjuvant therapy (NAT), and ctDNA testing in post-surgical samples could help in the
detection of minimal residual disease (MRD). Longitudinal ctDNA analysis in patients after NAT
and/or adjuvant therapy (AT) could also be used in monitoring therapy response, early detection of
resistance and prediction of metastatic relapse. This image was created with the use of BioRender
(https://biorender.com/) (accessed on 22 April 2023).

A cohort of 152 patients with suspicious mammographic or ultrasound findings were
included in a different prospective study to investigate the potential of ctDNA as a clinically
actionable biomarker [52]. Fifty of them were ultimately diagnosed with benign disease and
the rest (n = 102) with early-stage BrCa and in need of chemotherapy. In the cancer patients,
plasma samples were collected before surgery, 2 days and 3 weeks after surgery and at the
end of chemotherapy. Two different breast-cancer-associated gene panels were designed,
with the first one covering 341 hotspots in 68 genes and the second one covering the entire
coding regions of 136 genes. The smaller panel was used to sequence the tissue and plasma
samples from 36 patients, and almost all of them (35/36) had at least one somatic mutation,
while ctDNA mutations were identified in 19 of them (52.8%). Of the 66 patients tested
using the larger gene panel, all had at least one tissue mutation, and 49 of them (74.2%)
presented with ctDNA mutations in their pre-surgical plasma samples. When the authors
integrated the ctDNA results with the corresponding imaging scores for predicting the
presence of cancer, they estimated a positive predictive value (PPV) of 92.45% (49/53),
a sensitivity of 74.24% (49/66) and a specificity of 92% (46/50). These results suggested
that ctDNA testing could complement imaging techniques to improve early breast tumor
diagnosis and avoid unnecessary biopsies in patients with suspicious findings. The authors

https://biorender.com/
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also noted that the detection power of ctDNA for early BrCa diagnosis increased with
the number of interrogated genetic loci in plasma samples and the depth of sequencing.
It should be mentioned that a relatively large percent of plasma mutations (33.5%) was
not detected in tissue, and several mutations were suspected to be the product of clonal
hematopoiesis of indeterminate potential (CHIP), a suspicion that was confirmed only in
selected cases [52]. CHIP refers to somatic mutations arising in clones of blood cells with
no other findings for hematologic neoplasias, and it has been strongly associated with
age [53]. CHIP mutations may present a serious impediment in ctDNA analysis leading
to false-positive results [53]. This can be avoided by sequencing a matching buffy coat
sample when ctDNA testing is performed, a step that should be considered in all relevant
clinical studies.

The above-described work demonstrated the feasibility of applying ctDNA analysis
in early BrCa diagnosis. However, an indispensable tool to accomplish such an ambitious
aim is the development and standardization of highly sensitive assays capable of finding a
needle in a haystack given the very low frequency of cancer-related mutant alleles in the
blood of patients at the initial stages of the disease [26]. Furthermore, long-term, multi-
center clinical trials are needed to establish the clinical utility of ctDNA in early BrCa
detection and determine whether it should be integrated into national screening programs.

4.2. ctDNA in Prognosis and Prediction of Therapy Response in the Neoadjuvant Setting

At present, many early-stage BrCa patients are offered neoadjuvant therapy (NAT),
which includes pre-operative systemic treatment aiming to reduce the extent of resection
and increase the likelihood of breast-conserving surgery by downstaging tumors [54].
However, only 30% of the patients treated achieve complete pathological response (pCR),
which is associated with improved patient disease-free and overall survival [55]. There
are currently no approved biomarkers for monitoring response during treatment [54],
even though early identification of good and poor responders could allow for timely,
personalized, therapeutic interventions, sparing the patients who would not benefit from
NAT from the unnecessary side-effects. The following studies offer substantial evidence that
ctDNA detection in the neoadjuvant setting could be associated with treatment response.

Riva et al. focused on early-stage TNBC patients receiving NAT and examined the
clinical utility of ctDNA analysis [56]. After identifying TP53 tissue mutations by NGS, the
authors designed customized ddPCR assays to track these mutations in plasma samples
collected at various time points during patient monitoring. At baseline, ctDNA was
detected in 75% (27/36) of patients and it dropped during treatment in all of them but
one, in whom it was increased. Notably, this patient was the only one whose cancer
progressed during chemotherapy, underlining the potential clinical value of ctDNA as a
marker of therapy response and tumor progression. The authors did not find a significant
correlation between clinical response, pCR and ctDNA detection at any time point. After
surgery, ctDNA was no longer detectable in any patients [56], even though some of them
presented metastatic relapses during follow-up. The fact that the authors monitored only
one mutation per patient might explain these findings, as it is now well established that
multiple plasma mutations should be followed to avoid false negative results.

This was indeed shown in the work of Cavallone and colleagues who adopted a
similar approach, following 26 TNBC patients but monitoring on average five mutations
per patient [57]. They designed and applied customized dPCR assays for detection of
plasma mutations in samples obtained before, during and after neoadjuvant chemotherapy
(NAC), based on each patient’s tumor tissue profiling [57]. At baseline, ctDNA was detected
in 96% of patients, showing that interrogation of several genomic loci could significantly
improve assay sensitivity (compared to 75% in previous study). Plasma ctDNA levels
before NAC were strongly associated with aggressive tumor features [57]. At the beginning
and after completion of treatment, ctDNA was detectable in ~70% of patients, but it was
significantly associated with the presence of residual disease at the time of surgery only
in the first time point. The absence of detectable ctDNA in the pre-surgical samples was
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associated with long-term relapse-free and overall survival. Specifically, patients who
tested positive for ctDNA at that time point had a median time to relapse or to death
21 and 35 months, respectively, and this was not reached by patients with undetectable
ctDNA (median follow-up time: 63 months). These results confirmed that ctDNA testing of
early-stage TNBC patients receiving NAC might have prognostic and predictive value, as
long as 4–5 variants are monitored to ensure high sensitivity of detection [57].

The utility of ctDNA in monitoring NAT response and predicting outcome was also
examined in patients with HER2+ early-stage BrCa who were treated with targeted therapy
in the context of the NeoALTTO clinical trial [58]. The study included 69 patients, and the
presence of ctDNA was assessed in plasma samples received before NAT, after 2 weeks of
treatment and prior to surgery. The authors used ddPCR to monitor only one mutation (in
the PIK3CA or TP53 gene) in each patient based on their tumor tissue results. ctDNA was
detected in 41% (28/69), 20% (13/65) and 5% (3/60) of patients at the three time points,
respectively. The presence of plasma mutation at baseline was significantly associated with
decreased probability of achieving pCR. Another interesting finding was that the patients
with HER2-enriched subtype, as determined by PAM50 testing, who had undetectable
ctDNA at baseline had the highest pCR rates compared to the other subtypes, suggesting
that these patients may be good candidates for de-escalation therapies [58]. Furthermore,
it was shown that patients who were still ctDNA-positive after 2 weeks of NAT had a
lower pCR rate. The authors failed to detect any significant associations between ctDNA
detection and event-free survival, which might have been due to the fact that these analyses
were underpowered. It should be mentioned that a main limitation of this study was the
monitoring of only one mutation in plasma samples; investigation of more mutations might
have increased the number of ctDNA-positive patients. Even so, the results delivered by
this study strongly support a role for ctDNA detection in monitoring patient response to
anti-HER2 treatment as well as in patient risk stratification, possibly enabling personalized
therapy with improved outcomes [58].

In a cohort of 84 early-stage BRCa patients of all major subtypes who were treated
with NAC but were at high risk of metastatic relapse based on MammaPrint testing,
ctDNA detection was examined as a biomarker of therapy response [59]. The patients
had enrolled in the multicenter neoadjuvant I-SPY 2 TRIAL, and ctDNA analysis was
performed retrospectively in plasma samples collected before (T0), during (T1 and T2) and
after the end of NAC treatment (T3). For ctDNA detection, the authors used personalized
panels interrogating 12–16 highly ranked somatic mutations that had been previously
identified through whole-exome sequencing (WES) of tumor tissue samples [59]. Notably,
the sequencing of matching buffy coat samples was performed to exclude germline and
CHIP variants from analysis. By applying ultra-deep NGS (>90,000×) and using a cut-off of
two detected plasma variants to call a sample ctDNA-positive, the researchers determined
that 73% of the patients had detectable ctDNA before treatment initiation. The ratio of
ctDNA-positive patients was higher in the TNBC and HER2+ subtypes and ctDNA was also
associated with tumor size [59]. On average, ctDNA positivity decreased during therapy
down to 9% after completion of NAC, and the authors proceeded to evaluate ctDNA
clearance as a predictor of response to NAC. Out of the 56 ctDNA-positive patients at T0,
29 (52%) had detectable ctDNA at T1 and 83% of them (24/29) did not obtain pCR, which
was a significantly higher number compared to the ones who cleared ctDNA at T1 (52%,
14/27) and still had residual disease at surgery. Notably, the PPV of ctDNA positivity in
predicting failure to achieve pCR increased with time, suggesting that ctDNA analysis after
completion of NAC may be used for patient risk stratification and for planning adjuvant
treatments [59].

Finally, recent work investigated the utility of ctDNA to predict therapy response in
patients who received tecemotide, a synthetic lipopeptide that is used in antigen-specific
cancer immunotherapy added to neoadjuvant treatments [60]. Tissue testing by a 93-gene
panel informed the design of individualized assays in 145 patients. Plasma samples were
collected before, during and at the end of NAT and they were assayed using SiMSen-seq



Cells 2023, 12, 1573 11 of 22

(Simple, Multiplexed, PCR-based barcoding of DNA for SENsitive mutation detection using
sequencing). This is a high-resolution sequencing approach that allows detection of variant
alleles at a < 0.1% frequency and can be tailored to a patient’s molecular profile [61]. For
most patients, 1–2 mutations were tracked in their plasma samples, and only in 31 patients
(21.4%) 3–6 mutations were analyzed. ctDNA was present in 43% of patients (63/145)
at baseline, in ~40% of them at mid-therapy (25/63) and in ~24% (15/63) at the end of
NAT. Notably, 96.8% (30/31) of patients that were ctDNA-positive during therapy were
non-responders, suggesting that ctDNA could be used as a negative predictor of response
to NAT. Detection of ctDNA at mid-therapy was also associated with the lack of pCR [60].
It is noteworthy that a recent meta-analysis that included most of the studies discussed
above [56–59] concluded that ctDNA detection in early-stage BrCa patients receiving NAT
was significantly associated to worse relapse-free and overall survival both at baseline and
after the end of treatment [62]. However, the authors did not detect a significant association
between ctDNA detection and pCR achievement. This meta-analysis largely confirms the
data described in this section that support a role for ctDNA analysis in patient stratification
during NAT [62].

4.3. ctDNA in MRD Detection and Patient Surveillance

Adjuvant therapy refers to the post-operative treatment administered to cancer pa-
tients and is the backbone of the therapeutic regimens in early-stage breast cancer. It is
meant to eliminate MRD that could lead to tumor recurrence and advanced metastases that
are practically incurable [63]. Detection and monitoring of MRD through the employment
of a reliable biomarker would be critical for assessing the success of surgical resection and
for identifying patients at risk who would truly benefit from adjuvant therapy [63]. Since
there is no such an approved marker, it is currently recommended to administer systemic
treatments after surgery to most early-stage BrCa patients [8], even though this practice
improves the outcome only in a small percentage of them and often leads to severe side
effects [64].

Over the last years, several studies analyzing plasma mutations in early-stage BrCa
patients receiving adjuvant and/or neoadjuvant treatments have highlighted the potential
of ctDNA in detecting MRD and predicting metastatic recurrence in these clinical settings.
The patient cohorts examined in the following studies were of mixed or only hormone-
receptor (HR)-positive BrCa subtypes (Table 1).

Table 1. Studies that performed ctDNA analysis for prediction of metastatic recurrence in early-stage
breast cancer.

ctDNA Assay No. of
Patients #

No. of
Samples

Analyzed

BrCa
Subtype Therapy Given Lead Time before

Clinical Relapse Ref.

ddPCR
(4–6 chromosomal

rearrangements/patient)
20 93 mixed AT 11 months [65]

ddPCR
(1–2 mutations/patient) 55 n/s mixed NAT 7.9 months [66]

ddPCR
(≥1 mutations/patient) 101 695 mixed AT and/or NAT 10.7 months [67]

Personalized NGS
(16 mutations/patient) 49 208 mixed AT and/or NAT or none 8.9 months [68]

Personalized NGS
(12–16

mutations/patient)
84 291 mixed NAT n/s [59]
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Table 1. Cont.

ctDNA Assay No. of
Patients #

No. of
Samples

Analyzed

BrCa
Subtype Therapy Given Lead Time before

Clinical Relapse Ref.

Personalized NGS
(36 mutations/patient) * 83 219 HR+ AT 12.4 months [69]

NGS
(53 mutations/patient) * 142 271 mixed AT and/or NAT 18.9 months [70]

NGS (TARDIS)
(18 mutations/patient) * 33 80 mixed NAT and/or AT n/s [71]

NGS
(Ion Ampliseq Oncomine

Research Panel)
33 n/s TNBC NAT and AT 0.07–8.87 months [72]

NGS
(Foundation Medicine

panels)
142 142 TNBC NAT n/s [73]

dPCR
(1–2 mutations/patient) 161 n/s TNBC NAT and AT

1.6 months
(intervention group)

4.1 (observation group)
[74]

AT: adjuvant therapy; NAT: neoadjuvant therapy; n/s: not specified; HR: hormone receptor; * median number is
shown; #: number of patients whose plasma samples were analyzed.

In one of the earlier studies in 20 patients who had received adjuvant therapy, post-
surgical tracking of ctDNA identified metastatic recurrence with high sensitivity (93%) and
specificity (100%) [65]. For the purpose of this study, the authors performed a low-pass
whole-genome sequencing of tumor samples to identify chromosomal rearrangements and
then proceeded to design highly sensitive personalized ddPCR assays so that they could
analyze 4–6 of them per patient in serial plasma samples. ctDNA was detected in 13 out of
the 14 patients who ended up developing metastases, and in 12 of them, the average lead
time of molecular relapse was 11 months before clinical manifestations. Notably, none of
the six patients with long-term, disease-free survival ever presented with detectable ctDNA
during the course of the study [65].

Along the same lines, a prospective observational study sought to investigate the
utility of tracking ctDNA as a biomarker for predicting the risk of metastatic relapse in
early-stage breast cancer patients receiving NAT [66]. In a cohort of 55 patients, tumor
biopsies were subjected to NGS for 14 breast cancer driver genes leading to the identification
of at least one somatic mutation in 78% of them. Subsequently, ddPCR personalized assays
designed to detect the mutations found in tissue were used to track ctDNA in serial
plasma samples taken at baseline, 2–4 weeks after surgery and every 6 months during
follow-up. ctDNA was identified in 69% of baseline samples and its levels correlated
with histological grade and ER− status, but its detection was not predictive of disease-
free survival. In the samples collected shortly after surgery, ctDNA was detected only in
19% of the patients (7/37), and it was predictive of early relapse. This predictive value
was enhanced when ctDNA was assessed in all post-operative samples for each patient,
increasing its sensitivity and resulting in its detection at 7.9 months (median lead time)
before clinical relapse. Notably, 80% (12/15) of patients who relapsed were identified as
ctDNA-positive during mutation-tracking versus 50% who were found ctDNA-positive
when only the first postoperative sample was considered. It is worth pointing out that the
three patients who had undetectable ctDNA but relapsed presented only brain metastases.
It has long been established that plasma ctDNA detection is challenging in patients with
brain cancer, and cerebrospinal fluid sampling may be a better approach to characterize
tumor genomic alterations [25]. Despite the small number of patients and the relatively
short follow-up time (2 years), the conclusions reached in this study were significant as
they clearly showed that tracking ctDNA mutations could effectively detect MRD and
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identify patients at high risk for tumor recurrence. In a small number of patients (n = 4),
the authors also showed by deep targeted sequencing of plasma samples before relapse
that they had new mutations different than the ones detected in the primary tumor and
similar to the ones found in the metastatic lesions [66]. Since some of these mutations were
potentially targetable, these results could potentially be used for personalized therapeutic
interventions before patients reach an incurable advanced metastatic stage of disease.

The same group expanded their findings in a later study that recruited a larger number
of early-stage BrCa patients receiving adjuvant or neoadjuvant therapy (n = 101) [67]. They
used the same methodology as before, namely targeted NGS to uncover tissue mutations
followed by personalized dPCR assays designed to track individual somatic mutations in
plasma samples. Analysis of blood samples obtained at diagnosis and before initiation of
treatment detected ctDNA in 51.2% (41/80) of patients at low variant allele frequencies
(median VAF 0.36%) and was associated with a risk of relapse. The TNBC patients had
the highest ctDNA levels at diagnosis, followed by the HER2+, while the ER+ patients
had the lowest levels. During follow-up (median 35.5 months), ctDNA was detected in
16 patients (median VAF 0.16%) with a median lead time of 10.7 months before clinical
relapse. Notably, detection of ctDNA during follow-up was highly prognostic in all major
breast cancer subtypes. To enhance the power of their analysis, the authors combined the
results of this study with the ones from their previous work [66]. In total, 88.4% (23/29) of
patients who relapsed had detectable ctDNA, suggesting that molecular relapse detection
is a clinically valid approach to identify patients at high risk for metastatic recurrence [67].

A more recent study provided further support to the clinical utility of ctDNA to pre-
dict metastatic relapse in early-stage BrCa patients who had undergone surgery and had
received adjuvant therapy [68]. In this case, the authors relied exclusively on sequencing
techniques to identify and monitor plasma mutations. Initially, they performed exome
profiling of tumor tissues to identify all relevant mutations and then applied ultra-deep per-
sonalized targeted plasma sequencing for 16 of them. This approach enabled them to detect
ctDNA in 89% (16/18) of the patients who relapsed. Molecular relapse preceded clinical
relapse up to 2 years with a median of 8.9 months. None of the 31 non-relapsed patients
were ctDNA-positive at any time during the course of the study (100% specificity) [68]. This
work demonstrated convincingly that ultra-deep sequencing using a customized gene panel
allows for a very low limit of detection (<0.01%), which is equivalent to the one reached by
dPCR, and may yield similar—if not better—results regarding sensitivity and specificity. In
accordance with the previous studies, the authors concluded that their findings advocated
in favor of using ctDNA detection as a predictor of metastatic recurrence, which could
possibly mandate an early therapeutic intervention with a second-line treatment.

A study discussed previously [59] also examined the utility of ctDNA in predicting
metastatic relapse and survival in the neoadjuvant setting. The authors showed that
patients who were ctDNA-positive during and after NAC had a significantly increased
risk of metastatic recurrence compared to those who were ctDNA-negative. All patients
(n = 17) who achieved pCR (100%) were ctDNA-negative and showed favorable distant
disease-free survival (DRFS). Out of the 43 patients who did not achieve pCR, the ones
who were still ctDNA-positive (n = 6) after completion of treatment had significantly worse
DRFS than those who had cleared ctDNA (n = 37). This finding suggests that the ctDNA
status of these patients after NAC could be used for risk stratification and for planning
therapeutic strategies in the adjuvant setting. When a multivariable Cox regression analysis
was performed taking into account pCR and breast cancer subtypes, detectable ctDNA
after NAC was found to be a significant prognostic factor of poor DRFS [59].

The most prevalent breast cancer subtype is the hormone receptor-positive (HR+)
subtype, which is highly treatable in its early stages; however, the risk of disease relapse
remains steady from 5 to more than 20 years after diagnosis [75] As a matter of fact, most
of the HR+ patients who present distant metastases do so after the first 5 years as a result of
undetected residual disease [76]. Recently, the results of a prospective study designed to
assess the association of ctDNA with metastatic recurrence in the late adjuvant setting in
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HR+ BrCa were reported [69]. Tumor tissue profiling through WES for 83 high-risk stage
II-III HR+ BrCa patients who were diagnosed at least 5 years before enrolling in the study
informed the design of personalized RaDaR assays (see Section 3) to track plasma mutations
(median of 36) in order to detect MRD. Blood samples were obtained at baseline (time of
enrollment) and during routine follow-up visits every 6–12 months (median follow-up
time from baseline was 2 years). Four patients (5%) were found ctDNA-positive at baseline,
and eight (10%) had detectable ctDNA at any time point with a median VAF of 0.0425%.
Six patients (7.2%) developed distant metastases and they all were ctDNA-positive, with
the median lead time of molecular relapse before clinical recurrence being 12.4 months.
Recurrence-free survival for patients who had detectable ctDNA was worse compared with
that of patients who were ctDNA-negative. The sensitivity of ctDNA to predict any clinical
recurrence was 85.7%, with a specificity of 97.4%, a negative predictive value (NPV) of 98.7%
and a PPV of 75%. When only distant metastases were considered, the sensitivity and NPV
were both 100%. Limitations of this study include the infrequent sampling, the low number
of recurrences probably due to the short follow-up and the lack of imaging results that
cannot exclude the possibility that some patients might have had occult metastatic disease
at the time of entry. Still, this was the first investigation that showed a strong association
between molecular MRD, as indicated by ctDNA-positivity, with distant metastatic relapse
more than 5 years after initial diagnosis of high-risk HR+ BrCa [69].

The issue of assay sensitivity to monitor molecular MRD was addressed by Parsons
and colleagues who developed a highly sensitive and specific sequencing test based on the
simultaneous tracking of hundreds of patient-specific mutations [70]. Analytical validation
of their approach showed that it was 100 times more sensitive than ddPCR when tracking
488 mutations, and this was further validated in BrCa patients recently diagnosed with a
metastatic disease (clinical sensitivity 81%). However, when their approach was applied in
a cohort of 142 patients with early-stage BrCa, clinical sensitivity dropped to 23% (7/30)
and 19% (6/32) when the plasma samples received shortly or approximately one year
after surgery respectively were tested. The authors explained this drop in sensitivity as a
consequence of the small number of tumor mutations they identified in tissue and tracked
in ctDNA in most patients (median of 53 mutations) [70]. Overall, the assay had a median
lead time (the time from a ctDNA-positive test to metastatic recurrence) of 18.9 months,
which was a significant improvement compared to previous studies [67,68], but this might
have been due to the much longer follow-up (median 7.1 years). Even though this study
had several limitations, such as few plasma samples per patient, plasma processing was
not specifically performed for ctDNA analysis, etc., it did provide some useful insights into
proper assay development for MRD testing. The authors performed a thorough analytical
validation of their technique and determined its analytical sensitivity and specificity [70];
these are the parameters often lacking in the studies, and especially the knowledge of the
limit of detection of an assay is essential for the interpretation of a negative result. Finally,
the authors clearly demonstrated the superiority of tracking many personalized mutations
in ctDNA [70] so as to increase assay sensitivity, an approach that seems most promising in
monitoring MRD in early-stage BrCa patients.

The same issue of assay sensitivity to detect residual disease in women who completed
NAT was also addressed by McDonald et al. who developed a targeted digital sequencing
(TARDIS) approach for the analysis of patient-specific mutations [71]. In order to achieve
high sensitivity, TARDIS employs deep sequencing of multiple mutations, improved library
preparation methods with the use of UMIs that reduce technical errors (see Section 3), and
an advanced bioinformatics analysis pipeline. Evaluation of the analytical performance of
the assay using reference samples showed 91% and 53% sensitivity at 0.03% and 0.003%
VAFs, respectively, with 96% specificity. Importantly, the TARDIS results were extensively
verified by dPCR [71]. For clinical validation of the assay, the authors first identified
somatic mutations by WES in tissue biopsies from 33 women with stage I–III breast cancer,
22 of whom received NAT. Subsequently, the researchers applied TARDIS to monitor
6–115 mutations per patient in blood samples obtained before, during and after NAT
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completion. ctDNA was detected in all patients (32/32) before treatment initiation (0.11%
median AF). After completion of treatment, ctDNA was detected in 77.3% of patients
(17/22), with 92% of them (12/13) presenting with residual disease and 55.5% (5/9) reaching
complete pathological response (pCR), as indicated by the absence of cancer cells in the
resected tissue. ctDNA levels were lower in patients who achieved pCR (median AF
0.003%) compared to patients with residual disease (median AF 0.017%) [71].

Even though the above studies included small patient cohorts, they unequivocally
showed that longitudinal analysis of multiple mutations in the cfDNA of early-stage BrCa
patients is a valid approach to detect MRD and predict metastatic relapse. An important
conclusion reached in these studies was that an increased number of plasma samples
analyzed and of mutations monitored per patient are prerequisites to achieve the high
assay sensitivity required in this setting in order to generate reliable data. These findings
need to be tested now in large clinical trials that will evaluate whether planning therapeutic
strategies based on ctDNA detection, and before the development of incurable metastases,
can lead to improvement of patient outcome.

4.4. ctDNA in the Prediction of Relapse in TNBC Patients with Residual Disease

TNBC patients are more likely to present with metastatic relapse and die compared to
those with the other BrCa subtypes [77]. These patients are commonly treated with NAT,
and the presence of residual disease after completion of therapy has been associated with
worse survival rates [78]. Studies have shown that ctDNA may have prognostic value in
such patients and it could be used to select the ones who would mostly benefit from the
available adjuvant therapies [72–74] (Table 1).

The potential of ctDNA to predict relapse in TNBC patients with residual disease after
receiving NAC was examined in two studies published by Radovich and colleagues [72,73].
In both cases, the populations under study had enrolled in completed clinical trials. In
the first study, blood samples were collected from 38 patients while they were receiving
adjuvant therapy [72]. Tissue genomic analysis using a targeted NGS panel that interrogated
134 genes revealed mutations in 87% of the patients (33/38). NGS analysis of plasma
samples detected ctDNA only in 4 of the 13 patients who relapsed (31% sensitivity, 100%
specificity). Even though the authors noted that disease burden and the volume of plasma
used were important factors that determined sensitivity [72], it should be pointed out that
the NGS assay they used per se might not have been sensitive enough to detect ctDNA
in this setting. This assumption is based on the coverage reported in paper [72], which
was probably not sufficient to achieve the low limit of detection necessary for the reliable
identification of molecular residual disease.

A few years later, a preplanned secondary analysis of plasma mutations was per-
formed in 142 early-stage TNBC patients [73], who had previously participated in a large
multi-center prospective randomized trial. Blood samples were collected before admin-
istration of adjuvant therapy, and ctDNA sequencing was performed using one of two
different Foundation Medicine targeted gene panels that had been thoroughly validated for
ctDNA testing [79]. A total of 63.4% (90/142) of patients had detectable ctDNA; this was
significantly associated with an inferior distant disease-free survival, disease-free survival
and overall survival compared to the ctDNA-negative patients (median clinical follow-up
17.2 months) [73]. Collectively, the results of these studies [72,73] indicated that ctDNA
could be used as a marker for molecular MRD as well as for patient stratification in the
post-neoadjuvant setting. Future trials should aim to show whether administration of
targeted therapy to TNBC patients, based on their ctDNA findings after surgery, could
improve therapeutic outcomes.

The results of one such prospective study designed to assess the clinical util-
ity of ctDNA in early-stage TNBC patients were just published (c-TRAK TN trial,
NCT03145961) [74]. This multicenter phase II trial had two main objectives: (a) to
assess whether employment of ctDNA assays could identify patients with molecular
residual disease and (b) to evaluate the effect of pembrolizumab in ctDNA-positive
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patients. It enrolled 208 patients with early-stage TNBC and residual disease following
NAC and surgery, or stage II/III given adjuvant chemotherapy. Personalized dPCR
assays were designed for 161 of them based on one or two mutations identified by
tumor tissue sequencing. CHIP variants were excluded by assaying a matching buffy
coat sample. These patients entered ctDNA surveillance with blood samples collected
at baseline (up to 12 weeks after NAT and surgery or adjuvant chemotherapy) and
every 3 months for 2 years. A total of 27.3% of patients had ctDNA detected during the
first 12 months. When a patient was ctDNA-positive, they were randomly allocated
to an observation or an intervention group, and the patients in the latter group were
administered pembrolizumab given that no metastatic recurrence was evident. Of the
nine patients eligible to receive pembrolizumab, only five agreed to do so; none of
them achieved ctDNA clearance at 6 months, and all subsequently relapsed with a
median lead time between ctDNA detection and disease recurrence of 1.6 months. In
the observation group, ctDNA clearance after 6 months occurred in 21.4% of patients
(3/14), and the median lead time was 4.1 months. An interesting observation in this
study was that many patients had already developed metastatic disease at the time of
ctDNA detection, and the authors estimated that several of them had already unde-
tected metastases when they enrolled. Thus, the authors urged for the application of
more sensitive imaging techniques and for an earlier testing of ctDNA in future studies.
Other improvements in the design of similar clinical trials that could be beneficial
in detecting ctDNA before metastatic relapse would include shorter times between
sampling and an increase in assay sensitivity by tracking more mutations [74].

5. Conclusions-Future Perspectives

The above studies clearly show that substantial support has been generated for the
use of ctDNA as a clinically applicable biomarker in the early stages of breast cancer. Its
utility in MRD detection, patient stratification, therapy guidance and response is now
being evaluated in more than a dozen clinical trials (Table 2). In what is probably the most
ambitious of these trials, STRIVE, ctDNA will be evaluated as a screening tool for early
detection of breast and other cancers in thousands of asympromatic women undergoing
mammography (Table 2). As the results of this study are awaited, other work has shown
that a multi-analyte approach to early cancer diagnosis may be a more efficient way to
tackle this issue. A test called CancerSEEK that combines detection of eight circulating
protein markers with the interrogation of 1933 genomic loci in plasma was applied in
1005 patients diagnosed with early-stage cancer of one of eight common tumor types
(ovary, liver, stomach, pancreas, esophagus, colorectal, lung, and breast) [80]. The median
sensitivity of this test was 70% and the specificity was >99% [80]. A modified version of
CancerSEEK was later employed in 10,000 healthy women, where it diagnosed 26 of them
with cancer and, after PET-CT verification, it led to a curative surgery on 9 of them [81]. As
several studies have shown that ctDNA is not detected in many early-stage breast cancer
patients, even when ultra-highly sensitive techniques are applied, it makes more sense that
plasma mutation testing becomes part of a more wholistic, minimally invasive modality.

Table 2. Current active clinical trials for ctDNA in early-stage breast cancer *.

Title of Study Condition Study Objective Study Type/Design Estimated
Enrollment

HARMONY
(NCT05433753)

HER2+ receiving
neoadjuvant therapy

MRD detection using ctDNA
to predict recurrence

observational,
prospective 60

NCT04353557 stage I–III assess the prognostic and
predictive value of ctDNA

observational,
prospective 200
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Table 2. Cont.

Title of Study Condition Study Objective Study Type/Design Estimated
Enrollment

NCT05649475 stage I–III undergoing NAT whether ctDNA is a marker of
response to NAT

observational,
prospective 100

SURVIVE
(NCT05658172)

medium- and high-risk
patients after completion of
primary anti-tumor therapy

evaluate the potential benefits
of intensified versus standard

surveillance

partially double-blinded,
interventional, randomized,
controlled, superiority study

3500

CIPHER
(NCT05333874)

stage II–III TNBC and
HER2+

examine the impact of ctDNA
on treatment decision-making

in patients after NAT and
surgery

interventional,
non-randomized 34 **

TRAK-ER
(NCT04985266) ER+

demonstrate that palbociclib
and fulvestrant can defer or
prevent relapse in patients

with ctDNA-detected
molecular relapse

interventional,
randomized, phase II study 1100

DARE
(NCT04567420)

stage II–III
HR+/HER2−

assess the incidence of ctDNA
detection in patients who
receive standard-of-care

endocrine AT and have high
risk of recurrence and assess

whether palbociclib plus
fulvestrant improves

relapse-free survival in
ctDNA+ patients

interventional,
randomized 100

LEADER
(NCT03285412) ER+ ctDNA for MRD detection and

therapy guidance
interventional,
randomized 120

NCT04768426 TNBC

evaluate the use ctDNA to
identify patients who will or

will not benefit from treatment
with capecitabine

interventional,
phase II study 25

NCT03881384 not specified

whether ctDNA detection can
reflect the tumor response to
NCT and detect MRD after

surgery

observational,
prospective 200

STRIVE
(NCT03085888)

women undergoing
mammography screening

validate the ability of the
GRAIL Test to detect

early-stage breast and other
invasive cancers

observational,
prospective 99,481 **

RENOVATE
(NCT04781062)

women with radiologically
identified lesions,

BIRADS-3/4/5, smaller than
2 cm

develop a Horizontal Data
Integration classifier enabling
early noninvasive diagnosis

interventional,
non-randomized 367 **

APOLLO
(NCT04501523) stage II-III TNBC

use ctDNA to identify patients
with high relapse risk and
randomize them to receive
boost or standard therapy

interventional randomized,
phase II 460

ARTEMIS
(NCT04803539) stage II-III TNBC identify high-risk patients and

initiate boost therapy
interventional randomized,

phase II/III 120

* The terms “early breast cancer” or “stage I-III breast cancer” and “ctDNA” were used at clinicaltrials.gov and
studies with the status “recruiting” and “active, not recruiting” are shown (1 May 2023). Manual inspection was
performed to exclude inappropriate Studies. (** actual enrollment).

clinicaltrials.gov
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In this review, we considered only the studies that examined ctDNA mutations;
however, other features of cfDNA may be used in early-stage cancer diagnosis. Recent
work showed that cfDNA methylation patterns had a high sensitivity at 98% specificity in
early cancer detection and was the best predictor for the origin of cancer when different
ctDNA features were evaluated [82]. Several studies have also shown that analysis of the
cfDNA fragmentation pattern may improve the sensitivity of ctDNA assays (reviewed
in [25,27]); as cfDNA in cancer patients is more fragmented than that of healthy individuals,
a size selection step could enrich the sample in ctDNA. Furthermore, combination of the
cfDNA fragmentation pattern and ctDNA mutations in machine learning algorithms could
efficiently distinguish cancer and healthy populations, suggesting that it could be used for
improved cancer detection (reviewed in [25,27]).

A reasonable question stemming from the above studies concerns the choice of the
appropriate ctDNA analysis technique. There is a wide spectrum of platforms available
ranging from different types of digital PCR to broader NGS-based panels. Even though
the most suitable approach depends on the clinical question at hand, in our opinion, the
power of sequencing to monitor simultaneously a multitude of tumor-specific variants
and thereby reduce the risk of false-negative results offers a clear advantage over dPCR.
Most of the studies described herein have employed patient-customized assays based on
tumor profiling at diagnosis. Even though this approach allows for MRD detection, it is
not well suited for capturing novel mutations that might arise during tumor evolution and
under the pressure of therapy. For this purpose, a larger repertoire of genes needs to be
interrogated in plasma and these results may inform efficacious therapeutic interventions.

The clinical trials underway are expected to provide the evidence and fine-tune the
parameters to integrate ctDNA assays in decision-making in early-stage breast cancer.
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13. Heidrich, I.; Ačkar, L.; Mossahebi Mohammadi, P.; Pantel, K. Liquid Biopsies: Potential and Challenges. Int. J. Cancer 2021, 148,
528–545. [CrossRef]

14. Dang, D.K.; Park, B.H. Vanderbilt-Ingram Circulating Tumor DNA: Current Challenges for Clinical Utility. J. Clin. Investig. 2022,
132, 1–9. [CrossRef]

15. Vidal, J.; Fernández-Rodríguez, M.C.; Casadevall, D.; García-Alfonso, P.; Páez, D.; Guix, M.; Alonso, V.; Cano, M.T.; Santos,
C.; Durán, G.; et al. Liquid Biopsy Detects Early Molecular Response and Predicts Benefit to First-Line Chemotherapy plus
Cetuximab in Metastatic Colorectal Cancer: PLATFORM-B Study. Clin. Cancer Res. 2023, 29, 379–388. [CrossRef] [PubMed]

16. Gao, W.; Chen, Y.; Yang, J.; Zhuo, C.; Huang, S.; Zhang, H.; Shi, Y. Clinical Perspectives on Liquid Biopsy in Metastatic Colorectal
Cancer. Front. Genet. 2021, 12, 634642. [CrossRef]

17. Rolfo, C.; Mack, P.; Scagliotti, G.V.; Aggarwal, C.; Arcila, M.E.; Barlesi, F.; Bivona, T.; Diehn, M.; Dive, C.; Dziadziuszko, R.; et al.
Liquid Biopsy for Advanced NSCLC: A Consensus Statement from the International Association for the Study of Lung Cancer. J.
Thorac. Oncol. 2021, 16, 1647–1662. [CrossRef] [PubMed]

18. Reichert, Z.R.; Morgan, T.M.; Li, G.; Castellanos, E.; Snow, T.; Dall’Olio, F.G.; Madison, R.W.; Fine, A.D.; Oxnard, G.R.;
Graf, R.P.; et al. Prognostic Value of Plasma Circulating Tumor DNA Fraction across Four Common Cancer Types: A Real-World
Outcomes Study. Ann. Oncol. 2023, 34, 111–120. [CrossRef] [PubMed]

19. Pascual, J.; Attard, G.; Bidard, F.C.; Curigliano, G.; De Mattos-Arruda, L.; Diehn, M.; Italiano, A.; Lindberg, J.; Merker, J.D.;
Montagut, C.; et al. ESMO Recommendations on the Use of Circulating Tumour DNA Assays for Patients with Cancer: A Report
from the ESMO Precision Medicine Working Group. Ann. Oncol. 2022, 33, 750–768. [CrossRef] [PubMed]

20. Mandel, P.; Metais, P. Les Acides Nucleiques Du Plasma Sanguin Chez l’homme. CR Seances Soc. Biol. Fil. 1948, 142, 241–243.
21. Leon, S.A.; Shapiro, B.; Sklaroff, D.M.; Yaros, M.J. Free DNA in the Serum of Cancer Patients and the Effect of Therapy. Cancer Res.

1977, 37, 646–650.
22. Stroun, M.; Anker, P.; Maurice, P.; Lyautey, J.; Lederrey, C.; Beljanski, M. Neoplastic Characteristics of the DNA Found in the

Plasma of Cancer Patients. Oncology 1989, 46, 318–322. [CrossRef]
23. Sánchez-Herrero, E.; Serna-Blasco, R.; Robado de Lope, L.; González-Rumayor, V.; Romero, A.; Provencio, M. Circulating Tumor

DNA as a Cancer Biomarker: An Overview of Biological Features and Factors That May Impact on CtDNA Analysis. Front. Oncol.
2022, 12, 3410. [CrossRef]

24. Anker, P.; Stroun, M.M.P. Spontaneous Release of DNA by Human Blood Lymphocytes as Shown in an in Vitro System. Cancer
Res. 1975, 35, 2375–2382.

25. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of Circulating Tumor DNA in Early- and Late-Stage Human Malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]

26. Diaz, L.A.; Bardelli, A. Liquid Biopsies: Genotyping Circulating Tumor DNA. J. Clin. Oncol. 2014, 32, 579–586. [CrossRef]
27. Keller, L.; Belloum, Y.; Wikman, H.; Pantel, K. Clinical Relevance of Blood-Based CtDNA Analysis: Mutation Detection and

Beyond. Br. J. Cancer 2021, 124, 345–358. [CrossRef]
28. Underhill, H.R. Leveraging the Fragment Length of Circulating Tumour DNA to Improve Molecular Profiling of Solid Tumour

Malignancies with Next-Generation Sequencing: A Pathway to Advanced Non-Invasive Diagnostics in Precision Oncology? Mol.
Diagn. Ther. 2021, 25, 389–408. [CrossRef] [PubMed]

29. Diehl, F.; Schmidt, K.; Choti, M.A.; Romans, K.; Goodman, S.; Li, M.; Thornton, K.; Agrawal, N.; Sokoll, L.; Szabo, S.A.; et al.
Circulating Mutant DNA to Assess Tumor Dynamics. Nat. Med. 2008, 14, 985–990. [CrossRef] [PubMed]

30. Thierry, A.R.; Mouliere, F.; El Messaoudi, S.; Mollevi, C.; Lopez-Crapez, E.; Rolet, F.; Gillet, B.; Gongora, C.; Dechelotte, P.;
Robert, B.; et al. Clinical Validation of the Detection of KRAS and BRAF Mutations from Circulating Tumor DNA. Nat. Med. 2014,
20, 430–435. [CrossRef]

31. Crowley, E.; Di Nicolantonio, F.; Loupakis, F.; Bardelli, A. Liquid Biopsy: Monitoring Cancer-Genetics in the Blood. Nat. Rev. Clin.
Oncol. 2013, 10, 472–484. [CrossRef]

32. Vogelstein, B.; Kinzler, K.W. Digital PCR. Proc. Natl. Acad. Sci. USA 1999, 96, 9236–9241. [CrossRef]
33. Diehl, F.; Li, M.; He, Y.; Kinzler, K.W.; Vogelstein, B.; Dressman, D. BEAMing: Single-Molecule PCR on Microparticles in

Water-in-Oil Emulsions. Nat. Methods 2006, 3, 551–559. [CrossRef]
34. Li, M.; Diehl, F.; Dressman, D.; Vogelstein, B.; Kinzler, K.W. BEAMing up for Detection and Quantification of Rare Sequence

Variants. Nat. Methods 2006, 3, 95–97. [CrossRef]
35. Vidal, J.; Muinelo, L.; Dalmases, A.; Jones, F.; Edelstein, D.; Iglesias, M.; Orrillo, M.; Abalo, A.; Rodríguez, C.; Brozos, E.; et al.

Plasma CtDNA RAS Mutation Analysis for the Diagnosis and Treatment Monitoring of Metastatic Colorectal Cancer Patients.
Ann. Oncol. 2017, 28, 1325–1332. [CrossRef] [PubMed]

https://doi.org/10.1158/2159-8290.CD-20-1311
https://www.ncbi.nlm.nih.gov/pubmed/33811121
https://doi.org/10.1038/nrclinonc.2017.14
https://doi.org/10.1158/1535-7163.MCT-22-0087
https://doi.org/10.1038/s41571-020-00457-x
https://doi.org/10.1002/ijc.33217
https://doi.org/10.1172/JCI154941
https://doi.org/10.1158/1078-0432.CCR-22-1696
https://www.ncbi.nlm.nih.gov/pubmed/36074154
https://doi.org/10.3389/fgene.2021.634642
https://doi.org/10.1016/j.jtho.2021.06.017
https://www.ncbi.nlm.nih.gov/pubmed/34246791
https://doi.org/10.1016/j.annonc.2022.09.163
https://www.ncbi.nlm.nih.gov/pubmed/36208697
https://doi.org/10.1016/j.annonc.2022.05.520
https://www.ncbi.nlm.nih.gov/pubmed/35809752
https://doi.org/10.1159/000226740
https://doi.org/10.3389/fonc.2022.943253
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1200/JCO.2012.45.2011
https://doi.org/10.1038/s41416-020-01047-5
https://doi.org/10.1007/s40291-021-00534-6
https://www.ncbi.nlm.nih.gov/pubmed/34018157
https://doi.org/10.1038/nm.1789
https://www.ncbi.nlm.nih.gov/pubmed/18670422
https://doi.org/10.1038/nm.3511
https://doi.org/10.1038/nrclinonc.2013.110
https://doi.org/10.1073/pnas.96.16.9236
https://doi.org/10.1038/nmeth898
https://doi.org/10.1038/nmeth850
https://doi.org/10.1093/annonc/mdx125
https://www.ncbi.nlm.nih.gov/pubmed/28419195


Cells 2023, 12, 1573 20 of 22

36. Higgins, M.J.; Jelovac, D.; Barnathan, E.; Blair, B.; Slater, S.; Powers, P.; Zorzi, J.; Jeter, S.C.; Oliver, G.R.; Fetting, J.; et al. Detection
of Tumor PIK3CA Status in Metastatic Breast Cancer Using Peripheral Blood. Clin. Cancer Res. 2012, 18, 3462–3469. [CrossRef]
[PubMed]

37. Thress, K.S.; Brant, R.; Carr, T.H.; Dearden, S.; Jenkins, S.; Brown, H.; Hammett, T.; Cantarini, M.; Barrett, J.C. EGFR Mutation
Detection in CtDNA from NSCLC Patient Plasma: A Cross-Platform Comparison of Leading Technologies to Support the Clinical
Development of AZD9291. Lung Cancer 2015, 90, 509–515. [CrossRef] [PubMed]

38. Kastrisiou, M.; Zarkavelis, G.; Kougioumtzi, A.; Sakaloglou, P.; Kostoulas, C.; Georgiou, I.; Batistatou, A.; Pentheroudakis,
G.; Magklara, A. Development and Validation of a Targeted ‘Liquid’ Ngs Panel for Treatment Customization in Patients with
Metastatic Colorectal Cancer. Diagnostics 2021, 11, 2375. [CrossRef] [PubMed]

39. Hindson, B.J.; Ness, K.D.; Masquelier, D.A.; Belgrader, P.; Heredia, N.J.; Makarewicz, A.J.; Bright, I.J.; Lucero, M.Y.; Hiddessen,
A.L.; Legler, T.C.; et al. High-Throughput Droplet Digital PCR System for Absolute Quantitation of DNA Copy Number. Anal.
Chem. 2011, 83, 8604. [CrossRef] [PubMed]

40. Takeshita, T.; Yamamoto, Y.; Yamamoto-Ibusuki, M.; Inao, T.; Sueta, A.; Fujiwara, S.; Omoto, Y.; Iwase, H. Prognostic Role of
PIK3CA Mutations of Cell-Free DNA in Early-Stage Triple Negative Breast Cancer. Cancer Sci. 2015, 106, 1582–1589. [CrossRef]
[PubMed]

41. Oshiro, C.; Kagara, N.; Naoi, Y.; Shimoda, M.; Shimomura, A.; Maruyama, N.; Shimazu, K.; Kim, S.J.; Noguchi, S. PIK3CA
Mutations in Serum DNA Are Predictive of Recurrence in Primary Breast Cancer Patients. Breast Cancer Res. Treat. 2015, 150,
299–307. [CrossRef] [PubMed]

42. Beaver, J.A.; Jelovac, D.; Balukrishna, S.; Cochran, R.L.; Croessmann, S.; Zabransky, D.J.; Wong, H.Y.; Toro, P.V.; Cidado, J.;
Blair, B.G.; et al. Detection of Cancer DNA in Plasma of Patients with Early-Stage Breast Cancer. Clin. Cancer Res. 2014, 20,
2643–2650. [CrossRef]

43. Denis, J.A.; Guillerm, E.; Coulet, F.; Larsen, A.K.; Lacorte, J.M. The Role of BEAMing and Digital PCR for Multiplexed Analysis in
Molecular Oncology in the Era of Next-Generation Sequencing. Mol. Diagn. Ther. 2017, 21, 587–600. [CrossRef] [PubMed]

44. Kinde, I.; Wu, J.; Papadopoulos, N.; Kinzler, K.W.; Vogelstein, B. Detection and Quantification of Rare Mutations with Massively
Parallel Sequencing. Proc. Natl. Acad. Sci. USA 2011, 108, 9530–9535. [CrossRef]

45. Tie, J.; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, I.; Silliman, N.; Tacey, M.; Wong, H.L.; Christie, M.; et al. Circulating
Tumor DNA Analysis Detects Minimal Residual Disease and Predicts Recurrence in Patients with Stage II Colon Cancer. Sci.
Transl. Med. 2016, 8, 346ra92. [CrossRef] [PubMed]

46. Tie, J.; Cohen, J.D.; Lahouel, K.; Lo, S.N.; Wang, Y.; Kosmider, S.; Wong, R.; Shapiro, J.; Lee, M.; Harris, S.; et al. Circulating Tumor
DNA Analysis Guiding Adjuvant Therapy in Stage II Colon Cancer. N. Engl. J. Med. 2022, 386, 2261–2272. [CrossRef] [PubMed]

47. Newman, A.M.; Bratman, S.V.; To, J.; Wynne, J.F.; Eclov, N.C.W.; Modlin, L.A.; Liu, C.L.; Neal, J.W.; Wakelee, H.A.;
Merritt, R.E.; et al. An Ultrasensitive Method for Quantitating Circulating Tumor DNA with Broad Patient Coverage. Nat. Med.
2014, 20, 548–554. [CrossRef] [PubMed]

48. Forshew, T.; Murtaza, M.; Parkinson, C.; Gale, D.; Tsui, D.W.Y.; Kaper, F.; Dawson, S.J.; Piskorz, A.M.; Jimenez-Linan, M.;
Bentley, D.; et al. Noninvasive Identification and Monitoring of Cancer Mutations by Targeted Deep Sequencing of Plasma DNA.
Sci. Transl. Med. 2012, 4, 136ra68. [CrossRef]

49. Gale, D.; Lawson, A.R.J.; Howarth, K.; Madi, M.; Durham, B.; Smalley, S.; Calaway, J.; Blais, S.; Jones, G.; Clark, J.; et al.
Development of a Highly Sensitive Liquid Biopsy Platform to Detect Clinically-Relevant Cancer Mutations at Low Allele
Fractions in Cell-Free DNA. PLoS ONE 2018, 13, e0194630. [CrossRef]

50. Phallen, J.; Sausen, M.; Adleff, V.; Leal, A.; Hruban, C.; White, J.; Anagnostou, V.; Fiksel, J.; Cristiano, S.; Papp, E.; et al. Direct
Detection of Early-Stage Cancers Using Circulating Tumor DNA. Sci. Transl. Med. 2017, 9, eaan2415. [CrossRef]

51. Rodriguez, B.J.; Córdoba, G.D.; Aranda, A.G.; Álvarez, M.; Vicioso, L.; Pérez, C.L.; Hernando, C.; Bermejo, B.; Parreño, A.J.;
Lluch, A.; et al. Detection of TP53 and PIK3CA Mutations in Circulating Tumor DNA Using Next-Generation Sequencing in the
Screening Process for Early Breast Cancer Diagnosis. J. Clin. Med. 2019, 8, 1183. [CrossRef]

52. Zhang, X.; Zhao, W.; Wei, W.; You, Z.; Ou, X.; Sun, M.; Yin, Y.; Tang, X.; Zhao, Z.; Hu, C.; et al. Parallel Analyses of Somatic
Mutations in Plasma Circulating Tumor DNA (CtDNA) and Matched Tumor Tissues in Early-Stage Breast Cancer. Clin. Cancer
Res. 2019, 25, 6546–6553. [CrossRef]

53. Chan, H.T.; Chin, Y.M.; Nakamura, Y.; Low, S.K. Clonal Hematopoiesis in Liquid Biopsy: From Biological Noise to Valuable
Clinical Implications. Cancers 2020, 12, 2277. [CrossRef]

54. Korde, L.A.; Somerfield, M.R.; Carey, L.A.; Crews, J.R.; Denduluri, N.; Hwang, E.S.; Khan, S.A.; Loibl, S.; Morris, E.A.;
Perez, A.; et al. Neoadjuvant Chemotherapy, Endocrine Therapy, and Targeted Therapy for Breast Cancer: ASCO Guideline. J.
Clin. Oncol. 2021, 39, 1485–1505. [CrossRef]

55. Cortazar, P.; Zhang, L.; Untch, M.; Mehta, K.; Costantino, J.P.; Wolmark, N.; Bonnefoi, H.; Cameron, D.; Gianni, L.;
Valagussa, P.; et al. Pathological Complete Response and Long-Term Clinical Benefit in Breast Cancer: The CTNeoBC Pooled
Analysis. Lancet 2014, 384, 164–172. [CrossRef] [PubMed]

56. Riva, F.; Bidard, F.C.; Houy, A.; Saliou, A.; Madic, J.; Rampanou, A.; Hego, C.; Milder, M.; Cottu, P.; Sablin, M.P.; et al. Patient-
Specific Circulating Tumor DNA Detection during Neoadjuvant Chemotherapy in Triple-Negative Breast Cancer. Clin. Chem.
2017, 63, 691–699. [CrossRef] [PubMed]

https://doi.org/10.1158/1078-0432.CCR-11-2696
https://www.ncbi.nlm.nih.gov/pubmed/22421194
https://doi.org/10.1016/j.lungcan.2015.10.004
https://www.ncbi.nlm.nih.gov/pubmed/26494259
https://doi.org/10.3390/diagnostics11122375
https://www.ncbi.nlm.nih.gov/pubmed/34943612
https://doi.org/10.1021/ac202028g
https://www.ncbi.nlm.nih.gov/pubmed/22035192
https://doi.org/10.1111/cas.12813
https://www.ncbi.nlm.nih.gov/pubmed/26353837
https://doi.org/10.1007/s10549-015-3322-6
https://www.ncbi.nlm.nih.gov/pubmed/25736040
https://doi.org/10.1158/1078-0432.CCR-13-2933
https://doi.org/10.1007/s40291-017-0287-7
https://www.ncbi.nlm.nih.gov/pubmed/28667577
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.1126/scitranslmed.aaf6219
https://www.ncbi.nlm.nih.gov/pubmed/27384348
https://doi.org/10.1056/NEJMoa2200075
https://www.ncbi.nlm.nih.gov/pubmed/35657320
https://doi.org/10.1038/nm.3519
https://www.ncbi.nlm.nih.gov/pubmed/24705333
https://doi.org/10.1126/scitranslmed.3003726
https://doi.org/10.1371/journal.pone.0194630
https://doi.org/10.1126/scitranslmed.aan2415
https://doi.org/10.3390/jcm8081183
https://doi.org/10.1158/1078-0432.CCR-18-4055
https://doi.org/10.3390/cancers12082277
https://doi.org/10.1200/JCO.20.03399
https://doi.org/10.1016/S0140-6736(13)62422-8
https://www.ncbi.nlm.nih.gov/pubmed/24529560
https://doi.org/10.1373/clinchem.2016.262337
https://www.ncbi.nlm.nih.gov/pubmed/28073896


Cells 2023, 12, 1573 21 of 22

57. Cavallone, L.; Aguilar-Mahecha, A.; Lafleur, J.; Brousse, S.; Aldamry, M.; Roseshter, T.; Lan, C.; Alirezaie, N.; Bareke, E.; Majewski,
J.; et al. Prognostic and Predictive Value of Circulating Tumor DNA during Neoadjuvant Chemotherapy for Triple Negative
Breast Cancer. Sci. Rep. 2020, 10, 14704. [CrossRef] [PubMed]

58. Rothé, F.; Silva, M.J.; Venet, D.; Campbell, C.; Bradburry, I.; Rouas, G.; De Azambuja, E.; Maetens, M.; Fumagalli, D.; Rodrik-
Outmezguine, V.; et al. Precision Medicine and Imaging Circulating Tumor DNA in HER2-Amplified Breast Cancer: A Transla-
tional Research Substudy of the NeoALTTO Phase III Trial. Clin. Cancer Res. 2019, 25, 3581–3588. [CrossRef]

59. Magbanua, M.J.M.; Swigart, L.B.; Wu, H.T.; Hirst, G.L.; Yau, C.; Wolf, D.M.; Tin, A.; Salari, R.; Shchegrova, S.; Pawar, H.; et al.
Circulating Tumor DNA in Neoadjuvant-Treated Breast Cancer Reflects Response and Survival. Ann. Oncol. 2021, 32, 229–239.
[CrossRef]

60. Zhou, Q.; Gampenrieder, S.P.; Frantal, S.; Rinnerthaler, G.; Singer, C.F.; Egle, D.; Pfeiler, G.; Bartsch, R.; Wette, V.; Pichler, A.; et al.
Persistence of CtDNA in Patients with Breast Cancer During Neoadjuvant Treatment Is a Significant Predictor of Poor Tumor
Response. Clin. Cancer Res. 2022, 28, 697–707. [CrossRef]

61. Ståhlberg, A.; Krzyzanowski, P.M.; Egyud, M.; Filges, S.; Stein, L.; Godfrey, T.E. Simple Multiplexed PCR-Based Barcoding of
DNA for Ultrasensitive Mutation Detection by next-Generation Sequencing. Nat. Protoc. 2017, 12, 664–682. [CrossRef]

62. Papakonstantinou, A.; Gonzalez, N.S.; Pimentel, I.; Suñol, A.; Zamora, E.; Ortiz, C.; Espinosa-Bravo, M.; Peg, V.; Vivancos, A.;
Saura, C.; et al. Prognostic Value of CtDNA Detection in Patients with Early Breast Cancer Undergoing Neoadjuvant Therapy: A
Systematic Review and Meta-Analysis. Cancer Treat. Rev. 2022, 104, 102362. [CrossRef]

63. Pondé, N.F.; Zardavas, D.; Piccart, M. Progress in Adjuvant Systemic Therapy for Breast Cancer. Nat. Rev. Clin. Oncol. 2019, 16,
27–44. [CrossRef]

64. Kerr, A.J.; Dodwell, D.; McGale, P.; Holt, F.; Duane, F.; Mannu, G.; Darby, S.C.; Taylor, C.W. Adjuvant and Neoadjuvant Breast
Cancer Treatments: A Systematic Review of Their Effects on Mortality. Cancer Treat. Rev. 2022, 105, 102375. [CrossRef]

65. Olsson, E.; Winter, C.; George, A.; Chen, Y.; Howlin, J.; Tang, M.E.; Dahlgren, M.; Schulz, R.; Grabau, D.; Westen, D.; et al. Serial
Monitoring of Circulating Tumor DNA in Patients with Primary Breast Cancer for Detection of Occult Metastatic Disease. EMBO
Mol. Med. 2015, 7, 1034–1047. [CrossRef] [PubMed]

66. Garcia-Murillas, I.; Schiavon, G.; Weigelt, B.; Ng, C.; Hrebien, S.; Cutts, R.J.; Cheang, M.; Osin, P.; Nerurkar, A.; Kozarewa, I.; et al.
Mutation Tracking in Circulating Tumor DNA Predicts Relapse in Early Breast Cancer. Sci. Transl. Med. 2015, 7, 302ra133.
[CrossRef] [PubMed]

67. Garcia-Murillas, I.; Chopra, N.; Comino-Méndez, I.; Beaney, M.; Tovey, H.; Cutts, R.J.; Swift, C.; Kriplani, D.; Afentakis, M.;
Hrebien, S.; et al. Assessment of Molecular Relapse Detection in Early-Stage Breast Cancer. JAMA Oncol. 2019, 5, 1473–1478.
[CrossRef] [PubMed]

68. Coombes, R.C.; Page, K.; Salari, R.; Hastings, R.K.; Armstrong, A.; Ahmed, S.; Ali, S.; Cleator, S.; Kenny, L.; Stebbing, J.; et al.
Personalized Detection of Circulating Tumor DNA Antedates Breast Cancer Metastatic Recurrence. Clin. Cancer Res. 2019, 25,
4255–4263. [CrossRef]

69. Lipsyc-Sharf, M.; De Bruin, E.C.; Santos, K.; Mcewen, R.; Stetson, D.; Patel, A.; Kirkner, G.J.; Hughes, M.E.; Tolaney, S.M.;
Partridge, A.H.; et al. Circulating Tumor DNA and Late Recurrence in High-Risk Hormone Receptor-Positive, Human Epidermal
Growth Factor Receptor 2-Negative Breast Cancer. J. Clin. Oncol. 2022, 40, 2408–2419. [CrossRef]

70. Parsons, H.A.; Rhoades, J.; Reed, S.C.; Gydush, G.; Ram, P.; Exman, P.; Xiong, K.; Lo, C.C.; Li, T.; Fleharty, M.; et al. Sensitive
Detection of Minimal Residual Disease in Patients Treated for Early-Stage Breast Cancer. Clin. Cancer Res. 2020, 26, 2556–2564.
[CrossRef]

71. McDonald, B.R.; Contente-Cuomo, T.; Sammut, S.J.; Odenheimer-Bergman, A.; Ernst, B.; Perdigones, N.; Chin, S.F.; Farooq,
M.; Mejia, R.; Cronin, P.A.; et al. Personalized Circulating Tumor DNA Analysis to Detect Residual Disease after Neoadjuvant
Therapy in Breast Cancer. Sci. Transl. Med. 2019, 11, eaax7392. [CrossRef]

72. Chen, Y.H.; Hancock, B.A.; Solzak, J.P.; Brinza, D.; Scafe, C.; Miller, K.D.; Radovich, M. Next-Generation Sequencing of
Circulating Tumor DNA to Predict Recurrence in Triple-Negative Breast Cancer Patients with Residual Disease after Neoadjuvant
Chemotherapy. npj Breast Cancer 2017, 3, 24. [CrossRef]

73. Radovich, M.; Jiang, G.; Hancock, B.A.; Chitambar, C.; Nanda, R.; Falkson, C.; Lynce, F.C.; Gallagher, C.; Isaacs, C.; Blaya, M.; et al.
Association of Circulating Tumor DNA and Circulating Tumor Cells after Neoadjuvant Chemotherapy with Disease Recurrence
in Patients with Triple-Negative Breast Cancer: Preplanned Secondary Analysis of the BRE12-158 Randomized Clinical Trial.
JAMA Oncol. 2020, 6, 1410–1415. [CrossRef]

74. Turner, N.C.; Swift, C.; Jenkins, B.; Kilburn, L.; Coakley, M.; Beaney, M.; Fox, L.; Goddard, K.; Garcia-Murillas, I.; Proszek, P.; et al.
Results of the C-TRAK TN Trial: A Clinical Trial Utilising CtDNA Mutation Tracking to Detect Molecular Residual Disease and
Trigger Intervention in Patients with Moderate- and High-Risk Early-Stage Triple-Negative Breast Cancer. Ann. Oncol. 2023, 34,
200–211. [CrossRef]

75. Pan, H.; Gray, R.; Braybrooke, J.; Davies, C.; Taylor, C.; McGale, P.; Peto, R.; Pritchard, K.I.; Bergh, J.; Dowsett, M.; et al. 20-Year
Risks of Breast-Cancer Recurrence after Stopping Endocrine Therapy at 5 Years. N. Engl. J. Med. 2017, 377, 1836–1846. [CrossRef]
[PubMed]

76. Pedersen, R.N.; Esen, B.Ö.; Mellemkjær, L.; Christiansen, P.; Ejlertsen, B.; Lash, T.L.; Nørgaard, M.; Cronin-Fenton, D. The
Incidence of Breast Cancer Recurrence 10–32 Years after Primary Diagnosis. JNCI J. Natl. Cancer Inst. 2022, 114, 391–399.
[CrossRef]

https://doi.org/10.1038/s41598-020-71236-y
https://www.ncbi.nlm.nih.gov/pubmed/32895401
https://doi.org/10.1158/1078-0432.CCR-18-2521
https://doi.org/10.1016/j.annonc.2020.11.007
https://doi.org/10.1158/1078-0432.CCR-21-3231
https://doi.org/10.1038/nprot.2017.006
https://doi.org/10.1016/j.ctrv.2022.102362
https://doi.org/10.1038/s41571-018-0089-9
https://doi.org/10.1016/j.ctrv.2022.102375
https://doi.org/10.15252/emmm.201404913
https://www.ncbi.nlm.nih.gov/pubmed/25987569
https://doi.org/10.1126/scitranslmed.aab0021
https://www.ncbi.nlm.nih.gov/pubmed/26311728
https://doi.org/10.1001/jamaoncol.2019.1838
https://www.ncbi.nlm.nih.gov/pubmed/31369045
https://doi.org/10.1158/1078-0432.CCR-18-3663
https://doi.org/10.1200/JCO.22.00908
https://doi.org/10.1158/1078-0432.CCR-19-3005
https://doi.org/10.1126/scitranslmed.aax7392
https://doi.org/10.1038/s41523-017-0028-4
https://doi.org/10.1001/jamaoncol.2020.2295
https://doi.org/10.1016/j.annonc.2022.11.005
https://doi.org/10.1056/NEJMoa1701830
https://www.ncbi.nlm.nih.gov/pubmed/29117498
https://doi.org/10.1093/jnci/djab202


Cells 2023, 12, 1573 22 of 22

77. Li, X.; Yang, J.; Peng, L.; Sahin, A.A.; Huo, L.; Ward, K.C.; O’Regan, R.; Torres, M.A.; Meisel, J.L. Triple-Negative Breast Cancer
Has Worse Overall Survival and Cause-Specific Survival than Non-Triple-Negative Breast Cancer. Breast Cancer Res. Treat. 2017,
161, 279–287. [CrossRef] [PubMed]

78. Liedtke, C.; Mazouni, C.; Hess, K.R.; André, F.; Tordai, A.; Mejia, J.A.; Symmans, W.F.; Gonzalez-Angulo, A.M.; Hennessy, B.;
Green, M.; et al. Response to Neoadjuvant Therapy and Long-Term Survival in Patients with Triple-Negative Breast Cancer. J.
Clin. Oncol. 2008, 26, 1275–1281. [CrossRef]

79. Clark, T.A.; Chung, J.H.; Kennedy, M.; Hughes, J.D.; Chennagiri, N.; Lieber, D.S.; Fendler, B.; Young, L.; Zhao, M.; Coyne, M.; et al.
Analytical Validation of a Hybrid Capture–Based Next-Generation Sequencing Clinical Assay for Genomic Profiling of Cell-Free
Circulating Tumor DNA. J. Mol. Diagn. 2018, 20, 686–702. [CrossRef]

80. Cohen, J.D.; Li, L.; Wang, Y.; Thoburn, C.; Afsari, B.; Danilova, L.; Douville, C.; Javed, A.A.; Wong, F.; Mattox, A.; et al. Detection
and Localization of Surgically Resectable Cancers with a Multi-Analyte Blood Test. Science 2018, 3247, 926–930. [CrossRef]

81. Lennon, A.M.; Buchanan, A.H.; Kinde, I.; Warren, A.; Honushefsky, A.; Cohain, A.T.; Ledbetter, D.H.; Sanfilippo, F.; Sheridan, K.;
Rosica, D.; et al. Feasibility of Blood Testing Combined with PET-CT to Screen for Cancer and Guide Intervention. Science 2020,
369, eabb9601. [CrossRef]

82. Jamshidi, A.; Liu, M.C.; Klein, E.A.; Venn, O.; Hubbell, E.; Beausang, J.F.; Gross, S.; Melton, C.; Fields, A.P.; Liu, Q.; et al.
Evaluation of Cell-Free DNA Approaches for Multi-Cancer Early Detection. Cancer Cell 2022, 40, 1537–1549. [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/10.1007/s10549-016-4059-6
https://www.ncbi.nlm.nih.gov/pubmed/27888421
https://doi.org/10.1200/JCO.2007.14.4147
https://doi.org/10.1016/j.jmoldx.2018.05.004
https://doi.org/10.1126/science.aar3247
https://doi.org/10.1126/science.abb9601
https://doi.org/10.1016/j.ccell.2022.10.022

	Introduction 
	Circulating Tumor DNA 
	Techniques Used for ctDNA Detection and Analysis in Early-Stage Cancers 
	Circulating Tumor DNA in the Management of Early-Stage Breast Cancer 
	ctDNA in Early BrCa Diagnosis 
	ctDNA in Prognosis and Prediction of Therapy Response in the Neoadjuvant Setting 
	ctDNA in MRD Detection and Patient Surveillance 
	ctDNA in the Prediction of Relapse in TNBC Patients with Residual Disease 

	Conclusions-Future Perspectives 
	References

