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A B S T R A C T

Despite a significant evolution in treatment strategies for early breast cancer (EBC) patients, up to 30% of them
experience recurrence due to occult micrometastasis. The minimal residual disease (minimal RD) in EBC patients
after the treatment with curative intent cannot be easily detected by clinical examination and radiological im-
aging, as they are both burdened by limited sensitivity. A new frontier and promising approach to address this
unmet need is the study of liquid biopsy (LB). The most studied tumor-derived analytes in the peripheral blood for
minimal RD monitoring are currently: i) the circulating tumor DNA (ctDNA), for the detection of somatic DNA
alterations, so referred to as molecular residual disease (MRD); ii) circulating tumor cells (CTCs), for the detection
of cellular residual disease (CRD).

MRD detection, while reaching a high specificity, is still presenting a number of limitations. On the other hand,
CRD allows a real-time disease monitoring, detecting live cells, and possess the potential to provide an enormous
amount of biological information. Indeed, CTCs can provide a multi-level portrait (i.e., DNA, RNA and proteins) of
the tumor, longitudinally depicting its evolving landscape, and can be used for functional (in vitro/in vivo)
characterization. Moreover, CRD goes beyond the association with the risk of recurrence: predictive biomarkers
for treatment response can also be evaluated. Nevertheless, CTCs are less studied in this context, because of their
need to be immediately processed and their limited detection in a small fraction of patients in the early and post-
surgery setting. These limitations could however be overcome by the use of newly developed technologies that
enable an increased CTC detection rate and retrospective studies.

Here, we review the strengths and limitations of using MRD and CRD for minimal RD detection, focusing on the
methodologies available for LB analysis in this setting, and on the main clinical studies investigating MRD and
CRD in EBC. Considering the limits and the advantages of both MRD and CRD, we propose the integration of
ctDNA and CTCs as complementary tools for minimal RD assessment to achieve a synergistic and novel approach
for minimal RD analysis.
1. Introduction

Breast cancer (BC) is the most commonly diagnosed female cancer
worldwide and represents the second cause of cancer mortality in women
in the United States, with more than 40,000 estimated deaths in 2023
[1]. Early BC (EBC) accounts for >90% of all diagnosed BC. Despite a
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significant evolution in treatment strategies for EBC, up to 30% of pa-
tients will experience recurrence often developing distant metastases due
to occult micrometastases (i.e., minimal residual disease, minimal RD)
that has not been eradicated by systemic therapy [2]. Early recurrences
take place in the first 5-years after diagnosis and represents the majority
of cases, often associatedwith more aggressive disease subtypes [3], even
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though a sizable portion of those may occur decades after the primary
disease diagnosis, especially in the hormone receptor positive (HRþ)
disease [2,4–6]. Thus, the ability to detect and monitor minimal RD,
following curative intent in the early setting, would help refining risk of
relapse and guide personalized treatment intensity. Nonetheless, mini-
mal RD detection still remains a major challenge mainly relying on
clinical examination and radiological imaging, both burdened by limited
sensitivity [7].

Liquid biopsy (LB) is an increasingly promising option in addressing
this unmet need, due to its minimally invasive approach to detect tumor-
derived analytes, including circulating tumor DNA (ctDNA) and circu-
lating tumor cells (CTCs) [3].

ctDNA, the most used LB biomarker for minimal RD monitoring, al-
lows for the detection of somatic DNA alternations in the blood and can
therefore be referred to as molecular residual disease (MRD). On the other
hand, CTCs have the potential to investigate minimal RD from a different
perspective, allowing to detect the cellular residual disease (CRD). CRD
holds the promise to gain knowledge about the molecular, but also
phenotypic and functional features of the RD. Thus, it would provide
additional insights to i) predict tumor relapse, ii) identify biomarkers to
guide treatment, and iii) understand the biology of metastasis formation.

Herein, we review the strengths and weaknesses of ctDNA and CTCs
as biomarkers for minimal RD detection, with a focus on methods and on
results obtained in the EBC setting. Moreover, new opportunities offered
by CRD are discussed.

2. ctDNA as a biomarker for MRD

Cell free DNA (cfDNA) can be detected in several biological fluids
such as blood, saliva, urine, cerebrospinal fluid, and pleural fluid. It is
typically double stranded, highly fragmented, long in length (>150 base
pairs) and it is released by multiple mechanisms (e.g., apoptosis, necrosis
and phagocytosis) [8]. cfDNA concentration, which is physiologically
low, may be increased in pathological conditions, such as cancer [9].
ctDNA is the portion of cfDNA released by tumor cells, it is characterized
by a shorter fragment length (130-140 base pairs) and its concentration
varies depending on several factors, such as tumor type, staging and sites
of involvement [8,10]. It, moreover, encompasses a broad range of
cancer-related genetic and epigenetic information, such as single nucle-
otide variants (SNVs), copy number variations (CNVs), chromosomal
aberrations (deletion/amplification and gene fusion), and methylation
patterns [9,11].

2.1. Currently available ctDNA-based methods for MRD detection

Compared to all the LB analytes, ctDNA has been among the most
studied, and different assays have been developed for its analysis. Most of
currently available commercial assays are designed for advanced stage
tumors, where ctDNA concentration is high, and are not suitable for MRD
detection due the significantly lower plasma ctDNA levels in the early
and post-surgery settings [8]. Consequently, significant resources have
been invested in developing new technologies with a higher sensitivity
and accuracy to be implemented for MRD detection [12,13]. Based on
how ctDNA is investigated, these methods can be divided into two cat-
egories: tumor-agnostic and tumor-informed. Tumor-agnostic assays
operate without an a priori knowledge of the primary tumor's genomic
profile; they can be based on the detection of common actionable tar-
gets/hotspot mutations, chromosomal aberrations, or epigenetic fea-
tures. Meanwhile, tumor-informed approaches are designed after
primary tumor tissue sequencing and are therefore specific for each pa-
tient. The type of ctDNA-detection method should be chosen depending
on the study objective and the clinical question [14].

2.1.1. Tumor-agnostic/naïve methods
These approaches are conducted without a priori knowledge about the

primary tumor's genomic profile. Most of these assays are based on large,
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targeted next-generation sequencing (NGS) panels designed around
hotspot mutations. Other strategies, such as epigenetic profiling or whole
exome and whole genome sequencing (WES and WGS, respectively) are
starting to gain attention. These methodologies could theoretically be
more suitable for the clinical practice, since (i) one technique could be
used for a broad spectrum of patients, (ii) they offer the possibility to
comprehensively understand and explore several genetic alterations, and
(iii) they allow to detect new alterations/clones that might emerge after
surgery. By contrast, they are burdened by low sensitivity, due to the
reduced sequencing depth with respect to tumor-informedmethods and a
higher rate of false positives and non-tumor derived mutations (such as
those deriving from clonal hematopoiesis of indeterminate potential,
CHIP) [15].

Targeted NGS approaches include, as an example, the Cancer
Personalized Profiling by Deep Sequencing (CAPP-Seq) [16] and AVENIO
assay (Roche Diagnostics, Canada). Meanwhile, methods investigating
also the epigenetic information, such as Guardant Reveal (Guardant
Health, Palo Alto, CA), are promising, since they might increase the assay
sensitivity (i.e., epigenetic patterns are less heterogeneous within the
tumor and are not as polyclonal as SNVs).

2.1.2. Tumor-informed methods
Contrary to the previously described techniques, tumor-informed

methodologies are based on the features obtained from the primary tu-
mor's characterization, used as somatic reference to design a personalized
ctDNA panel [17].

One of the oldest approaches of this kind was amplification-refractory
mutation system (ARMS) used for the rapid analysis of specific alleles in
plasma or serum [18]. The method, able to detect a specific allele at once,
was used as a diagnostic tool for the analysis of single nucleotide poly-
morphisms or hotspot mutations. However, the limit of variant allele
frequency (VAF) detection at 0.1-1% and the possibility to only query one
genetic locus per assay, made it be rapidly replaced by more innovative
methods.

Nowadays, the most commonly used methods are the ultrasensitive
targeted approaches [e.g., droplet digital polymerase chain reaction
(ddPCR) or beads, emulsion, amplification, and magnetics (BEAM)ing-
PCR], based on partitioning a DNA sample into a large number of small
reactions to provide an absolute quantification of each investigated
mutation, improving sensitivity and limiting false detection rate [8].
Additionally, epigenetic characterization of ctDNA can be investigated
using ddPCR. Meanwhile, other technologies are based on
multiplex-PCR, such as the commercially available Signatera™ assay
(Natera Inc), that received three Food and Drug Administration (FDA)
breakthrough device designations for MRD testing.

Although the high sensitivity required for MRD detection is reached
by these methods, they still present limitations, such as a high back-
ground rate [19], the significant cost [20,21] and the inability to detect
newly emerged clones. Overall, the optimal method for MRD detection
has yet to be defined and developed.

2.2. Clinical studies on MRD detection in EBC patients

In the last decade, there has been an exponentially growing interest
into evaluating the role of ctDNA as a monitoring biomarker in patients
with EBC to stratify those with complete disease eradication vs. residual
disease after surgery. As a matter of fact, multiple studies have been
conducted to investigate the prognostic role of MRD, considering its
ability to anticipate radiological relapse (Table 1) [22], and they are
herein described.

The pivotal study demonstrating the feasibility of MRD detection and
tracking through ctDNA in a non-invasive way was published in 2015 by
Garcia-Murillas et al. [23]. Their approach was based on a personalized
ddPCR assay, developed using the primary tumor mutation profile of a
relatively small cohort of patients with EBC (n ¼ 55) who received
neoadjuvant chemotherapy before surgery. While ctDNA detection at



Table 1
Clinical studies on Molecular Residual Disease (MRD) detection in EBC patients Abbreviations: circulating tumor DNA (ctDNA); confidence interval (CI); distant
disease-free survival (DDFS); disease free survival (DFS); early breast cancer (EBC); hazard ratio (HR); inflammatory breast cancer (IBC); not available (NA); neo-
adjuvant therapy (NAT); overall survival (OS); pathological complete response (pathCR); polymerase chain reaction (PCR); prospective (Prosp); relapse free survival
(RFS); retrospective (Retrosp.); triple negative breast cancer (TNBC); unique molecular indexes (UMIs).

Author
year

Setting Patient
#

Subtype Type of
study

Timepoints ctDNA method of
detection

Detection Rate Association with
outcome

Average
lead time -
median
[range]

[23] EBC patients treated
with neoadjuvant
chemotherapy

43 Various Prosp. 1- After surgery (2
to 4 weeks after
surgery)

2- Mutation
tracking (after
surgery and every 6
months during
follow-up)

ctDNA (tumor
informed)
primary tumor: small
panel targeting 14
known breast cancer
driver genes
ctDNA: personalized
digital polymerase
chain reaction
(dPCR) assays

1- 19% (7/37) of
total patients (not
experiencing relapse
4%; experiencing
relapse 50%)

2- 30% (13/43) of
total patients (not
experiencing relapse
4%; experiencing
relapse: 80%)

1- DFS: HR 25.1,
95% CI 4.08
-130.5,
p < 0.0001

2- DFS: HR 12.0,
95% CI 3.36-
43.07, p< 0.0001

7.9
months
[0.03-
13.6]

[24] EBC patients 20 Various Retrosp. After surgery and
during follow-up

ctDNA (tumor
informed)
primary tumor: low
pass whole genome
sequencing
ctDNA: droplet
digital PCR (ddPCR)

93% (13/14) of
patients
experiencing relapse;
0% (0/6) of patients
not experiencing
relapse

Level of ctDNA
associated to the
risk of metastatic
disease (p ¼ 0.02)
and death
(p ¼ 0.04)

11 months
[0-37]

[25] EBC patients 49 Various Prosp. After surgery and
during adjuvant
treatment/follow-
up

ctDNA (tumor
informed)
primary tumor and
white blood cells:
whole exome
sequencing
(Signatera)
ctDNA: Signatera

89% (16/18) of
patients
experiencing relapse;
0% (0/31) of
patients not
experiencing relapse

1- ctDNA at first
postsurgical
sample. RFS: HR
11.8; 95% CI
4.3–32.5;
p < 0.0001

2- ctDNA in
follow-up
samples. RFS: HR
35.8; 95% CI
8.0–161.3;
p < 0.0001

8.9
months
[0.5–24]

[26] EBC patients
receiving
neoadjuvant
chemotherapy
followed by surgery
or surgery before
adjuvant
chemotherapy

101 Various Prosp. Mutation tracking
(every 3 months for
the first year of
follow-up and
subsequently every
6 months for 5
years)

ctDNA (tumor
informed)
primary tumor: small
panel targeting 14
known breast cancer
driver genes
ctDNA: personalized
digital polymerase
chain reaction
(dPCR) assays

79% (23/29) of
patients
experiencing relapse

RFS: HR 25.2;
95% CI 6.7-95.6,
p < 0.001

10.7
months
[8.1-19.1]

[27] EBC who had residual
disease after
neoadjuvant
chemotherapy

196 TNBC Prosp. Prior initiation of
adjuvant treatment

ctDNA (tumor
agnostic)
hybridization-
captured adaptor
ligated based
libraries of
frequently
rearranged genes in
cancer

65% (37/57) in Arm
A and 62% (23/85)
in Arm B; 79% (23/
29) experiencing
relapse: 52% (43/
83) not experiencing
relapse

DDFS:HR 2.99,
95% CI 1.38-6.48,
p ¼ 0.006
DFS: HR 2.67,
95% CI 1.28-5.57,
p ¼ 0.009
OS: HR 4.16, 95%
CI 1.66-10.42,
p ¼ 0.002

NA

[20] EBC patients who
received curative-
intent treatment

142 Various Retrosp. 1- After surgery
(median 3.6
months)
2- 1 year follow-up
(median 14.3
months)

ctDNA (tumor
informed)
primary tumor: whole
exome sequencing
ctDNA: 142 patient-
specific panels

1- 70% (7/10) of
patients
experiencing relapse;
23% (23/101) of
patients not
experiencing relapse
2- 100% (6/6) of
patients
experiencing relapse;
22% (26/116) of
patients not
experiencing relapse

1- DRFS: HR 5.1;
95% CI 2.0–12.7,
p ¼ 0.00048

2- DRFS: HR 20.8;
95% CI 7.3-58.9,
p < 0.0001

18.9
months
[3.4 -
39.2]
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baseline (i.e., before neoadjuvant treatment) was not associated with
disease-free survival (DFS), patients with ctDNA detection after surgery
(i.e., 2 to 4 weeks after surgery) (19%) had shorter DFS [6.5 months vs.
median not reached for ctDNA-negative; hazard ratio (HR): 25.1; 95%
3

confidence interval (CI) 4.08-130.5]. Moreover, ctDNA detection in serial
samples after surgery (i.e., mutation tracking) was predictive of early
relapse (HR: 12.0; 95% CI 3.36-43.07). Of note, the single time point
approach had low sensitivity since only half of relapses were detected
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through ctDNA in a single postsurgical sample. Nevertheless, detection
rate increased to 80%withmutation tracking. Themedian lead time from
ctDNA detection to clinical relapse was 7.9 months. Noteworthy, 96% of
patients that did not experience relapse were ctDNA negative with either
a single or multiple time point approach. Nevertheless, the authors
highlighted the need to improve the detection of variant alleles with low
frequencies and to incorporate strategies to control sequencing errors and
artifacts. Successively, Olsson et al. conducted a retrospective analysis of
ctDNA in 20 patients with EBC, using a low coverage WGS combined
with a ddPCR-based personalized panel [24]. Their approach was based
on the profiling of both primary tumor and normal tissue to identify
tumor-associated chromosomal rearrangements. Among the 14 patients
with known clinical recurrence, 13 (93%) had ctDNA detected in one or
more time points after surgery. Conversely, none of the patients with long
DFS had detectable ctDNA at any time point. ctDNA-based detection of
occult metastases preceded the clinical diagnosis of distant disease in
12/14 patients (86%), with an average lead time of 11 months (range
0-37 months). Moreover, in this study the level of ctDNA was a quanti-
tative risk factor for developing metastases (odds ratio 2.1 for each
doubling of ctDNA levels, p ¼ 0.02) or death (odds ratio 1.3 per ctDNA
doubling, p ¼ 0.04). Similar promising results on the role of ctDNA for
early recurrence detection were annotated by Coombes and colleagues in
a prospective multicenter study in EBC [25]. In their study,
patient-specific somatic variants were identified upfront comparing
paired primary tumor and matched white blood cell through WES. Sub-
sequently, ctDNA was analyzed from plasma samples collected after
surgery and during adjuvant treatment. The authors detected ctDNA in
plasma samples from 16/18 patients who experienced disease recur-
rence, with a lead time of up to 2 years prior to distant metastatic relapse
(median lead time 8.9 months). Although, none of the patients without
recurrence was ctDNA-positive at any time point. Thus, their assay
showed a 100% specificity and 89% sensitivity. Notably, sensitivity
differed across BC subtypes, being 82%, 100%, and 100% in HRþ/hu-
man epidermal growth factor receptor 2 negative (HER2�),
HRþ/HER2þ, and triple-negative BC (TNBC), respectively. Additionally,
ctDNA detection at either first postsurgical or follow-up samples was
significantly associated with poorer prognosis (HR 11.8 and 35.8,
respectively). Nevertheless, an inherent limitation of the assay was the
inability to detect second primary BCs being limited to the mutational
profile of the original primary. Moreover, a high volume of plasma (up to
5 mL) was used to prevent low detection.

Another prospective, multicenter, study by Garcia-Murillas et al.
supported the association between MRD and relapse (HR: 25.2; 95% CI
6.7-95.6; p < 0.001) in a cohort of 101 patients with EBC [26]. Of 29
patients experiencing recurrence, 23 (79.3%) had prior ctDNA detection
(median lead time of 10.7 months), while 6 (20.7%) relapsed without
ctDNA detection before or at the time of recurrence. Of note all
ctDNA-negative patients who experienced recurrence had a single site of
relapse. Moreover, differences were observed across sites of relapse.
While extracranial relapse was detected by ctDNA in 96% of patients
(22/23), only 17% of patients with brain-only metastasis were ctDNA
positive (1/6), suggesting that brain-only relapses are unlikely to be
detected by ctDNA. In this study a higher level of ctDNA was observed
among patients with TNBC as compared to other BC subtypes.

Radovich et al. conducted an analysis of patients with early-stage,
high-risk, TNBC with pathological residual disease after neoadjuvant
chemotherapy (n ¼ 196) enrolled in the BRE12-158 phase II study [27].
ctDNA at the time of post-neoadjuvant treatment initiation was detected
in up to 65% of patients and was associated with inferior distant
disease-free survival (DDFS, median 32.5 months vs not reached, HR
2.99, 95% CI 1.38-6.48, p ¼ 0.006). Similar results were observed for
DFS and overall survival (OS). The OS probability at 24 months was 57%
for ctDNA positive patients compared to 80% for ctDNA negative pa-
tients. Of note, in this study CTCs were concomitantly evaluated with
ctDNA highlighting an increased sensitivity and discriminatory capacity
when the two biomarkers were combined.
4

Finally, Parsons et al. tested an ultrasensitive tumor-informed assay in
a cohort of 142 patients with EBC treated with curative intent with
available postoperative samples [20]. Detection of ctDNA immediately
after surgery (median time to plasma collection was 3.53 months) was
associated with distant relapse (HR: 5.1, 95% CI 2.0-12.7). However,
MRD was not associated with local-only recurrence. The prediction for
distant recurrence was stronger for ctDNA positivity after 1 year from
surgery (HR: 20.8; 95% CI 7.3–58.9). Sensitivity was driven by the
number of tumor mutations available to track in cfDNA. Remarkably, the
published longest lead time to clinical recurrence was observed (18.9
months, range 3.4-39.2) in this study. This crucial finding could allow an
early intervention, oriented to potentially curative approaches.

In the meantime, the clinical utility of MRD-related assay has been for
the first time investigated by Turner and colleagues in order to select
patients for adjuvant systemic therapy [28]. Several trials with the same
objective are currently ongoing. Among them, we can mention: i)
LEADER (NCT03285412), evaluating therapy escalation for early-stage
estrogen receptor (ER) positive BC, ii) DARE (NCT04567420), investi-
gating the impact of fulvestrant and palbociclib in ERþ/HER2-stage II/III
BC patients with MRD, iii) TREAT-ctDNA trial (NCT05512364), a phase
III trial evaluating the efficacy of the newly approved elacestrant
compared to SoC (standard of care) in patients with HRþ/HER2-lo-
calized BC, positive to MRD after curative therapy. Nonetheless, this
approach shows significant challenges as demonstrated by the early
discontinuation of ZEST (NCT04915755), a phase III study aimed at
assessing the potential for ctDNA to guide therapy in TNBC and BRCA1/2
(BReast CAncer gene 1/2) mutated BC. Specifically, fewer than 5% of the
800 patients have been randomized so far, rendering the study
unfeasible.

Some limitations in the use of ctDNA alone for minimal RD detection
should be addressed. For example, interval from blood collection to
plasma isolation, centrifugation protocol, purification methods and
plasma storage are all parameters that influence the results and still need
to be standardized [29]. The large availability of storage and extraction
methods and sequencing techniques make the reproducibility tricky.
Additionally, the choice of which tumor variants should be included in
the tumor-personalized panel may be arbitrary; there is no standardiza-
tion regarding the optimal time point for ctDNA assessment; consensus
cut-off value that should be used to discriminate high and low ctDNA
concentrations is still not defined. Comparison of clinical sensitivity and
lead time among studies is challenging, due to numerous potential con-
founders such as differences in patient populations, treatments, timing of
sampling, and duration of follow-up. Lastly, ctDNA can only provide
limited information about the tumor, mainly related to its genomic fea-
tures, without allowing for a characterization of phenotypic features such
as expression of markers that might be treatment targets, or the activa-
tion of pathways related to resistance mechanisms at the RNA level.

3. CRD: CTCs as a biomarker for minimal RD

CTCs are defined as cancer cells that have detached from the primary
tumor and have been released into the circulatory system [30]. They are
being investigated as a LB biomarker for real-time disease monitoring, as
they can be detected since the early stages of disease even before clinical
evidence of metastasis [31]. Even though most studies on CTCs have
investigated their role in the metastatic setting [32,33], CTCs can also be
detected in EBC [34] and, when detected at diagnosis or at the time of
surgery in a cohort of 3173 patients with stage I-III BC, have shown to be
an independent negative prognostic factor for DFS, BC specific survival,
and OS (W. J. [35]). A similar prognostic value in EBC has been subse-
quently reported in other studies [36–38]. These studies support the
possibility to use CTCs also for the detection of minimal RD after curative
treatment (i.e., CRD).
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3.1. Methods for CTCs detection

The study of CTCs is challenging due to their short half-life in the
blood (estimated to be around 1 h)[39] and because CTCs represent rare
cells as compared to other cells found in the bloodstream. Therefore, the
enrichment of CTCs is a key step for their isolation and identification.
Many enrichment methods have been developed to this aim, based on
different strategies, among which the most common is the detection of
epithelial markers such as cytokeratin and epithelial cell adhesion
molecule (EPCAM) [40]. The most used technology, especially in the
context of clinical studies, is the CellSearch® system (Menarini Silicon
Biosystems, Florence, Italy), which was approved in 2004 by the FDA for
CTCs enumeration in metastatic BC. CellSearch® is a platform for the
enumeration of CTCs based on the selection of EPCAM-expressing cells
through antibody-labelled magnetic ferrofluids and the detection of cells
positive for cytokeratin and 40,6-diamidino-2-phenylindole (DAPI) and
negative for CD45 [41].

3.2. Clinical studies on CRD detection in EBC patients

Various studies have investigated CTCs for minimal RD detection in
patients with EBC who underwent surgery (Table 2). In the SUCCESS-A
study, blood samples from more than 2000 patients with EBC were
collected after surgery and after completion of adjuvant chemotherapy
[42]. The study showed that CTC detection (�1 CTC per 30 mL of blood)
before adjuvant chemotherapy was an independent prognostic factor,
associated to shorter DFS (HR 2.257; 95% CI 1.595-3.195; p < 0.0001)
and OS (HR, 2.447; 95% CI 1.491- 4.015; p ¼ 0.0004). Moreover, the
persistence of CTCs after adjuvant chemotherapy also showed a negative
impact on outcome with a significantly reduced DFS for those patients
persistently positive for CTCs (both before and after adjuvant chemo-
therapy) compared with all other subgroups. A subsequent analysis from
the SUCCESS-A trial after 5 years of completion of adjuvant chemo-
therapy, confirmed the importance of CTCs evaluation during follow-up
as CTC detection after 5 years from chemotherapy was associated with
decreased relapse-free survival (RFS), suggesting that persisting CTCs
during long term follow-up independently predict late recurrences in
patients with HR þ BC (W. [43]). Results from the ECOG-ACRIN-E5103
study further supported the role of CTCs to stratify the risk of late
recurrence in HRþ EBC patients [44]. The CTC-positivity after five years
was indeed the strongest predictor of late disease recurrence in patients
with HR þ BC, with a median time to recurrence of 2.8 years. In a lon-
gitudinal study performed by van Dalum et al., in 2014, the detection of
�1 CTC before surgery, after adjuvant therapy, and one and two years
after surgery, was associated with poorer RFS and OS, however no sig-
nificant association was reported for CTC detection immediately after
surgery [45]. Goodman et al., in 2018 in their retrospective analysis re-
ported results regarding the interactions between adjuvant radiotherapy,
CTC detection and clinical outcome in patients with EBC [46]. Interest-
ingly, radiotherapy was associated with longer OS in patients with CTCs
detected before adjuvant therapy, but not in those without detectable
CTCs. These data suggest that the detection of CTCs after surgery could
serve as a predictive marker of the benefit to this treatment. Beyond the
evidence supporting the role of CRD alone to predict risk of recurrence,
initial data is supporting the combination of CTCs and ctDNA to stratify
the prognosis of patients with EBC. In the study by Radovich and col-
leagues [27], patients with TNBC who had pathological residual disease
after neoadjuvant chemotherapy were evaluated for both ctDNA and
CTCs. At this time point CTCs were detected in up to 43% of patients and
increasing CTC count was significantly associatedwith inferior DDFS (HR
1.07; 95% CI 1.01-1.13; p ¼ 0.02), DFS (HR 1.11; 95% CI 1.03-1.19;
p ¼ 0.004), and OS (HR 1.09; 95% CI 1.02-1.17; p ¼ 0.01), suggesting
an association between the quantitative burden of CTCs and outcomes.
Interestingly, in this study no significant association between CTC posi-
tivity (defined as � 1 CTC detected) and ctDNA positivity was found
5

(p¼ 0.19). A proportion of patients were positive for one marker and not
the other, such that the sensitivity to detect recurrences went from 79%
(23 of 29) with ctDNA alone and 62% (18 of 29) with CTC alone to 90%
(26 of 29) when combined. The combination of ctDNA and CTCs was
associated with increased discriminatory capacity: patients who were
positive for both ctDNA and CTCs had inferior DDFS compared with
those who were positive for ctDNA alone or CTC alone, while patients
who were negative for both ctDNA and CTCs had the best outcomes. The
latter group might be a subgroup in which patients do not benefit from
additional therapy, and this may be an ideal place to study novel
de-escalation strategies. Therefore, study aimed at evaluating the com-
bined prognostic value of MRD and CRD are hugely needed.
3.3. Challenges and new opportunities for CRD monitoring

To date, despite the evidence on the prognostic role of CTCs and CRD
detection in EBC, their clinical use for minimal RD monitoring is limited.
This is mainly due to several hurdles, especially: i) CTC detection re-
quires specialized instruments and personnel, ii) they need to be pro-
cessed immediately or within a few days of blood collection, making
them not suitable for retrospective studies, iii) CTCs are detected only in
a small fraction of patients in the early and post-surgery setting. In fact, in
the early setting, about to 20% of patients have CTCs detected after
surgery, before adjuvant therapy using the CellSearch® system (Table 2).
However, several different label-free methods have been developed for
CTC enrichment mainly based on physical properties such as density,
size, and deformability [47], which might increase the detection rate. In
this regard, in the study of Radovich et al. [27], by using a technology
combining microfluidics, immunomagnetics and size-based filtration
[48], CTCs were detected in about 40% of samples collected after surgery
from patients with EBC. Detection methods that do not rely on the
expression of epithelial markers could further increase CTC detection,
since CTCs have a heterogeneous and transitional nature concerning
epithelial-to-mesenchymal transition (EMT) [49]. In a study conducted
in 2021 by Reduzzi et al. [50], CellSearch® was compared to two
size-based technologies (CellSieve™ and ScreenCell® filters) for identi-
fying CTC-clusters in early and metastatic BC. In samples spiked-in with
epithelial breast cancer cell line cells, the methods had similar recovery
capability, suggesting that, when the tumor cells express epithelial
markers, the methodologies have a similar efficiency in cluster detection.
However, in 19 samples from patients with metastatic BC processed in
parallel with CellSearch® and CellSieve™ filters, the latter allowed
CTC-cluster detection in a higher proportion of cases: 80% and 53%,
respectively, suggesting that CTCs in patients might have a heteroge-
neous epithelial/mesenchymal phenotype, reducing the efficiency of
methods that are based on EPCAM expression. Interestingly, in the EBC
cohort, the filtration enrichment allowed the detection of CTC-clusters at
baseline in 26/37 (70%) cases and after surgery in 7/18 (39%) samples.
Marker-independent approaches might, therefore, improve the detection
of single CTCs and CTC-clusters. Another strategy for improving CTC
detection is avoiding the enrichment altogether. In recent years, 2 plat-
forms (Epic Sciences platform, Epic Sciences, San Diego, CA, USA); See.d,
Tethis S.p.A., Milan, Italy) have been developed that produce a set of
glass slides on which all nucleated blood cells are placed and stabilized as
a monolayer. The slides can be used for different kind of staining and can
be scanned and analyzed with algorithms to automatically identify pu-
tative CTCs. Krol et al. [51] used the See.d technology for CTC detection
in a cohort of 28 EBC patients and 30 healthy donors and were able to
detect CTCs in a large percentage of BC patients with a sensitivity of 75%
and a specificity of 96.7%. Interestingly, this method also reported the
presence of CTC-clusters in EBC, detected in 5/28 patients. Another
major advantage of these platforms is the possibility to store the slides for
subsequent analysis, opening the way for retrospective studies in the CRD
setting.



Table 2
Clinical studies on Cellular Residual Disease (CRD) detection in EBC patients
Abbreviations: breast cancer specific survival (BCSS); circulating tumor cells (CTCs) confidence interval (CI); distant disease-free survival (DDFS); disease free survival
(DFS); distant metastasis free survival (DMFS); hazard ratio (HR); hormone receptor positive (HRþ) local recurrence-free survival (LRFS); median time to recurrence
(mTTR); not available (NA); prospective (Prosp); relapse free survival (RFS); retrospective (Retrosp.); time ratio (TR); triple negative breast cancer (TNBC).

Author,
year

Stage Patient # Subtype Type
of
study

Timepoints Detection method Detection rate Association with
outcome

Observed
association/lead
time

SUCCESS
A trial:

- [42]
- [43]

I-III 2026 Various Prosp. 1) before adjuvant
chemotherapy
2) after adjuvant
chemotherapy
(1492 patients)
3) 5 years after
adjuvant
chemotherapy (206
patients)

CellSearch® 1) 21.5% (435/
2026); 19.6% of
node-negative
and 22.4% of
node-positive
Overall CTCs
detected in 19%
and 30% of
patients with
locoregional or
distant relapse,
respectively
2) 22.1% (330/
1493)
3) 7.8% (16/206)

1) DFS: HR,2.257; 95%
CI 1.595-3.195;
p < 0.0001
OS: HR, 2.447; 95% CI
1.491- 4.015;
p ¼ 0.0004
2) DFS HR, 1.124; 95%
CI 1.02-1.25; p ¼ 0.02
OS HR, 1.162; 95% CI
0.99- 1.37; p ¼ 0.06
3) RFS in HR þ BC: HR
5.14, 95% CI 1.47-
18.03, p ¼ 0.011

Patients with �5
CTCs: at 36
months, 28.1% of
patients
presented with
recurrent disease
and 14.3% had
died

[44] II-III 547 Various Prosp. Approximately 5
years after
diagnosis

CellSearch® 4,8% (26/547) Risk of recurrence
overall: HR 12.7, 95% CI
4.7-34.7, p < 0.001
Risk of recurrence HRþ:
HR 10.82, 95% CI 4.42-
26.47, p < 0.001

mTTR: 2.8 years
(range, 0.1-2.8
years)

[46] I-II 1697
NCDB and
1516
SUCCESS

Various Prosp. Before adjuvant
therapy

CellSearch® NCBD: 23.5%
(399/1697)
SUCCESS: 19.4%
(294/1516)

NCDB: CTC-negative
patients had longer OS
compared with CTC-
positive patients (TR,
1.78; 95% CI, 1.34-2.36;
p < 0.001)
SUCCESS: CTC-negative
status was
independently
associated with
significantly longer DFS
(TR, 2.18; 95% CI, 1.42-
3.35; p < 0.001), LRFS
(TR, 2.12; 95% CI, 1.21-
3.72; p¼ 0.008), and OS
(TR, 1.97; 95% CI, 1.20-
3.23; p ¼ 0.007)

NA

van
Dalum,
2014

I-III 403 Various Prosp. 1) before surgery
2) 1 week after
surgery
3) After completion
of adjuvant chemo-
and/or
radiotherapy or
before start
endocrine therapy
4) 1-year post
surgery
5) 2-years post
surgery
6) 3-years after
surgery

CellSearch® 1) 19% (75/403)
2) 18% (66/367)
3) 15% (40/263)
4) 12% (30/235)
5) 11% (18/144)
6) 13% (11/83)

1) RFS p ¼ 0.022;
OS p ¼ 0.006
2) RFS p ¼ 0.852;
OS p ¼ 0.182
3) RFS p < 0.001;
OS p ¼ 0.018
4) RFS p ¼ 0.006;
OS p ¼ 0.013
5) RFS p < 0.001;
OS p ¼ 0.045
6) RFS p ¼ 0.439;
OS p ¼ 0.056

NA

[27] I-III 196 TNBC Prosp. After surgery Microchip system
(combining
immunomagnetics,
high-flow rate fluidics,
and size-based
separation)

Arm A: 43% (21/
49) Arm B: 39%
(29/74)

DDFS (HR, 1.07; 95% CI,
1.01-1.13; p ¼ 0.02),
DFS (HR, 1.11; 95% CI,
1.03-1.19; p ¼ 0.004),
OS (HR, 1.09; 95% CI,
1.02-1.17; p ¼ 0.01)

NA
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3.4. Advantages offered by the assessment of CRD

CTCs as living cells have the potential to provide an enormous
quantity of biological information compared to MRD. Recent studies
have reported the potential of CTC analysis for in-depth characterization
at various levels (DNA, RNA, and protein level) and at the functional level
(in vitro/in vivo) [52–54].
6

Thus, the utility of evaluating CRD goes beyond its mere association
with the risk of recurrence and the possibility to escalate/de-escalate
treatment based on this risk. Biomarkers associated with response/
resistance in BC can be evaluated on CTCs to guide treatment choices. A
proof-of-concept study in patients with early TNBC showed that CTCs
detected after neoadjuvant treatment shared more genomic alterations
with pathological residual disease than primary tumor, suggesting that
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these cells represent resistant clones that, if targeted, may reduce the risk
of recurrence [55]. Also, failure of systemic treatment in EBC may be due
to the presence of intratumor heterogeneity of the primary tumor. This
heterogeneity can be addressed by profiling CTCs to provide clinicians
with a more accurate molecular picture driving personalized treatment
algorithms. A study conducted in 75 patients with HER2-negative EBC
with detectable CTCs before and after adjuvant chemotherapy showed
that the administration of trastuzumab after adjuvant chemotherapy
reduced the risk of recurrence as compared to observation [56]. This
could be explained by the fact that almost 90% of the evaluated patients
had HER2-expressing CTCs, although the actionability of HER2 expres-
sion on CTCs is still an open question. Beyond HER2, other biomarkers
can be evaluated on CTCs such as programmed cell death ligand 1
(PD-L1) and ER [57] and the assessment of these therapeutic targets on
persistent CTCs after surgery might enable an individualized and opti-
mized treatment to prevent relapse, increasing the cure rate of patients
with EBC. Moreover, there is a growing amount of evidence that ER and
HER2 status change over time, especially during relapse or disease pro-
gression in patients with BC [58]. Thus, the evaluation of membrane
protein expression in CTCs can be used to guide a tailored approach to
emerging resistant clones that can be different from the primary tumor
[59]. Finally, the characterization of CTCs in EBC can help in under-
standing the biology of metastasis formation. In particular, the possibility
to detect and study CTC-clusters in the EBC setting that can be attained by
using marker-independent technologies offers an unprecedented oppor-
tunity. In fact, CTC-clusters have a much higher metastatic potential than
single CTCs [60] and are considered the true seeds of metastasis but their
analysis have been so far limited to the metastatic setting because their
detection in EBC with the CellSearch® is extremely rare. Research efforts
in the field of CTCs in EBC are needed considering the new opportunities
offered by the evaluation of CRD.
Fig. 1. Summary of main advantages of combining molecular with cellular resid
increase sensitivity and lead-time, improve the selection of patients eligible for adjuva
give comprehensive information on the biology of the metastatic process. Created w
**median lead time observed in 1 study (Table 2) RT, radiotherapy; CTC, circulating
estrogen receptor; HER2, human epidermal growth factor receptor; PD-L1, programm
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4. Conclusions

The application of LB in the early and post-surgery settings requires a
technological and clinical paradigm shift. The central hypothesis of this
transition is the consideration that the inherent strengths and limitations
of ctDNA and CTCs should be considered as complementary tools for
minimal RD assessment. Indeed, ctDNA, though invaluable in monitoring
minimal RD, confronts specific constraints. Tumor-informed approaches
are hampered by their limited capacity to track the acquisition of new
genetic alterations, rendering them less suitable for assessing evolving
tumor landscapes and the tumor clonal evolution. On the other hand,
tumor-agnostic assays, while potentially more dynamic, may grapple
with sensitivity pitfalls. Moreover, MRD offers insights into genomic al-
terations, but overlooks the complex phenotypic characteristics of tu-
mors. In contrast, CTCs, as dynamic living entities, not only provide
molecular information but also offer a holistic view of tumor biology. The
ability to explore additional biomarkers such as HER2, ER and PD-L1
enhances the potential clinical utility of CRD. Moreover, CTCs permit
high-throughput characterizations like RNA sequencing, enabling a
comprehensive assessment of the genetic and transcriptomic profile of
the tumor (Fig. 1).

Nevertheless, in the context of CRD, there is a pivotal shift from the
commonly used epithelial-based enrichment approach to an epithelial-
agnostic one. This transition is predicated on the recognition that CRD
may encompass CTC subpopulations with varying phenotypic charac-
teristics, and an epithelial-agnostic approach better captures this
heterogeneity.

Additionally, CRD may offer a cost-effective tumor-agnostic applica-
bility and provide a higher degree of certainty that the detected multi-
omics alterations originate from the tumor itself, as opposed to ctDNA,
which can be confounded by external factors like CHIP. Remarkably,
ual disease (MRD and CRD, respectively) detection. The combination would
nt treatment de-/escalation, provide more targets for personalized treatment and
ith BioRender.com *range of median lead time observed in studies from Table 1
tumor cell; MRD, molecular residual disease; CRD, cellular residual disease; ER,
ed death-ligand 1.

http://BioRender.com
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CTCs have already been included into the 5th edition of the WHO Classi-
fication of Tumors: Breast Tumours [61] and 7th edition of the AJCC Cancer
Staging manual [62], thus, their importance has already been highlighted.
Nevertheless, they are not frequently monitored.

In conclusion, considering the limits and advantages of both MRD and
CRD, a synergistic approach that leverages the strengths of ctDNA to
enhance sensitivity while capitalizing on CTCs' capacity to provide
comprehensive insights into tumor biology should be considered. The
integration of these methodologies holds the promise of revolutionizing
minimal RD monitoring, providing a more nuanced and accurate un-
derstanding of early-stage treatments, and ultimately impacting on sur-
vival and quality of life of patients with BC.
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