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Abstract

Purpose of Review Liquid biopsies are easily obtainable, non-invasive, longitudinal snapshots that can be used to measure
micrometastatic disease burden, monitor disease progression, and provide genomic assessments of primary tumor/metastatic
lesions. To date, most published studies have focused on circulating tumor cells (CTCs) and cell-free circulating tumor DNA
(ctDNA); however, the liquid biopsy field is expanding exponentially and new blood components are currently under
investigation.

Recent Findings CTCs and ctDNA remain the most extensively studied liquid biopsy components to date. Several additional
blood-based components are the basis of active, ongoing investigations. Some on the horizon include serum/plasma exosomes,
platelet-mRNA, miRNA characterization, and global proteomic studies.

Summary In the era of individualized medicine, liquid biopsy has potential to improve upon current breast cancer management

by offering dynamic monitoring possibilities as well as novel targets for therapy.

Keywords Breast cancer - Liquid biopsy - Circulating tumor cells - Circulating tumor DNA

Introduction

Breast cancer is the most commonly diagnosed cancer among
women. Metastasis, a complex, multi-step process, remains
the primary cause of death for these patients. Primary tumor
biopsy, primarily the assessment of cellular morphology, Ki-
67 staining, estrogen and progesterone receptor expression,
and human epidermal growth factor receptor 2 (HER2), re-
mains the gold standard for breast cancer treatment decision-
making. However, breast tumors are highly heterogeneous; a
single tumor analysis is not likely to detect aggressive sub-
clones within the tumor. Tumor biopsy has limitations; the
biopsy procedure is invasive, and tumor tissue is not always
available to monitor dynamic genomic alterations/changes
that are acquired during treatment pressure and/or disease pro-
gression. In the era of individualized medicine, longitudinally
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investigating inter/intra-tumor heterogeneity is crucial for un-
derstanding the biology of breast cancer and providing molec-
ular targets for effective patient management. The “liquid bi-
opsy” approach is based on the analysis of tumor-derived cells
(circulating tumor cells, CTCs), circulating cell-free tumor
DNA (ctDNA), mircoRNA, and proteins isolated from pe-
ripheral blood samples. Liquid biopsies are easily obtained,
non-invasive, longitudinal snapshots that can be used to mea-
sure micrometastatic disease burden, monitor disease progres-
sion, and provide genomic assessments of primary tumor/
metastatic lesions. Incorporating information obtained from
liquid biopsy analyses into clinical practice has the potential
to improve upon current breast cancer management.

Liquid Biopsy Component: Circulating Tumor
Cells

Although the mechanisms involved in tumor cell invasion into
the bloodstream are unknown, we know that circulating tumor
cells (CTCs) are rare, occurring in as few as 1 CTC/10”®
hematopoietic cells [1]. Circulating tumor cells are heteroge-
neous populations of cells with varying viability, dormancy,
biomarker expression, and metastatic capabilities. This hetero-
geneity makes detecting CTCs and determining their clinical
significance challenging. To be clinically useful, CTC assays
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must be sensitive enough to enable the isolation and detection
of rare, heterogeneous CTCs within exponentially higher
numbers of white blood cells. Numerous methodologies have
been developed for CTC enrichment and identification
(reviewed previously [2—4]). An enrichment step is typically
employed to separate CTCs from leukocytes and red blood
cells within the blood sample, thus improving the efficiency of
subsequent CTC detection. Some methodologies utilize the
unique physical characteristics of CTCs to enrich them from
hematopoietic cells (density, size, and membrane surface
charge). CTCs can also be enriched based upon their biolog-
ical properties, primarily membrane protein expression, by
using antibodies against either epithelial-associated proteins
(positive selection), or by using antibodies against antigens
expressed by white blood cells (WBCs) (negative selection).
All of the methodologies developed thus far have advantages
and limitations with regard to sensitivity, reproducibility, and
standardization. To date, the only CTC detection assay ap-
proved by the US FDA is CellSearch® (Menarini Silicon
Biosystems), and the vast majority of clinically relevant pub-
lications over the last 15 years have utilized CellSearch®.
Therefore, we will focus on CTC findings using this method-
ology in this review.

CTCs as Prognostic Biomarkers

Many studies have demonstrated that CTCs are prognostic in
metastatic breast cancer patients [5—8]. The largest multi-
institutional study to date, authored by Bidard et al. in 2014,
included 1944 metastatic patients from 20 different studies.
This study was sufficiently powered to demonstrate the prog-
nostic significance of CTC detection within various subtypes
of patients beyond that provided by standard prognostic pa-
rameters routinely used in the clinic. In this study, 911/1944
(46.9%) of patients had >5 CTCs/7.5 mL blood at baseline,
which was associated with decreased progression-free surviv-
al (PFS) and overall survival (OS) compared with patients
with <5 CTCs/7.5 mL blood at baseline. Increased CTC
counts 3-5 weeks after start of treatment, adjusted for CTC
count at baseline, were associated with shortened PFS and OS
as were increased CTC counts after 6-8 weeks. Interestingly,
>5 CTC/7.5 mL at baseline and at 3—5 weeks remained
prognostically significant irrespective of breast cancer subtype
and type of treatment administered [9].

Circulating tumor cells can disseminate early in breast can-
cer; > 1 CTC/7.5 mL blood can be identified in 30% of pa-
tients with T1/T2 tumors [10]. The reported positivity rate (> 1
CTC) using CellSearch® ranges between 19 and 30% in non-
metastatic locally advanced breast cancer (LABC) patients
[10, 11, 12, 13—19]. The CTC detection rate seems to be
higher in non-metastatic inflammatory breast cancer patients,
ranging from 27 to 40% [20, 21]. In all of these studies, the

detection of one or more CTCs was associated with poor
relapse-free and/or overall survival.

Two recent pooled analysis reports have validated these
earlier findings. A 2016 report by Janni et al. included infor-
mation from 3173 stage I breast cancer patients from four
European institutions and our data from the USA. One or
more CTCs were detected in 20.2% of these patients, and
CTC detection was an independent predictor of poor
disease-free (HR 1.82), overall (HR 1.97), breast cancer-
specific (HR 2.04), and distant disease-free survival (HR
1.89) [14]. A 2018 study by Bidard et al. investigated the
prognostic value of CTCs in non-metastatic patients treated
with neoadjuvant chemotherapy (NAC). This multi-
institutional analysis included information from 21 studies
and more than 1500 patients. Circulating tumor cells were
identified in 25% of patients pre-NAC. While post-NAC
CTC detection was prognostically significant, pre-NAC
CTC detection adding pre-NAC CTC information increased
the prognostic power of multivariable models for overall sur-
vival (P <.001), distant disease-free survival (P <.001), and
even loco-regional relapse-free interval (P =.008) [12¢¢]. The
prognostic significance of CTC detection in non-metastatic
are summarized in Table 1.

The looming question is should CTC enumeration guide
treatment decisions in breast cancer? Recent trials for meta-
static breast cancer based on CTC information are summa-
rized in Table 2.The first trial to address this question was
the SWOG S0500 trial, which evaluated whether changing
first-line chemotherapy in metastatic patients with >5
CTCs/7.5 mL blood 3 weeks after initiation of chemotherapy
could improve outcome [30]. Patients with >5 CTCs/7.5 mL
blood at 3 weeks post treatment initiation were randomized to
early change of treatment versus continuation of the same
therapy as standard of care. With the inclusion of 595 patients,
120 patients were randomized; no significant improvement in
PFS or OS was identified in the patients randomized to the
CTC-based early change of treatment arm. Some criticisms of
the SWOG S0500 trial include the likely selection of highly
chemo-resistant patients who usually are not responsive to
additional chemotherapy and the fact this study was under-
powered [32]. A preliminary report describing the observa-
tional phase of the CirCe01 trial, which combines CTC mon-
itoring with other prognostic parameters (serum albumin lev-
el, lymphocyte level, LDH level, prognostic inflammatory and
nutritional index (PINI) and Barbot’s score), has recently been
published. Prognostic parameters used in the multivariable
analysis were low serum albumin, poor performance status,
>5 CTC/7.5 ml, and triple negative subtype (HER2+ and hor-
mone positive vs triple negative breast cancer). Patients with
>5 CTC/7.5 ml at baseline who had a > 70% decrease of their
baseline CTC count (also those who had a decrease to <5
CTCs) after first-line therapy had a significantly improved
progression-free survival (>4 months) [31]. The second
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Table 1  CTC detection techniques and outcomes in non-metastatic breast cancer patients
Study Detection Positive/total patients  Findings Correlation between CTC CTC analysis performed
method (%) positivity and clinicopathological
characteristics
Bidard [12] CellSearch® 398//1574 (25%) IDFS |OS * Pre-NAC
181/1200 (15%) Pre-operative
Pooled analysis
Janni [14] CellSearch® 640/3173 (20.2%) |DFS |OS  ? Pooled analysis
Rack [16] CellSearch® 435/2026 (21.5%) IDFS |OS 2 significant for lymph node status Pre adjuvant chemotherapy
330/1493 Post adjuvant
(22%) chemotherapy
Van Dalum CellSearch® 75/403 (19%) IDES |OS Before surgery
[17] 40/263 (15%) After adjuvant
30/235 (12%) chemotherapy
18/144 (11%) One Year
Two Years
Hall [18] CellSearch® 124/509 (24%) IDFS |OS * Post-NAC
Riethdorf [19] CellSearch® 65/213 (30%) |DFS |OS * Pre-NAC
35/17%) Pre-NAC Post-NAC
only
Hall [20] CellSearch® 17/63 (27%) |IDFS ? After NAC
in inflammatory
Pierga [21] CellSearch® 55/141 (39%) IDFS |OS * Pre-NAC
11/127 (9%) After four cycles of NAC
10/106 (9%) Post-NAC
6/100 (6%) After surgery

in inflammatory

CTC circulating tumor cell, DFS disease-free survival, NAC neoadjuvant chemotherapy, OS overall survival

#Not significant for clinicopathological characteristics

(interventional) phase of this study is ongoing. Three hundred
four metastatic patients with >5 CTCs before the start of the
third line of chemotherapy will be randomized between a
CTC-driven arm and the standard arm. The medical primary
endpoint of the trial is the overall survival. In the CTC-driven
arm, CTC counts will be performed after each first cycle of
every new chemotherapy and will indicate whether or not this
regimen is continued. Patients with < 70% decrease in CTCs
will be switched from this chemotherapy line and be offered
another treatment, which will be, again, evaluated by early
CTC changes (and so on). Patients with a >70% CTC de-
crease before the second chemotherapy cycle will continue
their treatment and then managed by standard clinical/
radiological tools. The subsequent chemotherapy lines will
be managed using CTC counts. In the ongoing STIC CTC
METABREAST trial, 1000 hormone receptor-positive meta-
static breast cancer patients are randomized between the clini-
cian choice and CTC count-driven choice. In the CTC arm,
patients with >5 CTC/7.5 mL receive chemotherapy whereas
patients with <5 CTC/7.5 mL receive endocrine therapy as
first-line treatment. Within each treatment category (hormone
or chemotherapy), the treatment type is the clinician’s choice.
To date, no results from this trial have been reported on the
clinicaltrials.gov website.

@ Springer

Characterization of CTCs and HER2-Directed Clinical
Trials

There is ample evidence regarding prognostic importance of
CTCs in both the metastatic and non-metastatic setting. Many
clinical research groups are now focusing on CTC character-
ization to better understand the metastatic process and identify
potentially useful, CTC-directed therapeutic targets to im-
prove patient outcomes. For more than a decade, evaluation
of primary tumor estrogen receptor (ER)/progesterone recep-
tor (PR), and HER2 hormone receptor status has been the
standard practice employed to identify candidates for endo-
crine or HER2-targeted therapy. While targeted therapies are
less toxic and more effective (in many cases) than systemic
therapies, discordant ER and/or HER2 expression can exist
between primary tumor and metastases. ER expression
(assessed using immunocytochemical, or PCR-based
methods) is absent in the metastatic lesions of up to half of
patients with ER-positive primary tumors, while HER2 am-
plification (assessed using immunocytochemical, PCR-based,
or fluorescent in situ hybridization (FISH) methods) is identi-
fied in the metastases of up to one third of patients with
HER2-negative primary tumors [33]. This discordance is also
reflected in discordant ER expression rates between ER-
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Findings

CTC detection method Positive/total patients (%)

Trial objective

Table 2 (continued)
Author/trial name

@ Springer

Determine the clinical utility of CTC

CirCe01

assessment in MBC patients
before first cycle of third line

chemotherapy
Determine first-line treatment in

(circulating tumor cells to guide

chemotherapy for metastatic
breast cancer)

STIC-CTC

Ongoing

CellSearch®

hormone receptor-positive MBC
patients based on CTC baseline
value (hormone therapy if <5

(medico-economic interest of taking

into account circulating tumor
cells to determine the kind of

CTCs, chemotherapy <5 CTCs).

first-line treatment for metastatic,

hormone receptors positive, breast

cancers)

A45-B/B3 anticytokeratin monoclonal antibody, CD45 lymphocyte common antigen, CK cytokeratin, CK79 cytokeratin-19, CTC circulating tumor cell, DFS disease-free survival, EGFR epidermal growth

factor receptor, HER2 human epidermal growth factor receptor 2, MBC metastatic breast cancer, mRNA messenger ribonucleic acid, OS overall survival, PBMC peripheral blood mononuclear cell, PFS

progression-free survival, R7-PCR reverse transcription-polymerase chain reaction

positive primary tumor and ER-negative CTCs in metastatic
patients (discordance range 38—71%) [34—38]. Our group and
others have demonstrated that non-metastatic patients with
HER2-negative tumors often times harbor HER2-positive
CTCs (discordance range 6—49%) [39-43]. Similarly, HER2
primary tumor and CTC discordance rates in metastatic pa-
tients range from 7 to 35% [36, 38, 44—46]. It is unclear if the
broad ranges of discordance reported for both ER and HER2
are due to the diverse methodologies used to measure ER and
HER2, and/or the heterogeneous nature of CTCs.

Primary tumor versus CTC HER2 and/or EGFR discor-
dance (measured by CellSearch®) has been the basis of some
recent phase 2 and 3 clinical trials for metastatic patients.
Some trials reported only changes in CTC numbers following
CTC-directed therapies [22-24], while some trials are also
including outcomes data (summarized in Table 2). Pestrin
et al. reported the results of a multicenter phase II trial de-
signed to evaluate the activity of lapatinib, a dual epithelial
growth factor receptor (EGFR) and HER2 tyrosine kinase
inhibitor, in metastatic breast cancer patients with HER2-
negative primary tumors and HER2-positive CTCs.
Lapatinib was administered to patients with HER2-negative
primary tumors with HER2-positive CTCs who had been pre-
viously treated with at least a first-line therapy for metastatic
disease. Unfortunately, only 7/96 patients screened had
HER2-positive CTCs; no objective tumor responses occurred
in any of the seven patients. One of the seven patients experi-
enced disease stabilization lasting 8.5 months [25]. The ongo-
ing DETECT III trial is also investigating the use of lapatinib
in metastatic patients with HER2-negative primary tumors
and HER2-positive CTCs. DETECT III is a two-arm study
for patients with HER2-positve CTCs, randomized to physi-
cian’s choice therapy (chemotherapy or endocrine treatment)
with or without additional HER2-targeted treatment with
lapatinib [29]. The ongoing CirCe T-DMI trial will test the
validity of HER2-amplified CTCs to select metastatic breast
cancer patients who would normally be considered HER2-
negative for Trastuzumab-emtansine (T-DM1) treatment. No
results appear to have been published to date for this study.
Hainsworth et al. used a multiplex immunoassay, PRO Onc
(Prometheus Laboratories), to assess CTCs and CTC HER2
positivity in 226 metastatic patients with HER2-negative pri-
mary tumors. Twenty-four of 226 patients (11%) had HER2-
positive CTCs. Fourteen patients were treated with
trastuzumab and pertuzumab; 12/14 patients (86%)
progressed within 6 weeks, 1 patient had a brief (12 weeks)
partial response, and 1 patient was stable for 12 weeks [27].
The EORTC 90091-10093 Treat-CTC randomized phase II
trial was the first, multicenter international trial assessing
CTC detection in non-metastatic breast patients to test a new
treatment strategy: using trastuzumab in patients with HER2-
negative primary tumors who have >1 CTC (irrespective of
CTC HER?2 status) identified after NAC. The rationale for this
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study comes from subset analyses of the NASBP B-31 and the
NCCTG NO9831 trials that demonstrated the benefit of adju-
vant trastuzumab in patients with HER2-negative tumors [47],
and a single-center study by Georgoulias et al., which showed
a decrease in cytokeratin-19-positive CTCs following the ad-
dition of trastuzumab to chemotherapy in patients with HER2-
negative primary tumors [26]. As of October 2016, 1317 pa-
tients were screened; 95 (7.2%) had detectable CTC(s), and 63
(4.8%) were randomized to trastuzumab (n=31) or observa-
tion (n = 32). Fifty-eight patients (29 in each arm) were assess-
able for the primary end-point (18 weeks), In 9 of the 58
patients, CTC(s) were still detected at week 18, 5 in the
trastuzumab, and 4 in the observation arm. This trial has been
terminated [28].

Characterization of CTCs and Potential Utility

Single-cell CTC characterization has the potential to provide
valuable information regarding CTC heterogeneity, identify-
ing genetic mutations that are acquired during therapy, and
facilitating the development of novel, individualized therapies
to eradicate minimal residual disease. However, these technol-
ogies need to be reliable, reproducible, sensitive, standardized,
and cost-effective to be useful in the clinical setting. Pizon
et al. showed that CTCs with insulin-like growth factor 1
receptor (IGF-1R) and vascular endothelial growth factor re-
ceptor 2 (VEGFR-2) protein expression can be identified in a
significant number of non-metastatic patients [48]. Circulating
tumor cell androgen receptor mRNA (AR) can be identified in
30% of metastatic patients; anti-AR therapies might benefit
patients with AR-positive CTCs [49]. Single-cell CTC isola-
tion is tedious and a single CTC contains only a few pico-
grams of DNA so reliable whole-genome amplification of
each cell is required for subsequent mutational analysis.
CTC populations are heterogeneous, and each single cell can
harbor unique mutations, making clinical decision-making
difficult. Given the level of technical expertise required to
perform CTC mutational analyses and the costliness of many
sequencing technologies, only a limited number of reports on
CTC mutations have been published thus far. These studies
have focused on the metastatic setting as typically only one
CTC is identified in operable patients. The most common
CTC mutations identified are tumor protein 53 (TP53)
[50-52], phosphatidylinositol-4,5-bisphosphate 3-kinase cat-
alytic subunit o« (PIK3CA) [50, 52], cyclin D1 (CCND1) [50],
and Kirsten rat sarcoma (KRAS) [52] genes. Although
PIK3CA, CCND1, and KRAS are all potentially druggable
targets, no clinical studies have been reported to date. Several
groups have detected and monitored estrogen receptor 1
(ESR1I) gene mutations at the single CTC level in ER-
positive metastatic patients; serial CTC ESR1 characteriza-
tions could be used to add valuable information with respect
to anti-estrogen therapy resistance [51-54]. A specific 13-

gene CTC microRNA (miR) signature is associated with
trastuzumab resistance in HER2-positive metastatic patients;
thus, investigating miRs in CTCs might provide mechanistic
information for other types of drug resistance.

Liquid Biopsy Component: Cell-Free ctDNA

A PubMed search using terms “circulating tumor DNA and
breast cancer” resulted in more than 300 reports published
since 2015. This enormous number of published studies re-
flects the overall interest in ctDNA in the age of precision
medicine. ctDNA is easily obtained from blood samples, and
it provides “real-time” global methylation and somatic muta-
tion information (even those acquired from clonal selection
during therapy) as it is released by all tumor cells within the
cancer patient’s primary tumor, CTCs, and metastatic lesions.
As documented in the paragraphs below, ctDNA is showing
great promise for improving upon current strategies used for
clinical decision-making in breast cancer. Several comprehen-
sive ctDNA reviews have been published; they describe in
detail various ctDNA extraction and detection methodologies,
and the potential clinical utility of ctDNA analysis in breast
cancer [55-58]. For this review, we will focus on recently
published studies that have demonstrated associations be-
tween ctDNA characterization and breast cancer detection,
prognosis, and/or response to therapy.

Cell-free DNA (cfDNA) release into the bloodstream is a
normal physiologic process, resulting from routine cell turn-
over. Tumor-derived, cell-free circulating tumor DNA
(ctDNA) is released by primary and metastatic tumors, and
CTCs, through apoptosis, necrosis, autophagy, necroptosis,
and cellular stress [59]. Circulating DNA is just a small frac-
tion of the total cfDNA (germline) found in blood. However,
since healthy individuals have low cell turnover rates and
more efficient phagocytic removal of defective cells from
the circulation, the ctDNA/cfDNA fraction is increased in
patients with cancer. Plasma samples are typically used for
cfDNA isolation, as serum contains a higher background of
germline DNA caused by blood clotting [60, 61]. In the past,
the low ratio of ctDNA/cfDNA was a challenge for ctDNA
characterization, but digital droplet polymerase chain reaction
(ddPCR) and next-generation sequencing (NGS) methodolo-
gies now allow for both targeted and non-targeted ctDNA
somatic mutation analysis (reviewed in [55, 56, 58]). Many
studies have demonstrated a high concordance rate between
genomic mutations found in primary tumor and corresponding
ctDNA samples [58, 62], as well as metastatic lesions and
ctDNA obtained at the time of resection [63]. Technical issues
associated with ctDNA isolation include serum vs. plasma
issues; the various anti-coagulants used for plasma collection,
fast degradation rate of ctDNA once it is collected, and vol-
ume of plasma required for sufficient ctDNA isolation in early
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breast cancer [60]. In addition, there has been no standardiza-
tion of ctDNA characterization with respect to isolation, quan-
tification, and mutational analyses used in published studies.
All of the ctDNA reports published thus far have included
small numbers of patients and/or heterogeneous patient co-
horts. Many of these variables should be standardized so the
results can be compared and interpreted. Finally, ctDNA mu-
tation analyses are either costly (NGS) or labor-intensive and
require significant technical expertise (ddPCR), which makes
the incorporation of ctDNA information into routine practice
challenging.

ctDNA Concentration

Plasma ctDNA concentrations are reported to be threefold
higher in patients with breast cancer as compared to
healthy control values [64—67]. Although there is no
established baseline concentration range for ctDNA in
breast cancer patients, changes in ctDNA concentration
over time do reflect disease burden [64, 66]. Recent results
from the I-SPY-2 trial, presented at the 2018 San Antonio
Breast Cancer Symposium, show that ctDNA concentra-
tions correlated with non-response to NAC (measured as
having no residual tumor in breast or nodes, or pathologic
complete response, “pCR”) in non-metastatic patients [68];
this data is in congruence with the increase in specific
ctDNA copy number variations (CNVs) and pCR reported
recently from the Neo-ALTTO trial [69]. Circulating tumor
DNA concentration at surgery is also associated with pro-
gression in non-metastatic patients [70, 71]. Similar find-
ings have been reported for metastatic patients. Low-
coverage genome-wide sequencing and ichorCNA soft-
ware was used in a study by Stover et al. to quantify tumor
content in cfDNA in 164 triple-negative metastatic patients
who had received prior NAC or first-line chemotherapy. In
this blinded study, a cfDNA tumor fraction threshold of >
10% was independently associated with significantly
worse OS [72].

ctDNA Characterization

Beyond the concentration of ctDNA, ctDNA characteriza-
tion also has clinical utility for non-metastatic patients
(summarized in Table 3). Epigenetic alterations, such as
methylation of promoter/enhancer regions of tumor-
suppressor DNA that results in gene silencing, are impor-
tant steps in the metastatic cascade. Methylation-specific
PCR assessment of ctDNA is a promising tool in non-
metastatic breast cancer. Numerous studies have shown
that ctDNA methylation of ras association domain family
protein 1A (RASSF1A) is associated with response to
NAC, [73] and outcome [73, 74, 89]. Fujita et al. assessed
the methylation statuses of RASSFI1A, glutathione S-
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transferase P1 (GSTP1), and retinoic acid receptor (32
(RAR(2) and demonstrated that methylation of these
genes was associated with decreased OS [75]. Breast can-
cer 1 (BRCA1) and GSTP1 methylation are also associated
with disease recurrence [76]. Oshiro et al. reported that 25/
110 (23%) of stage I-III breast cancer patients with
PIK3CA mutated tumors had PIK3CA ctDNA mutations
identified at surgery; high levels of serum PIK3CA muta-
tions were associated with worse recurrence-free and OS
[77]. TP53 ctDNA mutations following NAC in triple-
negative patients were associated with relapse in one study
[78].

ctDNA Characterization in Metastatic Patients

ESR1 and PIK3CA ctDNA mutations are the most com-
monly reported to date (summarized in Table 3). Several
clinical trials have investigated whether or not ctDNA
analyses add predictive value using various treatment reg-
imens. Results from the BOLERO-2 (exemestane + place-
bo vs. exemestane + everolimus) [79], SOFEA ((fulvestrant
vs. exemestane), and PALOMA-3 (fulvestrant +
palbociclib vs. fulvestrant + placebo) [80, 81, 82¢] trials,
as well as results reported by Clatot et al. (various treat-
ments) [83] and Schiavon et al. (various treatments) [84],
all demonstrated that ESR1 mutations were associated with
agent-associated PFS and/or OS. However, the FERGI
(pictilisib + fulvestrant vs. placebo + fulvestrant) trial did
not identify any associations [85]. Similarly, PIK3CA
ctDNA mutations were associated with PFS and/or OS in
the PALOMA-3 (serial PIK3CA measurements) [82¢], and
BELLE-2 (buparlisib + fulvestrant) [86] trials, but this as-
sociation was not observed in the BOLERO-2 [87], FERGI
[85], and MONALEESA-2 (ribociclib + letrozole vs. pla-
cebo + letrozole) trials [88]. Disparate findings between
these studies may be a result of the heterogeneous nature
of the patients included in each particular trial (various
prior treatments, number(s) of previous treatments, time
points used to assess ctDNA), treatments used within each
trial, and the varied methodologies used to analyze the
ctDNA. Preliminary data suggest that ctDNA dynamics
could potentially be used to predict treatment outcome be-
fore tumor response can be assessed by a change in clinical
symptoms or imaging. Therefore, many of the above stud-
ies incorporate serial ctDNA assessments into the trials.
Dynamic ctDNA information, as well as results from on-
going trials, such as the PAlbociclib and Circulating Tumor
DNA for ESR1 Mutation Detection (PADA-1), and large
observational Aiming to Understand the Molecular
Aberrations in Metastatic Breast Cancer. (AURORA) tri-
als, will add further information regarding the clinical util-
ity of ctDNA monitoring for patient management.
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Comparing/Combining Information Obtained
from Liquid Biopsy

Dawson, et al., published one of the first studies to compare
three blood-based biomarkers, ctDNA, cancer antigen 15.3
(CA15-3), and CTCs, in 30 metastatic breast cancer patients
with known tumorPIK3CA and TP53 mutations. The concen-
tration of ctDNA was the most sensitive of the three bio-
markers. Detectable ctDNA was found in 97% of patients;
CTCs were identified in 87%. Increasing levels of ctDNA
were apparent in 89% of patients with disease progression,
while 78% of patients had an increase in CTC number, and
50% of patients showed increases in CA15-3 levels at pro-
gression [90]. Since neither ctDNA or CTCs are identified in
all patients 100% of the time, many groups are now combin-
ing ctDNA and CTC assessments to provide a more compre-
hensive liquid biopsy profile. Rossi et al. recently published a
retrospective study using CTC and ctDNA assessments to
predict prognosis in advanced (7 patients) and metastatic (84
patients) breast cancer. The authors showed that baseline <
5CTC/7.5 mL vs. >5 CTCs/7.5 mL blood, < 0.5 %ctDNA vs.
>5 %ctDNA, and the number of ctDNA mutations identified
< 2 ¢tDNA mutations vs. >2 ctDNA mutations, were associ-
ated with better PFS and OS [91]. These results are difficult to
fully interpret however, because this study included both lo-
cally advanced and metastatic patients, 58/91 (64%) had in-
flammatory breast cancer, and most of the metastatic patients
(24%) had already received 5 or more lines of treatment prior
to this study. All of these variables likely contributed to the
findings. Paoletti et al. measured serial changes in CTCs and
ctDNA ESR1 mutation to assess pharmacodynamics and early
efficacy of the anti-estrogen therapy, SERD AZD9496.
Baseline <5 CTC/7.5 mL vs. >5 CTCs/7.5 mL blood was
associated with improved PFS, but baseline ctDNA ESRI1
mutation was associated with PFS. Interestingly, patients with
persistently elevated CTC and/or ctDNA ESR1 mutation had
worse PFS than patients who did not [92¢°]. Upcoming results
from additional ongoing studies will provide more conclusive
evidence regarding the clinical utility of combining these two
powerful prognostic tools.

The CancerSEEK test is a multi-analyte blood test that
combines proteomic and ctDNA analyses. This novel plat-
form was designed for the early detection of solid tumors.
One thousand five patients with non-metastatic cancers of
the ovary, liver, stomach, pancreas, esophagus, colorectum,
lung, or breast were assessed using CancerSEEK.
CancerSEEK tests were positive in a median of 70% of the
eight cancer types. The sensitivities ranged from 69 to 98% for
the detection of five cancer types (ovary, liver, stomach, pan-
creas, and esophagus). While the CancerSEEK test was highly
sensitive for detecting certain types of cancers, the sensitivity
levels were 33% for stage I breast cancer [93¢¢]. This low
sensitivity might have been influenced by the small number

@ Springer

of stage I breast patients included in the study (32 patients).
The impressive results obtained with CancerSEEK testing will
undoubtedly be assessed in much larger patient cohorts to
validate detection rates and fully establish the parameters of
the test for early breast cancer detection [93e¢].

Conclusions

The blood-based, liquid biopsy research field is growing ex-
ponentially, and it has profound potential to improve upon
current breast cancer management by offering dynamic mon-
itoring possibilities as well as novel targets for therapy. The
prognostic importance of CTCs is well documented, but a lack
of predictive value hinders clinical utilization. As soon as
prospective studies can be completed that show that CTCs
and/or ctDNA can predict which patients are likely to respond
to a particular therapy (just as HER2 predicts response to
trastuzumab), these agents can find acceptance in the clinical
management of patients with breast cancer. It is also feasible
that CTCs and or ctDNA presence predates imaging findings,
so studies are needed to determine if liquid biopsy information
could potentially guide imaging in patients suspected of recur-
rence. Finally, early identification of novel targets (possibly
discordant from primary tumor markers) could open up new
avenues for treatment, especially in the adjuvant setting of
patients with residual CTCs or ctDNA after completion of
NAC, who have no other targeted options available (such as
triple-negative breast cancer patients who have completed
NACQ).

Finally, while CTCs and ctDNA remain the most exten-
sively studied liquid biopsy components to date, several addi-
tional blood-based components are the basis of active, ongo-
ing investigations. Some on the horizon include serum/plasma
exosomes, platelet-mRNA, miRNA characterization, and
global proteomic studies. Once the utility of the various liquid
biopsy components is determined, standardization of the
methodologies used to analyze them must also be standard-
ized and validated for use in clinical laboratories worldwide.
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