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ABSTRACT

In recent years, the blood-based analysis of circulating tumour
cells (CTCs) and nucleic acids (DNA/RNA), otherwise known as
liquid biopsy, has become increasingly important in breast
cancer. Numerous trials have already underscored the high
prognostic significance of CTC detection in both early and
metastatic stages. Moreover, the changes in CTC levels and
circulating tumour DNA (ctDNA) during the course of the dis-
ease correlate with the response to treatment. Research cur-
rently focuses on liquid-biopsy based therapeutic interven-
tions in metastatic breast cancer. In this context, alpelisib, a
PI3K inhibitor, was the first agent to be approved by FDA and
EMA.

ZUSAMMENFASSUNG

In den letzten Jahren gewinnt die Liquid Biopsy, d. h. die blut-
basierte Untersuchung von zirkulierenden Tumorzellen (CTCs)
und Nukleinsduren (DNA/RNA) beim Mammakarzinom zu-
nehmend an Relevanz. Zahlreiche Studien haben bereits die
hohe prognostische Bedeutung der CTC-Detektion sowohl
im friihen als auch metastasierten Stadium gezeigt. Des Wei-
teren korrelieren die Veranderungen der CTC-Zahlen und der
zirkulierenden Tumor-DNA (ctDNA) im Verlauf der Erkrankung
mit dem Ansprechen auf die Therapie. Im Fokus der For-
schung stehen derzeit die Liquid-Biopsy-basierten Therapie-
interventionen beim metastasierten Mammakarzinom. In die-
sem Kontext wurde Alpelisib, ein PI3K-Inhibitor, als erste Sub-
stanz durch die FDA und die EMA zugelassen.

Introduction

In the last century, scientific and clinical advances in the diagnosis
and treatment of breast cancer have resulted in a significant para-
digm shift. The so-called “Halsted Doctrine”, which viewed breast
cancer as a local event with healing only possible by the most rad-
ical surgery, was replaced by the “Fischer Doctrine”, which re-
gards even early stage breast cancer as a systemic disease [1]. To-
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day we know that haematogenous dissemination already takes
place in very early stages of breast cancer and that the circulating
tumour cells (CTCs) will even be found in patients with pre-inva-
sive breast lesions [2]. At the same time the hypothesis of meta-
static inefficiency states that most of these cells are eliminated by
the immune system or the mechanical shear forces in the blood
[3,4]. Only a small CTC subpopulation can persist for long time
in the blood or other “homing sites”, such as the bone marrow,
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and is considered a surrogate marker of minimal residual disease
(MRD). These cells also exhibit long-term tumour cell dormancy
and may be detected in the peripheral blood even many years
after the initial diagnosis of the disease [5].

It still remains unclear which characteristics contribute to cer-
tain CTCs being able to “wake up” and survive several steps of the
metastatic cascade in order to later evolve into distant metasta-
ses. One theory currently under discussion states that these cells
are particularly aggressive and undergo the so-called epithelial-
mesenchymal transition (EMT). This process involves a number of
changes, for example, the loss of polarity and intercellular adhe-
sion, an increase in mobility and invasiveness, and finally the loss
of the epithelial, and acquisition of the mesenchymal, phenotype
[6]. Furthermore, EMT can generate cells with stem cell character-
istics that have resistance mechanisms as well as a very high po-
tential of self-renewal and may be regarded as actual precursors
of distant metastasis [7, 8].

The Concept of Liquid Biopsy

In breast cancer patients peripheral blood samples may contain
not only circulating tumour DNA (ctDNA) and/or RNA fragments
(non-coding RNA, ncRNA) but also intact CTCs. The ctDNA/RNA
fragments are released continuously into the bloodstream by the
primary cancer and/or the metastatic lesion itself and by the de-
caying CTCs. Liquid biopsy is defined as the detection and analysis
of these blood-borne biomarkers in cancer patients. Thus, in het-
erogeneous tumours such as breast cancer, oncogene mutations
and amplifications may be detected more effectively than with tis-
sue biopsies, which only represent a limited tumour area [9, 10].
Further benefits compared to tissue biopsy include the possibility
of serial analyses by simple blood sampling and the detectability
of multiple or hard to reach metastases. In addition, due to its
low invasiveness liquid biopsy acceptance is very high among pa-
tients. This paper presents the current data on clinical significance
as well as the potential applications of liquid biopsy in primary and
metastatic breast cancer.

Detection Techniques

Circulating tumour cells

In principle CTC detection involves two independent steps: Isola-
tion of the cells from the whole blood and their actual detection.
Isolation of these cells from the other constituents of the blood
draws on various cell characteristics, mainly physical (size- and/or
density-based) and biological (specific antigen expression). Exam-
ples include the so-called density gradient technique with Ficoll
and antigen-based modalities with epithelial (e.g., EpCAM, cyto-
keratins) and/or tumour-specific markers such as CEA or HER2. In
antibody-based isolation, the specific antibodies are mostly
coupled to magnetic particles, with the enriched cells then being
separated by a magnetic field for further analysis.

The subsequent CTC detection may then be based again on
nucleic acid (RT-PCR, gqRT-PCR, multiplex RT-PCR) or the antigen
characteristics (immunocytochemistry, immunofluorescence, im-
munofluorescence flow cytometry) of the CTCs. While the sensi-
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» Table 1 Examples of typical cytomorphological criteria for the
identification of isolated tumour cells (based on [13]).

Cell morphology|/phenotype

Nuclear enlargement

Large nucleoli

Cell cluster

Cytoplasm with marked and/or irregular staining

Nucleus with irreqular, granular structure

Cell size > size of haematopoietic cells

Nucleus partially covered by immunocytological staining

Cytokeratin filaments with mesh-like structure

tivity and specificity of nucleic-acid based detection is rather high,
their drawback is CTC lysis during the analysis, making it impossi-
ble to assess cell morphology or perform further cell analysis.
The most common technique for CTC detection in clinical trials
is the CellSearch system (Menarini Silicon Biosystems, Inc.), which
has been approved by the U.S. Food and Drug Administration
(FDA) for metastatic breast, colon and prostate cancer. With this
standardised assay, EpCAM-positive CTCs are isolated immuno-
magnetically from 7.5 ml whole venous blood and subsequently
stained by immunofluorescence with antibodies against cytokera-
tins (CK) 8, 18, 19, the specific leukocyte marker CD45, and the
nuclear marker DAPI. The sample is then scanned by a semi-auto-
matic fluorescence microscope and the potential CTCs are auto-
matically imaged. Finally, the analysis is performed by an experi-
enced examiner: CK 8/18/19 and DAPI-positive as well as CD45-
negative cells with specific morphology are identified as CTCs
(» Table 1, Fig. 1). The CTCs detected by the CellSearch system
can be harvested by micromanipulation and are available for fur-
ther analysis (e.g., single-cell gene expression analysis). The down-
side of this technique is on the one hand the subjective assess-
ment by the examiner, and on the other hand also the fact that it
is an EpCAM-based technique and the cells cannot be detected
after EMT due to the loss of epithelial characteristics [11,12].
Another challenge in CTC diagnostic work-up is the low detec-
tion rate, primarily in non-metastatic patient populations. Partic-
ularly in view of the known heterogeneity of the tumour, it is ad-
visable to analyse as many CTCs of a patient as possible. In this
context, many enrichment/isolation techniques have been ex-
plored in recent years to increase the detection rate. Another pos-
sible approach is the analysis of larger blood volumes, for exam-
ple, as part of diagnostic leukapheresis (DLA). On average, this ex-
tracorporeal filtration procedure will filter 2770 ml of blood. The
CTCs are isolated by density gradient and an aliquot of the DLA
product is then analysed with the CellSearch system. This signifi-
cantly increases the CTC detection rate and number of CTCs iden-
tified [14]. However, analysis of large blood volumes requires con-
siderable time on the part of the patient: the procedure takes
about one hour. Lab panel changes after DLA have also been ob-
served, e.g., slight decreases in leukocyte and haemoglobin
counts, though these are not clinically significant. It remains to

Banys-Paluchowski M et al. Liquid Biopsy in... Geburtsh Frauenheilk 2020; 80: 1093-1104 | © 2020. The author(s).



be seen to what extent the collection of several thousand CTCs
will have an impact on clinical significance and whether DLA will
improve CTC-based diagnostic work-up.

Circulating tumour DNA

The term circulating tumour DNA (ctDNA) refers to free DNA
fragments, originating from the tumour (primary tumour, metas-
tasis, isolated tumour cells), which can be detected in blood and
other body fluids. This must be distinguished from the broader
term cell-free DNA (cfDNA) or free circulating DNA (fcDNA),
which refers to all non-tumour specific cell-free DNA fragments.
Decaying normal cells can also release cfDNA into the blood.
While the older trials primarily focused on the detection of the to-
tal amount of freely circulating DNA in the blood, more recent
studies have addressed the specific detection techniques for
ctDNA.

Detection is usually carried out on blood plasma. Detection is
determined by the percentage of ctDNA compared to cell-free
DNA from normal cells. Since this percentage may be quite small,
ctDNA detection requires highly sensitive techniques. These in-
clude digital-droplet PCR (ddPCR), beads amplification mag-
netics-PCR (BEAMing-PCR), and digital next-generation sequenc-
ing (dNGS) [15-17]. Here, ddPCR and BEAMing-PCR are the so-
called targeted detection techniques (targeted approach), in
which only a few gene loci can be examined simultaneously. In
other words, the search is targeted at specific, already known tu-
mour mutations, e.g., in genes PIK3CA, ESR1, AKT1, ERBB2 and
PTEN. The term dNGS, on the other hand, summarises several
non-targeted gene analysis techniques (untargeted approach),
where large DNA molecules are sequenced and thus numerous
unknown genetic alterations and mutations can be detected.
These include, for example, array CGH (array-comparative ge-
nomic hybridization), whole-genome sequencing and exome se-
quencing. These techniques usually identify gene mutations that
may contribute to the assessment of developing resistance [15,
16].

Clinical Applications of Liquid Biopsy
in Early Breast Cancer

Improved prediction of prognosis

Individual tumour cells reaching the blood vessels and their subse-
quent dissemination are important steps in the metastatic cas-
cade. According to studies, pre-invasive lesions of the breast, such
as ductal carcinoma in situ (DCIS), can be accompanied by tumour
cell dissemination [2, 18], so that haematogenous tumour cell dis-
semination is considered an early event in the course of malignant
disease. The CellSearch system can detect circulating tumour
cells in 20-30% of patients with non-metastatic breast cancer
[19] (» Table 2). In a pooled analysis, Janni et al. were able to eval-
uate the data of 3173 patients with stage I-Ill breast cancer and
demonstrated that the detection of at least one CTC in 7.5ml
blood predicts a significantly worse clinical outcome [19]. CTC-
positive patients were twice as likely to die from breast cancer as
women who did not have CTCs at the time of diagnosis (hazard
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» Fig. 1 Detection of isolated tumour cells by various techniques:
a Apoptotic tumour cell stained by immunocytochemistry (M30
antibody [AK]); b Vital tumour cell stained by immunocytochemis-
try (anti-cytokeratin [CK]-AK); ¢ Immunofluorescence, double
staining (anti-CK-AK: green, anti-oestrogen receptor-AK: red);

d Immunofluorescence-stained tumour cell cluster (anti-CK-AK).

ratio [HR]: 2.04; 95% Cl: 1.52-2.75). CTC-positivity also corre-
lated with a statistically significant shorter overall survival (HR
1.97; 95% Cl: 1.51-2.59), disease-free survival (HR 1.82; 95% Cl:
1.47-2.26) and distant disease-free survival (HR 1.89; 95% Cl:
1.49-2.40).

While large meta-analyses (» Table 2) have confirmed the
prognostic relevance of CTCs, the existing data on circulating
DNA is much less extensive (» Table 3). A meta-analysis published
in 2018 by Tan et al. included a total of 1127 patients from 10 tri-
als, the majority with non-metastatic disease [22]. Unlike in the
pooled analyses on CTC significance, the populations here were
markedly smaller (336 patients maximum). In addition, the heter-
ogeneity of the different assays used hampered direct compari-
son of the trials considerably. Some of the trials analysed the total
amount of cfDNA, while the others studied the detection of pre-
defined genomic alterations. Despite these shortcomings, the
meta-analysis suggests a possible prognostic significance of
cfDNA and mutation detection in non-metastatic breast cancer.

Liquid biopsy treatment monitoring

Non-invasive diagnostic blood tests allow serial studies which can
be repeated as often as needed during treatment or after its com-
pletion. This provides unique insight into the current cancer situa-
tion. Since systemic treatment exerts a selection pressure on
MRD, blood samples can help assess the persistent tumour cell
population [30]. This way, it is possible to monitor the response
to treatment and identify those patients with increased risk of re-
lapse who might benefit from additional therapeutic approaches.
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» Table 2 Prognostic significance of circulating tumour cells in breast cancer: the most important trials.

Trial Number of Stage Positivity rate Assay Correlation with prognosis
patients n (%)
Jannietal. [19] 3173 Stage I-Ill 641 (20%)! Cellsearch DFS, DDFS, BCSS, 0S
Cristofanilli et al. [20] 2436 Stage IV 1099 (45.1%)? CellSearch oS
Bidard et al. [21] 1574 Stage I-Ill before neo- 398 (25.2%)" CellSearch OS, DDFS, LRRFS; pCR rate
adjuvant chemotherapy higher in case of CTC posi-

tivity (24.2% vs. 17.4%)

" definedas =1 CTC per 7.5 ml

2 defined as 25 CTCs per 7.5 ml

Acronyms: BCSS - breast cancer-specific survival; DDFS - distant disease-free survival; DFS — disease-free survival; LRRFS - loco-regional recurrence-free
survival; OS - overall survival; pCR - pathological complete response

» Table 3 Prognostic significance of circulating DNA in breast cancer patients (based on: 22], only trials with at least 100 patients were included).

Trial Number of Setting Technique: Prognostic significance: OS
patients
Fujita et al. [23] 336 Stage I-Il OSMSP! 0s:
Met-DNA (+)/Total cfDNA Yes (HR for Met-DNA 3.17; for total cfDNA 4.03)
(high/low) DFS/RFS:

Met-DNA: No (HR 2.3)
Total cfDNA: Yes (2.70)

Fernandaz-Garcia 194 Stage IV TagMan, RT-PCR 0s:
etal. [24] Total cfDNA (high/low) yes (HR 2.296)
BRE12-158 [25] 151 Stage |-l FoundationOne Liquid? 0s:
triple-negative, ctDNA (%) yes (HR 2.7)
non-pCR DDFS:
yes (HR 3.1)
Garcia et al. [26] 142 Stage |-l PCR-SSCP? 0s:
CctDNA () no (HR 1.60)
DFS/RFS:
yes (HR 2.70)
Fujitaetal. [27] 120 Stage I-Ill OSMSP! 0s:
post-therapy Met-DNA (£)/Total cfDNA yes (HR for Met-DNA 4.91; for total cfDNA 4.11)
(high/low) DFS/RFS:
yes (HR for Met-DNA 4.23; for total cfDNA 1.93)
Shaw et al. [28] 112 Stage IV ddPCR? 0s:
Total cfDNA yes (HR 2.20)
Shaw et al. [29] 110 Stage |-l dPCR! 0s:
mut. PIK3CA (%) no (HR 3.92)
DFS/RFS:
yes (HR 4.78)
TSerum
2 Plasma

Acronyms: dPCR - digital PCR; HR - hazard ratio; OSMSP - one-step methylation-specific PCR; PCR-SSCP - PCR-single-strand conformation polymorphism;
RFS - relapse-free survival
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» Table 4 Clinical significance of persistent CTCs in early breast cancer.

Trial Number Setting Positivity rate Correlation with survival
of patients (%)

Racketal. [31] 1493 Stage I-lI 22%! yes: DFS, OS
N+ or high-risk NO
Blood test after adjuvant
chemotherapy

Bidard et al. [21] 1200 Stage I-lI 15%" yes: OS, DDFS
Blood test after NACT

Riethdorf et al. [32] 207 high-risk 1%’ not analysed
Blood test after NACT

Kasimir-Bauer et al. [33] 133 Stage -1l 8 %2 no

Blood test before and after NACT

! Analysed with CellSearch
2 Analysed with AdnaTest

Acronyms: DDFS - distant disease-free survival; DFS - disease-free survival; NACT - neoadjuvant chemotherapy, OS - overall survival

We now know that CTCs can persist beyond (neo)adjuvant
therapy (so-called persistent CTCs, » Table 4). The SUCCESS trial,
initiated in Germany, was the largest analysis of CTC persistence in
non-metastatic disease to date [31]. In 2026 patients, CTCs were
examined with the CellSearch system before the patients started
adjuvant chemotherapy. At least one CTC was detected in 21.5%
of the women. After completion of chemotherapy, a blood sample
was taken from 1493 patients. The positivity rate was 22.1%. The
detection of CTCs prior to chemotherapy correlated with clinical
outcome (DFS, DDFS, BCSS and 0S), but only to a limited extent
with CTC persistence. For example, 76 patients had a positive CTC
status both before and after chemotherapy. In 936 women both
blood samples were CTC-negative. In 491 patients the CTC status
changed (+ — - in 238 cases and - — +in 253 cases). The detec-
tion of persistent CTCs predicted unfavourable clinical outcomes
(DFS: hazard ratio 1.124, p=0.02, OS: hazard ratio 1.162,
p =0.06). This suggests the development of effective resistance
mechanisms by the tumour cells, allowing them to evade the ef-
fects of cytotoxic treatment [21,31]. In addition, neoadjuvant
studies have shown that CTC response does not correlate with pri-
mary tumour response to treatment.

Numerous smaller studies have explored the question of how
the detection of circulating DNA may complement treatment
monitoring in early breast cancer (> Table 5). Li et al. studied plas-
ma samples before, during and after neoadjuvant chemotherapy
in 52 patients and demonstrated that ctDNA analysis after 2 cycles
of treatment correlated better with pCR probability than radiolog-
ical diagnostic work-up [34]. Similar results were reported by
Magbanua et al., who performed ctDNA ultra-deep sequencing
in 84 patients treated in the I-SPY 2 trial [35]. Within 3 weeks after
treatment was started, the ctDNA positivity rate dropped sharply
from 73 to 35%. All patients who achieved pCR were ctDNA neg-
ative after chemotherapy. In the non-pCR subset, the detection of
persistent ctDNA after NACT predicted a significantly increased
risk of metastasis (hazard ratio 10.4).

Banys-Paluchowski M et al. Liquid Biopsy in...

Geburtsh Frauenheilk 2020; 80: 1093-1104 | © 2020. The author(s).

Liquid biopsy potential in follow-up

After completion of the primary therapy, which usually comprises
surgery and, depending on the subtype and the extent of surgical
treatment, radiotherapy and chemotherapy, possibly in combina-
tion with targeted therapy, when trying to estimate the remaining
risk of relapse, the attending physician can nowadays only refer
back to the characteristics of the disease at the time of the initial
diagnosis. There are no other tools available allowing individual-
ised risk estimation. On the other hand, during follow-up patients
have a strong desire to learn their chances of recovery. In this con-
text some women demand analysis of the classical tumour
markers (e.g., CEA, CA 15-3), a step which the current guidelines
expressly discourage [41,42]. Several trials have explored how
liquid biopsy can improve the prediction of prognosis in the fol-
low-up of asymptomatic patients.

In 2018, the data from two large-scale adjuvant therapy trials
were published, which studied the significance of CTC testing
5 years post-diagnosis in translational subprojects (> Table 6).
The CellSearch system was used in both trials. Interestingly
enough, the prognosis in women with persistent CTCs was signifi-
cantly poorer than in the CTC-negative population, especially in
the subgroup of HR-positive tumours. For example, the U.S. trial
demonstrated that the annual risk of recurrence was 21.4% when
at least one CTC was detected, compared to only 2% in CTC-neg-
ative women.

According to smaller trials the circulating DNA may also con-
tribute to risk stratification in the follow-up of asymptomatic pa-
tients [43-46]. In a group of 101 women Garcia-Murillas et al.
were able to establish that serial ctDNA measurements can pre-
dict the risk of recurrence [44]. Blood tests were repeated every
3 months in the first year and then every 6 months for 5 years.
ctDNA detection was based on the somatic mutations in the tu-
mour tissue, which were analysed by dPCR in the blood. Patients
in whom ctDNA was detected during the course of chemotherapy
experienced a markedly shorter recurrence-free survival (hazard
ratio 16.7, p<0.001), with the first blood samples after comple-

1097



% Thieme

» Table 5 Clinical significance of circulating DNA during and after neoadjuvant therapy in early breast cancer: Summary of the key trials.

Trial Number of Technique
patients
Takahashi et al. 87 0S-MSP
[36]
Magbanua et al. 84 Ultra-deep sequencing
[35]
NeoALTTO trial 69 Mutation analysis
37] PIK3CA and TP53
(ddPCR)
Garcia-Murillas 55 dPCR, high-depth DNA
etal. [38] sequencing
Lietal. [34] 52 NGS panel of 1021
genes
Sharma et al. 30 Methylation analysis
[39] (genes BRCA1, MGMT,
GSTP1, stratifin, MDR1)
Moss et al. [40] 30 Methylation analysis

Positivity rate (%)

23 % before NACT

73 % before NACT
9% after NACT

41% before NACT
20% 2 weeks after start
5% after NACT

69% before NACT
19% 2-4 weeks postop.

48% before NACT

(most mutations in genes TP53,
PIK3CA, GAB2, and IRS2);
ctDNA persistence in 70 % of
initially ctDNA-positive pts.

Methylation before NACT: 76 %
atleast 1 gene; 53% (BRCAT),

37% (MGMT), 43% (GSTP1), 83%

(stratifin), 60% (MDR1) (76 %)
80 % before NACT

Results

ctDNA persistence associated with
RCB

Persistent ctDNA 3 weeks after
start of NACT associated with pCR
(pCRrate 17% vs. 48%, p=0.012);
ctDNA detection after NACT
associated with DDFS

Persistent ctDNA 2 weeks after
start of NACT associated with a lower
probability of pCR, but not EFS

ctDNA persistence 2-4 weeks
postop. associated with DFS
(hazard ratio 25.1)

ctDNA after 2 cycles predicted the
pathological response (AUC 0.81);
higher rate of relapse in case of
persistent ctDNA (50 vs. 33 %)

Tumour response associated with in-
creased methylation before NACT and
decreased methylation after NACT

marked decrease in cfDNA
under NACT;

cfDNA associated with pCR in
last month of NACT (p = 0.006)

Acronyms: AUC - area under the curve; DFS - disease-free survival; ddPCR - digital droplet PCR; dPCR - digital PCR; DDFS - distant disease-free survival;
EFS - event-free survival; NACT - neoadjuvant chemotherapy; NGS - next generation sequencing; OS-MSP - one-step methylation-specific PCR; RCB -

residual cancer burden

» Table 6 Clinical significance of persistent CTC in follow-up.

Trial Number Date of Positivity Median
of patients CTC analysis rate (%) follow-up period
ECOG-ACRIN 547 4.5-7.5 years 4.8% 2.6 years
E5103 [47,48] HER2-negative post-diagnosis
stage II-lIl
SUCCESS-A [49] 206 median 62 7.8% 1 year
Stage I-Ill months post-
(high-risk) diagnosis

tion of chemotherapy being initially ctDNA-negative in most pa-
tients. Clinical recurrence or distant metastasis was observed a
median of 10.7 months after the first ctDNA-positive blood test.
Interestingly enough, since ctDNA progression did not correlate
with the presence of brain metastases, this location may remain
“mute” in liquid biopsy-based detection.

The EBLIS trial also confirmed the potential of ctDNA-based
monitoring in follow-up [45]. Here, in the first 4 years after com-
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Correlation with prognosis

Risk of relapse 12.7 x higher in
patients with persistent CTCs;
risk of relapse per patient/year
in the HR-positive population:
21.4vs.2.0%

In HR-positive population: risk of

relapse higherin CTC-positive pts.
(hazard ratio 5.95)

pletion of chemotherapy, blood tests were performed every 6
months. ctDNA detection relied on the detection of individual tu-
mour-specific mutation signatures, which were established by an-
alysing the primary tumours. Clinical assessment of the course of
the first 49 patients revealed that ctDNA detection occurred a me-
dian 8.9 months before local or distant relapse.

Itis still unclear how these findings can be implemented in rou-
tine clinical practice and which diagnostic or therapeutic conse-
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quences might derive from a positive ctDNA blood test result. In
the British c-TRAK TN trial (NCT03145961), monitoring by ctDNA
testing is performed every 3 months after completion of therapy
in triple negative disease. Patients with persistent ctDNA are ran-
domized to pembrolizumab or observation. In Germany, the SUR-
VIVE trial initiated by the Department of Obstetrics & Gynaecol-
ogy at Ulm University Medical Centre plans to study the signifi-
cance of liquid biopsy in follow-up.

Liquid biopsy-based therapeutic interventions

The adoption of blood-based biomarkers in the practice of early
breast cancer has been hampered to date by the uncertainty re-
garding the clinical consequences. One of the few trials exploring
possible CTC-based therapeutic intervention in non-metastatic
disease was the multicentre Treat CTC trial [50]. Here, patients
with HER2-negative primary tumour and persistent CTCs after
completion of (neo)adjuvant chemotherapy were randomised to
6 cycles of trastuzumab or observation. A total of 1317 patients
were screened. CTCs were detected in 95 women, of which 63
were successfully randomised. Since the primary endpoint (suc-
cessful CTC elimination by trastuzumab) was not met, the trial
was terminated. Nor did HER2-targeted therapy improve clinical
outcome: after a median follow-up of 13 months, invasive dis-
ease-free and overall survival were the same in both arms. The
precise inclusion criteria must be taken into account when assess-
ing this result. The HER2 status of the CTCs did not impact on pos-
sible enrolment in the trial. Thus, patients with HER2-negative
CTCs who, as expected, did not benefit from trastuzumab were
also randomised. When planning future trials, the phenotype and
genotype characteristics of the detected cells should be included,
if possible.

Clinical Applications of Liquid Biopsy
in Metastatic Breast Cancer

Improved prediction of prognosis

In the metastatic setting, CTC detection can complement the
prediction of prognosis as well. In 2019, the course in 2436 pa-
tients with metastatic disease was evaluated in a retrospective
pooled analysis of 18 centres [20] (» Table 2). 54% of patients
had already received systemic therapy for their metastatic dis-
ease. CTC detection in all trials analysed was performed on the
CellSearch system. However, due to the higher concentration of
CTCs in metastatic disease, a different cutoff proved to be effec-
tive: in most trials 5 or more CTCs per 7.5 ml of blood was consid-
ered elevated (or CTC-high). In the pooled analysis, patients with
25 CTCs per 7.5 ml blood were classified as CTCyggressive and those
with <5CTCs as CTCjhdolent- The analysis confirmed that the
presence of increased CTC levels in metastatic disease correlated
significantly with shorter overall survival (median OS: 36.3 in
CTCaggressive Vs. 16.0 months in CTCiygolents P <0.0007) and this
association was observed in all subtypes of the tumour [20]. In
multivariate analysis, the following factors were associated with
shorter OS: prior treatment, poor differentiation, triple-negative
phenotype, visceral metastasis, and presence of =5 CTCs, with
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the CTC count as the strongest predictor of OS (HR 2.71, 95% Cl
2.35-3.12, p<0.0001).

Few trials explored the prognostic value of circulating DNA in
metastatic disease (» Table 3). Shaw et al. analysed blood samples
from 112 patients with prior treatment [28]. Elevated cfDNA lev-
els correlated with shorter overall survival. In addition, ctDNA and
CTCs were detected. ctDNA was identified by detecting muta-
tions in the genes PIK3CA, TP53, ESR1, and KRAS. Interestingly
enough, elevated cfDNA levels were usually detected in patients
with high ctDNA levels. In terms of the mutation profile, the
ctDNA reflected the mutations that were detected in the CTCs.

Liquid biopsy treatment monitoring

According to several trials, clinical response in metastatic disease
is reflected by changes in the CTC numbers [16]. A marked de-
crease in CTCs is usually noted even after the first cycle of pallia-
tive chemotherapy. Smerage et al. and Martin et al. were able to
demonstrate that after the first cycle of therapy <5 CTCs were de-
tected in 47-57% of patients with initial counts of 25 CTCs [51,
52]. Consistently high CTC numbers 3-4 weeks after the start of
treatment on the other hand indicate an increased risk of progres-
sion. This allows faster assessment of the response than with con-
ventional radiological diagnostic work-up. However, the clinical
consequences to be derived from consistently high CTC counts re-
main unclear. This question was explored by the randomised
phase-Ill trial of the US SWOG study group [51]. A total of 595 pa-
tients with metastatic breast cancer received their first-line che-
motherapy in the trial. 43% of the 319 women with elevated CTC
levels before treatment was initiated continued to have =5 CTCs
after the first cycle. These patients were randomised either to a
different treatment regimen or to continued treatment without
change. The best survival was observed in patients with low initial
CTC levels (35 months), followed by women whose high initial
CTC levels dropped after the first cycle (23 months) and patients
with persistent CTC (13 months). Interestingly enough, since the
change in treatment did not yield the hoped-for improvement in
prognosis, the CTC persistence predicts resistance to traditional
cytotoxic agents. It is possible that patients with sustained high
CTC levels could benefit from immunological, targeted or experi-
mental approaches.

The detection of circulating DNA was integrated into the
translational adjunct programmes of several trials. In the BEECH
trial, Hrebien et al. addressed the question of how serial ctDNA
measurements could complement monitoring under chemother-
apy [53]. In this randomized phase-Il trial, patients with ER-posi-
tive, HER2-negative tumours received first-line treatment with
paclitaxel and the AKT inhibitor capivasertib versus placebo. First,
mutations in the baseline samples were evaluated, with the latter
then undergoing detection by mutation-specific ddPCR. As early
as one week after the start of treatment, changes in ctDNA levels
were observed that could predict progression-free survival. The
best correlation with progression-free survival (PFS) was observed
for blood samples taken on day 1 of the second treatment cycle
(g4w) (11.1 vs. 6.4 months, hazard ratio 0.2). Both arms showed
an equally strong drop in ctDNA levels, reflecting the lack of clini-
cal benefit of capivasertib that has since been demonstrated.
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The PALOMA-3 trial also confirmed the high significance of
early ctDNA testing [54]. In this phase-lll trial, a total of 521 pa-
tients progressing under endocrine therapy were randomised to
treatment with fulvestrant and the CDK4/6 inhibitor palbociclib
vs. placebo. In 455 patients enrolled in the trial, the blood sample
drawn before starting treatment was analysed by multiplex dPCR
for hotspot mutations in the PIK3CA gene. At least one mutation
was detected in 100 women, in 73 patients a blood sample was
also analysed on day 15 of treatment. In the palbociclib arm, the
drop in ctDNA between baseline and day 15 was markedly more
pronounced than in the placebo arm. Based on these results, it
may be surmised that ctDNA dynamics may serve as a suitable
surrogate parameter for the early benefit assessment of new
agents.

At the ASCO Symposium 2020 the results of two CDK4/6 trials
were presented, which had studied ctDNA measurements in their
translational adjunct programmes [55, 56]. The PADA-1 trial eval-
uated the clinical significance of the ESRT mutation detected in
cell-free DNA of 1017 patients under treatment with aromatase
inhibitors and palbociclib [56]. All patients presented with ER-pos-
itive, HER2-negative metastatic disease and received first-line
treatment in the trial. The serial blood samples were analysed by
ddPCR. Before treatment was initiated, the ESR1 mutation was
detected in 3.2% of patients, most of whom had already under-
gone adjuvant treatment with an aromatase inhibitor. In 78% of
the patients the mutation was eliminated from the cfDNA within
the first 5 months of treatment. Patients with a mutation in the
ESR1 gene before starting treatment had a shorter PFS than wom-
en without a mutation in the cfDNA. It remains to be seen how
these results might affect treatment decisions in ESR1,,,, patients
in everyday clinical practice. In addition, ctDNA analysis was pre-
sented at the ASCO Symposium 2020 in the context of the three
trials on ribociclib, MONALEESA-2, -3 and -7 [55]. The blood sam-
ples of 1503 patients in total were analysed by NGS for alterations
in 557 genes before endocrine-based treatment was initiated. Al-
terations in the genes FRS2, PRKCA, MDM1, ERBB2, AKT1, and
BRCAT1/2 predicted a stronger PFS benefit for ribociclib (statistical
trend), while patients with alterations in genes CHD4, BCL11B,
ATM, and CDKN2A/2B/2C benefited little or not at all from riboci-
clib. Future trials must establish whether the genes studied can
contribute to the early detection of resistance in the context of
treatment monitoring.

Liquid biopsy-based therapeutic interventions

Today, treatment of the patient with metastatic disease is based
on the predictive properties of the primary tumour or metastases.
This assumes the need for invasive tissue sampling to obtain ma-
terial for histological examination and may be associated with
complications in case of difficult locations. On the other hand,
the clonal heterogeneity of the malignant disease must be taken
into account. Thus, individual metastases may differ from each
other in terms of phenotype and genotype, but different popula-
tions can also be present within a metastatic mass. The analysed
markers may also vary over time. A meta-analysis of 39 trials dem-
onstrated that 22.5% of patients with initially ER-positive primary
tumours developed ER-negative metastases [57]. Loss of HER2
status was observed in 21.3% of patients. In contrast, 9.5% of pa-
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tients with HER2-negative primary tumours developed HER2-pos-
itive metastasis. For this reason, the Breast Committee of the
Working Group for Gynaecological Oncology (AGO-Kommission
Mamma) recommends a re-evaluation of the receptor status in
metastatic disease.

Assuming that the blood-based biomarkers reflect the charac-
teristics of the dominant tumour populations, the possible use of
the liquid biopsy as foundation for treatment decisions is under
intense discussion.

The STIC CTC study is one of the most important trials looking
at CTC-based treatment choice [58]. In this phase-Ill trial, a total
of 778 women with hormone-receptor-positive HER2-negative
disease were randomised before starting their first-line therapy.
In the CTC arm, the choice of treatment was based solely on the
results of the blood test: Patients with <5 CTCs received endo-
crine monotherapy, while women with 25 CTCs underwent che-
motherapy. Blood was also taken in the control arm and examined
with the CellSearch system, but the result remained blinded. In
this arm, treatment was decided by the attending physician based
on the usual clinical criteria. As the study was initiated in 2012, the
study design did not include CDK4/6 inhibitors, which were only
approved later. The STIC CTC trial met its primary endpoint: the
CTC-based choice of treatment was not inferior to the physician’s
decision, referred to as “treatment of physician’s choice”. The
clinical outcome (PFS and OS) was the same in both arms. Inter-
estingly enough, patients with discordant risk assessment (clini-
cally low-risk but with high CTC counts or clinically high-risk with
low CTC counts) benefited from chemotherapy in terms of overall
survival. Since the STIC CTC trial did not include any endocrine-
based combined treatment with CDK4/6 inhibitors, the first-line
therapy selected most often at present in the hormone receptor-
positive population, this trial does not currently provide any rec-
ommendation for everyday clinical practice.

Unlike the STIC CTC trial, which analysed the CTC counts as the
basis for treatment decisions, the CirCe T-DM1 study explored the
question of how the characteristics of CTCs can affect the choice
of treatment [59]. It studied whether patients with histologically
HER2-negative disease (determined for the primary tumour and/
or metastases) and HER2-positive CTC status could benefit from
HER2-targeted treatment. A total of 154 women with prior treat-
ment for breast cancer were FisH-screened for HER2-amplified
CTGCs. In 14 cases at least one HER2-positive CTC was detected,
11 of which were target-treated with T-DM1 in the trial. The re-
sponse rate was rather low at 9.1%. Only partial remission was
achieved. The median PFS was 4.8 months and the OS 9.5 months.
The lack of benefit of HER2-targeted therapy may possibly be ex-
plained by the heterogeneous nature of the CTCs. The majority of
CTCs detected had a negative HER2 status and only 4.4% of CTCs
exhibited HER2 amplification.

Other CTC-based treatment concepts are currently being
studied in the DETECT trials, the world’s largest trial programme
on CTC-based treatment interventions [50] (> Fig. 2).

Unlike in diagnostic CTC work-up, ctDNA can already be con-
sidered in the routine clinical practice when choosing a particular
treatment. According to several trials, somatic genetic alterations
in the PIK3CA, ESR1, HER2, and PTEN genes can be detected and
specifically targeted as “targetable mutations” (> Table 7).
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» Fig. 2 Trial algorithm in the DETECT programme.

The first agent with liquid biopsy-based indication was ap-
proved as a result of the SOLAR 1 trial [30]. Here, the PI3K inhib-
itor alpelisib in combination with fulvestrant was studied in pa-
tients with hormone receptor-positive HER2-negative disease. Al-
pelisib inhibits the enzyme PI3 kinase coded by the PIK3CA gene.
Mutations in the PIK3CA gene are seen in up to 40% of patients in
advanced stages and result in increasingly aggressive disease by
activating the PI3K/Akt/mTOR signaling cascade. In the SOLAR 1
trial, a total of 572 patients were randomised to treatment with
fulvestrant and alpelisib versus fulvestrant and placebo. The pa-
tients suffered from metastatic disease and had already under-
gone prior endocrine treatment. In all women, the PIK3CA muta-
tion status was determined in the tumour tissue and in some
cases also in the ctDNA. Detection of a mutation was associated
with a significant PFS benefit when alpelisib was added, regardless
of whether the mutation was detected in the tissue or in the
ctDNA. Alpelisib has already been approved by the U.S. FDA in
2019 and by the European Medicines Agency in 2020.

With modern sequencing techniques, it is possible to study
several potentially treatment-relevant mutations simultaneously.
The PlasmaMatch trial [60] followed this approach, in which blood
samples from a total of 1044 women with metastatic breast can-
cer were screened. A number of genetic alterations in the ctDNA
were detected. The TP53 gene was most often affected (44.1%),
followed by PIK3CA (34.9%), ESR1 (oestrogen receptor 1)
(33.1%), PTEN (6.9%), HER2 (6.4%), and AKT1 (5.0%). The study
design provided for mutation-triggered targeted treatment. For
example, patients with ESR1 gene mutations were treated with
fulvestrant, while women with HER2 gene mutations received
anti-HER2 treatment with neratinib. In case of mutations in the
PTEN or AKT1 gene, treatment with capivasertib was initiated.
After analysis of the response, treatment with neratinib and capi-
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» Table 7 Possible alterations detectable in the ctDNA and their
potential significance.

Gene[Marker potential clinical significance

ESR1 Imparting endocrine resistance and unfavourable
prognosis, depending on the variant resistance
to everolimus (ESR1P>386 and Y>37°), exemestan
(3386, ESR1™uY), fulvestrant (Y2375 Y537C), relative
fulvestrant sensitivity (ESR1Mut)

PIK3CA Prediction of response to therapy with PI3K
inhibitor (alpelisib approved in Europe in 2020);
potentially useful in treatment monitoring

AKT1 Prediction of response to AKT inhibitors such
as capivasertib (AKT1E17K)

HER2 Prediction of the response to neratinib in HER2™ut
Treatment monitoring under anti-HER2 therapy

TP53 Imparting resistance to treatment

PTEN Imparting resistance to treatment

BRCA Prediction of the response to PARP inhibitors

and platinum salts in somatic BRCA mutations in
the ctDNA

Microsatellite
instability
(MSI), loss of
heterozygosity
(LOH)

Prediction of the response to targeted and
immunological therapeutic approaches

vasertib proved particularly promising (response rates: neratinib
25%, capivasertib 22-33%).

» Table 8 summarises the current knowledge on liquid biopsy
in early and advanced breast cancer.
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» Table 8 Clinical significance of CTCs and circulating DNA in breast cancer.

Circulating DNA

Probably high; limitation: small case numbers,
rather brief follow-up, differences in methodology

Persistence after (neo)adjuvant chemotherapy
predicts worse outcome; ctDNA dynamics correlate
with pCR

Potentially significant: ctDNA positivity predicts

an increased risk of relapse

No positive trials to date, potential unclear

Probably high; limitation: few trials, small case
numbers, differences in methodology

High potential: Persistence after 1st cycle of treatment
correlates with response, clinical consequence unclear

Main area of use: Detection of somatic mutations in
the ctDNA as basis of indication for targeted therapy:
Alpelisib approved in the USA and Europe for patients

CTCs
MO Prognostic Very high (confirmed in meta-analyses)
significance
Treatment Persistence after (neo)adjuvant chemotherapy
monitoring predicts worse outcome
Follow-up Potentially significant, especially in HR positive disease:
complement CTCdetection within 5 years post-diagnosis predicts an
increased risk of relapse
Liquid-biopsy No positive trials to date, potential unclear;
based therapeutic TREAT CTC trial without benefit of trastuzumab in
interventions persistent CTC (HER2 status of CTCs not considered)
M1 prognostic Very high (confirmed in meta-analyses)
significance
Treatment High potential: Persistence after 1st cycle chemo-
monitoring therapy correlates with response, clinical consequence
unclear
Liquid biopsy- First positive trial (STIC CTC): CTC-based choice of
based therapeutic first-line therapy is not inferior to oncologist’s choice;
interventions clinical consequence unclear; further trials pending
(e.g. DETECT study programme)
(6]
Summary

= Liquid biopsy refers to the study of circulating tumor cells and
nucleic acids (DNA/RNA) in the blood.

= The prognostic significance of CTC detection in patients with
breast cancer is very high in both early and metastatic stages.

= The dynamics of CTCs and ctDNA correlate with response to
palliative treatment.

= Oncologic research currently focuses on liquid biopsy-based
therapeutic interventions in metastatic breast cancer. The
PI3K inhibitor alpelisib is the first agent approved in this con-
text.
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