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ABSTRACT
◥

Purpose: Accurate response assessment during neoadjuvant
systemic treatment (NST) poses a clinical challenge. Therefore, a
minimally invasive assessment of tumor response based on cell-free
circulating tumor DNA (ctDNA) may be beneficial to guide treat-
ment decisions.

Experimental Design: We profiled 93 genes in tissue from 193
patients with early breast cancer. Patient-specific assays were
designed for 145 patients to track ctDNA during NST in plasma.
ctDNA presence and levels were correlated with complete patho-
logical response (pCR) and residual cancer burden (RCB) as well as
clinicopathologic characteristics of the tumor to identify potential
proxies for ctDNA release.

Results:At baseline, ctDNA could be detected in 63/145 (43.4%)
patients and persisted in 25/63 (39.7%) patients at mid-therapy

(MT) and 15/63 (23.8%) patients at the end of treatment. ctDNA
detection at MT was significantly associated with higher RCB
(OR ¼ 0.062; 95% CI, 0.01–0.48; P ¼ 0.0077). Of 31 patients with
detectable ctDNA at MT, 30 patients (96.8%) were nonrespon-
ders (RCB II, n ¼ 8; RCB III, n ¼ 22) and only one patient
responded to the treatment (RCB I). Considering all 145 patients
with baseline (BL) plasma, none of the patients with RCB 0 and
only 6.7% of patients with RCB I had ctDNA detectable at MT,
whereas 30.6% and 29.6% of patients with RCB II/III, respec-
tively, had a positive ctDNA result.

Conclusions:Overall, our results demonstrate that the detection
and persistence of ctDNA at MT may have the potential to
negatively predict response to neoadjuvant treatment and identify
patients who will not achieve pCR or be classified with RCB II/III.

Introduction
Neoadjuvant systemic therapy (NST) is awell-established treatment

for patients with early breast cancer (EBC)with high-risk features such
as advanced clinical stage, estrogen receptor negativity or HER2
positivity. NST not only reduces tumor burden, thereby allowing a
greater number of patients to undergo breast conservation therapy, but

also reduces the risk for tumor recurrence in the same way as adjuvant
therapy does (1). A major challenge in the neoadjuvant setting is,
however, the prediction of response to NST before surgery, which
could serve as the basis for escalating treatment in nonresponders and
de-escalating treatment in responders, respectively (2–5). To date,
neither imaging methods like ultrasound (6) or MRI (7) nor image-
guided breast biopsies before surgery (8–10) have been able to
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adequately predict pathologic complete response (pCR). Therefore, a
minimally-invasive assessment or prediction of tumor response earlier
during NST may be highly beneficial for guiding treatment decisions.

Liquid biopsies, that is, the analysis of tumor components floating in
body fluids such as blood, have shown promising clinical utility in
many solid tumors (11–14). Recent studies have indicated the utility of
using circulating tumor DNA (ctDNA) in EBC patients. For example,
Garcia-Murilla and colleagues demonstrated that the detection of
ctDNA during follow-up is associated with a high risk of future relapse
of EBC (15). Other groups reported that duringNST, a quick decline of
ctDNA levels is associated with undetectable minimal residual disease
or pCR (16, 17). The presence of ctDNA towards the end of the
treatment (EOT) has reflected residual disease (18). Moreover, one
recent study demonstrated that the detection of ctDNA before neoad-
juvant anti-HER2 therapies is associatedwithdecreasedpCRrates (19).
Magbanua and colleagues reported that persistence of ctDNA during
NST is a significant predictor of poor response and metastatic
recurrence (20).

We tested the use of ctDNA to predict response to NST in patients
with EBC recruited to a prospective, randomized, neoadjuvant phase II
study (ABCSG-34). In this study, the efficacy and safety of tecemotide,
a liposome-based, antigen-specific cancer immunotherapy designed
to elicit a cellular immune response against MUC1, when added
to neoadjuvant standard-of-care (SoC) treatment was investigat-
ed (21, 22). To this end, we profiled primary tissue using a 93-gene
panel and designed patient-specific assays for high-resolution tracking
of ctDNA in plasma prior to, at the middle of, and at the end of
treatment, respectively. In contrast to previous studies, we assessed not
only pCR rates but also the residual cancer burden (RCB) as an
endpoint, which has been demonstrated as a more accurate long-
term predictor of disease recurrence and survival across all breast
cancer subtypes (23, 24). Furthermore, we associated the presence and
levels of ctDNA with clinicopathologic characteristics of the tumor to
identify proxies for ctDNA release. As a secondary aim, tumor driver
alterations obtained frommutation analysis and genome-wide somatic
copy-number alterations (SCNA) detected from shallow whole-
genome sequencing (sWGS) were associated with response and clin-
icopathologic features of the tumors.

Materials and Methods
The clinical trial was conducted according to the principles of

the Declaration of Helsinki and the ICH Guidelines (EudraCT#:

2011-004822-85) and was approved by the appropriate Ethics
Committees of each of the participating centers before study
initiation. All patients provided written informed consent. The
translational part reported in this manuscript was approved by
the Ethics Committee of the Medical University of Graz (27-500
ex 14/15).

Patient cohort
This study included 193 patients with hormone receptor-

positive (HRþ; estrogen/progesterone receptor þ or higher)
HER2-negative and triple-negative (TNBC: HR�, and HER2�)
tumors from the prospective, randomized, multicenter phase II
ABCSG-34 trial (21). If detailed subtype information was lacking,
the definition for HR high and low tumors was used and all such
tumors were considered as HRþ. Other lacking subtype informa-
tion was kept as missing and such tumors were excluded from the
subsequent analysis. For patients who experienced bilateral cancer
(n ¼ 2), only information from the worse side was used [based on
the baseline prognostic factors nodal status, tumor size, tumor
grade, HR status, HER2 status, and Ki-67 (in this order)]. On the
basis of hormone receptor (HR) expression, menopausal status,
histopathologic grade, and Ki-67, patients were randomized 1:1 to
receive chemotherapy (NCT) or endocrine therapy alone (NET) or
in combination with the therapeutic cancer vaccine tecemotide
(formerly known as Stimuvax or L-BLP25). Although the use of
tecemotide was safe, it neither improved pCR nor RCB rates (21),
which is why the administration of tecemotide was neglected for
this study. Patients with NCT received conventional (anthracycline/
cyclophosphamide followed by taxane) or reverse sequence chemo-
therapy, again without impact on response (22).

Blood and tumor tissue samples were obtained prior to treatment
initiation (baseline, BL), after four cycles of chemotherapy (conven-
tional and reverse sequence arms) or after 12 weeks of aromatase
inhibitor treatment (endocrine arm) (mid-therapy,MT) and at surgery
(EOT; Fig. 1A). Although tissue was analyzed only at BL and was
available for all patients, blood was available for 145 patients, with 108
patients having blood drawn at all three time points (Fig. 1B). From 92
of 145 patients with available plasma, EndoPredict data were available
from a previous study (25).

Assessment of clinicopathologic features and response
Immunohistochemical Ki-67 expression and tumor grade

according to Elston and Ellis (Ventana Benchmark Ultra) were
centrally determined by an experienced breast cancer pathologist.
The logarithm of Ki-67 values was used for all analyses to approx-
imate a normal distribution. For classification into high and low,
two different cut-offs (14% and 20%) were used. Stromal and
intratumoral tumor infiltrating lymphocytes (TILs) were also
centrally determined and analyzed as previously described (26, 27).
For classification into high and low a 19% threshold was used. A
subset of diagnostic cores was tested using EndoPredict (Myriad
International GmbH) at the University of Vienna according to
manufacturer’s instructions as previously described (25, 28–30).
Tumor response was assessed as residual breast cancer burden
(RCB) based on the index developed from Symmans and collea-
gues (31) and pathological complete response (pCR), respectively.
RCB was assessed and confirmed by central pathological review
and patients were stratified into responders (RCB 0/I, RCB
index ≤1.36) and nonresponders (RCB II/III, RCB index >1.36).
Pathologic complete response (pCR) was defined as ypT0/is ypN0
in the surgical specimen.

Translational Relevance

In this translational study, we tested the use of ctDNA to predict
response to neoadjuvant systemic therapy (NST) in patients with
early breast cancer (n ¼ 145) recruited to a prospective, random-
ized, neoadjuvant phase II study. By the use of patient-specific
high-resolution assays, we demonstrate that the detection and
persistence of ctDNA in the middle of NST may have the potential
to negatively predict response to treatment and identify patients
who will not achieve pCR or be classified with RCB II/III. A
noninvasive identification of RCB may have the potential to aid
clinical decision-making with respect to treatment escalation in
non-responders, who are known to benefit from additional adju-
vant therapy, or de-escalation by identifying patients who might
not derive benefit from breast surgery after NST.
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Extraction of tumor DNA
DNA from formalin-fixed, paraffin-embedded (FFPE) tumor tissue,

obtained from diagnostic cores prior to the treatment (BL), was
isolated fromFFPE tissue using theGeneReadDNAFFPEKit (Qiagen)
according to the manufacturer’s recommendation. Briefly, the tissue
sections were collected in a 1.5 mL Eppendorf tube and mixed with
1 mL xylene for 10 minutes (Sigma-Aldrich/Merck KGaA). The
sections were washed three times with 100% ethanol and dried at
room temperature for 10 minutes. Cells were incubated and digested
with proteinase K at 56�C overnight. After heating to remove cross-
links, the DNA was incubated with Uracil-N-Glycosilase (UNG) to
remove deaminated cytosine residues. After washing and drying the
membrane via high-speed centrifugation, DNA was eluted with 30 mL
nuclease-free water (Qiagen).

Extraction of cfDNA
Cell-free DNA (cfDNA)was isolated using theQIAampCirculating

Nucleic AcidKit (Qiagen) as described previously (32, 33). To this end,
400mL of plasma (mixedwith 600mL PBS) were incubated with 100mL
proteinase K and 800 mL buffer ACL (containing 1 mg carrier RNA).
After incubation at 60�C for 30minutes, 1.8mLBuffer ACBwas added
into the mixture and incubated on ice for 5 minutes. The mixture was
then transferred into QIAamp Mini columns with a tube extender,
which allowed the mixture to pass the QIAamp Mini membrane by
vacuum force. After washing themembranewith Buffer ACW1, Buffer
ACW2 and 96% to 100% ethanol, the QIAamp Mini column was
centrifuged at 20,000 � g for 3 minutes. The column was then
incubated at 56�C for 10 minutes to dry the membrane completely.
cfDNA was eluted with 30 mL nuclease-free water (Qiagen).

Quantification
DNA concentrations were measured using the Qubit dsDNA BR

AssayKit or theQubit dsDNAHSAssayKit (ThermoFisher Scientific)
according to the manufacturer’s instructions.

Mutation analysis of tumor samples
Targeted next-generation sequencing (NGS) of 93 frequently

mutated genes in breast cancer (Supplementary Table S1) was per-
formed using the QIAseq Human Breast Cancer Targeted Panel

(Qiagen), which uses digital sequencing by incorporating unique
molecular barcodes (UMI) into the starting DNA material prior to
amplification, thereby overcoming the issues of PCR duplicates, false
positives and library bias. Library preparation was performed accord-
ing to themanufacturer’s guidelines for FFPEDNA. Briefly, 20 to 40 ng
of DNA were enzymatically fragmented, end repaired and A-tailed.
Prior to target enrichment, adapters including a 12-base fully random
UMI as well as was a sample index were ligated to each original DNA
molecule. Target enrichment was performed using a single primer
extension, in which each genomic target was enriched by one target-
specific primer and one universal primer. The final library was purified
with QIAseq Beads. After quantification using QIAseq Library Quant
Assay Kit (Qiagen), libraries were sequenced on the Illumina NextSeq
550 instrument (Illumina) in a 150 bp paired end mode. On average,
6,932,822 reads (range, 1,156,790–23,751,966) were obtained per
sample. Raw sequencing data were analyzed using the QIA-seq
targeted DNA Panel Analysis pipeline, which processes the UMI
information to distinguish true variants from artefacts based on
smCounter V1 (34). After consensus read generation, we obtained
an average coverage of 477X (range, 86–1,207). Variant allele fre-
quency (VAF) ofmutations was defined as the number of variant reads
divided by the number of total reads. Variants that did not pass the
predefined quality criteria from smCounter were dismissed.Moreover,
synonymous variants and variants with VAFs lower than 10% were
filtered. Furthermore, variants present withminor allele frequencies of
>1% in population frequency databases (ExAC, GnomAD) were
considered polymorphisms. The remaining variants were classified
according to the American College ofMedical Genetics and Genomics
(ACMG) guidelines.

Copy number profiling of tumor samples using sWGS
WGS libraries of tissue DNA were prepared and sequenced as

described previously (32, 35, 36). Briefly, shotgun libraries were
prepared using theTruSeqDNALTSample PreparationKit (Illumina)
according to the manufacturer’s instructions. 100 ng genomic DNA
was fragmented to 350bp using the Covaris S220 (Covaris Ltd.).
Libraries were sequenced on either an Illumina MiSeq or NextSeq
550 instrument (Illumina) in 76bp PEmode, aiming for 5 to 10million
reads per sample, representing a 0.1 to 0.2x coverage of the whole

Figure 1.

Study design and flow chart and molecular profiling results. A, Shown is an overview of the study design. Patients with early breast cancer were treated with
standard of care (SoC) NCT or NET. After mutation analysis of the primary tumors using a 93-gene panel, patient-specific high-resolution assays were
designed to track ctDNA during treatment. B, Flow chart showing patients and samples evaluated in the study. NA, not available; QC, quality control; UV,
variants with unknown clinical significance. Created with BioRender.com.
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genome. SCNA analysis and focal event calling was performed as
described in refs. 32 and 35. To assess genetic instability, the percentage
of the genome that was affected by copy-number gains or losses
(fraction genome altered, FGA) was calculated, where a higher “frac-
tion of genome altered” indicates increased genome instability. Tumor
fractions from tissue samples were estimated with the ichorCNA
algorithm, a probabilistic model for the simultaneous prediction of
large-scale CNAs and estimation of tumor fraction, which is equivalent
to tumor purity from bulk tumor analyses (37). Circos plot represent-
ing G-score were calculated by GISTIC (38).

Deep-seq
To validate variants identified with the QIA-seq panel, we

performed an independent sequencing method (i.e., deep-seq)
as described previously (39, 40). Briefly, target-specific primers
covering mutations identified with the QIA-seq panel were
designed and amplicon libraries were prepared from 5 to 10 ng
tumor DNA and sequenced in 150bp PE run on a NextSeq 550 or
MiSeq (Illumina). Sequencing data were analyzed using an in-house
pipeline and visualized using Integrative Genomics Viewer (IGV;
version 2.3.58).

SiMSen-seq
Pathogenic and likely pathogenic mutations identified in tumor

tissue were tracked in cfDNA using SiMSen-seq (Simple, Multiplexed,
PCR-based barcoding of DNA for SENsitive mutation detection using
sequencing). This high-resolution sequencing approach allows a per-
sonalized assay design covering multiple mutations of the same
patient (41, 42). All SiMSen-seq assays were designed and validated
according to Sta

�
hlberg and colleagues (41). Libraries were prepared

using a three-cycle barcoding PCR step followed by an amplification
step to add the sequencing adapters and patient specific indices and a
bead purification step. Libraries were quantified on a Bioanalyzer
(Agilent) High Sensitivity chip and sequenced on an Illumina NextSeq
550 instrument (Illumina) in 150bp single read mode aiming for one
million reads per amplicon (actual average number of raw reads
639,626, range 32,297–4,883,340). Data analysis was performed using
the Debarcer Tool Kit (41, 42). Considering only barcode families
containing aminimumof three reads, an average consensus read depth
of 2,069x (range 130–20,541) was obtained.

Sensitivity assessment of a 5-plex SiMSen-seq assay covering select-
ed hotspot mutations using the Seraseq ctDNA Complete reference
material (SeraCare) revealed a reliable detection of mutations down to
a VAF of 0.1% (Supplementary Fig. S1). Therefore, samples were
considered ctDNA positive if a VAF of ≥0.1% was observed.

Statistical analysis
Statistical analyses were performed according to the statistical

analysis plan and included analyses based on the whole study
population as well as subgroups stratified by treatment arm (NCT,
NET) or tumor subtype (HRþ/HER2�, TNBC). Our primary aim
was to evaluate whether the presence or levels of ctDNA (assessed as
the highest detectable VAF) at BL, MT, or EOT are correlated with
tumor responses (pCR, RCB score). Moreover, we investigated
whether clinicopathologic parameters at BL, including clinical
tumor size [cm (2)] and stage (T ≥ 2 vs. T1), clinical nodal status
(N0/1 vs. N2/3), tumor grade (G3 vs. G ≤ 2), Ki-67, TILs, or
EndoPredict scores, were indicative of ctDNA release. As a sec-
ondary aim, we evaluated associations between driver alterations
assessed from the tumor and clinicopathologic variables at BL as
well as treatment outcome.

Descriptive statistics were used to assess clinical and genetic vari-
ables associated with baseline ctDNA levels and included frequencies
and percentages ormedian and range [min, max], as appropriate. VAF
comparisons were performed using the Mann–Whitney test. Fisher
exact tests were used for associations between categorical variables.
Associations between a continuous or ordinal and a categorical
variable were calculated using Kruskal–Wallis tests. To assess the
association between two continuous or ordinal variables, Spearman
correlations were performed. Univariate and multivariate logistic
regression models were used to evaluate the effects of the different
covariables on response. Covariables significant in the univariate
models were included in multivariate models. In cases of highly
correlated variables, only one of the variables was included in the
multivariate model. P values <0.05 were considered statistically sig-
nificant. Due to small patient numbers (especially within subgroups),
various analyses outlined in the statistical analysis plan were not
possible and were therefore omitted.

Data availability statement
All sequencing raw data have been deposited at the European

Genome-phenome Archive (EGA; http://www.ebi.ac.uk/ega/), which
is hosted by the EBI, under the accession number EGAS00001005798.

Results
Patient cohort

This study included 193/400 (48.3%) patients from the prospective,
randomized, multicenter phase II ABCSG-34 trial (21) with sufficient
biopsymaterial and a tumor purity of≥30%.Of those, 187/193 (96.8%)
DNA samples passed our initial quality assessment and could be
successfully sequenced with the QIAseq panel (Fig. 1B). The majority
of patients (134/187, 71.7%) received NCT (HRþ, n¼ 74; TNBC, n¼
57; missing, n¼ 3) and 53/187 (28.3%) patients received NET as their
preoperative SoC treatment (Table 1, left column). In the NCT arm,
41/134 (30.6%) patients achieved complete or near-complete remis-
sion (RCB 0/I), whereas patients in the NET arm had lower response
rates (6/53, 11.3% achieved RCB 0/I). A pCR was observed in 27/134
(20.1%) undergoing NCT, but only in one patient (1/53, 1.9%) in the
NET arm. In general, patients in the NCT arm were younger and
had more aggressive disease characteristics (higher tumor grade and
Ki-67, more frequently nodal-positive) compared with those treat-
ed with NET. Patient characteristics for the subset, of which plasma
DNAwas available (n¼ 145), were similar (Table 1, right column) and
both cohorts were representative for the entire ABCSG-34 study
population (21).

Molecular characterization of primary tumors
In 173/187 tumor samples (92.5%), at least one somatic mutation

could be identified, indicating a broad patient coverage of the
QIAseq breast cancer panel (Fig. 1B). A total of 465 somatic
mutations were detected with an average of 2.6 mutations per tumor
(range 1–9). As previously reported, in HRþ tumors significantly
mutated genes included PIK3CA (32.3%), TP53 (22.8%), and GATA3
(16.5%; Fig. 2A; Supplementary Fig. S2A; refs. 43, 44). In contrast, in
TNBC, TP53 was mutated in 81.0% of tumors (Fig. 2A; Supple-
mentary Fig. S2B). After variant prioritization/classification, 292
mutations (62.8%) in 156/187 tumor samples (83.4%) were classified
as driver mutations (pathogenic or likely pathogenic; Supplementary
Figs. S3A and S2B). Using an alternative sequencing approach
(deep-seq), more than 99% of those mutations were confirmed and
the VAFs were strongly correlated between QIAseq and deep-Seq
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(Spearman correlation, R ¼ 0.9206) (Supplementary Fig. S4). Copy
number profiling was informative in 185 tumor samples and
revealed significantly amplified regions, including well-known driver
genes, such as 8p11.22 (FGFR1), 11q13.4 (CCND1), 12q14 (MDM2),
or 8q24 (MYC; Fig. 2A; Supplementary Fig. S2C).

ctDNA detection in plasma during NST
Specific SiMSen-seq assays were designed for driver mutations

(classified as pathogenic or likely pathogenic) identified from tissue
sequencing for each patient with available plasma samples. Taken
together, we screened for a total of 263 targets in 145 patients
(Supplementary Table S2). In 77/145 (53.1%) and 37/145 (25.5%),
one or two mutations were tracked, respectively, and in the remaining
31 patients (21.4%), between three and six targets were analyzed
(Fig. 2B). Of those patients with more than one mutation tracked,
an average of 52%, 48%, and 43% of the screened mutations could be
detected at BL, MT, and EOT, respectively. Interestingly, in cases for
which severalmutations were screened, it wasmostly the known driver
mutations such as PIK3CA hotspot mutations that could be detected
(Fig. 2C). For a detailed list of the mutations and their VAFs in tissue
and plasma, please see Supplementary Table S2.

Prior to therapy initiation, ctDNA could be detected in 63/145
(43.4%) successfully analyzed samples (Fig. 3A). Of those, ctDNA
persisted in 25/63 (39.7%) patients and 6/82 (7.3%) initially negatively

tested patients had ctDNA detected at MT. Of those, 18/31 (58.1%)
remained positive at EOT. In 28 patients, ctDNA became undetectable
atMT and remained undetected at EOT in 22 of them, whereas in three
patients (all RCB III) with no detectable ctDNA at MT, ctDNA
reoccurred at EOT (Fig. 3A). Although presence of ctDNA at BL was
not associated with tumor response, ctDNA detection at MT was
significantly associatedwith higher RCB (OR 0.062; 95%CI, 0.01–0.48;
P¼ 0.0077; Fig. 3B). Of 31 patients with detectable ctDNA at MT, 30
patients (96.8%) were nonresponders (RCB II, n¼ 8; BCB III, n¼ 22)
and only one patient achieved a RCB I (Fig. 3C). Overall, none of the
patients with RCB 0 and only 6.7% of patients with RCB I had ctDNA
detected at MT, whereas 30.6% and 29.6% of patients with RCB II/III
had a positive ctDNA result (Fig. 3D). After stratification per treat-
ment arm, similar results were observed for patients undergoing NCT
(OR ¼ 0.064; 95% CI, 0.01–0.451; P ¼ 0.0095; Fig. 3B). However, the
association could not be confirmed in the NET study arm due to the
complete or quasi-complete separation of data points. Likewise,
presence of ctDNA at EOT revealed a significant association with
treatment response in the entire cohort and the NCT arm, but to a
lesser extent (Fig. 3B). When looking at pCR as response, only ctDNA
at MT revealed a significant association (Fig. 3E). Moreover, ctDNA
levels at BL were associated with treatment outcomes (median RCB0/I
VAF 0.40% vs. RCBII/III VAF 0.89%; P ¼ 0.0449, two-tailed Mann–
Whitney test; Fig. 4A). Except for one patient, all patients with pCR

Table 1. Characteristics of patients per type of therapy.

Patients with available tumor data Patients with available plasma data
NCT NET Total NCT NET Total

Variable n ¼ 134 (%)� n ¼ 53 (%)� n ¼ 187 n ¼ 102 (%) n ¼ 43 (%) n ¼ 145

Age ≤50 72 (53.7) . 72 ≤50 55 (53.9) . 55
>50 59 (44.0) 53 (100) 112 >50 44 (43.1) 43 (100) 87
Missing 3 (2.3) . 3 Missing 3 (3.0) . 3

Subtype HRþ 74 (55.2) 53 (100) 127 HRþ 53 (52.0) 43 (100) 96
TNBC 57 (42.5) . 57 TNBC 46 (45.1) . 46
Missing 3 (2.3) . 3 Missing 3 (2.9) . 3

T-stage T1 38 (28.4) 26 (49.0) 64 T1 26 (25.4) 19 (44.2) 45
T2 80 (59.7) 25 (47.2) 105 T2 62 (60.8) 23 (53.5) 85
T3 13 (9.7) 2 (3.8) 15 T3 11 (10.8) 1 (2.3) 12
T4 3 (2.2) . 3 T4 3 (3.0) . 3

N-stage N0 73 (54.4) 41 (77.3) 114 N0 57 (55.9) 33 (76.8) 90
N1 51 (38.1) 10 (18.9) 61 N1 36 (35.2) 9 (20.9) 45
N2 1 (0.7) . 1 N2 1 (1.0) . 1
N3 2 (1.5) . 2 N3 2 (2.0) . 2
Missing 7 (5.2) 2 (3.8) 9 Missing 6 (5.9) 1 (2.3) 7

Grading G1 . 8 (15.1) 8 G1 8 (18.6) 8
G2 32 (23.9) 40 (75.5) 72 G2 23 (22.5) 30 (69.8) 53
G3 97 (72.4) 4 (7.5) 101 G3 76 (74.5) 4 (9.3) 80
Missing 5 (3.7) 1 (1.9) 6 Missing 3 (3.0) 1 (2.3) 4

Endopredict MS score Low risk NA Low risk 4 (3.9) 20 (46.5) 24
High risk NA High risk 45 (44.1) 23 (53.5) 68
Missing NA Missing 53 (52.0) . 53

EPclin Low risk NA Low risk 6 (5.9) 26 (60.5) 32
High risk NA High risk 41 (40.2) 17 (39.5) 58
Missing NA Missing 55 (53.9) . 55

RCB RCB 0/I 41 (30.6) 6 (11.3) 47 RCB 0/I 33 (32.3) 5 (11.6) 38
RCB II/III 86 (64.2) 44 (83.0) 130 RCB II/III 62 (60.8) 36 (83.7) 98
Missing 7 (5.2) 3 (5.7) 10 Missing 7 (6.9) 2 (4.7) 9
pCR 27 (20.1) 1 (1.9) 28 pCR 24 (23.5) 1 (2.3) 25
No pCR 103 (76.9) 50 (94.3) 153 No pCR 74 (72.6) 41 (95.4) 115
Missing 4 (3.0) 2 (3.8) 6 Missing 4 (3.9) 1 (2.3) 5

Abbreviation: EndoPredict MS, 12-gene Molecular Score; EPclin, combination of the 12-genemolecular score (MS) with tumor size and the number of positive nodes,
which correlates to the risk of distant recurrence.
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and RCB I and detectable ctDNA at BL had decreasing levels, whereas
nonresponders showed mixed ctDNA responses (Fig. 4B and C).
Neither ctDNA detection rates nor levels at BL, MT, and EOT differed
between HRþ and TNBC (Supplementary Fig. S5).

Association of ctDNA release at BL and clinicopathologic
variables

Presence of ctDNA was significantly associated with higher stages
(T1 vs. T2/3/4, Fisher exact test, P ¼ 0.0195), positive lymph node
status (cNþ vs. cN�, Fisher exact test, P ¼ 0.0200; Fig. 5A), and a
higher (continuous) number of intratumoral TILs (Kruskal–Wallis,
P ¼ 0.0378; Fig. 5B; Supplementary Table S3). When ctDNA was
detected, patients with Ki-67 high (≥20%) tumors and higher stages
had significantly higher ctDNA levels (Kruskal–Wallis test, P ¼
0.0336; Supplementary Table S4). Moreover, a weak but significant
correlation was observed for the entire cohort between intratumoral
TILs and BL ctDNA levels (Spearman correlation, R ¼ 0.2554, P ¼
0.0433). An association with the EndoPredict clinical score revealed a
borderline significance (high vs. low risk, Fisher exact test, P¼ 0.0699;
Supplementary Table S3).

Association of driver events assessed from tissue with
clinicopathologic characteristics

As a secondary aim, we investigated whether the presence of specific
driver alterations in the tumor tissue is associated with clinicopath-
ologic characteristics and included all patients for whom mutation
(n¼ 187) and copy number (n¼ 185) data were available. Considering
the entire cohort, genetic instability—reflected by the fraction of the
genome affected by SCNA—and a higher number of focal amplifica-
tions was associated with higher tumor grade, higher tumor stage,
higher Ki-67 scores as well as a higher number of TILs (stromal and
intratumoral). For subgroup analyses and correlations with continu-
ous values see (Supplementary Tables S5 and S6).TP53mutationswere

significantly associated with higher tumor grade, higher Ki-67 scores
and TILs in the entire cohort and HRþ tumors (Supplementary
Table S7). Conversely, PIK3CAmutations were associated with lower
grading and lower Ki-67 scores (Supplementary Table S8). None of the
other tested driver alterations (see Fig. 2C) achieved statistical signif-
icance (data not shown).

Predictive performance of driver alterations from tissue
Since recent data have indicated that valuable prognostic informa-

tion can be derived from somatic driver alterations (45), we tested
whether such driver events might indicate therapeutic response in our
cohort. In the population as a whole, presence of high-level amplifica-
tions (HLAMP) was significantly associated with an improved
response rate when measured by RCB (OR ¼ 1.11; 95% CI, 1.02–
1.20; P¼ 0.0129; Supplementary Fig. S6A). Moreover, the presence of
TP53 mutations was associated with improved response rates (OR ¼
2.64; 95% CI, 1.33–5.22; P ¼ 0.0054). In contrast, PIK3CA mutations
were associated with a poor tumor response (OR¼ 0.37; 95%CI, 0.14–
0.94; P¼ 0.0366). However, in a subgroup analysis based on the tumor
subtype, this association did not maintain significance. For subgroup
analyses and pCR as an endpoint see (Supplementary Figs. S6B, S6C,
and S7A–S7C).

Discussion
In this study, we investigated the predictive value of ctDNA for

response to NST in patients with early breast cancer. To this end, we
analyzed 193 patients recruited to the ABCSG-34 trial who were
treated with standard NCT or NET alone or combined with tecemo-
tide, respectively. On the basis of the molecular profile of the core
biopsies assessed with a 93-gene panel, we designed personalized
SiMSen-seq assays to track ctDNA during treatment. Persistence of
ctDNA, particularly at mid-therapy, indicated treatment failures,
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Somatic driver alterations in tumor and plasma. A, Heat map representing the landscape of somatic driver alterations, including mutations and CNAs in tumor
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whereas patients in whom ctDNA became undetectable from baseline
to mid-therapy were associated with excellent responses. Overall, our
results demonstrate that the detection and persistence of ctDNA at
mid-therapy has the potential to negatively predict response to
neoadjuvant treatment and to identify patients who will not achieve
pCR or will be classified with RCB II/III. Our data confirm previous
observations that dynamic monitoring of ctDNA during NST could
provide an early endpoint of treatment efficacy. A noninvasive iden-
tification of RCB may in the future have the potential to aid clinical
decision-making, for example with respect to treatment escalation (or
de-escalation), identifying patients who might not derive benefit from
breast surgery after NST, or identifying nonresponders who are known
to benefit from additional adjuvant therapy. Clinical studies addres-
sing escalation designed for patients who do not achieve pCR, like
CREATE X (46) and KATHERINE (47), demonstrated a clinical
benefit and with MT ctDNA, the escalation after surgery may be
either predicted or intensified prior to surgery. Novel antibody–drug
conjugates are now being evaluated based solely on pCR. Still, ran-
domized, prospective studies are needed to evaluate the clinical utility
of ctDNA detection during NST as evidence for treatment escalation.
Furthermore, a subgroup of patients who achieve pCR afterNSTmight
not derive benefit from breast surgery after NST and the identification
of those patients might minimize unnecessary invasive treatment.

An important novelty of our study is the analysis of RCB as a further
endpoint of the ABCSG-34 trial in addition to pCR. Although pCR is
the most commonly used pathologic staging system to risk-stratify
patients following completion of neoadjuvant chemotherapy for breast
cancer (48), the value of RCB as an indicator of long-term survival for
patients after NST has been recognized (24, 31) and validated (49, 50).
A stratification into good response classes (RCB 0/I) and bad response
classes (RCBII/III) provides prognostic information for all molecular
subtypes and neoadjuvant treatment regimens. Patients with RCB-I
were confirmed to have similar 5-year distant relapse rates as RCB-0,
whereas patients with RCB-III showed poor prognosis with a 5-year
distant relapse rate of 53.6% (51). Several studies integrated RCB with
other prognostic biomarkers, such as TILs (26, 52, 53) or Ki-67 (54) to
provide an improved long-term prognosis. Additional integration of a
molecular ctDNA response might further enable optimization of
neoadjuvant therapy.

In contrast to previous reports (19, 20), at baseline neither ctDNA
positivity rate nor ctDNA levels differed significantly among breast
cancer subtypes (HRþ vs. TNBC). Yet, patients with a poor tumor
response (RBC II/III) had significantly higher levels compared with
patient with a good response. In general, ctDNA detection in patients
with low tumor burden is challenging due to low fractions of ctDNA
and limited numbers of available cfDNA fragments. Therefore, several
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high-resolution technologies for detecting ctDNA have been devel-
oped in the last decade and it became clear that, in the early stages,
tumor-informed approaches achieve the required sensitivity. Com-
pared with the NeoALTO trial, in which ddPCR was performed to
screen for PIK3CA and TP53 mutations in 69 patients and only 41%,
20%, and 5% patients before NAT, at week 2, and before surgery,
respectively, had detectable ctDNA (19), our tumor-informed analysis
revealed improved detection rates. In contrast to our data, baseline
ctDNA detection before NAT was associated with decreased odds of
achieving pCR, but not with DFS (19). Another group employed a
customized ddPCR assessment of TP53 mutations and reported
ctDNA detection in 27/36 patients (75%; ref. 17). Although in this
study pCR was not correlated with ctDNA detection at any time point,
ctDNA positivity after one cycle of NCT was associated with shorter
DFS and OS. More recent studies have employed whole-exome
sequencing (WES) of the tumor tissue to select suitable, patient-
specific targets for ctDNA analyses. One such tumor-guided ctDNA
analysis strategy is targeted digital sequencing (TARDIS) for multi-
plexed analysis of 8 to 16 patient-specific cancer mutations (55). This
assay detected ctDNA in 32/32 patients with a median VAF of 0.11%.
Consistent with our data, ctDNA levels were lower and showed a larger
decrease in patients who achieved pCR (55). The most comprehensive

study was recently published byMagbanua and colleagues, who for the
first time reported an association of ctDNA with both response and
survival in early breast cancer (20). The integration of genome-wide
patient-specific mutational signatures may further increase the sen-
sitivity of ctDNA analyses in early-stage patients, because a higher
number of mutations tracked in plasma increases the probability of
catching mutated fragments. Recently, a comprehensive analysis at a
genome-wide level as an alternative to deep sequencing has been
suggested (56). However, paired WGS of tumor tissue and plasma
DNA including follow-up samples might still be prohibitively expen-
sive for a ctDNA test that may have to be repeated multiple times.

Furthermore, we aimed to elucidate molecular and genomic factors
predictive of ctDNA release. Presence of ctDNA was significantly
associated with a higher stage and a positive lymph node status.
Moreover, higher ctDNA levels were significantly associated with
higher proliferation rates confirming previous reports in breast and
lung cancer (20, 57). Interestingly, presence of ctDNA was also
associated with intratumoral TILs, whereas stromal TILs only had
borderline significance. These data may suggest that a combination of
ctDNA and TILs may help identify patients who will benefit from
novel neoadjuvant treatments with immune checkpoint inhibitors.
Nonetheless, a subgroup analysis was not sufficiently powered.
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Because EndoPredict scores were determined in a subset of ABCSG-34
patients and demonstrated that the 12-gene molecular score could
predict RCB after treatment (25), we checked for associations with
ctDNA detection. Although more patients with high EndoPredict
clinical scores had ctDNA detected, this association did not reach
statistical significance.

We also investigated the association of driver alterations with
clinicopathologic factors and treatment response. As expected, the
majority of TNBC tumors carried TP53 mutations, whereas PIK3CA
mutations were most commonly observed in the HRþ tumors. In line
with a previous meta-analysis, the presence of TP53 mutations was
associated with good response in patients who received NCT (58).
However, a comparison of response rates independent of themutation
status revealed that this association mainly arrived from the tumor
subtype. In the NCT arm, TNBC were 2.9- and 3.5-fold more likely to
achieve RCB 0/I or pCR, respectively (P ¼ 0.0074), compared with
HRþ tumors. Although HRþ tumors with TP53mutations were 2.1-
fold (95% CI, 0.6–6.7) more likely to respond to NCT, this association
was not significant. Nevertheless, for PIK3CA-mutated tumors, a
chemo-free targeted approach with NET in combination with targeted
treatments including CDK4/6 and PI3K inhibitors and beyond might
be considered (59).

Our study has several limitations. First of all, although the ABCSG-
34 clinical trial was prospective, the analyses of ctDNA were a
retrospective, translational study and for definitive proof of the clinical
utility of ctDNA in this setting, prospective, interventional trials are
required, some of which are already underway. Moreover, because our
assay detected ctDNA in only less than half of the patients, more
sensitive approaches including the analysis of a large number of

mutations in combination with the use of lager plasma volumes, or
even multiparameter assays may have greater potential for implemen-
tation in future studies. In addition, the small number of responders in
the NET impaired the statistical analyses in this subgroup. Finally, late
outcomes (disease-free survival, DFS; overall survival, OS) were not
available as endpoints for our study; however, pCR are RCB were
repeatedly shown as strong primary endpoints. Overall, our study
confirms the great promise of ctDNA as an early response marker in
EBC patients undergoing NST.
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