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Circulating tumor DNA (ctDNA) has potential as a prognostic factor for predicting relapse in high-risk
breast cancer (BC). This study investigates the utility of ctDNA assessment using a tumor-informed
assay, in patients with high-risk BC treated with neoadjuvant chemotherapy (NAC). Thirty newly
diagnosed patients with various high-risk BC subtypes participated, providing serial blood samples at
multiple time points, including baseline, during NAC, and during follow-up. ctDNA was detected at
baseline in 29/29 patients for whom an assay panel could be designed, with detection sensitivity
reaching 0.0083% (variant allele frequency). Among patients with detectable baseline ctDNA, 94%
showed clearance during treatment, correlating with improved outcomes. Additionally, ctDNA
detection post-surgery or during follow-up predicted disease recurrence. These findings suggest that
serial ctDNA monitoring throughout NAC and follow-up can effectively identify residual disease in BC

and correlate with clinical outcomes.

Neoadjuvant chemotherapy (NAC) is the standard of care in high-risk early-
stage and locally advanced breast cancer (BC), particularly in HER2-positive
and triple-negative breast cancer (TNBC) cases'. Current protocols combine
NAC with HER2-targeted antibodies or immune checkpoint inhibitors,
respectively. NAC may also be indicated in hormone receptor-positive (HR
+/HER2-) BC to facilitate breast conservation and avoid an axillary dissec-
tion. The efficacy of NAC is primarily assessed through clinical and radi-
ological examinations, and the degree of pathological response after surgery.
Pathological complete response (pCR) is currently the main prognostic
factor guiding adjuvant therapies in HER2-positive and TNBC patients after
NAC, with treatment escalation recommended in cases of non-pCR*™.
While pCR is strongly correlated with improved outcomes, recurrences can
still occur. Similarly, not achieving a pCR is far from being an absolute
predictor of recurrence, as many patients with residual disease remain at low
risk of future events’. Moreover, only the local and/or regional tumor
response is evaluated, without assessing the presence of micrometastases.
Therefore, there is a need to improve patient stratification during and after
NAC to better individualize future treatment escalation or de-escalation.

Circulating tumor DNA (ctDNA) detection and monitoring has been
shown to be a strong prognostic factor for relapse. Conventional NGS-based
assays and non-tumor-informed assays are constrained by their detection
sensitivity (~0.1% detection)’, limiting their ability to provide real-time
monitoring of NAC efficacy through ctDNA. Despite these limitations,
ctDNA monitoring during follow-up has been demonstrated to be a pow-
erful biomarker for metastatic relapse, with a median lead time between
ctDNA detection and clinical relapse of 6-12 months, depending on the
cancer subtype and the ctDNA assay used””.

Here, we present the results of a study evaluating the clinical validity of
a tumor-informed ctDNA assay for detection and monitoring of ctDNA
minimal residual disease (MRD) during treatment in a diverse cohort of
high-risk BC patients undergoing NAC.

Results

Patient characteristics

The study cohort included 30 patients with various subtypes of high-risk BC,
all treated with NAC. One patient was excluded due to the failure of ctDNA
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Fig. 1 | CONSORT flow diagram of the study.

Table 1 | Baseline characteristics

Characteristic N=29

Age, Median (IQR) 49 (42, 55)

Menopausal status
Post 9 (31%)
Pre 20 (69%)

Histology
Ductal (NST) 27 (93%)
Lobular 2 (7%)

Tumor stage
T2 16 (55%)
T3 11 (38%)
T4 2 (7%)

N Stage
NO 8 (28%)
N+ 21 (72%)

Subtype
HR+/HER2- 6 (21%)
TNBC 11 (38%)
HER2+ 12 (41%)

Pathological complete response (pCR) 11 (38%)

panel design (Fig. 1). Among the remaining 29 patients, 12 (41%) had
HER2-positive BC, 11 (38%) had TNBC, and 6 (21%) had HR+/HER2-
breast cancer (Table 1). Median patient age was 49 years old. Most patients
(69%) were premenopausal, and 55%, 38%, and 7% had T2, T3, or T4 breast
cancer, respectively, with 72% presenting with node-positive disease. All
patients underwent breast cancer surgery, and a pCR was achieved in 11
(38%) cases (17% HR/HER2-, 36% TNBC, 50% HER2-positive). Addi-
tionally, 21 (72%) patients received adjuvant chemotherapy. After a median
follow-up of 452 months, 5 metastatic relapses were observed (17%)
including one patient with also a local recurrence.

ctDNA panel design and detection

For the 29 patients with successfully designed ctDNA panels, each panel
targeted a median of 48 variants (ranging 21-51). Following QC and the
exclusion of germline and clonal haematopoiesis (CH) variants, the panels
retained a median of 42 variants for targeted analysis (ranging 11-48, IQR
[28-45]). A total of 184 plasma samples were analyzed from these patients,
including baseline/pretreatment plasma samples available for 24 of them
(Fig. 1).

ctDNA detection at baseline/pre-treatment
ctDNA was detected in all patients with available samples at baseline (24/
24), with a median estimated variant allele fraction (eVAF) of 0.31%

(ranging: 0.0083%-8.91%) (Fig. 2). Pretreatment ctDNA levels showed no
significant correlation with receptor subtype (p=0.4), stage (II vs. II,
p =0.19), tumor stage (T2 vs T3-4, p = 0.4), node positivity (p = 0.31), grade
(p=0.1) or pCR (p=0.86) (Fig. 2). ctDNA levels were significantly pre-
dictive of later relapse (p = 0.019, Fig. 2), and baseline eVAF, dichotomized
by the median value, was associated with Disease-Free Survival (DFS)
(p=0.018, Fig. 3A).

ctDNA dynamics during NAC and pre-surgery

During NAC, ctDNA was detected in 7 out of 21 patients, with eVAF
declining in all patients to a median of 0.01% (Figs. 4 and 5, and Sup-
plementary Fig. 1). Among the patients with ctDNA detected prior to
the initiation of NAC, 17 out of 18 (94%) showed clearance of ctDNA by
the pre-surgery timepoint. In one instance, ctDNA dropped to levels
below 1 part per million (=0.0001%). Among the 11 patients who
achieved pCR, 9 (82%) had non-detectable ctDNA during NAC. It is
noteworthy that the timing of last ctDNA detection differed between
these subsets: pCR patients were last positive more than 120 days before
surgery, while non-pCR patients showed positivity within 120 days of
surgery. However, these patterns should be interpreted cautiously given
the small sample size and other factors, such as disease subtype and
treatment schedules that may confound the analysis (Supplementary
Fig. 2). Clinical outcomes varied by clearance status, the single patient
without ctDNA clearance experienced relapse, while 76% (13/17) of
patients with clearance remained recurrence-free. Statistical analyzes of
associations between post-NAC ctDNA status and clinical outcomes
(pCR or disease-free survival) were not performed due to only one
patient showing ctDNA positivity post-NAC.

ctDNA detection post-surgery or during follow-up

ctDNA was detected in one patient after surgery (3%), and in 3 out of 29
patients (10%) after surgery or during the follow-up period. Among the 5
patients who experienced disease recurrence, 3 (60%) showed ctDNA
positivity, with one positive throughout all timepoints (pre- and post-
treatment). For the other 2 positive patients, ctDNA was first detected in
follow-up plasma collected at 4.4 and 9.8 months prior to clinical recurrence
(Figs. 4 and 5, and Supplementary Fig. 1). The detection of MRD positivity
post-surgery or during follow-up was significantly associated with shorter
DFS, Hazard ratios (HR) = 52 95% confidence intervals (CI) (5-522), (Fig.
3B), while the association between MRD positivity only after surgery was
not analyzed because only one patient had ctDNA positivity at this time-
point. Two patients with recurrence showed no ctDNA detection at any
time point post-surgery. The first (patient 12) had a ctDNA negative follow
up timepoint collected 196 days prior to distant relapse, though subsequent
analysis revealed subclinical signals just below the detection threshold in
both the original and repeat testing of separate plasma aliquots, potentially
indicating early relapsing disease, as indicated by the eVAF “trajectory”
(Supplementary Fig. 3). The other patient (patient 14) had an oligometa-
static exclusive ovarian recurrence. Notably, all patients who remained
recurrence-free showed consistently negative ctDNA results during follow-
up, yielding 100% specificity for the assay.
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Fig. 3 | Disease-free survival by ctDNA detection at baseline and post-surgery/follow-up. Disease-free survival according to ctDNA detection, in months, at A baseline
(N =24) B post-surgery or follow-up (N = 29). ctDNA circulating tumor DNA.
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Fig. 4 | Longitudinal monitoring of ctDNA. Swimmer plot of patients illustrating ctDNA dynamics according to subtype. TNBC Triple-negative breast cancer, HR

Hormone-receptor, pCR pathological complete response.

Discussion

Our study validated the utility of serial ctDNA monitoring as a highly
sensitive and specific approach for assessing MRD in patients with high-risk
BC undergoing NAC.

Tumor-informed ctDNA assays have demonstrated high sensi-
tivity and very high specificity for monitoring patients during follow-up
in breast cancer and predict tumor relapse™**'""'*'*. Due to the low levels
of ctDNA in early-stage disease, the sensitivity of an assay is crucial . It
has been shown that the number of variants monitored is an important
factor for sensitivity, as a higher number of variants increases the
likelihood of detecting ctDNA'*". In this context, RaDaR, the tumor-
informed assay used in the present study, monitors up to 48 variants
identified by whole exome sequencing of the tumor tissue, offering a
higher number of variants compared to other assays. The assay
demonstrated remarkable sensitivity, detecting VAF as low as 0.0083%
atbaseline and below 1 part per million in one patient during NAC. This
performance notably exceeds that reported in the largest study evalu-
ating ctDNA in patients treated with NAC, the I-SPY2 trial, where
baseline detection rates were 69% and 91% for HR+/HER2- and TNBC,
respectively, using a 16-variant panel’. Another study using the RaDaR
assay found that the baseline ctDNA detection rate was 77.2%, and
persistent ctDNA detection was associated with outcome'®. Ultra-
sensitive ctDNA assays using whole-genome sequencing to track more
variants also demonstrated their ability to detect almost all patients at
baseline'”"*.

Among the five patients who developed metastasis in this study,
ctDNA was not detected prior to clinical relapse in two cases, while the two
patients with concomitant samples were detected. This could be explained
by the lead time between ctDNA positivity and clinical relapse, highlighting
the need for frequent monitoring even with a sensitive assay”'*'*. One
patient, who did not have signal detected prior to relapse, showed potential
ctDNA signal just below the conservative calling threshold of the assay
167 days prior to relapse. It may be that a follow-on sample collected days or
weeks later would have yielded a positive call as ctDNA levels rise with
returning disease. The other patient without ctDNA detected during follow-
up had an isolated metastatic relapse in the ovaries, which is considered a
sanctuary site for metastasis. ctDNA shedding from tumors housed at this
site is not well understood, potentially explaining this negative ctDNA result
223 days before the clinical relapse. These findings emphasize the

importance of more frequent monitoring intervals and understanding site-
specific metastatic patterns.

Between 5 and 10% of patients who achieved pCR experienced disease
recurrence within 3 years after surgery. This creates the significant clinical
challenge of identifying the subset of high-risk patients who would benefit
from intensified treatment while avoiding overtreatment in those with
favorable outcomes. In this context, our study demonstrated the prognostic
value of ctDNA monitoring during treatment. We found that nearly all
patients achieved ctDNA clearance either before or after surgery, and this
clearance correlated with improved outcomes. These findings suggest that
c¢tDNA monitoring could provide more precise patient risk stratification
compared to conventional pCR assessment alone'*'"**,

Looking ahead, the detection of MRD through ctDNA analysis could
inform new clinical trials, particularly those investigating treatment esca-
lation strategies for MRD-positive cases. One example is the ongoing
TRAK-ER trial (NCT04985266), where ctDNA molecular relapse could
indicate the need to add a CDK4/6 inhibitor in HR+/HER2- BC".
Improving ctDNA detection sensitivity will be crucial for clinical trials based
on MRD to guide treatment de-escalation or escalation. In this context,
although they are more costly and require large studies to demonstrate
excellent specificity, ultrasensitive assays using whole-genome sequencing
show promise'”"*.

While the results are promising, the study acknowledges certain lim-
itations, particularly the small cohort, sample size, limited follow-up, and the
heterogeneity of cancer subtypes, which may affect the generalizability of the
findings. Future studies with larger cohorts and longer follow-up periods are
essential to validate these preliminary findings. Additionally, integrating
ctDNA analysis with other emerging biomarkers and imaging techniques
could improve the predictive accuracy and reliability of MRD assessments.

In conclusion, this study provides promising evidence that ctDNA
detection using a sensitive tumor-informed ctDNA assay could be a valuable
biomarker for monitoring MRD in high-risk BC during NAC and
follow-up.

Methods

Study design and population

This study was conducted under the umbrella MSK-LINC (Memorial Sloan
Kettering-Liquid biopsy for INterception of Cancer) study and enrolled
patients with newly diagnosed stage II-III breast cancer who consented to
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Fig. 5 | ctDNA dynamics in individual patient. Summary of ctDNA dynamics over time in the context of treatment. Patients that recurred are indicated by red boxes. MRD
was detected in 60% (3 out of 5). Date of surgery is indicated by a vertical red dashed line.

the MSK genomic biospecimen protocols (NCT01775072). Patients were
enrolled if they were node-positive and/or had T2 TNBC or HER2-positive
breast cancer, or T3 HR+/HER2- primary tumors. A total of 30 patients
across various subtypes ie., triple-negative, HER2-positive, and HR
+/HER2- from this cohort were selected.

Sample collection

Serial blood samples were collected longitudinally at several critical time-
points: baseline (prior to NAC initiation), on NAC, pre-operatively,
2-4 weeks post-operatively, and every 4-6 months post-surgery until dis-
ease progression, when feasible. Samples, including plasma and buffy coat,
were stored at —80 °C to preserve DNA integrity.

Whole exome sequencing

Whole-exome recapture of MSK-IMPACT (Integrated Mutation Pro-
filing of Actionable Cancer Targets) libraries was performed using
leftover tumor (diagnostic biopsy) and normal sequencing libraries
derived from primary breast tumor formalin-fixed paraffin-embedded
(FFPE) tissue and matched normal blood, as described previously”. For
26 tumor-normal pairs, libraries were recaptured using the xGen
Exome Research Panel v2.0 (Integrated DNA Technologies) and
sequenced at a target depth of 250 for tumor and 150x for normal. For
the remaining cases, the leftover MSK-IMPACT libraries were captured
by using either the xGen Exome Research Panel v1.0 or the Agilent
Exome Kit (v4) and sequenced at a target depth of 200-250x (average

received coverage: 186x-272x) for tumor and 70-150x (average
received coverage: 76x-217x) for normal.

ctDNA analysis

The personalized RaDaR tumor-informed assay (NeoGenomics) was uti-
lized to retrospectively detect ctDNA in patient plasma (Supplementary Fig.
4). The RaDaR assay has been described elsewhere in detail™**. Briefly,
patient-specific panels, each targeting up to 48 tumor-specific somatic
variants, were designed based on mutations identified by WES of tissue.
Each panel underwent a panel QC step, in which the panel was applied to
tissue (for all but one) and buffy coat DNA (for all) to confirm panel
performance and that the targeted mutations were not germline in nature, or
the result of CH. Panels passed this step if at least 8 variants were confirmed
as being tumor-specific. Subsequently, panels were applied to plasma with
analysis confined to the remaining informative variants. To ascertain
ctDNA detection, a statistical framework evaluates the cumulative statistical
score of the apparent somatic signal and determines whether it exceeds a
predetermined threshold. The limit of detection (LoD95) of the assay has
previously been described as 0.001%. For each sample called as “ctDNA
detected”, ctDNA levels are quantified as an eVAF. Further in-depth details
of the statistical model to determine the ctDNA status of each sample, the
pre-set statistical thresholds and the process of calculating the eVAF are all a
core part of proprietary code and fully IP protected and, as such, cannot be
disclosed. NeoGenomics was blinded to clinical outcomes during the ana-
lysis phase of the study.
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Statistical analysis and monitoring

To compare the distribution of continuous variables between two inde-
pendent groups, the Wilcoxon rank-sum test was applied, while the
Kruskal-Wallis test was used for comparisons involving more than two
independent groups.

DES was defined as the time from the date of surgery until the first
occurrence of cancer relapse or death from any cause, whichever occurred
first. Patients who had not experienced any of these events were censored at
the time of the last follow-up. DFS was estimated using the Kaplan-Meier
method, and survival curves were compared using the log-rank test. HR and
95% CI were calculated using Cox proportional hazards regression models.
All statistical analyzes were performed using R (version 4.3.2) with a sig-
nificance threshold at p < 0.05.

Data availability

The datasets generated and/or analysed during the current study are not
publicly available but are available from the corresponding author on rea-
sonable request.
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