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Personalized ctDNA micro-panels
can monitor and predict

clinical outcomes for patients
with triple-negative breast cancer
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Circulating tumor DNA (ctDNA) in peripheral blood has been used to predict prognosis and therapeutic
response for triple-negative breast cancer (TNBC) patients. However, previous approaches typically
use large comprehensive panels of genes commonly mutated across all breast cancers. Given the
reduction in sequencing costs and decreased turnaround times associated with panel generation,

the objective of this study was to assess the use of custom micro-panels for tracking disease and
predicting clinical outcomes for patients with TNBC. Paired tumor-normal samples from patients with
TNBC were obtained at diagnosis (T0) and whole exome sequencing (WES) was performed to identify
somatic variants associated with individual tumors. Custom micro-panels of 4-6 variants were created
for each individual enrolled in the study. Peripheral blood was obtained at baseline, during Cycle 1 Day
3, at time of surgery, and in 3-6 month intervals after surgery to assess variant allele fraction (VAF) at
different timepoints during disease course. The VAF was compared to clinical outcomes to evaluate
the ability of custom micro-panels to predict pathological response, disease-free intervals, and patient
relapse. A cohort of 50 individuals were evaluated for up to 48 months post-diagnosis of TNBC. In
total, there were 33 patients who did not achieve pathological complete response (pCR) and seven
patients developed clinical relapse. For all patients who developed clinical relapse and had peripheral
blood obtained <6 months prior to relapse (n=4), the custom ctDNA micro-panels identified molecular
relapse at an average of 4.3 months prior to clinical relapse. The custom ctDNA panel results were
moderately associated with pCR such that during disease monitoring, only 11% of patients with pCR
had a molecular relapse, whereas 47% of patients without pCR had a molecular relapse (Chi-Square;
p-value =0.10). In this study, we show that a custom micro-panel of 4—6 markers can be effectively
used to predict outcomes and monitor remission for patients with TNBC. These custom micro-

panels show high sensitivity for detecting molecular relapse in advance of clinical relapse. The use

of these panels could improve patient outcomes through early detection of relapse with preemptive
intervention prior to symptom onset.

Neoadjuvant systemic therapy is widely used in patients with triple-negative breast cancer (TNBC). This
therapeutic approach permits assessment of clinically meaningful responses in vivo, which enables rapid
identification of effective drugs for tailoring adjuvant systemic therapy'. Approximately 30-65% of patients with
TNBC who receive neoadjuvant systemic therapy achieve a pathological complete response (pCR)>”’. Patients
who do not achieve a pCR tend to have a high rate of recurrence and poor overall survival®'°. The 3 year risk
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of distant recurrence for non-pCR patients is 27% versus 9% for those achieving pCR!!. Three year event-free
survival after neoadjuvant chemotherapy is approximately 57%-68% in patients without pCR vs. 92%-94% in
patients with pCR®%. The median survival, once TNBC has recurred, is only 18-28 months'*!®. The inability
of chemotherapy to eradicate minimal residual disease is believed to be due to the escape of cells intrinsically
resistant to chemotherapy', which are not detectable with the current tools in routine clinical practice.

In this context, a liquid biopsy to measure circulating tumor DNA (ctDNA) offers a promising tool for
evaluating real-time response to chemotherapy. In advanced TNBC, next-generation sequencing of ctDNA shows
high concordance with mutations seen in tissue biopsies'®. ctDNA has also been evaluated as a promising tool
to predict outcomes in patients with breast cancer!®-2,

Most traditional sequencing approaches for ctDNA in patients with early-stage TNBC utilize universal panels
targeting recurrently mutated genes that are commonly observed in TNBC?*. In these studies, panels do not
include somatic variants that are unique to each individual’s tumor. Since TNBC has high patient-to-patient
heterogeneity, such universal panels may miss patient-specific molecular changes. As such, we hypothesize that
custom micro-panels might improve sensitivity related to measuring clinical outcomes for patients in clinical
remission for breast cancer.

There have been a small cohort of studies that have evaluated custom micro-panels for this clinical utility. The
c-TRAK TN trial utilized custom ctDNA assays to track 1-2 patient-specific mutations to predict outcomes and
intervene with systemic therapy in a moderate-high risk cohort of patients with early-stage TNBC?%. At a median
follow-up of 20.4 months, only 27.3% of patients had detectable ctDNA at 12 months, despite 72% having overt
metastatic disease on staging at time of ctDNA detection. These results suggest that custom assays composed of
multiple variants may improve the sensitivity of detecting minimal residual disease via ctDNA. Several additional
studies have correlated custom ctDNA expression with pathological complete response (pCR)**?, and one study
showed correlation between detection of minimal residual disease (MRD) after curative surgery and disease
free survival®*. Most commonly, these studies obtained ctDNA measurements at diagnosis and/or at 1-year
post surgery to compare presence of ctDNA biomarkers to ultimate disease status after a disease-free interval.
However, tracking custom ctDNA measurements during neoadjuvant therapy, at surgical resection, and at 3-6-
month intervals during disease-free intervals might provide additional insight into the prognosis for patients
with TNBC.

Herein, we report the results of a study of 50 patients in which we sought to determine if longitudinally
tracked ctDNA levels before, during, and after chemotherapy could predict clinical outcomes in TNBC patients
treated on an ongoing prospective trial (Fig. 1).

Methods
Patient clinical trial overview. This study enrolled patients into a phase II de-escalation clinical trial
designed to determine if a non-anthracycline regimen will achieve similar rates of pathological complete
responses to a standard anthracycline-containing regimen. Eligible patients treated on the parent clinical trial
included women at least 18 years old, with estrogen receptor (ER) negative (Allred score<3 or less than 1%
positive staining cells in the invasive component of the tumor) and HER2 negative (0 or 1+by IHC or FISH
negative) invasive breast cancer?’. Additional eligibility criteria included: Eastern Cooperative Oncology Group
Performance Status of 0 to 2, adequate organ and marrow function, and tumor size>2 cm in one dimension
by clinical or radiographic exam (WHO criteria)?®. Patients with palpable lymph nodes were eligible regardless
of tumor size. Exclusion criteria included prior treatment of the current cancer, uncontrolled intercurrent
illness, bilateral or inflammatory cancer, pregnant/nursing, or prior sentinel lymph node biopsy. The study was
approved by the Institutional Review Board (IRB) at Washington University School of Medicine and followed
the Declaration of Helsinki and Good Clinical Practice guidelines. Written informed consent was obtained from
each participant in the clinical trial. ClinicalTrials.gov identifier is NCT02124902.

All patients were treated with intravenous docetaxel 75 mg/m2 and carboplatin AUC 6 cycled every 21 days for
a total of six cycles. Definitive surgery was performed 3-5 weeks after completion of neoadjuvant chemotherapy.
Patients received adjuvant radiation when indicated, and adjuvant chemotherapy for patients without pCR was
left to the treating physician’s discretion.

Sample collection. When possible, tumor biopsies were obtained at baseline prior to chemotherapy (T0),
on Cycle 1 Day 3 of chemotherapy (T1- optional), and at the time of definitive surgery following neoadjuvant
chemotherapy in patients with residual disease (T2). Matched normal samples (T0-only) were obtained from
matched leukocyte germline DNA.

In addition, up to 50 mLs of peripheral blood were collected prospectively from patients at baseline (TO0),
Cycle 1 Day 3 (T1), at time of definitive surgery (T2), and approximately every 6 months after surgical resection
of the breast cancer for a total of 5 years. If applicable, peripheral blood draws were also obtained at the time of
relapse (T4). ctDNA was extracted from plasma collected in Streck tubes.

Sample acquisition. Samples from 50 patients were used for this correlative study. A total of 378 blood
samples were obtained and sequenced (Fig. 2). All 50 patients had genomic WES completed for matched tumor/
normal pairs at Baseline (T0). Additionally, all 50 patients had ctDNA custom micro-panel sequencing performed
on peripheral blood for at least one timepoint during the disease course. ctDNA custom micro-panel sequencing
was performed for 46 patients at Baseline (T0), 39 patients at Cycle 1 Day 3, and 40 patients at Surgery. After
surgery, follow-up timepoints ranged from 3 to 48 months. More than half of all patients (n =29 patients) had
ctDNA custom micro-panel sequencing performed at 6 months and the average patient had 5 timepoints with
ctDNA custom micro-panel sequencing (range=1-10 timepoints). Additional genomic sequencing of tumor
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Figure 1. Overview of the methods for sample collection and sequencing. (A) Tumor samples from biopsy
were obtained at baseline (T0). Blood samples were obtained at baseline (T0), Cycle 1 Day 3 (T1), at time

of surgery (T2), during follow-up (T3- every 3-6 month intervals for 5 years), and during relapse (T4). (B)
Baseline tumor samples were subjected to whole exome sequencing (WES) and variants were identified to build
a custom micro-panel. All blood samples (T0-T4) were assessed using the amplicon based custom micro-
panel. C. Sequencing was subjected to unique molecular identifier (UMI) based error correction. Variant allele
fractions (VAFs) were ascertained for baseline biopsies and ctDNA blood samples at all timepoints.

tissue and normal peripheral blood mononuclear cells (PBMCs) was performed at Baseline (T0), at Cycle 1 Day
3 (T1), and at Surgery (T2) for 16 patients based on sample availability. In total, 7 patients had clinical relapse
observed during the study, 4 of which had blood collected within 6 months of relapse.

Whole exome sequencing. Tumor DNA was extracted from fresh-frozen biopsies and matched germline
DNA from peripheral blood samples. WES data was generated for 50 unique baseline tumors and matched
blood DNA samples using the Illumina platform. Paired-end sequence libraries were constructed as described
previously? with the following modifications. Samples were barcoded at the ligation step using Illumina unique
dual barcodes adapters (Cat# 20,022,370) and were amplified for 6-8 cycles using the Library Amplification
Ready-mix containing KAPA HiFi DNA Polymerase (Kapa Biosystems, Inc). For capture enrichment, libraries
were pooled in equimolar ratios in groups of 10 and were hybridized in solution to the HGSC VCRome 2.1
design® Enriched libraries were sequenced on the NovaSeq 6000 instrument using the S4 reagent kit (300 cycles)
to generate 2 x 150 bp paired-end reads.

Somatic variant calling from exome data. Raw sequencing reads from tumor and normal tissue were
aligned to the human reference genome GRCh38 using Burrows-Wheeler Aligner’!. The aligner output was
merged (if needed) and de-duplicated using Picard MarkDuplicates. A combination of four variant callers
(Mutect®, Varscan®, Strelka®, and Pindel*®) was used to identify somatic variants by comparing normal and
tumor variant calls as previously described®. Variants were then annotated with the Variant Effect Predictor
(VEP) using Ensembl v95 annotations and filtered based on several criteria: previously known variants, variants
with high population-specific allele frequency, variants that are based on a high percentage of reads with 0
mapping quality, variants with low depth, and low confidence variants®.
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Figure 2. For each of the 50 samples employed in the analysis, two sequencing platforms were employed: whole
exome sequencing (WES) and custom ctDNA micro-panel amplicon sequencing. All matched tumor/normal
genomics DNA samples underwent WES at baseline (T0). Based on sample availability, micro-panel sequencing
was employed on matched tumor/normal genomic DNA samples, tumor-only genomic DNA sample, normal-
only genomic DNA sample, or peripheral blood ctDNA samples obtained at various timepoints.

SWIFT custom amplicon assay development. After somatic variant calling, filtering, and manual
review of variants®® that were detected by exome sequencing (as described above) 4-6 variants were selected
for each patient to build a custom ctDNA micro-panel. Variants selected included any non-silent TP53 variant
observed supplemented by up to three additional variants with the highest variant allele fraction (VAF) (see
Supplementary Table 1).

ctDNA was isolated from 2 to 10 mL of plasma utilizing two different protocols: (a) the Maxwell RCS
instrument and Maxwell RSC ctDNA Plasma Kit (Promega) or (b) QIAamp MinElute ctDNA Mini kit (Qiagen).
The isolated ctDNA was dried down to 14 uL prior to a PCR-based enrichment strategy utilizing a custom
designed Amplicon HS Panel from Swift Biosciences. Custom micro-panels designed at Swift Biosciences
included UMIs and were limited to ~ 100 amplicon primer pairs per pool and were separated into two batches.

Batch 1 was composed of 26 cases which included 154 ctDNA samples (multiple timepoints per case) and the
baseline tumor and normal genomic DNA, when available. Batch 2 was composed of 24 cases which included
109 ctDNA samples (multiple timepoints per case) and the baseline tumor and normal genomic DNA, when
available. The ctDNA input per enrichment ranged between 1 and 44 ng. Tumor and normal genomic DNA
input was consistently 25 ng. The amplicon libraries were constructed as outlined by the Custom Amplicon
HS library prep protocol and Target Amplification insert provided by Swift Biosciences, with the following
exceptions: automated libraries were generated on the Ep5075 instrument (Eppendorf); bead purification steps
were completed with AMPure XP beads at the same ratios outlined in the Swift HS Panel protocol; custom dual
unique sample indexes were added per library (TruSeq like primers with 10 bp unique dual indexes, diluted
to 2 uM per Swift recommendation); and the final index PCR step was increased to 9 cycles. Different sample
types (ctDNA, gDNA from Tumors, and gDNA from Normals) were processed on separate days to prevent any
cross-contamination.
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The concentration of the final libraries was determined by qPCR (KAPA Biosystems/Roche). 2 x 150 bp
paired-end sequence data was generated on the NovaSeq 6000 S4 flow cell targeting ~ 6 million read pairs per
library. A unique UMI was assigned to each original single-strand template, corresponding to the first 10 bp of
read 2.

SWIFTsequencedataalignment,UMIconsensusdetermination,andVAFestimation. Processing
of ultra high depth amplicon sequence data from the SWIFT targeted assay was performed using a computational
pipeline that employs custom-built tools created at Washington University. Sequencer generated FASTQ files
were first demultiplexed and aligned to the reference genome (GRCh38). During this process, UMI sequences
were added to the BAM file using fgbio ExtractUmisFromBam®. Once aligned, reads were grouped using fgbio
GroupReadsByUmi and collapsed into read families using fgbio CallMolecularConsensusReads. Consensus
reads were filtered using fgbio FilterConsensusReads if the read error rate exceeded 5% and individual bases in
the consensus were filtered if the error rate exceeded 10%. If the read comprised greater than 50% no calls from
this base filtering, then the read was removed. Quality control (QC) measures included requiring a minimum
mean unique coverage of 500 reads. Variant allele frequencies (VAFs) were obtained for each somatic variant
position (previously detected by exome sequencing as described above) using Bam-readcount®.

Germline variant callingfor BRCAVariants. Exome sequencing data from baseline normal samples was
used to assess samples for pathogenic or likely pathogenic germline gene mutations for breast cancer. Samples
were analyzed with germline CWL pipelines developed at Washington University and variants were called across
all genes. BRCA1 and BRCA2 variants were identified and annotated using the Variant Effect Predictor tool
(VEP)¥. Variants were manually reviewed using a previously defined standard operating procedure®. Variant
pathogenicity was evaluated using the ClinVar Allele Registry*' and the BRCA Exchange*%. BRCA status observed
on (WES) was compared with previously performed molecular tests to ensure the accuracy of the pipeline.

Statistics. The overall sample size for the study (n=50) was driven by the need to obtain enough relapse
cases so that the lower 95% exact confidence limit for the sensitivity was at least 50%. Assuming a relapse rate
of 15-20%, we anticipated 10 patients eligible for the primary analysis. At an observed sensitivity of 90% (9
of 10 samples detected using molecular analysis), the lower bound of the 95% confidence interval was 55%.
Reduced relapse rate in our population (n="7), and incomplete compliance with blood collection process (1 =25)
prevented statistical endpoints from being significant. All data reported in this study should be considered
observational. To assess differences between ctDNA positivity and pathological complete response (pCR), a
Chi-Square test was used.

Results

Clinical Data. Primary clinical outcome results from the phase II parent clinical trial have been published?.
For the translational cohort in which ctDNA was surveyed longitudinally, the average age was 52 years (range
25-74), 32% were African-American, and 84% had clinical stage II disease. Table 1 details the patient and tumor
characteristics for this translational cohort. Seven patients (14%) developed recurrent disease, and 5 patients
(10%) had died at the time of report generation.

Whole exome sequencing for custom ctDNA micro-panel development. Whole exome
sequencing was performed on baseline normal and paired tumor samples as well as additional timepoints where
available (see Methods). Across all targeted exon positions, the median coverage of normal and tumor samples
was 79 bases (range =44-146 bases) and 73 bases (range = 18-137 bases), respectively. A median of 77.5 somatic
variants (range of 1-1970) was identified across all tumors (Fig. 3). In total, 7513 variants were identified. TP53
mutations were identified in 86% of tumors (n =43 patients). Two samples (NTN069 and NTN056) had a high
mutational burden (>750 variants); neither patient had an observed BRCA1 / BRCA2 variant (Table 1). WES
variants from Baseline (T0) samples (matched tumor/normal tissue biopsies) were used to develop SWIFT
custom micro-panels for individual patients. In total, 208 variants were selected across all 50 patients for
developing the custom ctDNA micro panels (Supplementary Table 1).

There were 8 samples that had WES of the tumor tissue and custom ctDNA micro-panel sequencing of the
peripheral blood at baseline (T0). Across the 33 detectable variants in the 8 samples, 82% (n =27 variants) were
detectable in both the tissue and the peripheral blood, which confirmed accuracy and concordance between
tumor sequencing and peripheral blood sequencing. The mean VAF of variants in the baseline tumor tissue was
32.9% whereas the mean VAF of variants in the peripheral blood was 0.33%.

ctDNA monitoring and clinical outcomes. In total, 208 unique variants were targeted for all 50 unique
patient samples (Supplementary Table 1). On average, 4 amplicons were designed for each sample (range=1-6
amplicons). Of the 50 patients analyzed in this study, 7 patients had a clinical relapse reported during the disease
monitoring period. Of these, 4 had ctDNA sequencing performed within the 6 months of reported relapse
(Fig. 4). Three of the four patients showed molecular recurrence of the patient-specific amplicon signature prior
to reported clinical recurrence (Fig. 4A-C) and an additional patient showed persistent/residual disease at the
time of surgery prior to relapse at 2 months post-surgery (Fig. 4D). There were 3 additional patients with clinical
relapse, however their most recent ctDNA timepoint was greater than 6 months prior to relapse, precluding
the ability of the ctDNA micro-panel in predicting clinical relapse (Supplementary Fig. 1). These data indicate
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BRCA WES Duration of Follow
ID Age | Race BRCA PCR Analysis | Analysis* Stageat Dx | NodesatDx | GradeatDx | pCR | Recurrence | up (months)
NTNO005 50 Caucasian Negative Negative 2 Yes 2 No No 60
NTNO06 | 44 African American | Negative Negative 3 Yes 3 No No 67
NTNO007 54 African American | Negative Negative 2 Yes 3 Yes No 64
NTN009 57 African American | Negative Negative 2 No 3 No No 39
NTNO12 |49 Caucasian BRCA1 BRCA1 2 No 3 No No 43
NTNO13 64 African American | Negative Negative 2 No 3 No No 64
NTNO14 50 Caucasian Unknown Negative 2 Yes 3 Yes No 64
NTNO16 57 Caucasian Unknown Negative 2 Yes 3 Yes No 64
NTNO17 |54 Caucasian Negative Negative 2 No 3 No No 64
NTNO018 28 Caucasian Negative Negative 2 No 3 Yes No 29
NTNO020 74 Caucasian Unknown Negative 3 Yes 3 No No 61
NTNO021 56 African American | Unknown Negative 2 No 3 No Yes 48
NTN022 66 Caucasian Unknown Negative 3 Yes 3 No No 39
NTNO023 31 Caucasian Negative Negative 3 Yes 3 Yes No 63
NTNO024 |74 Caucasian Unknown Negative 2 No 2 Yes No 49
NTNO025 | 53 African American | Negative Negative 2 No 3 Yes No 62
NTNO028 40 Caucasian Negative Negative 3 Yes 3 No Yes 39
NTNO029 50 African American | Negative Negative 2 Yes 3 No No 61
NTNO031 46 Caucasian Negative Negative 3 Yes 3 Yes No 56
NTNO033 31 Caucasian Negative Negative 2 Yes 3 No Yes 24
NTNO034 27 African American | BRCA1 BRCA1 2 No 3 Yes No 29
NTNO037 |58 African American | Unknown Negative 2 No 3 Yes No 44
NTNO038 42 Caucasian Unknown Negative 2 Yes 3 No No 53
NTNO039 51 African American | Negative Negative 2 No 3 Yes No 28
NTNO040 51 Caucasian Unknown Negative 2 Yes 2 No No 54
NTNO042 | 65 African American | Negative Negative 2 No 2 No No 53
NTNO044 64 Caucasian Unknown Negative 2 No 3 Yes No 54
NTNO046 | 49 Caucasian Unknown Negative 2 Yes 3 Yes No 42
NTN049 | 46 Caucasian Negative Negative 2 Yes 2 No No 50
NTNO050 59 Caucasian Negative Negative 2 No 3 Yes No 41
NTNO052 63 Caucasian Unknown Negative 2 No 3 No No 43
NTNO056 | 54 Caucasian Unknown Negative 2 Yes 2 No No 41
NTNO057 | 53 Caucasian Negative Negative 2 No 3 No No 47
NTNO058 40 Caucasian Negative Negative 2 No 3 Yes Yes 19
NTNO060 | 25 Caucasian Unknown Negative 2 No 3 Yes No 20
NTNO062 64 African American | Unknown Negative 2 Yes 3 No No 28
NTNO063 59 Caucasian Negative Negative 2 No 3 No No 47
NTNO069 55 Caucasian Unknown Negative 2 No 3 No No 45
NTNO074 70 Caucasian Unknown Negative 2 No 3 No No 43
NTNO076 28 African American | BRCA1 BRCA1 2 Yes 3 No Yes 41
NTNO080 34 Other Negative Negative 3 Yes 3 No No 27
NTNO081 56 Caucasian Unknown Negative 3 Yes 3 No No 38
NTNO083 30 Caucasian Negative Negative 2 No 3 Yes No 37
NTNO084 |44 Caucasian Negative Negative 2 Yes 3 No No 35
NTNO085 | 48 Caucasian Negative Negative 2 No 3 No Yes 35
NTNO087 | 59 African American | Unknown Negative 2 No 3 No No 33
NTNO089 69 Caucasian Unknown Negative 2 No 3 No No 35
NTN09%0 |71 African American | Unknown Negative 2 No 3 No Yes 30
NTNO091 60 African American | Negative Negative 2 Yes 3 No No 27
NTNO092 67 Caucasian Unknown Negative 2 No 3 No No 19

Table 1. Overview of patients and demographic information. *Whole exome sequencing (WES) analysis
on BRCA1/BRCA?2 variant status is provided in Supplementary Table 2. Dx = diagnosis; pCR = pathological

complete response.
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Figure 3. Waterfall plot of Baseline (T0) WES for tumor/matched normal genomic DNA. Each column
represents a sample that had whole exome sequencing. Rows represent mutated genes across all samples.
Variants predicted to have no impact on protein sequence are only shown in the top mutation frequency panel.
The left panel indicates the number of samples containing a mutation in the indicated gene, whereby the top 30
genes are displayed. The top panel indicates the total number of variants observed in each sample, even those
that are not shown in the waterfall plot.

that molecular relapse using the ctDNA micro-panel detected 4 of 4 patients in advance of clinical relapse if the
ctDNA micro-panel was performed within 6 months of clinical relapse.

Twenty-one patients did not develop clinical relapse during monitoring. Of these, 17 showed molecular
remission using the custom ctDNA micro-panel (Fig. 5, Supplementary Fig. 2). There were 4 patients who
demonstrated potential molecular relapse with no clinical relapse (Supplementary Fig. 3). One patient
(N'TN0022) was lost to follow up within the conceivable timeframe of clinical relapse. The other 3 patients were
followed for at least 22 months post potential molecular relapse. Given that only one of the 3—4 variants for each
sample was detected as positive at the molecular level, it is possible that these samples were potentially false
positives. These patients are still being followed on the parent trial.

Of the 50 patients analyzed in this study, 22 were not discussed above: 16 patients had either no baseline
data, no data post-surgery, or insufficient biomarkers for assessment (Supplementary Fig. 4); 4 patients had a
ctDNA VAF of baseline variants at <0.05% (Supplementary Fig. 5A), and 2 patients had variants that appeared
to be germline variants (e.g., detected at 100% VAF in peripheral blood) (Supplementary Fig. 5B).

Association between ctDNA positivity and pCR.  Of the 50 patients analyzed in this study, 25 were
eligible for evaluating ctDNA as a biomarker of recurrence (Figs. 4, 5, Supplementary Fig. 2-3). A sample was
determined to have a positive ctDNA result if any variant in the custom ctDNA micro-panel had a VAF>0.005%.
Each patient was assessed at each timepoint to determine positivity. Of the 8 individuals with pCR, only 1 patient
(12.5%) showed a positive ctDNA result at any timepoint during remission. Conversely, of the 17 individuals
without pCR, 8 patients (47%) showed a positive ctDNA result for at least one timepoint during remission. The
difference in the positivity rate between patients with pCR and patients without pCR showed non-significant but
trending correlation (p-value=0.10; Chi-Square test) (Fig. 6).

Discussion

This observational study demonstrated that a custom micro-panel of 4-6 patient-specific variants applied to
ctDNA could be used to predict and monitor disease recurrence for patients with early-stage TNBC. Each variant
in this custom panel was unique to the individual, allowing for a precision approach for identifying molecular
relapse in advance of clinical relapse. Detection of patient-specific variants in ctDNA also showed trending
correlation with failure to achieve pCR, suggesting potential prognostic utility in patients with TNBC.

The use of a custom ctDNA micro-panel provided possible improvements relative to traditional universal
panels that have a set number of genes/loci for all tumors being evaluated. Specifically across the 50-patient
cohort, we identified over 200 variants derived from 177 unique genes, and 204 unique genomic loci. Use of
a universal panel might not cover useful variants that provide adequate sensitivity for detection of molecular
relapse during surveillance, which were potentially informative of clinical correlates such as molecular relapse
and association with pCR.
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Figure 4. Patients who demonstrated molecular relapse in advance of clinical relapse. Each panel shows VAF
for patient-specific tumor markers across various timepoints. Clinical relapse is denoted with a vertical dotted
line. Low-performing probes (< 1,000X observed coverage) were not shown. (A) NTN021 showed no signal
at baseline or at C1D3. A spike in patient-specific VAFs occurred at 24 months, which was 7 months prior to
clinical relapse. (B) NTN028 showed evidence of patient-specific VAFs at baseline with an increase in VAF at
C1D3. The VAF of patient-specific markers were undetectable from 3 months until 12 months with a spike in
VAF at 18 months, which was 3 months prior to clinical relapse. (C) NTN033 showed patient-specific VAFs at
baseline and at C1D3. Patient-specific markers were undetectable at time of surgery and at 6 months. Patient-
specific markers spiked at 12 months, which was 5 months prior to clinical relapse. (D) NTN076 showed non-
zero VAFs of patient-specific markers at the time of surgery with clinical relapse 2 months post-operation.

We demonstrated that assessment for residual disease by ctDNA is possible at approximately 6 month
intervals. While large comprehensive panels could be prohibitively expensive for assessing residual disease
at high-frequency intervals, smaller ctDNA micro-panels might be more feasible for confirming molecular
remission. Additionally, since the custom micro-panels are directly associated with the patient’s tumor, using
these patient-specific variants might improve sensitivity of molecular recurrence in advance of clinical relapse.

Custom variants identified for each individual’s tumor were not required to be known oncogenes or
tumor suppressors, however, many of the variants identified via WES (Fig. 3) and ctDNA (Fig. 4) had clinical
significance. TP53 contained the highest number of variants across all tumors, which has implications related
to prognosis in TNBC*. Additionally, putative driver variants in NF1*** and RBI1*%, have demonstrated clinical
relevance in previously reported breast cancer clinical trials. Interestingly, genes that are rarely mutated across all
TNBCs, including RECQL4* and TNC*, were observed in some patients in this study and have potential clinical
significance related to prognosis and therapeutic response. Use of a custom panel to assess TNBC during disease
monitoring allows providers to assess and potentially select for clinically-relevant variants that are unique to an
individual’s tumors further providing advantages against a universal approach.

WES at baseline permitted confirmation of BRCA1 / BRCA2 variants observed in patients with TNBC. Three
patients had confirmed germline predisposition status and 22 patients with unknown status had no observed
pathogenic BRCA variants (Supplementary Table 2). The use of baseline WES panels could serve as a replacement
for germline predisposition testing while also providing the custom targets for disease monitoring post-resection.
This would also mitigate the need for multiple small panels for germline predisposition testing.

There were some limitations to this study. First, there were several patients who were lost to follow-up (see
Table 1). Additionally, half of the patients (n=25) had no peripheral blood for ctDNA isolation collected at
timepoints that were imperative for analysis, preventing them from being part of the primary analysis. For
example, 3 of the patients who developed clinical recurrence had a blood collection at more than 7 months
prior to recurrence, potentially preventing the ability to detect recurrence at the molecular level. Lack of study
compliance with required protocols greatly impacted the ability to detect significance for findings. Additionally,
peripheral blood collected post-relapse would have been important to demonstrate the VAF threshold for clinical
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Figure 5. Monitoring clinical remission using a ctDNA molecular signature. Each panel shows patient-specific
VAFs across various timepoints. In total there were 17 patients that had both molecular and clinical remission.
A representative 4 patients are shown below. The remaining 13 patients are shown in Supplementary Fig. 2.

remission. Finally, it was observed that some probes did not generate sufficient coverage in peripheral blood
indicating the need for more than 1-2 variants in the micro-panel and rationale for why some other studies with
smaller panels demonstrated limited clinical utility*’. We also recognize that post-surgery treatments were at
treating physician’s discretion and some of these treatments may have impacted detection of ctDNA.

Future studies are necessary to further demonstrate the use of personalized tumor micro-panels to predict
and monitor TNBC remission. Additional timepoints with more frequent intervals for ctDNA testing could be
utilized to further refine the sensitivity of the approach to detect molecular recurrence. Developing methods of
accurately identifying patients with TNBC who are at a high risk of relapse is an unmet medical need. If clinically
accurate biomarkers are developed, interventions that may change the natural history of relapsed TNBC could
also be developed.
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Figure 6. Association between molecular relapse (tumor-specific VAF detection) and pathological Complete
Response (pCR). An algorithm was created to assess association between pCR and observed molecular relapse
using ctDNA VAF detection. The algorithm was considered positive if any of the variants in the custom micro-
panel had a VAF>0.005%. Each patient was assessed at each timepoint to determine positivity. If the ctDNA
demonstrated molecular relapse, the timepoint was labeled in orange; ctDNA timepoints with no molecular
relapse were labeled in green. Abbreviations: R = Clinical Remission; T0 = Baseline; T1=Cycle 1 Day 3 (C1D3).

Data availability
The datasets generated and/or analyzed during the current study are available in the dbGaP repository (accession:
phs002505).

Received: 10 May 2022; Accepted: 21 September 2022
Published online: 22 October 2022

References

1. Masuda, N. et al. Adjuvant capecitabine for breast cancer after preoperative chemotherapy. N. Engl. J. Med. 376, 2147-2159 (2017).

2. Sikov, W. M. et al. Impact of the addition of carboplatin and/or bevacizumab to neoadjuvant once-per-week paclitaxel followed
by dose-dense doxorubicin and cyclophosphamide on pathologic complete response rates in stage II to III triple-negative breast
cancer: CALGB 40603 (Alliance). J. Clin. Oncol. 33, 13-21 (2015).

3. Gonzalez-Angulo, A. M. Faculty opinions recommendation of neoadjuvant carboplatin in patients with triple-negative and HER2-
positive early breast cancer (GeparSixto; GBG 66): A randomised phase 2 trial. Fac. Opin. Post-Publ. Peer Rev. Biomed. Lit. https://
doi.org/10.3410/£.718373634.793494834 (2014).

4. Gerber, B. et al. Neoadjuvant bevacizumab and anthracycline-taxane-based chemotherapy in 678 triple-negative primary breast
cancers; Results from the geparquinto study (GBG 44). Ann. Oncol. 24, 2978-2984 (2013).

Scientific Reports |

(2022) 12:17732 | https://doi.org/10.1038/s41598-022-20928-8 nature portfolio


https://doi.org/10.3410/f.718373634.793494834
https://doi.org/10.3410/f.718373634.793494834

www.nature.com/scientificreports/

5. Mittendorf, E. A. et al. Neoadjuvant atezolizumab in combination with sequential nab-paclitaxel and anthracycline-based
chemotherapy versus placebo and chemotherapy in patients with early-stage triple-negative breast cancer (IMpassion031): A
randomised, double-blind, phase 3 trial. Lancet 396, 1090-1100 (2020).

6. Schmid, P. et al. Pembrolizumab for early triple-negative breast cancer. N. Engl. J. Med. 382, 810-821 (2020).

7. Loibl, S. et al. A randomised phase II study investigating durvalumab in addition to an anthracycline taxane-based neoadjuvant
therapy in early triple-negative breast cancer: Clinical results and biomarker analysis of GeparNuevo study. Ann. Oncol. 30,
1279-1288 (2019).

8. Liedtke, C. et al. Response to neoadjuvant therapy and long-term survival in patients with triple-negative breast cancer. J. Clin.
Oncol. 26, 1275-1281 (2008).

9. Vargo, J. A. et al. Molecular class as a predictor of locoregional and distant recurrence in the neoadjuvant setting for breast cancer.
Oncology 80, 341-349 (2011).

10. Hahnen, E. et al. Germline mutation status, pathological complete response, and disease-free survival in triple-negative breast
cancer: Secondary analysis of the GeparSixto randomized clinical trial. JAMA Oncol. 3, 1378-1385 (2017).

11. Sikov, W. M. et al. Abstract S2-05: Event-free and overall survival following neoadjuvant weekly paclitaxel and dose-dense AC
/- carboplatin and/or bevacizumab in triple-negative breast cancer: Outcomes from CALGB 40603 (Alliance). Gen. Session Abstr.
https://doi.org/10.1158/1538-7445.sabcs15-52-05 (2016).

12. Miles, D. et al. Primary results from IMpassion131, a double-blind, placebo-controlled, randomised phase III trial of first-line
paclitaxel with or without atezolizumab for unresectable locally advanced/metastatic triple-negative breast cancer. Ann. Oncol.
32,994-1004 (2021).

13. Emens, L. A. et al. Corrigendum to ‘First-line atezolizumab plus nab-paclitaxel for unresectable, locally advanced, or metastatic
triple-negative breast cancer: IMpassion130 final overall survival analysis. Ann. Oncol. 32, 1650 (2021).

14. Aparicio, S. & Caldas, C. The implications of clonal genome evolution for cancer medicine. N. Engl. J. Med. 368, 842-851 (2013).

15. Parsons, H. A. et al. Individualized Molecular Analyses Guide Efforts IMAGE): A prospective study of molecular profiling of
tissue and blood in metastatic triple-negative breast cancer. Clin. Cancer Res. 23, 379-386 (2017).

16. Riva, E et al. Patient-specific circulating tumor DNA detection during neoadjuvant chemotherapy in triple-negative breast cancer.
Clin. Chem. 63, 691-699 (2017).

17. Chen, Y.-H. et al. Next-generation sequencing of circulating tumor DNA to predict recurrence in triple-negative breast cancer
patients with residual disease after neoadjuvant chemotherapy. npj Breast Cancer. https://doi.org/10.1038/s41523-017-0028-4
(2017).

18. Butler, T. M. et al. Circulating tumor DNA dynamics using patient-customized assays are associated with outcome in neoadjuvantly
treated breast cancer. Cold Spring Harb. Mol. Case Stud. 5, 003772 (2019).

19. Prat, A. Faculty opinions recommendation of assessment of molecular relapse detection in early-stage breast cancer. Fac. Opin.
Post-Publ. Peer Rev. Biomed. Lit. https://doi.org/10.3410/£.736324034.793565624 (2019).

20. Garcia-Murillas, I. et al. Mutation tracking in circulating tumor DNA predicts relapse in early breast cancer. Sci. Transl. Med. 7,
302ral33 (2015).

21. Radovich, M. et al. Association of circulating tumor DNA and circulating tumor cells after neoadjuvant chemotherapy with disease
recurrence in patients with triple-negative breast cancer: Preplanned secondary analysis of the BRE12-158 randomized clinical
trial. JAMA Oncol. 6, 1410-1415 (2020).

22. Magbanua, M. J. M. et al. Circulating tumor DNA in neoadjuvant-treated breast cancer reflects response and survival. Ann. Oncol.
32,229-239 (2021).

23. Madig, J. et al. Circulating tumor DNA and circulating tumor cells in metastatic triple negative breast cancer patients. Int. J. Cancer
136, 2158-2165 (2015).

24. Williamson, R. C. et al. The Future of Precision Medicine in Australia (Australian Council of Learned Academies, 2018).

25. McDonald, B. R. et al. Personalized circulating tumor DNA analysis to detect residual disease after neoadjuvant therapy in breast
cancer. Sci. Transl. Med. https://doi.org/10.1126/scitranslmed.aax7392 (2019).

26. Parsons, H. A. et al. Sensitive detection of minimal residual disease in patients treated for early-stage breast cancer. Clin. Cancer
Res. 26, 2556-2564 (2020).

27. Ademuyiwa, E. O. et al. Inmunogenomic profiling and pathological response results from a clinical trial of docetaxel and
carboplatin in triple-negative breast cancer. Breast Cancer Res. Treat. 189, 187-202 (2021).

28. Schwartz, L. H. et al. RECIST 1.1-update and clarification: From the RECIST committee. Eur. J. Cancer 62, 132-137 (2016).

29. Rokita, J. L. et al. Genomic profiling of childhood tumor patient-derived xenograft models to enable rational clinical trial design.
Cell Rep. 29, 1675-1689.€9 (2019).

30. Bainbridge, M. N. et al. Targeted enrichment beyond the consensus coding DNA sequence exome reveals exons with higher variant
densities. Genome Biol. 12, R68 (2011).

31. Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv [g-bio.GN] (2013).

32. Cibulskis, K. et al. Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples. Nat. Biotechnol.
31,213-219 (2013).

33. Koboldt, D. C. et al. VarScan: Variant detection in massively parallel sequencing of individual and pooled samples. Bioinformatics
25, 2283-2285 (2009).

34. Saunders, C. T. et al. Strelka: Accurate somatic small-variant calling from sequenced tumor-normal sample pairs. Bioinformatics
28,1811-1817 (2012).

35. Ye, K., Schulz, M. H,, Long, Q., Apweiler, R. & Ning, Z. Pindel: A pattern growth approach to detect break points of large deletions
and medium sized insertions from paired-end short reads. Bioinformatics 25, 2865-2871 (2009).

36. Griffith, M. et al. Genome modeling system: A knowledge management platform for genomics. PLoS Comput. Biol. 11, €1004274
(2015).

37. McLaren, W. et al. The Ensembl variant effect predictor. Genome Biol. 17, 122 (2016).

38. Barnell, E. K. et al. Standard operating procedure for somatic variant refinement of sequencing data with paired tumor and normal
samples. Genet. Med. https://doi.org/10.1038/s41436-018-0278-z (2018).

39. fgbio: Tools for working with genomic and high throughput sequencing data. (Github).

40. Khanna, A. et al. Bam-readcount -- rapid generation of basepair-resolution sequence metrics. ArXiv (2021).

41. Pawliczek, P. et al. ClinGen Allele Registry links information about genetic variants. Hum. Mutat. 39, 1690-1701 (2018).

42. Cline, M. S. et al. BRCA challenge: BRCA exchange as a global resource for variants in BRCA1 and BRCA2. PLoS Genet. 14,
€1007752 (2018).

43. Li, J.-P. et al. Association of p53 expression with poor prognosis in patients with triple-negative breast invasive ductal carcinoma.
Medicine 98, 15449 (2019).

44. Pearson, A. et al. Inactivating NF1 mutations are enriched in advanced breast cancer and contribute to endocrine therapy resistance.
Clin. Cancer Res. 26, 608-622 (2020).

45. Griffith, O. L. et al. The prognostic effects of somatic mutations in ER-positive breast cancer. Nat. Commun. 9, 3476 (2018).

46. Wang, D.-Y,, Gendoo, D. M. A,, Ben-David, Y., Woodgett, J. R. & Zacksenhaus, E. A subgroup of microRNAs defines PTEN-
deficient, triple-negative breast cancer patients with poorest prognosis and alterations in RB1, MYC, and Wnt signaling. Breast
Cancer Res. 21, 1-13 (2019).

Scientific Reports |  (2022) 12:17732 | https://doi.org/10.1038/s41598-022-20928-8 nature portfolio


https://doi.org/10.1158/1538-7445.sabcs15-s2-05
https://doi.org/10.1038/s41523-017-0028-4
https://doi.org/10.3410/f.736324034.793565624
https://doi.org/10.1126/scitranslmed.aax7392
https://doi.org/10.1038/s41436-018-0278-z

www.nature.com/scientificreports/

47. Arora, A. et al. RECQL4 helicase has oncogenic potential in sporadic breast cancers. J. Pathol. 238, 495 (2016).

48. Sun, Z. et al. Tenascin-C promotes tumor cell migration and metastasis through integrin a9p1-mediated YAP inhibition. Cancer
Res. 78, 950-961 (2018).

49. Goddard, K. et al. c-TRAK TN: A randomised trial utilising ctDNA mutation tracking to detect minimal residual disease and trigger
intervention in patients with moderate and high risk early stage triple negative breast cancer: a novel design (CRUKE/16/024).
in BREAST CANCER RESEARCH AND TREATMENT vol. 180 584-584 (SPRINGER ONE NEW YORK PLAZA, SUITE 4600,
NEW YORK, NY, UNITED STATES, 2020).

Acknowledgements

We would like to thank the patients and their families for their generous donations to the advancement of
sciences. We would also like to thank Tracy Summa, Isabella Grigsby, Christina Robinson, and Kristen Otte for
providing clinical research support.

Author contributions

EXKB., B.E, ZS.,K.C.C, EO.A, drafted the manuscript; E.K.B., B.E, Z.S. provided analysis and interpretation
of data; EX.B.,, B.E,ZS.,K.C.C,, A.B.,, A A, MMR,]J.L,CE,M.A,RE, M.J.E, O.L.G., M.G., EO.A. provided
critical revision of the manuscript for important intellectual content; EK.B., B.F, Z.S.,K.C.C.,, AB., A.A, M.M.R,,
J.L., C.E, M.A,, R.E, EO.A. contributed to the acquisition of data; O.L.G., M.G., EA. provided study supervision;
O.L.G., M.G., EO.A. advised on study development.

Fundin

Malachi (?riﬂith was supported by the National Institutes of Health (NIH), National Human Genome Research
Institute under award number ROOHG007940. Malachi Griffith and Obi Griffith were supported by the NIH
National Cancer Institute (NCI) under Award Numbers U01CA248235, U01CA209936, U01CA231844 and
U24CA237719. Malachi Griffith was supported by the V Foundation for Cancer Research under Award Number
V2018-007. Foluso Ademuyiwa was supported by the National Cancer Institute of the National Institutes of
Health under Award Number K12 CA167540. The content of this manuscript is solely the responsibility of the
authors and does not necessarily represent the official views of the NTH.

Competing interests

These authors disclose the following: Erica Barnell is an owner, employee, and member of Geneoscopy Inc. Erica
Barnell is an inventor of the intellectual property owned by Geneoscopy Inc. FOA receives research funding
from Pfizer, Inmunomedics, NeoImmuneTech, RNA Diagnostics, and Astellas, and fees from Teladoc Health,
Pfizer, AstraZeneca, QED Therapeutics, Inmunomedics, Cardinal Health, Athenex, and Biotheranostics. The
remaining authors disclose no conflicts.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-20928-8.

Correspondence and requests for materials should be addressed to O.L.G., M.G. or EO.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:17732 | https://doi.org/10.1038/s41598-022-20928-8 nature portfolio


https://doi.org/10.1038/s41598-022-20928-8
https://doi.org/10.1038/s41598-022-20928-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Personalized ctDNA micro-panels can monitor and predict clinical outcomes for patients with triple-negative breast cancer
	Methods
	Patient clinical trial overview. 
	Sample collection. 
	Sample acquisition. 
	Whole exome sequencing. 
	Somatic variant calling from exome data. 
	SWIFT custom amplicon assay development. 
	SWIFT sequence data alignment, UMI consensus determination, and VAF estimation. 
	Germline variant calling for BRCA Variants. 
	Statistics. 

	Results
	Clinical Data. 
	Whole exome sequencing for custom ctDNA micro-panel development. 
	ctDNA monitoring and clinical outcomes. 
	Association between ctDNA positivity and pCR. 

	Discussion
	References
	Acknowledgements


