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Abstract

:

The chief goal of the Blood Profiling Atlas in Cancer (BloodPAC) consortium is to promote collaborative efforts that support the development and implementation of liquid biopsy tests. Here, we report the results of a pilot study conducted by three BloodPAC members that aimed to demonstrate a multisite liquid biopsy testing framework using longitudinal blood specimens from 38 patients with metastatic breast cancer. Three laboratories receiving identical samples from two clinical sites each applied a different targeted sequencing platform to analyze mutations in cell-free DNA (cfDNA). The resulting mutational profiles reflected common breast cancer alterations, including clinically actionable mutations for 40% of hormone- receptor-positive patients. In 12 genes with shared target regions across sequencing panels, perfect inter-assay concordance was also observed for mutations detected above the lowest common assay limit of detection. Whole-genome copy number profiling of cfDNA and circulating tumor cells (CTCs) further revealed marked heterogeneity in copy number alterations and cfDNA tumor fractions across patients. Additionally, comparison of tumor fraction and CTC abundance demonstrated the complementary nature of cfDNA and CTC analyses. Overall, the framework described in this study may serve as a resource for future trials aiming to identify multimodal liquid biopsy biomarkers to guide clinical care.
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1. Introduction


The ability of cancer cells to seed distant sites and evolve under treatment pressure is widely regarded as a key challenge to effective disease management in breast cancer [1,2]. Understanding the biological and therapeutic consequences of this spatiotemporal heterogeneity is important to developing an appropriate treatment strategy; however, tissue biopsies provide only a limited view of global tumor characteristics and require invasive procedures [3,4]. In contrast, liquid biopsies (LBxs) are minimally invasive and provide the opportunity for repeatable testing as well as the potential to capture tumor-associated analytes from multiple lesions [5,6]. As such, LBxs are an attractive complement to guide precision medicine approaches and are the subject of many active pre-clinical and clinical investigations.



Multiple LBx analytes such as circulating cell-free DNA (cfDNA), circulating tumor cells (CTCs), and extracellular vesicles (EVs) have displayed clinical relevance in breast cancer. For example, sequencing of cfDNA has produced mutational profiles reflective of primary and metastatic lesions [5,7,8] and is being applied to detect ESR1 and PIK3CA mutations corresponding to FDA-approved targeted therapies [9,10]. The fraction of cfDNA that is tumor-derived (ctDNA) has also been associated with tumor burden and explored as both a prognostic and predictive biomarker [11,12,13]. Similarly, CTC abundance of 5 CTCs per 7.5 mL of blood is associated with both decreased overall and progression free survival in metastatic breast cancer (MBC) [14]. Molecular profiling of CTCs has further been applied to assess therapeutically relevant disease features such as endocrine resistance and an epithelial to mesenchymal transition state [15,16]. Finally, approaches incorporating multiple analytes are also being tested to overcome limited quantities of tumor-associated circulating species and maximize the information obtained from a LBx sample [17,18].



With the growing number of LBx platforms in development, generating robust analytical and clinical evidence to demonstrate their validity and utility will be critical for clinical adoption [19]. However, despite considerable research efforts, only one CTC enumeration test and three cfDNA-based tests for ESR1 or PIK3CA mutations have obtained FDA-approval for indications in MBC [20,21,22]. A key challenge to bringing more LBx tests to the clinic has been the lack of standardized guidance to inform appropriate study designs to support clinical utility, reproducibility, regulatory approval, and reimbursement [23,24]. The increasing complexity of emerging applications, such as characterizing cfDNA fragment features and CTC phenotypes, could further accentuate the issue.



In response to challenges like this, the Blood Profiling Atlas in Cancer (BloodPAC) consortium was established in 2016, bringing together stakeholders across academia, private foundations, industry, and the government with the goal of aiding the development and approval of LBx assays to improve patient outcomes [23]. One of the early outcomes of the consortium was the BloodPAC Data Commons, created as a standardized and secure repository for LBx data that could provide evidence to bring more LBx tests into routine clinical practice [25]. To support this effort, BloodPAC members initiated this pilot study to collect MBC patient samples and perform a multiplatform blood profiling analysis, with the aim to accumulate real-world data and experience to inform further development of the Data Commons and guide future clinical development of LBx assays to impact patient care. Here, we describe a framework for multicenter LBx testing and report genomic findings from analyses of cfDNA and CTCs in longitudinal blood samples from 38 patients with MBC.




2. Materials and Methods


2.1. Patient Population


From 2018 to 2020, the BloodPAC-007 study enrolled patients with breast cancer at the Walter Reed National Military Medical Center Murtha Cancer Center (WRNMMC MCC) and Anne Arundel Medical Center (AAMC). Approval for this study was granted by both the WRNMMC IRB (WRNMMC-2018-0130) and AAMC IRB (AAMC-1109045), and written informed consent was obtained from all study participants. Eligibility criteria included individuals aged 18 or older with a diagnosis of breast cancer with metastatic disease who were starting a new line of therapy at enrollment. Both chemotherapy- and hormone-therapy-treated patients were eligible.




2.2. Sample Collection


Blood collection was scheduled for cycle 1, day 1 and cycle 2, day 1 of a new therapy. Additional draws could occur if there was a disease progression or change in treatment for any reason. These were also collected prior to the first dose in cycles 1 and 2 of each subsequent therapy, for up to 48 months from study enrollment. At each study visit, three peripheral blood samples were collected and distributed to laboratories at Foundation Medicine (FMI), Novartis Institutes for Biomedical Research (NIBR), and the University of Southern California (USC). Whole blood collected in 10 mL Streck tubes was shipped at room temperature to FMI and USC. For NIBR, whole blood in a 10-mL EDTA tube was processed within three hours of blood collection to isolate plasma via centrifugation at room temperature at 1600× g for 10 min followed by 3000× g for 10 min. The plasma was then frozen at −80 °C in 2 mL cryogenic vials and shipped on dry ice.




2.3. FMI FoundationACT Assay


Sample processing, library preparation, and sequencing analysis were performed in accordance with the FoundationACT assay (previous generation of FMI’s current on-market liquid CGP assay, FoundationOneLiquid CDx [26]) by Foundation Medicine’s CAP, CLIA laboratory [27]. A minimum of 20 ng of extracted cfDNA was used for library construction and adaptor-ligated libraries were created using custom molecular and sample barcodes. Solution hybrid capture was performed using a set of biotinylated oligonucleotide baits designed against 62 genes. Captured libraries were purified and normalized to 1.05 nmol/L prior to being pooled and sequenced using the Illumina HiSeq platform (Illumina, San Diego, CA, USA) with 150 bp paired-end reads to a depth of >5000× unique coverage. Sequencing reads were processed using a previously described computational pipeline [27], utilizing custom methods to correct errors <0.05%, and designed to detect base substitutions (down to 0.1% allele frequencies), short insertions and deletions (down to 1%), rearrangements/fusions (down to 1%), and copy number amplifications (>20%). Filtered variants were annotated as known or likely functional driver alterations based on presence in the Catalogue Of Somatic Mutations In Cancer (COSMIC) [28] or general knowledge in the scientific literature, while all other uncharacterized alterations were classified as variants of unknown significance.




2.4. NIBR PanCancer ctDNA Assay


Plasma processing, library preparation, and sequencing analysis for the cfDNA PanCancer assay were performed as previously reported [29]. cfDNA was extracted from approximately 4 mL of plasma (QIAamp Circulating Nucleic Acid Kit, QIAGEN, Germantown, MD, USA) per the manufacturer’s instructions. Sequencing libraries were constructed (TruSeq Nano Library Preparation Kit, Illumina, San Diego, CA, USA) and enriched using a custom designed set of biotinylated oligonucleotide baits designed for the exons and selected introns of 567 genes (2.9 Mb). Capture libraries were normalized, pooled, and sequenced on the Illumina HiSeq platform (Illumina, San Diego, CA, USA) to a target depth of >1000× unique coverage. The sequencing data were aligned to the hg38 reference human genome and variant calling was performed using MuTect v1.1.7 [30] for single nucleotide variants (SNVs), Pindel v1.0 [31] for short insertion/deletion (indel) events, and PureCN v1.16.0 [32] for copy number alterations (CNAs). SNVs and indels were compared to reference databases to remove germline events and sequencing artifacts and then annotated using dbSNP v146 [33], COSMIC v70 [28], and the SnpEff tool v4.3c [34].




2.5. USC High-Definition Single Cell Assay (HDSCA) and Thermo Fisher Oncomine Breast cfDNA Assay v2


Blood processing, cfDNA extraction, and CTC detection were carried out using the previously published HDSCA workflow [6,35]. In brief, blood tubes were centrifuged to separate the plasma and cellular fractions. The plasma was stored for cfDNA extraction using the QIAamp Circulating Nucleic Acid Kit (QIAGEN, Germantown, MD, USA). The cellular fraction underwent erythrocyte lysis to obtain nucleated cells, which were plated onto glass slides. Slides were stained and imaged using a four-channel immunofluorescence assay consisting of DAPI, pan-cytokeratin, vimentin, and CD45/CD31. The immunofluorescence images were segmented and clustered to identify rare cell candidates for review. CTCs were manually enumerated by a trained analyst and defined as nucleated, cytokeratin positive cells. For patient 12, CTCs that were also positive in the CD45/CD31 channel were included in the total CTC count based on the presence of clonal alterations in these cells.



Copy number alteration (CNA) profiling was performed using a low-pass whole-genome sequencing (lpWGS) method [6,36], with 5 ng of extracted cfDNA and 50 ng of single cell whole-genome amplification product used as the input for library preparation for cfDNA and single cells, respectively. Libraries were sequenced on an Illumina instrument (NextSeq 500 or HiSeq platform, Illumina, San Diego, CA, USA) using single-end 50 bp or paired-end 150 bp reads to achieve approximately 0.04× coverage. Sequencing reads were aligned to the hg19 reference genome, PCR duplicates were removed, binned read counts were normalized for GC-content, and bin counts across the genome were segmented and represented as ratios to the genome-wide mean. The ichorCNA package [7] was used to estimate the fraction of ctDNA based on the whole-genome copy number profiles. This tool has a reported 91% sensitivity and 100% specificity to detect ctDNA at the tumor fraction threshold of 0.1.



For SNV detection, targeted sequencing libraries were prepared with 20 ng of extracted cfDNA as the input and using the Oncomine Breast cfDNA Assay v2 (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. Due to extracting only 1 mL of plasma at a time, we were not able to obtain sufficient cfDNA from certain samples. Libraries were quantified using the Qubit High-Sensitivity dsDNA Assay (Thermo Fisher Scientific, Waltham, MA, USA) and Ion Library TaqMan Quantitation Kit (Thermo Fisher Scientific, Waltham, MA, USA), and library quality was assessed using the Agilent 2100 Bioanalyzer with High-Sensitivity DNA assay (Agilent Technologies, Santa Clara, CA, USA). Libraries were diluted to the recommended 100 pM, pooled for templating using the Ion 540 kit and Ion Chef instrument (Thermo Fisher Scientific, Waltham, MA, USA), and sequenced on the Ion S5TM system (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing data were analyzed using the Torrent Suite Software v5.6.0 and Ion Reporter v5.6. The Oncomine Breast Liquid Biopsy w1.3 DNA Single Sample workflow was used with default parameters for variant calling.




2.6. Data Analysis


Variant calls provided by each laboratory were aggregated and matched by sample identifier. Cancer-related genes were obtained from COSMIC [28]. Clinically actionable variants were defined as those considered FDA Level 2: Cancer Mutations with Evidence of Clinical Significance and were obtained from OncoKB v4.2 [37] (Supplementary Table S1). Pearson correlation was used to compare variant allele frequencies (VAFs) reported for pairwise concordant variants. Plots were generated in R v4.1.2 using the ggplot2 v3.3.6 [38] and ComplexHeatmap v2.10.0 [39,40] packages.





3. Results


3.1. Study Workflow


The BloodPAC-007 study enrolled 38 patients from the WRNMMC MCC and AAMC clinical sites and a total of 107 blood samples were collected and analyzed (Table 1, Supplementary Table S2). At each testing site, samples were assayed for cfDNA SNVs and CNAs with FMI using the CLIA-certified FoundationACT assay, NIBR utilizing a laboratory-developed PanCancer ctDNA assay for both SNV and CNA detection, and USC using a combination of the Oncomine Breast cfDNA Assay v2 for SNV detection with a previously published lpWGS method for CNA profiling (Methods, Figure 1). In addition to cfDNA, USC also applied the enrichment-free HDSCA platform to identify CTCs, which were subjected to the same lpWGS method for CNA analysis. Each laboratory carried out the analysis of sequencing data for their own set of samples using the pipeline developed for the assay used. A final list of variants detected by each laboratory together with patient clinical data elements, assay protocols, and preanalytical data elements were subsequently uploaded to the BloodPAC Data Commons.




3.2. cfDNA Mutational Profiles via Targeted Sequencing


Targeted sequencing was performed on 107 cfDNA samples from 38 patients, with 98 samples analyzed by FMI, 96 analyzed by NIBR, and 23 analyzed by USC (Supplementary Table S3). Amongst samples, the most commonly detected mutations in COSMIC genes included SNVs and indels in TP53, FAT3, BRCA2, CDH1, PIK3CA, ESR1, ARID1A, and RB1, amplification and SNVs in ERBB2, and amplification of MYC (Figure 2a). Mutations in DNMT3A, TET2, and ASXL1 were also detected at high frequency; however, these genes have been associated with clonal hematopoiesis (CH) [41] and the analysis methods used in this study were not set up to exclude variants of hematopoietic origin.



Clinically actionable mutations in PIK3CA and ESR1 were detected across 27/76 (35.5%) samples from 10/25 (40%) HR+ patients. Actionable PIK3CA mutations were found in twenty-one samples from eight patients, with H1047R being the most common variant, followed by E545K and E542K (Figure 2b). Actionable ESR1 mutations were found in nine samples from four patients, with five out of nine samples harboring multiple mutations (Figure 2c). Of the total actionable ESR1 mutations detected, those affecting codon Y537 were most common (Y537N, Y537C, and Y537S), followed by mutations encoding the D538G variant.




3.3. Concordance of Cross-Platform cfDNA SNV Detection


Inter-assay concordance was assessed for 22 samples from 13 patients, which were analyzed by all three laboratories. In twelve genes with shared target regions across sequencing panels, nineteen (59%) variants were detected by all three platforms, two (6%) were detected by two out of three, and eleven (34%) were detected by one out of three (Figure 3a). All 13 variants detected by only one or two platforms were reported at VAFs below 0.5% (Figure 3b), which is the lowest common limit of detection (LoD) across assays, with only the Oncomine Breast cfDNA Assay v2 having an LoD below this at 0.1% VAF. The 19 three-way concordant variants spanned a wide range of VAFs (0.28–77.80%) and 16/19 were detected above the 0.5% VAF level (Figure 3b). Concordant VAFs reported by each platform were highly correlated with mean absolute differences ranging from 1.94 to 2.18% VAF (USC and FMI: Pearson r = 0.994, mean difference = 1.94%; USC and NIBR: Pearson r = 0.993, mean difference = 2.18% VAF; FMI and NIBR: Pearson r = 0.997, mean difference = 2.04%) (Figure 3c).




3.4. cfDNA Whole-Genome CNA Profiles


In addition to cfDNA mutational profiling via targeted sequencing, copy number profiling via lpWGS was also performed for 105 samples from 38 patients at USC. Longitudinal samples from the same patient generally exhibited similar alteration patterns, while considerable interpatient heterogeneity was observed (Figure 4). Copy number gains on chromosomes 1q and 8q were amongst the few alterations found in multiple patients. The whole-genome copy number profiles were also used to estimate the fraction of ctDNA in each sample. This value varied widely with 38/107 (36%) of samples having a ctDNA fraction > 0.1. For some patients (e.g., 20, 25, and 3), fluctuations in ctDNA fraction from >0.1 to <0.1 were observed across visits (Supplementary Table S4).




3.5. CNA Profiling in CTCs and cfDNA


Matched cfDNA and CTC CNAs were assessed by lpWGS for thirteen samples from eight patients (Figure 5a–d, Supplementary Figure S1a–d). Overall, cfDNA whole-genome profiles closely reflected alterations shared amongst CTCs (Figure 5a–c, Supplementary Figure S1c,d). In two patients with CTCs and cfDNA from multiple timepoints, alterations were also consistently detected across samples (Figure 5b, Supplementary Figure S1d).



We observed cases where CTCs were complementary to cfDNA for CNA profiling. For instance, subclonal CNAs observed in CTCs, such as losses on chr 3p and 9p in patient 31 and losses on chr X in patient 12, were absent in the corresponding cfDNA profiles (Figure 5c,d). Samples from patients 12, 10, and 14 were also cases where CTCs displayed clonal alterations while cfDNA profiles lacked detectable CNAs (Figure 5d, Supplementary Figure S1a,b). Along these lines, when comparing CTCs and ctDNA in 37 samples from the first study visit (cycle 1, day 1 of the initial therapy at enrollment, except for one patient where the first study visit occurred at cycle 2, day 1), 4/37 (11%) samples contained detectable CTCs but not ctDNA, while the opposite was true for 5/37 (14%) samples (Figure 5e).




3.6. Longitudinal LBx Profiles


A longitudinal analysis was performed on 11 patients for whom three consecutive blood draws were collected at cycle 1, day 1 (C1D1) and cycle 2, day 1 (C2D1) of the initial therapy at enrollment and at C1D1 of the next line of therapy, typically following a disease progression event (Supplementary Figure S2). The interval between C1D1 of the first therapy and subsequent therapy ranged from 44 to 223 days (Figure 6a, Supplementary Figure S2). Although the absolute levels of ctDNA and CTCs varied across patients and time, relative changes in ctDNA abundance exhibited a consistent pattern with 10/11 of patients showing a decrease between C1D1 and C2D1 and 9/11 patients showing an increase between C2D1 and the progression/C1D1 timepoint of the next line of therapy. CTC levels also followed a similar pattern, although to a lesser extent (5/11 patients showed decreasing levels between C1D1 and C2D1; 6/11 patients showed increasing levels between C2D1 and C1D1 of the next line of therapy).



There was one patient in which LBx results revealed therapy-related changes near the time of disease progression. Patient 20 was an HR+/HER2− patient who was enrolled with de novo metastatic disease and had targeted sequencing of five consecutive cfDNA samples throughout treatment (C1D1 and C2D1 of treatment 1, C1D1 and C2D1 of treatment 2, and C1D1 of treatment 3). Clinically actionable mutations in the ESR1 ligand-binding domain were detected at C1D1 of treatment 2, occurring 223 days after starting first-line endocrine therapy and in all samples thereafter (Figure 6b). Comparison of LBx results with the clinical timeline further showed the coincidence of ESR1 mutations, rise in ctDNA fraction, and rise in CTCs in this sample with an initial disease progression event determined via positron emission tomography (PET) imaging 42 days prior (Figure 6b). A second disease progression event was also determined using PET imaging after 105 days of second line therapy (328 days from the first study draw). In samples collected during this period, the levels of ESR1 mutations, ctDNA fraction, and CTCs were maintained (Figure 6b).





4. Discussion


This pilot study by institutions from academia, industry, and the defense health agency is aligned with the goals of the BloodPAC consortium and the Cancer Moonshot Initiative [23]. Execution of the study design demonstrates the feasibility of multicenter collaborations to collect and distribute clinical samples as well as generate and harmonize LBx data from different platforms. Though a small number of prior studies have brought together various groups to conduct non-competitive, cross-platform comparisons [42,43], this is one of few studies performed using clinical specimens [44]. Our ability to obtain multiple blood tubes at each study visit enabled testing on identical samples across laboratories, thereby reducing variability in the starting material and allowing the use of standard protocols for individual tests. Ultimately, the results reflect the collective findings of these platforms in the context of real-world application to heterogeneous MBC patient samples.



It is well accepted that mutational profiling of cfDNA can provide information on variants harbored by a tumor, including clinically actionable variants, and has led to cfDNA testing becoming more prevalent for treatment selection in MBC [9,10]. Our targeted sequencing results were consistent with this notion, with several recurrently altered breast cancer genes [45] commonly mutated across samples and actionable mutations corresponding to FDA-approved therapies detected in 40% of HR+ patients. Although the concordance analysis encompassed a limited number of shared target regions amongst the three sequencing panels, we observed perfect inter-assay agreement for variants detected above the 0.5% VAF level, which was the lowest common LoD across assays. All variants detected by only one or two of the three platforms were reported below this level, which is consistent with results from prior studies showing higher discordance rates in low frequency (<0.5–1% VAF) variants [44,46]. Meanwhile, the close agreement between VAFs reported by each platform for concordant variants has not explicitly been examined in similar studies with patient samples. Together, these results are encouraging as they demonstrate high concordance across a wide range of mutant VAFs found in MBC specimens.



Few groups have performed parallel analyses of CTCs and cfDNA in MBC [47,48], let alone genomic analyses from the same blood tube [6,49,50]. The cases analyzed in this study exemplify the complementary nature of CTC and cfDNA profiling, particularly in terms of overcoming low CTC or ctDNA abundance and capturing subclone heterogeneity. While both CTCs and cfDNA were available in most samples at the first study visit, 24% only contained one analyte, with similar proportions of samples having either CTCs or ctDNA. The relationship between CTCs and ctDNA is potentially interesting given the current understanding of their biological and clinical relevance. CTCs are hypothesized to drive seeding of new metastatic sites, possibly enabled by enhanced capabilities for entering and/or surviving in the circulatory environment [51], and are an established prognostic biomarker in MBC [52]. On the other hand, ctDNA is largely attributed to DNA fragments released by apoptotic tumor cells, theoretically those from the therapy-sensitive tumor population during treatment [53], and is also associated with prognosis and tumor burden [11,47]. Despite different driving factors being associated with the presence of CTCs and ctDNA in the blood, their levels seem to somewhat correlate [11,47] and the significance of discordant cases remains to be elucidated.



The longitudinal analysis included a subset of 11 patients with varying receptor subtypes and therapeutic regimens but identified a consistent pattern of acute decrease between the first two cycles of therapy followed by an increase in ctDNA and CTCs near the time of disease progression. A small number of prior studies have attempted to correlate early changes in CTCs and ctDNA with treatment response, but complexities associated with the dynamics of these species have hampered validation of such an approach [54,55,56]. Serial blood collection at regular intervals throughout the duration of treatment could better assess changes relevant to therapeutic response and is being adopted by some newer clinical trials [57,58].



The index case illustrates the feasibility of a multianalyte LBx approach for disease monitoring and therapy selection. Increases in actionable ESR1 mutation VAFs, ctDNA fraction, and CTC abundance all coincided with the timing of the first disease progression and levels of these analytes were also sustained between the start of second-line endocrine therapy and a second disease progression event. The most abundant ESR1 mutation detected, Y537S, confers constitutive, ligand-independent activation of the ER and has been associated with exposure to aromatase inhibitor (AI) therapy [59,60,61]. The BOLERO-2 trial, which demonstrated benefit from exemestane plus everolimus compared to exemestane alone, also showed decreased progression-free survival for patients with the Y537S mutation compared to those with wild-type ESR1 in the combination arm (8.48 vs. 4.17 months) [62]. More recently, ESR1 mutation status was FDA approved to guide the use of the oral selective ER degrader, elacestrant, following progression on at least one line of endocrine therapy [21,63]. Taken together, the LBx results in this example would suggest the emergence of AI-based therapy resistance and benefit from an alternative second-line regimen. As LBx tests for clinically actionable biomarkers gain approval, optimizing the timing of testing for therapeutic decision making will become increasingly important.



A limitation of this study was the lack of matched WBC sequencing or the use of bioinformatic methodologies to identify CH variants. At study inception, standardized approaches to deal with these variants in cfDNA mutational analyses were not widely established. However, given recent evidence [41,64,65], groups such as the BloodPAC consortium have created formal guidance on handling CH variants [24]. Newer bioinformatic methodologies are also being developed to classify tumor-derived versus WBC-derived variants without the need for WBC sequencing [29,66]. The high prevalence of alterations in DNMT3A, TET2, and ASXL1 observed in this study further underscores the importance of accounting for CH variants in cfDNA mutational analyses. We also acknowledge that the use of assays with sequencing panels ranging from 12 to 600 genes limited an extensive concordance assessment and more focused studies for specific variants of interest should consider the appropriate assays and patient population needed to conduct such comparisons. Other limitations of this study include the lack of matched tissue sequencing for comparison with detected plasma variants, which could have aided in resolving discordant calls and allowed exploration of tissue-plasma concordance across longitudinal samples. Lastly, the relatively small and heterogeneous patient population did not enable meaningful associations with clinical outcomes.



In conclusion, this study demonstrates a cooperative framework for conducting multicenter LBx studies on clinical samples. Our findings describe the different types of heterogeneity observed in MBC patients using multianalyte, multiplatform testing and could be leveraged for future trial designs to identify comprehensive LBx biomarkers to guide clinical care. Integration of newer LBx assessments, including cfDNA fragmentomics [67,68] and analyses of cancer-associated Evs [69,70], could also be explored to harness additional disease-related information contained in samples collected from patients with MBC. This evolving landscape of novel approaches to study diverse LBx analytes and biofluids should continue to enable progress towards minimally invasive, multidimensional, and personalized cancer profiling.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/jmp5020013/s1, Figure S1: Comparison of CTC and cfDNA CNAs for four additional patients; Figure S2: LBx dynamics for 11 patients with three consecutive study draws; Table S1: Clinically actionable variants considered as FDA Level 2: Cancer Mutations with Evidence of Clinical Significance; Table S2: Patient-level clinicopathological information; Table S3: Samples analyzed by patient; Table S4: ichorCNA ctDNA fractions for 105 cfDNA samples in this study.





Author Contributions


Conceptualization, K.S.B., R.J.L., P.K., J.H. and C.D.S.; methodology, K.S.B., R.J.L., P.K., J.H. and C.D.S.; software, A.K. and A.P.S.; validation, N.H. and A.P.S.; formal analysis, N.H., L.W. and A.P.S.; investigation, N.H., L.W., L.X. and A.P.S.; resources, K.S.B., R.J.L., Y.L., J.G.P., A.I.R., L.T., C.K.T., C.D.S. and P.K.; data curation, N.H., A.K. and A.P.S.; writing—original draft preparation, N.H., L.X., A.K., J.H. and P.K.; writing—review and editing, N.H., L.X., A.K., J.H., P.K., O.V.G., R.G., R.S.H., R.J.L., L.T., A.I.R., J.G.P., Y.L. and C.K.T.; visualization, N.H.; supervision, R.J.L., P.K., J.H. and C.D.S.; project administration, R.J.L., P.K., J.H. and C.D.S.; funding acquisition, P.K., J.H. and C.D.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by the Breast Cancer Research Foundation, BCRF-16-189 (P.K., J.H., C.D.S.) and BCRF-18-089 (P.K, J.H.); the National Cancer Institute’s Norris Comprehensive Cancer Center (CORE) Support 5P30CA014089-40 (P.K., J.H.); and Henry M. Jackson Foundation (HJF) for the Advancement of Military Medicine, HJF Cooperative Agreement with a Uniformed Services University of the Health Sciences (USUHS) Award: Breast Cancer Center of Excellence (C.D.S.). This work also received support from the Alan Joseph Endowed Fellowship (N.H.) and Vassiliadis Research Fund. The content is solely the responsibility of the authors and does not necessarily represent the official views, opinions, or policies of the National Institutes of Health, Uniformed Services University of the Health Sciences (USUHS), The Henry M. Jackson Foundation for the Advancement of Military Medicine, Inc., the Department of Defense (DoD), or the Departments of the Army, Navy, or Air Force. Mention of trade names, commercial products, or organizations does not imply endorsement by the U.S. Government.




Institutional Review Board Statement


This study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the Walter Reed National Military Medical Center (WRNMMC-2018-0130), the Anne Arundel Medical Center (AAMC-1109045), and the University of Southern California (UP-17-00882).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are openly available in the BloodPAC Commons at https://data.bloodpac.org/discovery/BPDC000142, reference number BPDC000142.




Acknowledgments


First and foremost, we would like to thank the patients and their caretakers, including those on active duty and veterans, for participating in this study, without whom this research would not have been possible. We thank the clinical and research consent teams at each of the centers for supporting the enrollment of patients and sample collections. We thank Nancy Krunic for providing administrative support and input on the manuscript. We also thank our blood processing team and data infrastructure team for their support. Figure 1 was created using Biorender.com.




Conflicts of Interest


P.K. and J.H. hold ownership interest in, are consultants to, and receive royalties from Epic Sciences for licensed technology. A.K. receives royalties from Epic Sciences for licensed technology. Epic Sciences and the University of Southern California, USC Michelson Center (P.K. and J.H.) have signed a sponsored research agreement to advance next-generation liquid biopsy technology for precision oncology. All other authors have no conflicts to report. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Zardavas, D.; Irrthum, A.; Swanton, C.; Piccart, M. Clinical management of breast cancer heterogeneity. Nat. Rev. Clin. Oncol. 2015, 12, 381–394. [Google Scholar] [CrossRef]

	



Aparicio, S.; Caldas, C. The implications of clonal genome evolution for cancer medicine. N. Engl. J. Med. 2013, 368, 842–851. [Google Scholar] [CrossRef]

	



Gerlinger, M.; Rowan, A.J.; Horswell, S.; Math, M.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.; Stewart, A.; et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N. Engl. J. Med. 2012, 366, 883–892. [Google Scholar] [CrossRef]

	



Overman, M.J.; Modak, J.; Kopetz, S.; Murthy, R.; Yao, J.C.; Hicks, M.E.; Abbruzzese, J.L.; Tam, A.L. Use of research biopsies in clinical trials: Are risks and benefits adequately discussed? J. Clin. Oncol. 2013, 31, 17–22. [Google Scholar] [CrossRef]

	



Murtaza, M.; Dawson, S.J.; Tsui, D.W.; Gale, D.; Forshew, T.; Piskorz, A.M.; Parkinson, C.; Chin, S.F.; Kingsbury, Z.; Wong, A.S.; et al. Non-invasive analysis of acquired resistance to cancer therapy by sequencing of plasma DNA. Nature 2013, 497, 108–112. [Google Scholar] [CrossRef]

	



Welter, L.; Xu, L.; McKinley, D.; Dago, A.E.; Prabakar, R.K.; Restrepo-Vassalli, S.; Xu, K.; Rodriguez-Lee, M.; Kolatkar, A.; Nevarez, R.; et al. Treatment response and tumor evolution: Lessons from an extended series of multianalyte liquid biopsies in a metastatic breast cancer patient. Cold Spring Harb. Mol. Case Stud. 2020, 6, a005819. [Google Scholar] [CrossRef] [PubMed]

	



Adalsteinsson, V.A.; Ha, G.; Freeman, S.S.; Choudhury, A.D.; Stover, D.G.; Parsons, H.A.; Gydush, G.; Reed, S.C.; Rotem, D.; Rhoades, J.; et al. Scalable whole-exome sequencing of cell-free DNA reveals high concordance with metastatic tumors. Nat. Commun. 2017, 8, 1324. [Google Scholar] [CrossRef]

	



Turner, N.C.; Kingston, B.; Kilburn, L.S.; Kernaghan, S.; Wardley, A.M.; Macpherson, I.R.; Baird, R.D.; Roylance, R.; Stephens, P.; Oikonomidou, O.; et al. Circulating tumour DNA analysis to direct therapy in advanced breast cancer (plasmaMATCH): A multicentre, multicohort, phase 2a, platform trial. Lancet Oncol. 2020, 21, 1296–1308. [Google Scholar] [CrossRef] [PubMed]

	



André, F.; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, I.A.; Kaufman, B.; et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor-Positive Advanced Breast Cancer. N. Engl. J. Med. 2019, 380, 1929–1940. [Google Scholar] [CrossRef]

	



Bidard, F.C.; Kaklamani, V.G.; Neven, P.; Streich, G.; Montero, A.J.; Forget, F.; Mouret-Reynier, M.A.; Sohn, J.H.; Taylor, D.; Harnden, K.K.; et al. Elacestrant (oral selective estrogen receptor degrader) Versus Standard Endocrine Therapy for Estrogen Receptor-Positive, Human Epidermal Growth Factor Receptor 2-Negative Advanced Breast Cancer: Results From the Randomized Phase III EMERALD Trial. J. Clin. Oncol. 2022, 40, 3246–3256. [Google Scholar] [CrossRef] [PubMed]

	



Dawson, S.J.; Tsui, D.W.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.F.; Dunning, M.J.; Gale, D.; Forshew, T.; Mahler-Araujo, B.; et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. J. Med. 2013, 368, 1199–1209. [Google Scholar] [CrossRef] [PubMed]

	



Stover, D.G.; Parsons, H.A.; Ha, G.; Freeman, S.S.; Barry, W.T.; Guo, H.; Choudhury, A.D.; Gydush, G.; Reed, S.C.; Rhoades, J.; et al. Association of Cell-Free DNA Tumor Fraction and Somatic Copy Number Alterations with Survival in Metastatic Triple-Negative Breast Cancer. J. Clin. Oncol. 2018, 36, 543–553. [Google Scholar] [CrossRef]

	



Reichert, Z.R.; Morgan, T.M.; Li, G.; Castellanos, E.; Snow, T.; Dall’Olio, F.G.; Madison, R.W.; Fine, A.D.; Oxnard, G.R.; Graf, R.P.; et al. Prognostic value of plasma circulating tumor DNA fraction across four common cancer types: A real-world outcomes study. Ann. Oncol. 2023, 34, 111–120. [Google Scholar] [CrossRef]

	



Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, J.M.; Doyle, G.V.; Allard, W.J.; Terstappen, L.W.; et al. Circulating tumor cells, disease progression, and survival in metastatic breast cancer. N. Engl. J. Med. 2004, 351, 781–791. [Google Scholar] [CrossRef] [PubMed]

	



Paoletti, C.; Muñiz, M.C.; Thomas, D.G.; Griffith, K.A.; Kidwell, K.M.; Tokudome, N.; Brown, M.E.; Aung, K.; Miller, M.C.; Blossom, D.L.; et al. Development of circulating tumor cell-endocrine therapy index in patients with hormone receptor-positive breast cancer. Clin. Cancer Res. 2015, 21, 2487–2498. [Google Scholar] [CrossRef]

	



Papadaki, M.A.; Stoupis, G.; Theodoropoulos, P.A.; Mavroudis, D.; Georgoulias, V.; Agelaki, S. Circulating Tumor Cells with Stemness and Epithelial-to-Mesenchymal Transition Features Are Chemoresistant and Predictive of Poor Outcome in Metastatic Breast Cancer. Mol. Cancer Ther. 2019, 18, 437–447. [Google Scholar] [CrossRef]

	



Keup, C.; Suryaprakash, V.; Hauch, S.; Storbeck, M.; Hahn, P.; Sprenger-Haussels, M.; Kolberg, H.C.; Tewes, M.; Hoffmann, O.; Kimmig, R.; et al. Integrative statistical analyses of multiple liquid biopsy analytes in metastatic breast cancer. Genome Med. 2021, 13, 85. [Google Scholar] [CrossRef]

	



Bortolini Silveira, A.; Bidard, F.C.; Tanguy, M.L.; Girard, E.; Trédan, O.; Dubot, C.; Jacot, W.; Goncalves, A.; Debled, M.; Levy, C.; et al. Multimodal liquid biopsy for early monitoring and outcome prediction of chemotherapy in metastatic breast cancer. NPJ Breast Cancer 2021, 7, 115. [Google Scholar] [CrossRef] [PubMed]

	



Merker, J.D.; Oxnard, G.R.; Compton, C.; Diehn, M.; Hurley, P.; Lazar, A.J.; Lindeman, N.; Lockwood, C.M.; Rai, A.J.; Schilsky, R.L.; et al. Circulating Tumor DNA Analysis in Patients with Cancer: American Society of Clinical Oncology and College of American Pathologists Joint Review. J. Clin. Oncol. 2018, 36, 1631–1641. [Google Scholar] [CrossRef]

	



Narayan, P.; Prowell, T.M.; Gao, J.J.; Fernandes, L.L.; Li, E.; Jiang, X.; Qiu, J.; Fan, J.; Song, P.; Yu, J.; et al. FDA Approval Summary: Alpelisib Plus Fulvestrant for Patients with HR-positive, HER2-negative, PIK3CA-mutated, Advanced or Metastatic Breast Cancer. Clin. Cancer Res. 2021, 27, 1842–1849. [Google Scholar] [CrossRef]

	



Administration, U.S.F.D. FDA Approves Elacestrant for ER-Positive, HER2-Negative, ESR1-Mutated Advanced or Metastatic Breast Cancer. Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-elacestrant-er-positive-her2-negative-esr1-mutated-advanced-or-metastatic-breast-cancer (accessed on 29 June 2023).

	



Administration, U.S.F.D. FoundationOne Liquid CDx (F1 Liquid CDx). Available online: https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P200006 (accessed on 29 June 2023).

	



Grossman, R.L.; Abel, B.; Angiuoli, S.; Barrett, J.C.; Bassett, D.; Bramlett, K.; Blumenthal, G.M.; Carlsson, A.; Cortese, R.; DiGiovanna, J.; et al. Collaborating to Compete: Blood Profiling Atlas in Cancer (BloodPAC) Consortium. Clin. Pharmacol. Ther. 2017, 101, 589–592. [Google Scholar] [CrossRef] [PubMed]

	



Godsey, J.H.; Silvestro, A.; Barrett, J.C.; Bramlett, K.; Chudova, D.; Deras, I.; Dickey, J.; Hicks, J.; Johann, D.J.; Leary, R.; et al. Generic Protocols for the Analytical Validation of Next-Generation Sequencing-Based ctDNA Assays: A Joint Consensus Recommendation of the BloodPAC’s Analytical Variables Working Group. Clin. Chem. 2020, 66, 1156–1166. [Google Scholar] [CrossRef] [PubMed]

	



Grossman, R.L.; Dry, J.R.; Hanlon, S.E.; Johann, D.J.; Kolatkar, A.; Lee, J.S.H.; Meyer, C.; Salvatore, L.; Wells, W.; Leiman, L. BloodPAC Data Commons for Liquid Biopsy Data. JCO Clin. Cancer Inform. 2021, 5, 479–486. [Google Scholar] [CrossRef]

	



Woodhouse, R.; Li, M.; Hughes, J.; Delfosse, D.; Skoletsky, J.; Ma, P.; Meng, W.; Dewal, N.; Milbury, C.; Clark, T.; et al. Clinical and analytical validation of FoundationOne Liquid CDx, a novel 324-Gene cfDNA-based comprehensive genomic profiling assay for cancers of solid tumor origin. PLoS ONE 2020, 15, e0237802. [Google Scholar] [CrossRef] [PubMed]

	



Clark, T.A.; Chung, J.H.; Kennedy, M.; Hughes, J.D.; Chennagiri, N.; Lieber, D.S.; Fendler, B.; Young, L.; Zhao, M.; Coyne, M.; et al. Analytical Validation of a Hybrid Capture-Based Next-Generation Sequencing Clinical Assay for Genomic Profiling of Cell-Free Circulating Tumor DNA. J. Mol. Diagn. 2018, 20, 686–702. [Google Scholar] [CrossRef] [PubMed]

	



Tate, J.G.; Bamford, S.; Jubb, H.C.; Sondka, Z.; Beare, D.M.; Bindal, N.; Boutselakis, H.; Cole, C.G.; Creatore, C.; Dawson, E.; et al. COSMIC: The Catalogue Of Somatic Mutations In Cancer. Nucleic Acids Res. 2019, 47, D941–D947. [Google Scholar] [CrossRef] [PubMed]

	



Fairchild, L.; Whalen, J.; D’Aco, K.; Wu, J.; Gustafson, C.B.; Solovieff, N.; Su, F.; Leary, R.J.; Campbell, C.D.; Balbin, O.A. Clonal hematopoiesis detection in patients with cancer using cell-free DNA sequencing. Sci. Transl. Med. 2023, 15, eabm8729. [Google Scholar] [CrossRef]

	



Cibulskis, K.; Lawrence, M.S.; Carter, S.L.; Sivachenko, A.; Jaffe, D.; Sougnez, C.; Gabriel, S.; Meyerson, M.; Lander, E.S.; Getz, G. Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples. Nat. Biotechnol. 2013, 31, 213–219. [Google Scholar] [CrossRef] [PubMed]

	



Ye, K.; Wang, J.; Jayasinghe, R.; Lameijer, E.W.; McMichael, J.F.; Ning, J.; McLellan, M.D.; Xie, M.; Cao, S.; Yellapantula, V.; et al. Systematic discovery of complex insertions and deletions in human cancers. Nat. Med. 2016, 22, 97–104. [Google Scholar] [CrossRef]

	



Riester, M.; Singh, A.P.; Brannon, A.R.; Yu, K.; Campbell, C.D.; Chiang, D.Y.; Morrissey, M.P. PureCN: Copy number calling and SNV classification using targeted short read sequencing. Source Code Biol. Med. 2016, 11, 13. [Google Scholar] [CrossRef]

	



Sherry, S.T.; Ward, M.H.; Kholodov, M.; Baker, J.; Phan, L.; Smigielski, E.M.; Sirotkin, K. dbSNP: The NCBI database of genetic variation. Nucleic Acids Res. 2001, 29, 308–311. [Google Scholar] [CrossRef]

	



Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 2012, 6, 80–92. [Google Scholar] [CrossRef] [PubMed]

	



Chai, S.; Matsumoto, N.; Storgard, R.; Peng, C.C.; Aparicio, A.; Ormseth, B.; Rappard, K.; Cunningham, K.; Kolatkar, A.; Nevarez, R.; et al. Platelet-Coated Circulating Tumor Cells Are a Predictive Biomarker in Patients with Metastatic Castrate-Resistant Prostate Cancer. Mol. Cancer Res. 2021, 19, 2036–2045. [Google Scholar] [CrossRef] [PubMed]

	



Baslan, T.; Morris, J.P.t.; Zhao, Z.; Reyes, J.; Ho, Y.J.; Tsanov, K.M.; Bermeo, J.; Tian, S.; Zhang, S.; Askan, G.; et al. Ordered and deterministic cancer genome evolution after p53 loss. Nature 2022, 608, 795–802. [Google Scholar] [CrossRef] [PubMed]

	



Chakravarty, D.; Gao, J.; Phillips, S.M.; Kundra, R.; Zhang, H.; Wang, J.; Rudolph, J.E.; Yaeger, R.; Soumerai, T.; Nissan, M.H.; et al. OncoKB: A Precision Oncology Knowledge Base. JCO Precis. Oncol. 2017, 2017, 1–16. [Google Scholar] [CrossRef]

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Gu, Z. Complex heatmap visualization. iMeta 2022, 1, e43. [Google Scholar] [CrossRef]

	



Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics 2016, 32, 2847–2849. [Google Scholar] [CrossRef] [PubMed]

	



Razavi, P.; Li, B.T.; Brown, D.N.; Jung, B.; Hubbell, E.; Shen, R.; Abida, W.; Juluru, K.; De Bruijn, I.; Hou, C.; et al. High-intensity sequencing reveals the sources of plasma circulating cell-free DNA variants. Nat. Med. 2019, 25, 1928–1937. [Google Scholar] [CrossRef] [PubMed]

	



Deveson, I.W.; Gong, B.; Lai, K.; LoCoco, J.S.; Richmond, T.A.; Schageman, J.; Zhang, Z.; Novoradovskaya, N.; Willey, J.C.; Jones, W.; et al. Evaluating the analytical validity of circulating tumor DNA sequencing assays for precision oncology. Nat. Biotechnol. 2021, 39, 1115–1128. [Google Scholar] [CrossRef] [PubMed]

	



Hernandez, K.M.; Bramlett, K.S.; Agius, P.; Baden, J.; Cao, R.; Clement, O.; Corner, A.S.; Craft, J.; Dean, D.A., II; Dry, J.R.; et al. Contrived Materials and a Data Set for the Evaluation of Liquid Biopsy Tests: A Blood Profiling Atlas in Cancer (BLOODPAC) Community Study. J. Mol. Diagn. 2023, 25, 143–155. [Google Scholar] [CrossRef]

	



Stetson, D.; Ahmed, A.; Xu, X.; Nuttall, B.R.B.; Lubinski, T.J.; Johnson, J.H.; Barrett, J.C.; Dougherty, B.A. Orthogonal Comparison of Four Plasma NGS Tests with Tumor Suggests Technical Factors are a Major Source of Assay Discordance. JCO Precis. Oncol. 2019, 3, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61–70. [CrossRef]

	



Taavitsainen, S.; Annala, M.; Ledet, E.; Beja, K.; Miller, P.J.; Moses, M.; Nykter, M.; Chi, K.N.; Sartor, O.; Wyatt, A.W. Evaluation of Commercial Circulating Tumor DNA Test in Metastatic Prostate Cancer. JCO Precis. Oncol. 2019, 3, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, J.A.; Guttery, D.S.; Hills, A.; Fernandez-Garcia, D.; Page, K.; Rosales, B.M.; Goddard, K.S.; Hastings, R.K.; Luo, J.; Ogle, O.; et al. Mutation Analysis of Cell-Free DNA and Single Circulating Tumor Cells in Metastatic Breast Cancer Patients with High Circulating Tumor Cell Counts. Clin. Cancer Res. 2017, 23, 88–96. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, G.; Mu, Z.; Rademaker, A.W.; Austin, L.K.; Strickland, K.S.; Costa, R.L.B.; Nagy, R.J.; Zagonel, V.; Taxter, T.J.; Behdad, A.; et al. Cell-Free DNA and Circulating Tumor Cells: Comprehensive Liquid Biopsy Analysis in Advanced Breast Cancer. Clin. Cancer Res. 2018, 24, 560–568. [Google Scholar] [CrossRef] [PubMed]

	



Kong, S.L.; Liu, X.; Tan, S.J.; Tai, J.A.; Phua, L.Y.; Poh, H.M.; Yeo, T.; Chua, Y.W.; Haw, Y.X.; Ling, W.H.; et al. Complementary Sequential Circulating Tumor Cell (CTC) and Cell-Free Tumor DNA (ctDNA) Profiling Reveals Metastatic Heterogeneity and Genomic Changes in Lung Cancer and Breast Cancer. Front. Oncol. 2021, 11, 698551. [Google Scholar] [CrossRef]

	



Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra224. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Y.; Pantel, K. Tumor cell dissemination: Emerging biological insights from animal models and cancer patients. Cancer Cell 2013, 23, 573–581. [Google Scholar] [CrossRef] [PubMed]

	



Bidard, F.C.; Peeters, D.J.; Fehm, T.; Nolé, F.; Gisbert-Criado, R.; Mavroudis, D.; Grisanti, S.; Generali, D.; Garcia-Saenz, J.A.; Stebbing, J.; et al. Clinical validity of circulating tumour cells in patients with metastatic breast cancer: A pooled analysis of individual patient data. Lancet Oncol. 2014, 15, 406–414. [Google Scholar] [CrossRef]

	



Alix-Panabières, C.; Pantel, K. Clinical Applications of Circulating Tumor Cells and Circulating Tumor DNA as Liquid Biopsy. Cancer Discov. 2016, 6, 479–491. [Google Scholar] [CrossRef]

	



Paoletti, C.; Schiavon, G.; Dolce, E.M.; Darga, E.P.; Carr, T.H.; Geradts, J.; Hoch, M.; Klinowska, T.; Lindemann, J.; Marshall, G.; et al. Circulating Biomarkers and Resistance to Endocrine Therapy in Metastatic Breast Cancers: Correlative Results from AZD9496 Oral SERD Phase I Trial. Clin. Cancer Res. 2018, 24, 5860–5872. [Google Scholar] [CrossRef]

	



O’Leary, B.; Hrebien, S.; Morden, J.P.; Beaney, M.; Fribbens, C.; Huang, X.; Liu, Y.; Bartlett, C.H.; Koehler, M.; Cristofanilli, M.; et al. Early circulating tumor DNA dynamics and clonal selection with palbociclib and fulvestrant for breast cancer. Nat. Commun. 2018, 9, 896. [Google Scholar] [CrossRef] [PubMed]

	



Smerage, J.B.; Barlow, W.E.; Hortobagyi, G.N.; Winer, E.P.; Leyland-Jones, B.; Srkalovic, G.; Tejwani, S.; Schott, A.F.; O’Rourke, M.A.; Lew, D.L.; et al. Circulating tumor cells and response to chemotherapy in metastatic breast cancer: SWOG S0500. J. Clin. Oncol. 2014, 32, 3483–3489. [Google Scholar] [CrossRef]

	



CIrCuLAting Dna ESr1 Gene Mutations Analysis (CICLADES). Available online: https://clinicaltrials.gov/ct2/show/NCT03318263 (accessed on 29 June 2023).

	



Levels of Circulating Tumor DNA as a Predictive Marker for Early Switch in Treatment for Patients with Metastatic (Stage IV) Breast Cancer. Available online: https://clinicaltrials.gov/ct2/show/NCT05826964 (accessed on 29 June 2023).

	



Carlson, K.E.; Choi, I.; Gee, A.; Katzenellenbogen, B.S.; Katzenellenbogen, J.A. Altered ligand binding properties and enhanced stability of a constitutively active estrogen receptor: Evidence that an open pocket conformation is required for ligand interaction. Biochemistry 1997, 36, 14897–14905. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, D.R.; Wu, Y.M.; Vats, P.; Su, F.; Lonigro, R.J.; Cao, X.; Kalyana-Sundaram, S.; Wang, R.; Ning, Y.; Hodges, L.; et al. Activating ESR1 mutations in hormone-resistant metastatic breast cancer. Nat. Genet. 2013, 45, 1446–1451. [Google Scholar] [CrossRef] [PubMed]

	



Toy, W.; Shen, Y.; Won, H.; Green, B.; Sakr, R.A.; Will, M.; Li, Z.; Gala, K.; Fanning, S.; King, T.A.; et al. ESR1 ligand-binding domain mutations in hormone-resistant breast cancer. Nat. Genet. 2013, 45, 1439–1445. [Google Scholar] [CrossRef] [PubMed]

	



Chandarlapaty, S.; Chen, D.; He, W.; Sung, P.; Samoila, A.; You, D.; Bhatt, T.; Patel, P.; Voi, M.; Gnant, M.; et al. Prevalence of ESR1 Mutations in Cell-Free DNA and Outcomes in Metastatic Breast Cancer: A Secondary Analysis of the BOLERO-2 Clinical Trial. JAMA Oncol. 2016, 2, 1310–1315. [Google Scholar] [CrossRef] [PubMed]

	



Turner, N.C.; Swift, C.; Kilburn, L.; Fribbens, C.; Beaney, M.; Garcia-Murillas, I.; Budzar, A.U.; Robertson, J.F.R.; Gradishar, W.; Piccart, M.; et al. ESR1 Mutations and Overall Survival on Fulvestrant versus Exemestane in Advanced Hormone Receptor-Positive Breast Cancer: A Combined Analysis of the Phase III SoFEA and EFECT Trials. Clin. Cancer Res. 2020, 26, 5172–5177. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Ulrich, B.C.; Supplee, J.; Kuang, Y.; Lizotte, P.H.; Feeney, N.B.; Guibert, N.M.; Awad, M.M.; Wong, K.K.; Jänne, P.A.; et al. False-Positive Plasma Genotyping Due to Clonal Hematopoiesis. Clin. Cancer Res. 2018, 24, 4437–4443. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Chen, X.; Wang, J.; Zhou, S.; Wang, C.L.; Ye, M.Z.; Wang, X.Y.; Song, Y.; Wang, Y.Q.; Zhang, L.T.; et al. Biological background of the genomic variations of cf-DNA in healthy individuals. Ann. Oncol. 2019, 30, 464–470. [Google Scholar] [CrossRef]

	



Sun, D.; Kuang, Z.; Fine, A.D.; Polisecki, E.; Gettler, H.; Al-Rekabi, H.; Pavlick, D.; Huang, Y.; Albacker, L.A.; Decker, B.; et al. Abstract 2289: Predicting tumor somatic versus clonal hematopoiesis origin for short variants in liquid assay. Cancer Res. 2023, 83, 2289. [Google Scholar] [CrossRef]

	



Cristiano, S.; Leal, A.; Phallen, J.; Fiksel, J.; Adleff, V.; Bruhm, D.C.; Jensen, S.; Medina, J.E.; Hruban, C.; White, J.R.; et al. Genome-wide cell-free DNA fragmentation in patients with cancer. Nature 2019, 570, 385–389. [Google Scholar] [CrossRef]

	



Lo, Y.M.D.; Han, D.S.C.; Jiang, P.; Chiu, R.W.K. Epigenetics, fragmentomics, and topology of cell-free DNA in liquid biopsies. Science 2021, 372, aaw3616. [Google Scholar] [CrossRef]

	



Nanou, A.; Zeune, L.L.; Bidard, F.C.; Pierga, J.Y.; Terstappen, L. HER2 expression on tumor-derived extracellular vesicles and circulating tumor cells in metastatic breast cancer. Breast Cancer Res. 2020, 22, 86. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.; Brown, V.; Jackson, J.M.; Wijerathne, H.; Pathak, H.; Koestler, D.C.; Nissen, E.; Hupert, M.L.; Muller, R.; Godwin, A.K.; et al. Assessing Breast Cancer Molecular Subtypes Using Extracellular Vesicles’ mRNA. Anal. Chem. 2023, 95, 7665–7675. [Google Scholar] [CrossRef]








[image: Jmp 05 00013 g001] 





Figure 1. Study design. (a) Overview of sample collection, processing, and data aggregation. (b,c) LBx assays performed by each laboratory for detection of SNVs in cfDNA (b) and detection of CNAs in cfDNA and CTC DNA (c). 
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Figure 2. cfDNA genomic variants detected via targeted sequencing. (a) SNVs, indels, and CNAs in the 25 most frequently altered COSMIC genes reported by any of the FMI, NIBR, or USC targeted sequencing assays. Plot displays the collective mutation profile of all samples from each patient. Bar graph on the right represents the proportion of patients with each type of mutation for individual genes. Patient ID and receptor type are annotated below the plot. (b) Breakdown of clinically actionable PIK3CA mutations detected across samples from HR+ patients. Labels denote the number of samples (patients) with the indicated mutation. (c) Similar to (b), breakdown of samples with single, multiple, or no clinically actionable ESR1 mutations with additional pie chart showing the prevalence of each variant amongst total variants detected. 
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Figure 3. Concordance and clinically actionable mutations. (a) Mutations detected in shared target regions for the subset of samples tested by all three laboratories. Variant colors represent detection by 3/3, 2/3, or 1/3 tests (or no variant detected by any test) (b) VAFs of variants from (a), grouped by inter-assay concordance. Data points are colored according to the legend in (a). Dashed line indicates 0.5% VAF. (c) Correlation between VAFs reported by each laboratory for pairwise concordant variants. 
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Figure 4. cfDNA whole-genome CNA profiles. Heatmap displays copy number values as ratios to the genome-wide mean across 5000 genomic bins. Regions of copy number gain are shown in red, while regions of copy number loss are shown in blue. Bar plot displays the ctDNA fraction estimated from each profile, where the dashed line indicates the 0.1 threshold. Samples from the same patient are grouped and arranged in chronological order (shown as clinic visits). Patient ID number and receptor type are also annotated below the plot. 
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Figure 5. Comparison of CTC and cfDNA CNAs. (a–d) Whole-genome copy number profiles for CTCs and cfDNA from the same blood tube for patients 6, 21, 31, and 12. Heatmap rows depict profiles for individual CTCs (patient 6: n = 35, patient 21: n = 30, patient 31: n = 13, patient 12: n = 18) or cfDNA and are colored by the ratio to the genome-wide mean according to the scale shown in (a). An overlay of the cfDNA (black) and averaged CTC (green) profiles are also shown below each heatmap, along with chromosome numbers. (e) Abundance of CTCs (in cells/mL blood) compared to ctDNA fraction at the first study visit for 37 patients. Dashed lines indicate cutoffs for positivity. Green datapoints represent samples with CTCs detected but no ctDNA (fraction < 0.1), while black datapoints represent the opposite case (ctDNA fraction ≥ 0.1 and 0 CTCs). 
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Figure 6. Longitudinal LBx dynamics. (a) Levels of ctDNA fraction and CTCs/mL for 11 patients with three consecutive blood draws. (b) Longitudinal analysis of five consecutive blood draws from patient 20. Timing of first- and second-line therapies, disease progression, and LBx sample collection are shown at the top. VAFs of ESR1 mutations detected in cfDNA are plotted in the middle section. CTC and ctDNA levels are plotted at the bottom. (PD, progressive disease). 
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Table 1. Study-level clinicopathological information.
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	Title 1
	AAMC
	WRNMMC MCC
	Total





	Patients
	18
	20
	38



	Blood draws
	51
	56
	107



	Receptor status *
	
	
	



	HR+/HER2−
	10
	11
	21



	HR+/HER2+
	0
	3
	3



	HR−/HER2+
	0
	1
	1



	HR−/HER2−
	7
	4
	11



	Histological subtype
	
	
	



	Ductal
	13
	18
	31



	Lobular
	3
	2
	5



	Other
	2
	0
	2







* One patient excluded from counts due to DCIS and prior mastectomies. One HR+ patient with HER2 status not available was also excluded. Abbreviations: AAMC, Anne Arundel Medical Center; WRNMMC MCC, Walter Reed National Military Medical Center Murtha Cancer Center; HR, hormone receptor; HER2, human epidermal growth factor receptor 2.
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