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            Abstract
Accurate identification of tumor-derived somatic variants in plasma circulating cell-free DNA (cfDNA) requires understanding of the various biological compartments contributing to the cfDNA pool. We sought to define the technical feasibility of a high-intensity sequencing assay of cfDNA and matched white blood cell DNA covering a large genomic region (508 genes; 2â€‰megabases; >60,000Ã— raw depth) in a prospective study of 124 patients with metastatic cancer, with contemporaneous matched tumor tissue biopsies, and 47 controls without cancer. The assay displayed high sensitivity and specificity, allowing for de novo detection of tumor-derived mutations and inference of tumor mutational burden, microsatellite instability, mutational signatures and sources of somatic mutations identified in cfDNA. The vast majority of cfDNA mutations (81.6% in controls and 53.2% in patients with cancer) had features consistent with clonal hematopoiesis. This cfDNA sequencing approach revealed that clonal hematopoiesis constitutes a pervasive biological phenomenon, emphasizing the importance of matched cfDNAâ€“white blood cell sequencing for accurate variant interpretation.
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                    Fig. 1: Assay workflow and reproducibility.[image: ]


Fig. 2: Concordance of cfDNA variants with tumor biopsy.[image: ]


Fig. 3: TMB and mutational signatures derived from cfDNA targeted assay.[image: ]


Fig. 4: Characterization of biological sources and composition of cfDNA variants.[image: ]


Fig. 5: Characterization of WBC variants.[image: ]
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                Data availability

              
              The assembled prospective somatic mutational data from cfDNA, WBCs and tumors for the entire cohort are provided as Supplementary Tables 11â€“13. The raw cfDNA and WBC sequencing data have been deposited in the European Genome-phenome Archive under accession number EGAS00001003755. All code and scripts are available for academic use at https://github.com/ndbrown6/MSK-GRAIL-TECHVAL.
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Extended data

Extended Data Fig. 1 Study overview.
Patient enrollment, inclusion and evaluable group are defined in the blue boxes. Detailed clinical, tissue and cfDNA exclusions are shown in the gray boxes.


Extended Data Fig. 2 Comparison of sequence depth and raw error rate distributions across cancer cohorts (n=124) and non-cancer controls (n=47).
(a) Comparison of deduplicated and uncollapsed mean target sequence depth between cfDNA and WBC. The p values were obtained using paired two-sided Mann-Whitney U-tests comparing cfDNA against WBC. (b) Deduplicated and collapsed mean target sequence depth in cfDNA and WBC between the different cancer cohorts and non-cancer controls. (c) Association between the amount of cfDNA used for library preparation and the mean target deduplicated and collapsed sequencing depth. The diagonal line represents a linear regression with 99% confidence intervals. The p value was obtained using an F-test. (d) Distribution of mean target deduplicated and collapsed sequencing depth across the different cohorts. (e,f) Comparison of (e) raw substitution error rate and (f) raw substitution and indel error rate across the different cohorts. In (b) and (dâ€“f), the p values were obtained from pairwise comparisons using two-sided Mann-Whitney U-tests and adjusted for multiple testing using the Bonferroni method. In (e), the substitution error rate represents the percentage of collapsed bases with non-reference base. Similarly, in (f) the combined error rate represents the percentage of collapsed bases with non-reference base or indels. In all panels, the cohorts consist of nâ€‰=â€‰39 MBC, nâ€‰=â€‰41 NSCLC and nâ€‰=â€‰44 CRPC patients and nâ€‰=â€‰47 non-cancer controls. In (a, b) and (dâ€“f), the horizontal bars indicate the median and the boxes represent the interquartile range (IQR). The whiskers extend to 1.5 x IQR on either side.

                          Source data
                        


Extended Data Fig. 3 Hierarchical Bayesian model for calibrated analysis of somatic cfDNA variants and performance assessment.
(a,b) Plate models showing the hierarchy of statistical relationships for (a) single nucleotide variants and (b) small insertions and deletions influencing the observed quantity of alternate alleles ynp in each sample n at each position p conditional on both latent parameters Î¼ (the rate of events), Î¸ (the type of event), Î±, Î² as well as fixed covariates xp (of X types) such as trinucleotide context and, separately, depth of sequencing at a position (dp). Note that insertions and deletions have additional complexity as one must account for length of the insertion/deletion event in the model as insertions and deletions of differing lengths have differing probabilities. The model was fitted to the training data consisting of n=43 unrelated non-cancer controls, estimates for the parameters were fixed and applied to new samples for scoring. (c,d) The posterior distributions of site-specific Î»p (Î¼p dp) were summarized by their mean Î¼p and displayed for a subset of representative sites in (c) by type of mutation and (d) by trinucleotide context. In both panels, the midpoint indicates the mean and the vertical bars represent the 95% Gaussian confidence limits based on the t-distribution. (e) Estimated Î¼p against the observed Î»p for samples in the training set. Note the data points at the bottom are all positions p with non-zero mean posterior Î¼p and zero observed alternate allele counts. (f) Comparison of the estimated probability of observing an event (x-axis) with the actual empirical probability of observing such an event (y-axis). The plot was calibrated based on estimates of Î¼p on chromosome 21. Note the initial sharp rise reflects the number of sites with zero observed alternate allele counts whilst the excess low probability events at the other end reflects the difficulty of stringently filtering out rare biological events such as clonal hematopoiesis. (g) Mean number of variants detected in healthy control individuals (x-axis) against the recall rate of biopsy-matched variants (y-axis) for the different cancer types. At Q60, one can expect one false positive per million bases. Here, to exclude potentially CH derived variants, a fixed threshold of 0.8 on the posterior probability of detected variants originating from cfDNA (i.e. PGTKXGDNA) was adopted. (h) Mean number of variants detected in healthy control individuals (x-axis) against the recall rate of biopsy-matched variants (y-axis) at different probabilities for allowing variants to be assigned to cfDNA. The thresholds displayed were obtained by cross-validation holding out each cancer type and selecting a threshold which retains most of the biopsy-matched variants whilst still filtering out variants of potential hematopoietic origin. Here, to exclude variants potentially due to noise, a fixed threshold of Q60 was adopted.

                          Source data
                        


Extended Data Fig. 4 Reproducibility of the high-intensity DNA assay.
Six patient samples were selected for processing using two versions of the assay protocol (V1 and V2). These are labelled Replicate 1 and Replicate 2. A subset of three samples were further retested using version V2 and labelled Replicate 3. The panels illustrate the pairwise comparisons of measured VAF between all available replicates for each patient. In all panels, the variants are shape coded based on their origin, whether they were also detected in the matched tumor biopsy and color coded according to their category, whether they were detected in both replicates and whether they were assigned to similar source categories (i.e. VUSO, WBC-matched or noise). In all panels, the samples are labelled on top.

                          Source data
                        


Extended Data Fig. 5 Top mutated genes carrying VUSO and 96 base substitution profiles of ten hypermutated cfDNA samples.
(a) Frequency of genomic alterations in cfDNA of 47 non-cancer controls and 124 cancer patients. The genes were sorted by their frequency of alterations in the tumor. The colors indicate whether the alterations were biopsy-matched, detected in the tumor but below the threshold of the MSK-IMPACT assay (biopsy-subthreshold), or were specific to cfDNA (i.e. variants of unknown source, VUSO). (b) Correlation of the number of VUSO per gene and per patient (y-axis) in the ten hypermutated and 114 non-hypermutated cancer patients against the length of the coding region sequenced (x-axis) of each target gene. (c-e) Heat maps showing the top mutated genes harboring somatic variants detected in plasma cfDNA that are neither tumor-matched (biopsy-matched or subthreshold) nor WBC-matched across each cohort in (c) 47 non-cancer controls, (d) 114 non-hypermutated and (e) 10 hypermutated cancer patients. The numbers in the cells indicate the number of patients. (f) 96 base substitution profiles of the 10 hypermutated patients. For each patient, the number of C>A, C>G, C>T, T>A, T>C and T>G substitutions together with the sequence context immediately 3â€² and 5â€² are expressed as a percentage of the total number of substitutions.

                          Source data
                        


Extended Data Fig. 6 Characterization of biological sources and composition of cfDNA variants.
(a) The bar plots show the number of somatic variants detected in plasma cfDNA per megabase (Mb, y-axis) for each sample (x-axis) stratified by cancer status and biological sources and ordered by increasing number of somatic WBC-matched variants. The panels show control samples (top left) and patients with MBC (top right), NSCLC (bottom left) and CRPC (bottom right). The colors indicate WBC-matched variants, tumor biopsy-matched variants, biopsy-subthreshold and VUSO. (b) Top mutated genes carrying WBC-matched variants for each cohort. The number in the cells indicate the overall number of variants for each gene in the corresponding cohort. In (a,b), the cohorts consist of nâ€‰=â€‰39 MBC, nâ€‰=â€‰41 NSCLC and nâ€‰=â€‰44 CRPC patients. Additionally, in (a) nâ€‰=â€‰47, non-cancer controls are shown. (c,d) Distribution of Variant Allele Fractions (VAFs) of somatic mutations detected in cfDNA and WBC using the high-intensity sequencing assay where variants are color coded according to source of origin. Somatic variants are displayed for nâ€‰=â€‰114 non-hypermutated cancer patients and nâ€‰=â€‰47 non-cancer controls. The allelic (AD) and total (DP) depths are obtained from raw pileups without base alignment quality filtering (BAQ). In (c), the VAF is smoothed with added pseudocounts to AD and DP such that \(AD^\prime = AD + 2\) and \(DP^\prime = DP + 4\). In (d), variants detected with zero AD in WBC were displayed as 0.01% VAF in WBC due to the logarithmic scaled axes.

                          Source data
                        


Extended Data Fig. 7 Somatic mutations occurring at high sequencing depth in cfDNA.
Somatic mutations detected at sequencing depth >10,000 in cfDNA occur mostly in hypermutated samples and are related to sample level mean target collapsed depth which is itself a function of the amount of input DNA used for library preparation. (a) Number of somatic mutations occurring at >10,000 sequence depth (n=215) per patient and categorized into WBC-matched, VUSO or Tumor-matched where the latter category is composed of Biopsy-matched and Biopsy-subthreshold mutations. (b) Variant level collapsed depth for all somatic mutations detected in cfDNA categorized into Tumor-matched, VUSO or WBC-matched and grouped according to the amount of input DNA used for library preparation. (c) Variant level collapsed depth for all somatic mutations detected in cfDNA against sample level mean collapsed target depth. (d) variant level collapsed depth for all somatic mutations against modeled VAF in cfDNA. 121 of 215 (56.3%) somatic mutations detected at sequencing depth >10,000 in cfDNA occurred in the hypermutated patient MSK-VB-0023. (e, f) Log2 ratios of (e) tumor biopsy and (f) cfDNA of patient MSK-VB-0023. The tumor biopsy and cfDNA showed similar copy number alterations (i.e. 1q+ and 16q-). No high-level copy number amplifications were observed in either the tumor biopsy or the cfDNA which could explain the high sequencing depth. Three replicate sequencing of cfDNA and WBC were available for that patient. (g) and (h) Pairwise comparisons of VAF for the 121 mutations detected at depth >10,000 using version V1 of the assay. In (a), â€˜1â€™ denotes hypermutated samples. In (b), the midpoint indicates the median whilst the violins extent to the full range of the data. In (bâ€“d), the sequencing depths of somatic variants for the cohort of n=124 cancer patients are shown. In (e) and (f), the grey points represent the raw Log2 ratios and are ordered according to their genomic coordinates. The solid red lines indicate the segmented values. In (g) and (h), the variants are shape coded based on their origin (i.e. whether they were also detected in the matched tumor biopsy and color coded according to their category; whether they were called in both replicates and assigned to similar source categories, namely VUSO, WBC-matched or noise).

                          Source data
                        


Extended Data Fig. 8 Characterization of CH derived variants through direct analysis of WBC.
(a) CH-related somatic mutations in the top 14 mutated genes across the 114 non-hypermutated cancer patients and 47 non-cancer controls together with the marginal frequencies by patient (top) and by gene (right). DNMT3A, TET2 and PPM1D are the top mutated genes in WBC and harbor multiple hits (i.e. two or more mutations per patient). (b) Clustering within genes of CH-derived mutations detected in WBC. The clusters and associated p values were computed using a modification of OncodriveCLUST63 which assumes the number of mutations in clusters follows a Poisson distribution. The resulting p values are two-sided. (c, d) Distribution of mutations in PPM1D (c) according to genomic coordinates and for DNMT3A (d). Mutations detected in PPM1D are clustered in the C-terminus of the protein.

                          Source data
                        


Extended Data Fig. 9 Copy number profile derived from cfDNA of non-cancer controls and cancer patients.
(a, b) Log2 ratios estimated from the cfDNA of (a) nâ€‰=â€‰24 female and (b) nâ€‰=â€‰23 male control individuals. For each individual, the raw Log2 ratios were smoothed using a cubic spline. The two panels show the superimposed splines for all control samples according to gender. (câ€“e) Log2 ratios of tumor biopsies (top panels) and their corresponding matched cfDNA (bottom panel) for three cases (c) MSK-VB-0008, (d) MSK-VL-0056 and (e) MSK-VP-0004 where amplification of CCND1, FGFR1, EGFR and a homozygous deletion of BRCA2 were reported, respectively. The arrows point to the reported amplifications or deletions. The segmented Log2 ratios were used to compute the Pearson correlation coefficient comparing segments overlapping >75% in the tumor biopsies and cfDNA samples. In (aâ€“e), the Log2 ratios are displayed according to their genomic coordinates. In (c-e), the grey dots show the raw estimates while the red lines represent the segmented values. (f) The association of the Pearsonâ€™s r against the ctDNA fraction and purity of the tumor biopsies. The cohort consists of nâ€‰=â€‰124 cancer patients with paired tumor biopsy and cfDNA samples. The p values were obtained using a permutation based one-sided Jonckheere-Terpstra test for increasing Pearsonâ€™s r with ctDNA fraction or tumor purity. The horizontal bars indicate the median and the boxes represent the interquartile range (IQR). The whiskers extend to 1.5 x IQR on either side. NE; not evaluable.
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Extended Data Fig. 10 Comparison of copy number alterations in tumor biopsies and matched cfDNA samples.
(a) Heatmap of all genes where an amplification or a homozygous deletion was found in either the tumor biopsy or cfDNA. The samples are interleaved (i.e. tumor biopsy and cfDNA) and represented along the rows, whilst genes are ordered in columns relative to their genomic coordinates. (b, c) Receiver operating characteristic curves comparing (b) copy number amplifications and (c) homozygous deletions detected in the tumor biopsies with the absolute copy numbers inferred in cfDNA. Each tumor-cfDNA sample pair was used to construct individual curves. These were averaged after fitting a local polynomial regression and estimating the sensitivities over fixed intervals of specificities. In (aâ€“c), only tumor-cfDNA sample pairs from nâ€‰=â€‰49 patients with ctDNA fraction >10% were used. (d) Four MBC patients: MSK-VB-0006, MSK-VB-0044, MSK-VB-0059 and MSK-VB-0069 with a reported amplification of ERBB2 on chromosome 17q are shown together with one NSCLC patient, MSK-VL-0044 with a reported MET amplification on chromosome 7q. The tumor biopsies are displayed on the left and the matched cfDNA are shown on the right together with the corresponding chromosome ideogram. The genomic coordinates of ERBB2 and MET are displayed by orange arrows and labelled accordingly.
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