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            Abstract
Immune checkpoint blockade (ICB) provides clinical benefit to a subset of patients with cancer. However, existing biomarkers do not reliably predict treatment response across diverse cancer types. Limited data exist to show how serial circulating tumor DNA (ctDNA) testing may perform as a predictive biomarker in patients receiving ICB. We conducted a prospective phase II clinical trial to assess ctDNA in five distinct cohorts of patients with advanced solid tumors treated with pembrolizumab (NCT02644369). We applied bespoke ctDNA assays to 316 serial plasma samples obtained at baseline and every three cycles from 94 patients. Baseline ctDNA concentration correlated with progression-free survival, overall survival, clinical response and clinical benefit. This association became stronger when considering ctDNA kinetics during treatment. All 12 patients with ctDNA clearance during treatment were alive with median 25â€‰months follow up. This study demonstrates the potential for broad clinical utility of ctDNA-based surveillance in patients treated with ICB.
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                    Fig. 1: Baseline ctDNA level is correlated with OS and PFS.[image: ]


Fig. 2: The change in ctDNA levels from baseline to C3, clinical response and survival.[image: ]


Fig. 3: The change in ctDNA levels from baseline to C3 is strongly correlated with OS and PFS.[image: ]


Fig. 4: Risk groupings according to early clinical response and ctDNA kinetics.[image: ]


Fig. 5: Objective clinical response to pembrolizumab is associated with ctDNA clearance.[image: ]


Fig. 6: ctDNA clearance identifies patients with highly favorable survival.[image: ]
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Extended data

Extended Data Fig. 1 CONSORT diagram for the study.
The numbers of patients included in the study and reasons for exclusion are shown.


Extended Data Fig. 2 Factors affecting somatic mutation detection in tumor tissue and plasma cell-free DNA.
a, Somatic mutation burden per patient are grouped by INSPIRE cancer cohorts: Squamous cell cancer of head and neck (SCCHN, cohort A), triple negative breast cancer (TNBC, cohort B), high grade serous ovarian cancer (HGSOC, cohort C), malignant melanoma (MM, cohort D), and mixed solid tumors (MST, cohort E). The N (patients) for each group is shown in the top axis. Two-sided Kruskal-Wallis test p-value is shown. b, c, Comparison of 16 mutations vs 1 mutation from sequencing data for detecting ctDNA. To evaluate the impact of measuring 16 mutations on the likelihood of detecting ctDNA, we randomly selected one of the 16 mutations from each of the 94 baseline cell-free DNA samples and repeated this with 10,000 iterations. (b) An example of one of the 10,000 iteration shows that ctDNA levels (MTM/mL) are correlated (Spearman R = 0.87) among N = 94 baseline cell-free DNA samples. Two-sided Spearman correlation test p-value is shown. (c) Histogram of the detection likelihood (sensitivity for ctDNA) from 94 baseline cell-free DNA samples when using a randomly selected single mutation (N = 10,000 iterations). The mean sensitivity (red dashed line) is 84%. The sensitivity using all 16 mutations (black dashed line) is 98%. d, Influence of tumor tissue source used for bespoke assay design on detectability of ctDNA. The number of detected variants in baseline cell-free DNA samples are shown according to whether the bespoke assay design was conducted from FFPE vs fresh-frozen tumor exomes. Total number of samples in each group shown on the top axis. Two-sided Wilcoxon rank sum test p-value is shown. Box plots represent the median, upper and lower quartiles of each distribution with whiskers showing the limits of the distribution (1.5 times the interquartile range).

                          Source data
                        


Extended Data Fig. 3 Rationale for calculation of absolute ctDNA levels from multiple mutation targets.
Analytical validation of the ctDNA quantification approach was conducted using Seraseq ctDNA Mutation Mix v2 (SeraCare, Milford, MA, USA) at various concentrations. For a given sample containing 16 target mutations, the mean tumor molecules per mL of plasma (MTM/mL) was calculated using two approaches (y-axis) and compared to known concentrations (x-axis). The blue data points represent the per-sample measurements of mean MTM/mL calculated over detected targets (slope=0.86), while the green data points represent the per-sample measurements of mean MTM/mL calculated over all 16 tested targets (slope=0.98). The red (X=Y) dashed line illustrates the ideal (expected) scenario in which the calculated experimental ctDNA levels are equal to the expected MTM/mL. The numbers of technical replicates at each concentration are shown (n = 2-18). In addition, all 10 negative control samples had no detected mutations (not shown). Pearson correlation coefficients (R2) are shown. This analytical comparison indicates that mean MTM/mL calculated over all tested targets provides a more accurate representation of the true amount of ctDNA, particularly at low levels of ctDNA.

                          Source data
                        


Extended Data Fig. 4 ctDNA levels in the INSPIRE sub-cohorts and correlation with RECIST tumor measurements.
ctDNA levels (MTM/mL) at baseline a, and at cycle 3 b, as well as the fold-change in ctDNA levels from baseline to cycle 3 (âˆ†ctDNAC3) c, are shown for each of the sub-cohorts: Squamous cell cancer of head and neck (SCCHN, cohort A), triple negative breast cancer (TNBC, cohort B), high grade serous ovarian cancer (HGSOC, cohort C), malignant melanoma (MM, cohort D), and mixed solid tumors (MST, cohort E). Box plots represent the median, upper and lower quartiles of each distribution with whiskers showing the limits of the distribution (1.5 times the interquartile range). The N (patients) for each group is shown in the top axis. Two-sided Kruskal-Wallis test p-values are shown for (aâ€“c). d, Relationship between ctDNAB and RECIST 1.1 target lesion sum of tumor measurements (N = 94 patients). Scatter plot with Spearman correlation coefficient (R) and two-sided p-value are shown. The poor correlation in this diverse cohort of advanced cancers suggests that ctDNA may provide complementary information to RECIST tumor measurements. Of note, RECIST target lesion sum of tumor measurements does not incorporate measurements from non-target lesions.

                          Source data
                        


Extended Data Fig. 5 âˆ†ctDNAC3 for the INSPIRE sub-cohorts.
Clinical response is indicated by line color. The inset table summarizes âˆ†ctDNAC3 values among patients with distinct clinical responses in each sub-cohort. Closed circles indicate ctDNA positive samples and open circles indicate ctDNA negative samples; SD, stable disease; CR, complete response; PR, partial response; PD, progressive disease; B, baseline; C3, cycle 3; ND, not detected (below detection threshold).

                          Source data
                        


Extended Data Fig. 6 Relationship between ctDNA, biomarkers, and prognosis.
a, Relationship between ctDNA metrics (ctDNAB or âˆ†ctDNAC3) and other candidate biomarkers (PD-L1 or TMB). Scatter plots with Spearman correlation coefficients (R) and p-values are shown. Top row: N = 94 patients with both ctDNAB and TMB levels; N = 93 patients with both ctDNAB and PD-L1 levels. Bottom row: N = 72 patients with âˆ†ctDNAC3, TMB, and PD-L1 levels. b, Performance of multivariable Cox models incorporating ctDNA metrics (ctDNAB and/or âˆ†ctDNAC3). Multivariable Cox models for OS (left) or PFS (right) were generated. The baseline model incorporates cohort, PD-L1, and TMB. C-statistic is plotted for each model. Statistically significant differences (two-sided likelihood ratio test) are indicated.

                          Source data
                        


Extended Data Fig. 7 Definitions of ctDNA dynamic profiles.
Serial ctDNA measurements in patients grouped according ctDNA dynamics (clearance at any time point, no clearance with all on-treatment values below baseline, no clearance with any on-treatment value above baseline). Triangles indicate values off the displayed range of the y-axis.

                          Source data
                        


Extended Data Fig. 8 Landmark analyses of ctDNA clearance.
Kaplan-Meier curves of OS among patients classified as one of 3 groups (Clearance; Decrease from baseline; Increase from baseline) based on ctDNA at each indicated landmark (that is, C3, C6, C9, or C12).

                          Source data
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