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            Abstract
Minimally invasive approaches to detect residual disease after surgery are needed to identify patients with cancer who are at risk for metastatic relapse. Circulating tumour DNA (ctDNA) holds promise as a biomarker for molecular residual disease and relapse1. We evaluated outcomes in 581 patients who had undergone surgery and were evaluable for ctDNA from a randomized phase III trial of adjuvant atezolizumab versus observation in operable urothelial cancer. This trial did not reach its efficacy end point in the intention-to-treat population. Here we show that ctDNA testing at the start of therapy (cycle 1 day 1) identified 214 (37%) patients who were positive for ctDNA and who had poor prognosis (observation arm hazard ratio = 6.3 (95% confidence interval: 4.45–8.92); P < 0.0001). Notably, patients who were positive for ctDNA had improved disease-free survival and overall survival in the atezolizumab arm versus the observation arm (disease-free survival hazard ratio = 0.58 (95% confidence interval: 0.43–0.79); P = 0.0024, overall survival hazard ratio = 0.59 (95% confidence interval: 0.41–0.86)). No difference in disease-free survival or overall survival between treatment arms was noted for patients who were negative for ctDNA. The rate of ctDNA clearance at week 6 was higher in the atezolizumab arm (18%) than in the observation arm (4%) (P = 0.0204). Transcriptomic analysis of tumours from patients who were positive for ctDNA revealed higher expression levels of cell-cycle and keratin genes. For patients who were positive for ctDNA and who were treated with atezolizumab, non-relapse was associated with immune response signatures and basal–squamous gene features, whereas relapse was associated with angiogenesis and fibroblast TGFβ signatures. These data suggest that adjuvant atezolizumab may be associated with improved outcomes compared with observation in patients who are positive for ctDNA and who are at a high risk of relapse. These findings, if validated in other settings, would shift approaches to postoperative cancer care.
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                    Fig. 1: Kaplan–Meier estimates among patients evaluated for post-surgical ctDNA status.[image: ]


Fig. 2: Changes in ctDNA status from baseline to on-treatment (IMvigor010) or post-treatment (ABACUS) time points.[image: ]


Fig. 3: Transcriptional correlates of ctDNA positivity and biomarkers for response to atezolizumab within the ctDNA+ population.[image: ]


Fig. 4: TCGA subtypes and correlates of relapse.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The IMvigor010 ctDNA biomarker-evaluable population (BEP).
a, Inclusion criteria for the ctDNA BEP. Of the 809 patients enrolled in IMvigor010, 581 passed the predetermined quality control criteria. b–e, Kaplan–Meier estimates comparing patients treated with atezolizumab (blue) to observation (red) for DFS in the ITT population (b), stratified for nodal status, PD-L1 status and tumour stage, DFS in the ctDNA BEP population (c), stratified for nodal status, PD-L1 status and tumour stage, OS in the ITT (d), stratified for nodal status, PD-L1 status and tumour stage, and OS in the ctDNA BEP population (e), stratified for nodal status, PD-L1 status and tumour stage. Formal testing in IMvigor010 of OS as the secondary end point was not permitted based on the hierarchical study design. Note that stratification factors in this analysis were chosen to match exactly those used in the IMvigor010 primary clinical analysis16. f, g, Kaplan–Meier analyses of DFS showing different ctDNA dynamics from C1D1 to C3D1 where ‘Pos’ indicates ctDNA(+) and ‘Neg’ indicates ctDNA(−), in the atezolizumab arm (blue colours) (f) and in the observation arm (red colours) (g).


Extended Data Fig. 2 Baseline clinical features in the ctDNA BEP.
a, b, Forest plots comparing atezolizumab to observation in all ctDNA-evaluable patients, including DFS (a) and OS (b). Subgroups are defined by baseline clinical features and tissue immune biomarkers including nodal status, tumour stage, the number of lymph nodes resected, previous neoadjuvant chemotherapy, PD-L1 status by tissue immunohistochemistry (IHC), TMB status by tissue whole-exome sequencing (WES), as well as transcriptomic signatures including tGE3, TBRS, angiogenesis and TCGA subtypes. Forest plots show HRs for recurrence or death estimated using a univariable Cox proportional-hazards model, and 95% confidence intervals of HRs are represented by horizontal bars. c, Bar plot depicting association of baseline prognostic factors with ctDNA-positive (red) and ctDNA-negative (grey) status, wherein nodal-positive patients were enriched for ctDNA-positive status (nodal-positive patients were 47.5% ctDNA positive, and nodal-negative patients were 25.2% ctDNA positive).


Extended Data Fig. 3 Forest plots for DFS and OS in ctDNA-positive and ctDNA-negative subgroups defined by clinical and immune features.
a–d, Forest plots comparing atezolizumab to observation including DFS in ctDNA(+) patients (a), OS in ctDNA(+) patients (b), DFS in ctDNA(−) patients (c) and OS in ctDNA(−) patients (d). Subgroups are defined by baseline clinical features and tissue immune biomarkers including nodal status, tumour stage, the number of lymph nodes resected, previous neoadjuvant chemotherapy, PD-L1 status by tissue IHC, TMB status by tissue WES, as well as transcriptomic signatures including tGE3, F-TBRS, angiogenesis and TCGA subtypes. Forest plots show HRs for death estimated using a univariable Cox proportional-hazards model, and 95% confidence intervals of HRs are represented by horizontal bars.


Extended Data Fig. 4 Continuous ctDNA metrics and association with clinical outcome within ctDNA(+) patients.
Only the observation arm ctDNA(+) patients are shown to demonstrate the prognostic value of baseline ctDNA. a, Scatter plot showing ctDNA concentration as measured by sample mean tumor molecules per mL of plasma (sample MTM/ml) versus DFS in months. The solid points indicate an event, and the empty points indicate censoring. b, Kaplan–Meier plot for DFS comparing patients with high ctDNA concentrations (dark red, greater than or equal to median sample MTM/ml) versus low ctDNA levels (light red, less than the median sample MTM/ml). c, Forest plot for DFS comparing patients with high versus low ctDNA levels using different quantile thresholds for splitting sample MTM/ml, including 10%, 25%, 50% (median), 75% and 90% quantiles. d, Scatter plot showing OS in months (x axis) versus ctDNA concentration as measured by sample MTM/ml. The solid points indicate an event, and the empty points indicate censoring. e, Kaplan–Meier plot for OS comparing patients with high ctDNA concentrations (dark red, greater than or equal to median sample MTM/ml) versus low ctDNA concentrations (light red, less than the median sample MTM/ml). f, Forest plot for OS comparing patients with high versus low ctDNA concentrations using different quantile thresholds for splitting ctDNA sample MTM/ml, including 10%, 25%, 50% (median), 75% and 90% quantiles. Forest plots show HRs for recurrence or death estimated using a univariable Cox proportional-hazards model, and 95% confidence intervals of HRs are represented by horizontal bars.


Extended Data Fig. 5 Reductions in ctDNA levels occurred at a higher rate in the atezolizumab arm than in the observation arm and were associated with improvements in clinical outcome in the atezolizumab arm.
a–e, Reduction is assessed in C1D1 ctDNA(+) patients in the C1/C3 BEP and is defined as a decrease in sample MTM/ml from C1D1 to C3D1. The proportion of patients who are ctDNA(+) at C1D1 who have reduced ctDNA by C3D1 for the atezolizumab arm (blue) and the observation arm (red) (a). Kaplan–Meier analyses comparing patients who have reduced ctDNA (‘reduction’, dark blue or dark red) compared with those who have ctDNA levels that increase (‘non-reduction’, light blue or light red) for DFS in the atezolizumab arm (b), DFS in the observation arm (c), OS in the atezolizumab arm (d) and OS in the observation arm (e). f–i, Patients shown are from the atezolizumab arm C1/C3 BEP and are ctDNA(+) at baseline and have different types of ctDNA dynamics based on the percent change in sample MTM/ml from C1 to C3. Note that the scale for the per cent change goes from −100% (clearance) to infinity, where negative values indicate reductions, and positive values indicate increases. Kaplan–Meier analysis of DFS (f) and OS (h) in which ctDNA reduction is split into patients who clear ctDNA (‘reduction with clearance’, dark blue, solid lines) and those who have decreased ctDNA without clearance (‘reduction without clearance’, dark blue, dashed lines). Patients with an increase in ctDNA are also shown (‘increase’, light blue, solid lines). Forest plots for DFS (g) and comparing patients with reduction (anywhere from clearance (−100% change) to minor decreases in ctDNA (<0% change)) (i) using different thresholds for percent change in sample MTM/ml, including −100% (reduction with clearance versus reduction without clearance), −50%, −25% and −10% changes. Forest plots show HRs for recurrence or death estimated using a univariable Cox proportional-hazards model, and 95% confidence intervals of HRs are represented by horizontal bars.


Extended Data Fig. 6 The ABACUS ctDNA study in the neoadjuvant setting supports the association of ctDNA with clinical outcomes.
a, ABACUS consort diagram depicting how patients in the ctDNA BEP (n = 40) were identified from the overall ABACUS study population (n = 95). ABACUS is a phase II prospective neoadjuvant ctDNA data from a prospective phase II study of neoadjuvant atezolizumab before cystectomy in muscle invasive urothelial cancer. b. Kaplan–Meier estimates comparing recurrence-free survival (RFS) of ctDNA-positive patients (red) to ctDNA-negative patients (blue) as assessed at the baseline (C1D1) time point before neoadjuvant treatment. c, Kaplan–Meier estimates for ctDNA-positive (red) versus ctDNA-negative patients (blue) at the post-neoadjuvant time point.


Extended Data Fig. 7 Tissue biomarkers in ctDNA(+) populations.
a–e, Kaplan–Meier analyses for ctDNA(+) patients in the atezolizumab (blue) and observation (red) arms in subgroups defined by high levels (dark colours) and low levels (light colours) of immune biomarkers of response to immunotherapy including PD-L1 by IHC (a), TMB from WES (b), tGE3 gene expression signature (c), and subgroups defined by immune biomarkers of resistance to immunotherapy including pan-TBRS (F-TBRS) gene expression signature (d) and angiogenesis gene expression signature (e). f, Hallmark gene set enrichment analysis in ctDNA(+) patients in the observation arm comparing non-relapsers (blue) to relapsers (red).


Extended Data Fig. 8 Tissue biomarkers in ctDNA(−) patients.
Kaplan–Meier analyses for ctDNA(−) patients in the atezolizumab (blue) and observation (red) arms for DFS (left column) and OS (right column) in subgroups defined by high levels (dark colours) and low levels (light colours) of immune biomarkers of response to immunotherapy including PD-L1 by IHC, TMB from WES, tGE3 gene expression signature, and subgroups defined by immune biomarkers of resistance to immunotherapy including the pan-TBRS (F-TBRS) gene expression signature and the angiogenesis gene expression signature.


Extended Data Fig. 9 TCGA subgroups and Kaplan–Meier analyses for ctDNA(+) and ctDNA(−) patients.
a, Bar plot showing that TCGA subgroups are similarly distributed in ctDNA(+) (left) and ctDNA(−) (right) populations. b, Bar plot showing that TCGA subgroup distribution is associated with PD-L1 status (IC01, left; IC2/3; right). c–g, Kaplan–Meier analyses showing ctDNA(+) (dark colours) and ctDNA(−) (light colours) patients on atezolizumab (blue) and observation (red) for DFS in TCGA subgroups including luminal papillary (c), luminal infiltrated (d), luminal (e), basal/squamous (f) and neuronal (g). h, Kaplan–Meier analyses for OS in the neuronal TCGA subgroup.


Extended Data Fig. 10 ctDNA and C1D1 collection time and time until relapse.
Note that collection time analyses are shown for patients with muscle-invasive bladder cancer only, because patients with upper-tract urothelial carcinoma often received two surgeries. a, Scatter plot showing ctDNA levels (sample mean MTM) versus C1D1 collection time (days from surgery). b, Box plot showing the C1D1 collection time (y axis) for the ctDNA-negative (x axis, left box plot, n = 339) and ctDNA-positive (x axis, right box plot, n = 199) patients. No difference was found between the collection times for the ctDNA-negative patients and the ctDNA-positive patients (Wilcoxon P = 0.18, two sided). The box plot middle line is the median, the lower and upper hinges correspond to the first and third quartiles, the upper whisker extends from the hinge to the largest value no further than 1.5 × IQR from the hinge and the lower whisker extends from the hinge to the smallest value at most 1.5 × IQR of the hinge, while data beyond the end of the whiskers are outlying points that are plotted individually. c, Bar plot showing the fraction of patients who were ctDNA positive (dark grey fill) for patients with C1D1 collection times less than the median collection time (x axis, left bar plot) and greater than the median collection time (x axis, right bar plot). d, Histogram showing the distribution of times between surgery and C1D1. e, Histogram plot showing the distribution of durations between a C1D1 ctDNA(+) test and radiological relapse.
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