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Summary 

Minimally invasive approaches to detect residual disease after surgery are urgently needed to 

select patients at highest risk for metastatic relapse for additional therapies. Circulating tumour 

DNA (ctDNA) holds promise as a biomarker for molecular residual disease (MRD) and relapse,1-

3 but its clinical value has yet to be demonstrated in a randomised clinical trial. We evaluated 

outcomes in post-surgical ctDNA-positive (+) patients in a randomised phase III trial of adjuvant 

atezolizumab versus observation. IMvigor010 enrolled 809 patients with muscle-invasive 

urothelial carcinoma and did not meet its primary endpoint of disease-free survival (DFS) in the 

intent-to-treat population. Within the study, an exploratory planned analysis of prospectively 

collected plasma was performed, which tested the utility of ctDNA to identify patients who may 

benefit from adjuvant atezolizumab treatment. ctDNA was measured at the start of therapy (cycle 

1 day 1; C1D1) and at week 6 (cycle 3 day 1; C3D1), and 581 patients were evaluable for 

ctDNA. The prevalence of ctDNA positivity at C1D1 was 37% (n=214), and ctDNA positivity 

identified patients with poor prognosis (observation arm DFS HR= 6.19 (4.29, 8.91), p<0.0001). 

Here we show that ctDNA(+) patients had improved DFS and overall survival (OS) with 

atezolizumab versus observation (DFS HR= 0.56 (0.41-0.77); p=0.0003 and OS HR= 0.58 (0.4-

0.86); p=0.0063). No difference in DFS or OS between arms was noted for ctDNA-negative 

patients. The rate of ctDNA clearance was higher with atezolizumab (18%) versus observation 

(4%) (p=0.0041). Transcriptomic analysis revealed that tumours from ctDNA(+) patients had 

higher expression of cell cycle and keratin genes. Within the ctDNA(+) patient population in the 

atezolizumab arm, non-relapsing patients were further enriched in prominent immune response 

signatures including PD-L1, IFNG, CXCL9, and high tumour mutational burden, whereas 

relapse was associated with angiogenesis and fibroblast-transforming growth factor- signatures 
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(F-TBRS). TCGA molecular subset analysis revealed increased efficacy of atezolizumab in 

patients with basal-squamous tumours, consistent with underlying tumour-immune contexture. 

Together these findings suggest that adjuvant atezolizumab may be associated with improved 

outcomes compared with observation in this high-risk ctDNA(+) population. These findings, if 

validated in other settings, would shift approaches to post-operative cancer care. 

 

Introduction 

The use of circulating tumour DNA (ctDNA) as a biomarker of tumour burden is an emerging 

field in multiple solid tumour types, including urothelial, kidney, colorectal, lung, and breast 

cancer.4-12 ctDNA can be differentiated from germline cell-free DNA (cfDNA) through tumour-

specific somatic genomic alterations13,14 and can be collected non-invasively from a single blood 

draw. ctDNA can overcome shortcomings of tissue-based biomarkers including access to tissue, 

use of archival samples, and tumour heterogeneity, and as a result is increasingly used to guide 

treatment decisions.15-20 In the early cancer setting, ctDNA positivity has been shown to predate 

radiological relapse,4,21 and is considered likely evidence of molecular residual disease (MRD).1-

3 In addition, emerging evidence indicates that clearance of ctDNA in this setting correlates with 

response to therapies.22-27 Historically it has been difficult to determine which patients harbour 

residual disease and which are cured after surgery, despite advances in tumour staging, 

radiologic imaging, and tissue-based prognostic biomarkers. Therefore, many patients cured by 

surgery are unnecessarily exposed to adjuvant therapy toxicities, and other patients with residual 

disease may not receive additional treatment until disease progression is detectable by imaging 

(perhaps missing an opportunity to receive timely adjuvant therapy with curative intent). 

Detection of ctDNA shortly after surgical resection may overcome these limitations by enabling 
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early identification of patients harbouring MRD, who are at highest risk of relapse. Other 

randomised cancer trials exploring circulating biomarkers have established the prognostic value 

of ctDNA testing in the adjuvant setting.28,29 It has yet to be shown in a randomised setting that 

ctDNA can successfully select patients for adjuvant therapy.  

 

IMvigor010 (NCT02450331)30 is a large, randomised adjuvant study comparing atezolizumab to 

observation after surgical resection for operable urothelial cancer. Atezolizumab is a monoclonal 

antibody that targets programmed death-ligand 1 (PD-L1) on tumour cells and tumour-

infiltrating immune cells, and has been shown to have clinical efficacy in multiple tumour types 

including first-line UC.18,31-35 Relapse rates after surgery for urothelial cancer are high,36,37 and 

the presence of ctDNA in this setting has been shown to be a strongly negative prognostic factor 

as well as to predate radiological relapse with high specificity.4 IMvigor010 did not show a 

significant disease-free survival (DFS) benefit in unselected patients (HR=0.89 [0.74, 1.08]; 

p=0.2446), nor an overall survival (OS) benefit (HR= 0.85 [0.66, 1.09]) in the interim OS 

analysis.30 Therefore, this is an ideal setting to investigate the question of whether MRD(+) 

patients, who have a high likelihood of recurrence, can derive clinical benefit from adjuvant 

treatment with immune checkpoint inhibition.  

 

Results 

ctDNA was measured in the biomarker evaluable population (BEP) using established techniques 

(see Methods).38,39 Briefly, whole-exome sequencing was performed on tumour and matched 

normal samples to identify 16 patient-specific clonal tumour mutations. These 16 mutations were 

used to design a bespoke multiplex PCR assay, which was run on plasma samples to detect 
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ctDNA with high sensitivity down to 0.01% tumour fraction. The presence of two or more of the 

patient-specific tumour mutations in the plasma defined ctDNA positivity, which is a threshold 

set by the assay vendor to maintain high specificity (>99.838) and has been previously tested and 

validated across a number of studies.4,9,38 Post-surgical plasma samples were collected and tested 

at baseline (C1D1) and 6 weeks after randomisation (C3D1). The ctDNA statistical analysis plan 

(SAP) was finalised before unblinding of clinical data for primary trial analysis. The primary 

objectives for this ctDNA study were to provide evidence that 1) within the ctDNA(+) patient 

population at C1D1, atezolizumab is associated with increased DFS compared with the 

observation arm, 2) within each arm, C1D1 ctDNA(+) status is associated with decreased DFS 

compared with ctDNA negative (–) status, and 3) the clearance of ctDNA in plasma by C3D1 is 

associated with increased DFS and clearance occurs at a higher rate in atezolizumab arm 

compared with observation arm. Gene expression analysis from cystectomy tissue was 

performed and correlated with ctDNA results. Hazard ratios (HR) for recurrence or death are 

reported using a multivariable Cox regression analysis adjusting for established baseline 

prognostic factors (nodal status, PD-L1 status, tumour stage, prior neoadjuvant chemotherapy, 

and number of lymph nodes resected). DFS and OS were compared between treatment groups 

using the log-rank test, and Kaplan-Meier methodology was applied to DFS and OS. TMB, PD-

L1 and T-effector gene signatures40 were used as established immune biomarkers.  

 

Eight hundred and nine patients were enrolled in the IMvigor010 study (406 atezolizumab arm; 

403 observation arm), with a median follow up of 21.9 months in this intention-to-treat (ITT) 

population. There were 581 patients (72% of the ITT population) included in the ctDNA 
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biomarker-evaluable patient (ctDNA BEP) population, with a median follow up of 23.0 months 

(Extended Data Fig. 1a).  

 

Baseline characteristics of the ITT and ctDNA BEP populations were comparable and well 

balanced between arms (Extended Data Tables 1 and 2), and survival outcomes were similar 

between the ITT and ctDNA BEP populations for DFS (ITT stratified HR=0.89 [0.74-1.08]; 

p=0.2446 and BEP stratified HR= 0.88 [0.70-1.11]; p=0.2720,) as well as for OS (ITT stratified 

HR=0.85 [0.66-1.09] and BEP HR=0.89 [0.66-1.21]) (Extended Data Fig. 1b-e). 

 

At C1D1, it was found that 37% (214/581) of patients were ctDNA(+). ctDNA positivity 

identified patients at higher risk of disease recurrence (observation arm DFS HR=6.19 [4.29-

8.91]; p<0.0001), and shorter overall survival (observation arm OS HR= 7.92 [4.81-13.05]; 

p<0.0001). Analyses were repeated using a univariate approach and the results were similar 

(Extended Data Table 3). ctDNA levels were also explored as a continuous variable, and higher 

thresholds did not identify a group at substantially higher risk of relapse or death (Extended 

Data Fig. 2), suggesting that any presence of ctDNA is more relevant than the total burden of 

ctDNA in identifying high-risk patients. C1D1 collection time after surgery (median 79 days) did 

not associate with higher rates of ctDNA positivity or higher ctDNA levels (Extended Data Fig. 

3A-D). ctDNA positivity at C1D1 preceded clinical relapse by radiological imaging by a median 

of 4.3 months (range 0.7–32.3 months) (Extended Data Fig. 3E). The prognostic value of 

ctDNA after potentially curative surgery has been described previously across a number of 

tumour types.1,3,4,21 
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Baseline prognostic factors and immune biomarkers (PD-L1, TMB and T- effector signatures 

[Teff]) were studied for association with ctDNA status, and only nodal positivity was found to 

correlate with ctDNA positivity (p<0.0001) (Fig. 1e, Extended Data Table 4). 30  

 

In the C1D1 ctDNA(+) population there were 116 patients in the atezolizumab arm and 98 in the 

observation arm, and baseline characteristics including immune biomarkers were balanced across 

arms (Extended Data Table 5). Patients in the ctDNA(+) population had improved DFS with 

adjuvant atezolizumab compared with patients receiving observation only (HR=0.56 [0.41-0.77]; 

p=0.0003, median DFS 4.4 vs 5.9 months) (Fig. 1a). Similarly, this ctDNA(+) patient population 

had improved OS with atezolizumab as compared with observation (HR= 0.58 [0.40-0.86]; 

p=0.0063; median OS 15.8 vs 25.8 months) (Fig. 1b). No difference in DFS or OS between arms 

was found for patients who were ctDNA(–) (DFS HR=1.07 [0.75-1.52]; p=0.7048 (median DFS 

not reached) and OS HR=1.22 [0.71-2.08]; p=0.4729 (median OS not reached)). Analyses were 

repeated using a univariate approach, and the results were similar (Extended Data Table 6). 

Thus, although the high risk of relapse for ctDNA(+) patients has been previously reported, we 

have shown here in this randomised phase III clinical trial setting that the poor outcomes of the 

ctDNA(+) patients may be improved with adjuvant atezolizumab. 

 

In order to evaluate changes in ctDNA status in response to treatment, patients with plasma 

samples from both C1D1 and C3D1 were studied (485 patients, 60% of ITT). This C1D1/C3D1 

BEP was analysed for similarity to the ITT population as well as for imbalances in arm and 

clinical factors. No imbalances were found (Extended Data Tables 7 and 8). At C3D1, it was 

found that 38.4% (186/485) of patients were ctDNA(+) and ctDNA positivity identified patients 
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at higher risk for disease progression and relapse (observation arm DFS HR= 8.36 [5.35-13.07]; 

p<0.0001). C3D1 ctDNA positivity was also a negative prognostic factor for OS (observation 

arm OS HR=11.80 [5.69-24.48]; p<0.0001). Results were similar when using a univariate 

approach (Extended Data Table 3). 

 

ctDNA clearance, assessed in patients who were ctDNA(+) at C1D1 and defined in this study as 

achieving ctDNA(–) status by C3D1, was quantified and compared between treatment arms. It 

was found that clearance occurred in 18.2% (18/99) of patients in the atezolizumab arm 

compared with 3.8% (3/79) in the observation arm (p=0.0041) (Fig. 2a). Patients who cleared 

ctDNA within the atezolizumab arm had superior DFS and OS compared with those who did not 

clear (DFS HR=0.32 [0.14-0.71]; p=0.0048 and OS HR=0.17 [0.04-0.72]; p=0.0159) (Fig. 2b-e). 

Similar findings were observed when using a univariate approach (Extended Data Table 9). 

Overall, patients who were ctDNA(–) at both time points or cleared ctDNA had longer DFS than 

patients who were ctDNA(+) at both time points or became ctDNA(+). Reductions in ctDNA 

also occurred at a higher rate in the atezolizumab arm (44.4% versus 19.0% in observation, 

p=0.0004), which was also associated with improved outcomes (DFS HR=0.27 [0.15-0.46]; 

p<0.0001 and OS HR=0.32 [0.16-0.65]; p=0.0014) (Extended Data Fig. 4). However the 

DFS/OS improvement for patients who reduce ctDNA but remain ctDNA(+) was not as 

pronounced as is achieved by clearance of ctDNA (Extended Data Fig. 5). 

 

These findings implicate the effect of atezolizumab on outcomes in ctDNA(+) patients and 

suggest ctDNA clearance or ctDNA reduction as a possible surrogate for treatment response. No 

difference in clinical outcomes between atezolizumab and observation arms were detected in 
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ctDNA(–) patients, implying that these lower-risk patients (63% of the ITT) may be spared 

adjuvant atezolizumab treatment. These findings are clinically relevant, and the selection of a 

high-risk group of patients who may potentially benefit from intervention using a validated blood 

test is attractive. 

 

Next, we assessed the baseline transcriptional correlates of C1D1 ctDNA positivity and clinical 

relapse to further explore underlying mechanisms of our findings. We first applied linear 

modeling to identify differentially expressed genes between ctDNA(+) and ctDNA() patients, 

followed by pathway enrichment analysis using the Hallmark gene sets from MSigDB.41 

Tumours from ctDNA() patients were enriched in cell cycle and keratin genes (Fig. 3a-b), 

which may represent more aggressive cancer phenotypes. Within the ctDNA(+) patient 

population in the atezolizumab arm, non-relapsing patients were further enriched in prominent 

immune response signatures including PD-L1, IFNG, CXCL9, high tumour mutational burden, 

whereas relapse was associated with angiogenesis and fibroblast-transforming growth factor-B 

signatures (F-TBRS) (Fig. 3c). Next, we explored PD-L1 and TMB, which have previously been 

shown to select for response to immune checkpoint inhibitors across a spectrum of cancers in the 

metastatic setting.42,43 Their role in the adjuvant setting is uncertain. In this study neither TMB 

nor PD-L1 could identify a subgroup that benefited from atezolizumab in the entire patient 

population (BEP) (Fig. 1c-d). However within the ctDNA() patient population, TMB() and 

PDL1(+) further enriches for improved clinical outcomes with atezolizumab (Fig. 3d-f, 

Extended Data Fig. 6-8), which was not observed for ctDNA negative patients (Extended Data 

Figs. 6, 7, and 9). For ctDNA(+) patients, the improved outcomes with atezolizumab were even 

greater in triple-positive patients (ctDNA/PDL1+/TMB+) (Extended Data Fig. 10). The tGE3 
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(CD274, IFNG, CXCL9) signature, previously shown to identify patients who respond to 

atezolizumab in the metastatic setting,40 also enriched for improved outcomes on atezolizumab 

within the ctDNA() population (Fig. 3g). Resistance to immunotherapy in the metastastic 

urothelial setting is associated with high expression of the F-TBRS (pan-fibroblast TGF 

response) signature44. Here we show in the adjuvant setting that atezolizumab is also associated 

with worse outcomes in patients with high F-TBRS (Fig. 3h) and high angiogenesis signatures 

(Fig. 3i). These data establish the relationship between existing biomarkers of response to 

immunotherapy in the ctDNA(+) population. This highlights that predictive biomarkers of 

response must be interpreted in the context of MRD in the post-surgical setting.  

 

TCGA studies in urothelial cancer have identified molecular subgroups with distinct clinical 

characteristics;45 however it is unclear how these subtypes influence clinical outcomes in a 

randomised setting. Hierarchical clustering recapitulated the biological features in TCGA 

subgroups (Fig. 4a), which were distributed similarly across ctDNA(+) and ctDNA() patients 

(chi-squared p=0.21) (Extended Data Fig. 11a). No subgroup identified patients who had 

improved outcomes with atezolizumab, based on unselected patients from the biomarker 

evaluable population (Extended Data Figs. 6-7). However within the ctDNA() population, 

clinical outcomes appeared improved in the Basal-Squamous subgroup, which enriched for 

established biomarkers of response to immunotherapy (Fig. 4a-f, Extended Data Fig. 11b-h,45). 

These findings were not observed in the ctDNA() patients (Fig. 4b-f, Extended Data 

Extended Data Figs. 6-7, and 9). These data show specific gene signatures associated with 

expression and outcome in ctDNA(+) patients, and suggest TCGA analysis could be utilised in 

the clinical setting to better predict outcomes of patients with residual disease after surgery.  
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Because a subset of ctDNA() patients relapsed (30.6% in observation), we next analysed the 

baseline clinical parameters and molecular features of these patients in the observation arm (Fig. 

4g-h). ctDNA() patients that do not relapse may have had successful surgery to remove the 

cancer. Additionally, gene expression analysis revealed the presence of pre-existing immunity in 

non-relapsing ctDNA() patients, including increased expression of interferon inducible genes 

(Fig. 4g), which may also provide some protection. In contrast, relapsing ctDNA() patient 

tumours had increases in expression of extracellular matrix, stromal, and TGF-inducible genes 

(Fig. 4g-h), which may oppose any pre-existing immunity.  

 

Because a subset of ctDNA() relapsed (30.6% in observation), we next analysed the baseline 

clinical parameters and molecular features of ctDNA() patients in the observation arm (Figure 

4f-h). ctDNA(-) patients that do not relapse may have had successful surgery to remove the 

cancer. Additionally, gene expression analysis revealed that the presence of pre-existing 

immunity in non-relapsing ctDNA(-) patients, including increased expression of interferon 

inducible genes (Figure 4f), which may also provide some protection. In contrast, relapsing 

ctDNA() patient tumors had increases in expression of extracellular matrix, stromal, and 

TGFB-inducible genes (Figure 4f-g), which may oppose any pre-existing immunity. The 

Luminal-Infiltrated TCGA subtype was most prominent in these patients (Figure 4h), which 

may share similar molecular and pathological characteristics of locally invasive disease. Lastly, 

the anatomical location of relapse differed between ctDNA() and ctDNA() patients, where 

ctDNA() relapses were associated with local relapse and ctDNA() with distant relapse (Figure 

4i). These data highlight that ctDNA technologies are more sensitive at capturing metastatic 
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disease, whereas lower ctDNA levels are associated with specific molecular phenotypes and 

local relapse. 

 

Discussion 

Initiating personalised treatment based on the identification of MRD rather than treating 

unselected patients or waiting for relapse, would be a significant change in cancer treatment. Our 

analysis reveals a substantial improvement in the clinical outcomes of ctDNA(+) patients treated 

with adjuvant atezolizumab. These individuals are likely to have MRD after surgery. 

Transcriptomic analysis gave insights into the biology behind ctDNA positivity and response to 

atezolizumab in this population, highlighting the relevance of immune and stromal contexture. 

The integration of transcriptomic with ctDNA data improved our understanding of the disease 

and response to treatment.  

 

While other adjuvant immunotherapy studies may be positive for DFS in unselected patients 

(NCT02632409), a personalised approach to select MRD(+) patients for immunotherapy may be 

required to demonstrate OS benefit, as well as to identify MRD(–) patients at lower risk and less 

likely to benefit from unnecessary treatment.  

 

Different ctDNA technologies offer different benefits. Panel-based approaches (e.g., hybrid 

capture probes) are generally optimised for the most prevalent cancers (e.g., lung and colorectal), 

and are well-suited to genomic profiling of tumour mutations in settings where ctDNA levels are 

expected to be high. In contrast, personalised tumour-informed assays (such as Natera’s 

Signatera assay used here) are well suited to any solid cancer with many tumour mutations 
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identifiable from tissue sequencing. Tumour-informed approaches are typically the most 

sensitive because they track a high number of patient-specific mutations, and therefore well-

suited to post-surgical settings where clinicians need to detect residual disease with high 

sensitivity and specificity.19 Newer technologies include methylation-based and fragmentomics-

based approaches;46,47 however, these methods are generally optimised for early-detection (i.e., 

screening), and have yet to demonstrate high clinical sensitivity in post-surgical settings.  

 

In this study the clinical sensitivity for ctDNA at C1D1 to detect radiological relapse was 59% 

(observation arm), and there are a number of explanations for this finding. While we used the 

most sensitive assay clinically available at the time, the MRD setting is particularly challenging 

due to the low levels of ctDNA present in the patient after removal of the primary tumour. Non-

shedding tumours may account for ctDNA() tumours which relapse. Other factors may also be 

relevant, including the timing of the ctDNA analysis (by C3D1 an additional 16 observation arm 

patients became ctDNA+), indolent disease resulting in delayed recurrence (mean time to relapse 

4.8 months vs 10.9 months for ctDNA(+) and ctDNA(-) respectively), and anatomical location of 

relapse. Sequential testing (‘surveillance’ or ‘monitoring’) may increase sensitivity for ctDNA 

detection in the adjuvant setting48, which is being explored in prospective trials (NCT04660344, 

NCT04138628). Our results also showed that the molecular profiles of the tumour may influence 

ctDNA positivity.  

 

The specificity for ctDNA at C1D1 was 87% in the observation arm of our study. Several factors 

may affect ctDNA(+) patients who have not relapsed. Two of these patients converted to ctDNA 

negative by C3D1, suggesting some mechanism of spontaneous immune clearance. Other factors 



Powles T, et al.    

 Page 15 of 48 

include the duration of follow up, the performance of the assay, and the definition of ctDNA 

positivity. In this study ctDNA positivity was previously validated and predefined, which is a 

strength of the work. Exploration of different ctDNA methods or different definitions of ctDNA 

positivity may yield different results. For example, while exploring multiple cut-offs, we found 

that lowering the pre-defined cut-off from 2 variants to a single variant caused a ~10% reduction 

in specificity and identified a new cohort of patients which showed no treatment benefit with 

Atezolizumab. Thus, ctDNA-positivity as defined by 2 variant cut-off yielded the highest 

specificity while preserving sensitivity. 

 

We acknowledge several limitations of our study. ctDNA status was a prospective but 

exploratory endpoint and therefore further studies in urothelial cancer and other tumour types are 

required to validate and expand its clinical utility. Also, plasma testing was only available for 

two time points in the study (C1D1 and C3D1), and it is unknown if these are the optimal time 

points. This method of ctDNA analysis required whole exome sequencing (WES) and takes 

approximately 2-3 weeks. This is clinically applicable in the adjuvant setting where patients 

require a significant period of time to recover from surgery before starting adjuvant therapy.  

 

These novel and provocative findings demonstrate ctDNA as a marker for MRD and response to 

atezolizumab. The ctDNA findings are closely linked to the biology of the tumours, giving 

insight into the generation of ctDNA and mechanisms of response to immune therapy. These 

data change our understanding of post-surgical cancer care. If validated in this setting, as well as 

across tumour types, they will change clinical practice. 
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Methods 

Trial Design, Participants, and Endpoints 

IMvigor010 was a global, Phase III, open-label, randomised trial of atezolizumab as adjuvant 

treatment of patients with high-risk MIUC of either the bladder or upper tract (capped at 10%). 

Inclusion criteria required patients to be high-risk at pathologic staging (pT3-T4a or N+ for 

patients not treated with neoadjuvant chemotherapy, or pT2-T4a or N+ for patients treated with 

neoadjuvant chemotherapy). Patients were required to have undergone surgical resection 

(cystectomy or nephroureterectomy) with lymph node dissection, with no evidence of residual 

disease or metastasis as confirmed by negative postoperative radiologic imaging.  

 

Patients were randomised 1:1 to either atezolizumab or observation arms. Treatment with 

atezolizumab (1200 mg every 3 weeks) was administered (or patients underwent observation) for 

1 year or until UC recurrence or unacceptable toxicity. Imaging assessments for disease 

recurrence were performed at baseline and every 12 weeks for 3 years, every 24 weeks for years 

4-5, and at year 6. Disease recurrence assessments for patients in the observation arm followed 

the same schedule as those in the atezolizumab arm. Crossover was not permitted.  

 

The primary efficacy endpoint of IMvigor010 was DFS, which was defined by local (pelvic) or 

urinary tract recurrence, distant UC metastasis or death from any cause. OS, defined by the time 
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from randomization to death from any cause, was a secondary efficacy endpoint. The clinical 

cutoff date was November 30, 2019. At the data cutoff, OS follow-up was immature and ongoing 

in the ITT population. The median OS was not reached in the interim analysis; 118 patients 

(29.1%) in the atezolizumab arm and 124 patients in the observation arm (30.8%) died. 33.3% 

and 29.6% of patients who relapsed received subsequent cancer therapy in the atezolizumab and 

observation arm respectively. This included chemotherapy in 25.6 and 24.3% respectively and 

immune therapy in 8.6% and 20.3% respectively and represents treatment patterns for front line 

advanced disease. 

 

Blood Collection and Processing 

The C1D1 plasma timepoint was collected at a median of 79 days post-surgical resection (IQR 

65-92 days for MIBC patients).  Peripheral blood mononuclear cells (PBMC) were collected in 

three 8.5-mL acid citrate dextrose tubes at the beginning of C1D1, and peripheral blood plasma 

was collected in two 6-mL EDTA tubes at the beginning of C1D1 and C3D1. Plasma was 

separated from the cell pellet within 30 minutes of collection and aliquoted for storage at −80°C. 

Note that the Natera assay used in this study is validated for frozen plasma utilizing spun-down 

K2-EDTA collected blood samples within 2 hours of collection, however the clinical version of 

the assay utilises Streck collection tubes that stabilise cfDNA and allow for ambient shipment 

within 7 days. A total of 1076 plasma samples (581 from C1D1, 495 from C3D1) from 591 

patients were used in this analysis with medians of 3.7 mL plasma used (IQR 3.2-4.2mL) and 

21.5 ng cfDNA extracted (IQR 13.2–34.2ng) per patient. To identify ctDNA in a patient’s 

plasma, cfDNA extraction and library prep steps were performed as described previously.39  
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Tumour Tissue Processing 

Tumour tissue was collected from surgical resection samples. Genomic DNA was extracted 

using the QIAamp DNA FFPE Tissue Kit. Central evaluation for PD-L1 expression was 

conducted using the VENTANA SP142 IHC assay. Tumours were classified as expressing PD-

L1 (IC2/3 status) when PD-L1–expressing tumour-infiltrating immune cells covered ≥ 5% of the 

tumour area.  

 

Whole Exome Sequencing of Tumour Tissue and Matched Normal DNA 

A median of 500 ng of genomic DNA (gDNA) was used for the whole exome sequencing 

workflow for both tumour and normal sources. An Illumina-adapter based library preparation 

was performed on this gDNA. Targeted exome capture was then performed using a custom 

capture probe set that targets ~19,500 genes. These targeted libraries were sequenced on the 

NovaSeq platform at 2 x 100 bp to achieve the deduplicated on-target average coverage of 180X 

for tumour tissue and 50X for the associated matched normal sample. FastQ files were prepared 

using bcl2fastq2 and quality checked using FastQC. Reads were mapped to the human reference 

genome hg19 using Burrows–Wheeler Alignment tool (v.0.7.12) and quality checked using 

Picard and MultiQC.  

 

Somatic Variant Calling and Signatera ctDNA Assay Design 

Using the input of tumour tissue and matched normal sequencing data, somatic variant calling 

was performed using a consensus variant calling method developed by Natera. Variants 

previously reported to be germline in public datasets (1000 Genome project, ExAC, ESP, 

dbSNP) were filtered out, and other collections were also filtered out. The WES data from paired 
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tumour and matched normal were first analysed for quality metrics and sample concordance and 

then processed through a bioinformatics pipeline that allows identification of putative clonal 

somatic single nucleotide variants. Matched normal sequencing was done to computationally 

remove putative germline and CHIP mutations. Out of the candidate pool of putative clonal 

variants specific to the tumour DNA of each patient, a prioritised list of variants were used to 

design PCR amplicons based on optimised design parameters, ensuring uniqueness in the human 

genome, amplicon efficiency and primer interaction. TMB was calculated as the total number of 

somatic mutations per megabase of captured exome, and TMB positive patients were those with 

≥10 mutations/Mb (the mean of the ctDNA BEP).  

 

Following plasma cfDNA extraction and library prep, multiplexed targeted PCR was conducted 

on an aliquot of cfDNA library, followed by amplicon-based sequencing and to an average next-

generation sequencing depth per amplicon of >100,000x on an Illumina platform. On observing 

at least 2 or more mutations in the patient’s plasma, the patient was deemed ctDNA(+). 

Analytical studies of the Natera Signatera assay, as previously published, have demonstrated a 

>95% sensitivity at 0.01% variant allele frequency with high specificity. The turnaround time for 

the Signatera assay is (i) 2-3 weeks for the first plasma sample, including tissue WES, assay 

design, and plasma ctDNA analysis/reporting and (ii) one week for all subsequent plasma 

processing and ctDNA analysis/reporting.  
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RNA processing 

Formalin-fixed paraffin-embedded (FFPE) tissue was macro-dissected for tumour area using 

H&E as a guide. RNA was extracted using the High Pure FFPET RNA Isolation Kit (Roche) and 

assessed by Qubit and Agilent Bioanalyzer for quantity and quality. First strand cDNA synthesis 

was primed from total RNA using random primers, followed by the generation of second strand 

cDNA with dUTP in place of dTTP in the master mix to facilitate preservation of strand 

information. Libraries were enriched for the mRNA fraction by positive selection using a 

cocktail of biotinylated oligos corresponding to coding regions of the genome. Libraries were 

sequenced using the Illumina sequencing method. 

 

RNA-seq data generation and processing 

Whole-transcriptome profiles were generated using TruSeq RNA Access technology (Illumina). 

RNA-seq reads were first aligned to ribosomal RNA sequences to remove ribosomal reads. The 

remaining reads were aligned to the human reference genome (NCBI Build 38) using 

GSNAP,49,50 version 2013-10-10, allowing a maximum of two mismatches per 75 base sequence 

(parameters: ‘-M 2 -n 10 -B 2 -i 1 -N 1 -w 200000 -E 1-pairmax-rna = 200000 –clip-overlap). To 

quantify gene expression levels, the number of reads mapped to the exons of each RefSeq gene 

was calculated using the functionality provided by the R/Bioconductor package 

GenomicAlignments. Raw counts were adjusted for gene length using transcript-per-million 

(TPM) normalization, and subsequently log2-transformed. Raw and processed data are available 

under the data sharing agreement for N=728 patients with RNA-seq data available. All analyses 

in this study use N=573 patients with both RNA-seq and ctDNA data available. 
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Unsupervised mRNA expression clustering 

TCGA subtypes were assigned according to the methodology described previously.45 Briefly, 

RNA expression data R for samples were normalized using trimmed mean of M-values 

normalization and transformed with voom, resulting in log2-counts per million with associated 

precision weights. The top 25% most-varying genes, ranked by standard deviation across all 

samples considered were selected. The log2 normalized expression of 4660 genes were median 

centered before performing consensus clustering, categorizing the samples into five clusters. The 

expression clustering analysis was done with a consensus hierarchical clustering approach using 

the distance matrix of 1 – C, the element Cij representing the Spearman correlation between the 

sample i and j across 4660 genes in R. A consensus matrix MK, K=5 being the number of 

clusters, was computed by iterating a standard hierarchical clustering (K * 500) times with the 

average linkage option and 80% resampling in sample space. The clustering recapitulated the 

five distinct clusters as reported in ref 45, as indicated by the signatures shown on the heatmap. 

 

Gene set enrichment analysis (GSEA) 

GSEA ranks all of the genes in the dataset based on differential expression. GSEA was 

performed followed by applying the CAMERA enrichment method51 to perform a competitive 

test to assess whether the genes in a given set are highly ranked in terms of differential 

expression relative to genes that are not in the set. The Hallmark gene set collection from the 

Molecular Signature Database41 was used to identify the pathways enriched. Pathways with 

adjusted P values <0.05 were included. 
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Statistical Analysis 

The ctDNA SAP was planned and finalised before unblinding of clinical data for primary trial 

analysis. The primary objectives for the ctDNA study were to provide evidence that 1) within the 

ctDNA(+) patients at C1D1, atezolizumab is associated with increased DFS compared with the 

observation arm, 2) within each arm, C1D1 ctDNA(+) status is associated with decreased DFS 

compared with ctDNA(–) status, 3) the clearance of ctDNA in plasma by C3D1 is associated 

with increased DFS and clearance occurs at a higher rate in atezolizumab arm compared with the 

observation arm.  Clearance is defined in this study as going from ctDNA(+) at C1 to ctDNA(-) 

at C3, and is assessed only in patients who are ctDNA(+) at C1. Primary analysis first used a 

univariable approach with categorical ctDNA status (ctDNA+/–), followed by ctDNA as a 

continuous variable (not shown), and finally a multivariable approach including known risk 

factors. Secondary endpoints included OS, and secondary biomarkers included PD-L1 and TMB. 

The analysis plan required significance assessment for primary analyses to be made at a level of 

p-value < 0.05. However, since no multiplicity adjustment was pre-specified in the SAP or 

applied to subgroup analyses, all p-values should be interpreted with caution.  

 

HRs for recurrence or death are estimated using a multivariable Cox proportional-hazards model 

adjusting for nodal status (positive or negative), PD-L1 status (IC0/1 or IC2/3), tumour stage 

(<T3 or T3/4), prior neoadjuvant chemotherapy (Yes or No), and number of lymph nodes 

resected (<10 or ≥10). Note that the features adjusted may vary depending on subgroups defined 

by prognostic features (e.g. nodal positive subgroup does not adjust for node status in the 

multivariable cox model). Similarly, HRs calculated for subgroups defined by transcriptomic 

signatures do not adjust for PDL1 status. For completeness, in the Extended Data (Extended Data 
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Tables 3, 6, 9 and 10) we provide additional estimates for 1) univariable Cox model, and 2) 

stratified Cox model using the same stratification factors as described for the IMvigor010 

primary clinical analysis (nodal status, PD-L1 status, and tumour stage).30 All Cox models used 

“exact” method for handling tied event times. DFS and OS were compared between treatment 

groups using the log-rank test, and Kaplan-Meier methodology was applied to DFS and OS with 

95% CIs constructed by Greenwood’s formula. 

 

Descriptive statistics were used to summarise clinical characteristics, including the mean, median 

and range for continuous variables and frequency and percentage for categorical variables. 

Comparison of ctDNA clearance between arms was assessed using Fisher’s Exact test (two-

sided). Association between ctDNA positivity and baseline prognostic factors were measured 

using the Kruskal-Wallis Rank Sum test for numeric variables and Fisher's Exact test (two-sided) 

for categorical variables. Association between C1D1 collection time in days from surgery and 

ctDNA status was measured using Wilcoxon test (two-sided). All statistical analyses were 

performed in R (https://www.R-project.org/).  
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Fig. Legends 

Figure 1 | Kaplan-Meier (KM) estimates among patients evaluated for post-surgical ctDNA 

status. a, Kaplan-Meier estimates of DFS comparing ctDNA(+) patients treated with 

atezolizumab (dark blue) and ctDNA(+) patients on the observation arm (dark red) (median 5.9 

vs 4.4 months), and comparing ctDNA(–) patients treated with atezolizumab (light blue) and 

ctDNA(–) patients on the observation arm (light red) (medians not reached), b, Kaplan-Meier 

estimates of interim OS in patients evaluated for ctDNA status, comparing ctDNA(+) patients 

treated with atezolizumab (dark blue) and ctDNA(+) patients on the observation arm (dark red) 

(median 25.8 vs 15.8 months), and comparing ctDNA(–) patients treated with atezolizumab 

(light blue) and ctDNA(–) patients on the observation arm (light red) (medians not reached). c, 

Forest plot for DFS in biomarker evaluable population comparing atezolizumab versus 

observation in subgroups defined by established prognostic factors. d, Forest plot for OS in 

biomarker evaluable population comparing atezolizumab versus observation in subgroups 

defined by established prognostic factors. MST refers to median survival time in months. e, Bar 

plot depicting association of baseline prognostic factors with ctDNA status.  

 

Figure 2 | Changes in ctDNA status from baseline (C1D1) to on-treatment (C3D1) time 

point. a, Proportion of patients who are ctDNA(+) at C1D1 that clear ctDNA by C3D1 for 

atezolizumab arm (blue) and observation arm (red). b-e, Kaplan-Meier analyses showing 

different ctDNA dynamics from C1D1 to C3D1 including patients who were ctDNA(+) at C1D1 

and cleared ctDNA by C3D1 (Pos>Neg; light solid lines), patients who were ctDNA(+) at C1D1 

and did not clear ctDNA (Pos>Pos; light dashed lines), patients who were ctDNA(–) at C1D1 

and remained ctDNA(–) at C3D1 (Neg>Neg; dark solid lines), and patients who were ctDNA(–) 
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at C1D1 and became ctDNA(+) at C3D1 (Neg>Pos; dark dashed line), for b, DFS in the 

atezolizumab arm (blue colors), c, OS in the atezolizumab arm (blue colors), d, DFS in the 

observation arm (red colors), and e, OS in the observation arm (red colors).  

 

Figure 3 | Transcriptional correlates of ctDNA positivity, and biomarkers for response to 

atezolizumab within the ctDNA(+) population. a, Differential gene expression analysis 

showing genes associated with ctDNA positivity and ctDNA negativity. b, Hallmark gene set 

enrichment analysis showing pathways associated with ctDNA positivity (red) and ctDNA 

negativity (grey). c, Hallmark gene set enrichment analysis showing pathways associated with 

relapse (red) and non-relapse (blue). d, Forest plot for OS in ctDNA(+) population comparing 

atezolizumab versus observation in subgroups defined by established and/or putative immune 

biomarkers of response (PDL1, TMB, tGE3) and resistance (TBRs, Angiogenesis) to 

immunotherapy. MST refers to median survival time in months. e-i, Kaplan-Meier analyses for 

ctDNA(+) patients in the atezolizumab (blue) and observation (red) arms in subgroups defined 

by immune biomarkers of response to immunotherapy including e, PD-L1 by IHC, f, TMB from 

whole exome sequencing, g, tGE3 gene expression signature, and subgroups defined by immune 

biomarkers of resistance to immunotherapy including h, pan-TBRS gene expression signature, 

and i, angiogenesis gene expression signature. 

 

Figure 4 | TCGA subtypes and correlates of relapse. a, Heirarchical clustering in ctDNA 

biomarker evaluable population recapitulates TCGA subtypes for urothelial carcinoma. b-e, 

Kaplan-Meier analyses showing prognostic and/or predictive value of ctDNA status and TCGA 

subtype in in ctDNA biomarker evaluable population for b, Luminal papillary, c, Luminal 
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infiltrated, d, Luminal, and e, Basal-Squamous. f, Forest plot for OS comparing atezolizumab 

versus observation for TCGA subtypes in ctDNA(-) population (top half) and ctDNA(+) 

population (bottom half). MST refers to median survival time in months. g, Differential gene 

expression analysis in observation arm ctDNA(-) patients showing genes associated with relapse 

and non-relapse. h, Hallmark gene set enrichment analysis in observation arm ctDNA(-) patients 

showing pathways associated with relapse (red) and non-relapse (blue). i, Barplot in ctDNA(-) 

patients (arms combined) showing distribution of TCGA subtypes binned by relapse (left) or 

nonrelapse (right). j, Barplot in relapsing patients (arms combined) showing proportion of 

patients that are ctDNA() (red) and ctDNA() (blue) binned by either distant relapse or local 

relapse. 
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Extended Data Figure Legends 

Extended Data Figure 1 | 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 (KM) estimates comparing patients 
treated with atezolizumab (blue) to observation (red) for b, DFS in the ITT population, stratified 
for nodal status, PD-L1 status, and tumour stage, c, DFS in the ctDNA BEP population, stratified 
for nodal status, PD-L1 status, and tumour stage, d, interim OS in the ITT, stratified for nodal 
status, PD-L1 status, and tumour stage and e, interim OS in the ctDNA BEP population, 
stratified for nodal status, PD-L1 status, and tumour stage. Formal testing in IMvigor010 of OS 
survival as the secondary endpoint was not permitted based on the hierarchical study design; 
thus, the P value is for descriptive purposes only. Note that stratification factors in this analysis 
were chosen to match exactly those used in IMvigor010 primary clinical analysis.30  
 
Extended Data Figure 2 | Continuous ctDNA levels and clinical outcomes within ctDNA() 
patients. Only the observation arm is shown to demonstrate prognostic value of baseline ctDNA. 
a, Scatter plot showing ctDNA level as measured by sample mean mutant tumour molecules per 
mL of plasma (sample mean MTM) vs DFS in months. Solid points indicate an event, and empty 
points indicate censoring. b, Kaplan-Meier plot for DFS comparing patients with high ctDNA 
levels (blue, greater than or equal to median sample mean MTM) versus low ctDNA levels (red, 
less than the median sample mean MTM) c, Forest plot for DFS comparing patients with high 
versus low ctDNA levels using different quantile thresholds for splitting sample mean MTM, 
including a 10% quantile, 25% quantile, 50% (median) quantile, 75% quantile, and 90% 
quantile. d, Scatter plot showing OS in months (x-axis) versus ctDNA level as measured by 
sample mean MTM. Solid points indicate an event, and empty points indicate censoring. e, 
Kaplan-Meier plot for OS comparing patients with high ctDNA levels (dark red, greater than or 
equal to median sample mean MTM) versus low ctDNA levels (light red, less than the median 
sample mean MTM). f, Forest plot for OS comparing patients with high versus low ctDNA 
levels using different quantile thresholds for splitting ctDNA sample mean MTM, including a 
10% quantile, 25% quantile, 50% (median) quantile, 75% quantile, and 90% quantile.  
 
Extended Data Figure 3 | 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 2 surgeries. a, Scatter plot 
showing ctDNA levels (sample mean MTM) vs 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) and ctDNA positive (x-axis, right box plot) patients. No difference was found between the 
collection times for the ctDNA negative patients and ctDNA positive patients (Wilcoxon 
p=0.18). c, Bar plot showing the fraction of patients who were ctDNA positive (red 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 C1D. e, Histogram plot showing the distribution of 
durations between a C1D1 ctDNA(+) test and radiological relapse. 
 
Extended Data Figure 4 | Reductions in ctDNA levels occurred at a higher rate in the 
atezolizumab arm compared with the observation arm and were associated with 
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improvements in clinical outcome in the atezolizumab arm. Reduction is assessed in C1D1 
ctDNA+ patients in the C1/C3 BEP and is defined as a decrease in sample mean MTM from C1 
to C3 a, Proportion of patients who are ctDNA(+) at C1D1 that have reduced ctDNA by C3D1 
for the atezolizumab arm (blue) and the observation arm (red). b-e. Kaplan-Meier analyses 
comparing patients who have reduced ctDNA (reduction or clearance, dark blue or dark red) 
compared with those who have ctDNA levels that remain the same or increase (‘non-reduction’, 
light blue or light red) for b, DFS in the atezolizumab arm, c, DFS in the observation arm, d, OS 
in the atezolizumab arm, and e, OS in the observation arm.   
 
Extended Data Figure 5 | Patients who clear ctDNA with atezolizumab have better 
outcomes than patients who have reductions in ctDNA without clearance. 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 mean MTM from C1 to C3. Note that 
the scale for percent change goes from −100% (clearance) to infinity, where negative values 
indicate reductions, and positive values indicate increases. Kaplan-Meier analysis of a, DFS and 
c, OS wherein 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 b, DFS and d, comparing patients 
with reduction (anywhere from clearance (−100% change) to minor decreases in ctDNA (<0% 
change)) using different thresholds for percent change in sample mean MTM, including −100% 
change (reduction with clearance versus reduction without clearance), −50% change, −25% 
change, and −10% change. 
 
Extended Data Figure 6 | Forest plots for OS in subgroups defined by ctDNA status and 
clinical or immune features. Forestplots for OS in ctDNA populations comparing atezolizumab 
to observation including a, all ctDNA evaluable patients, b, ctDNA(–) patients, c, ctDNA(+) 
patients. Subgroups defined by baseline clinical features and tissue immune biomarkers 
including nodal status, tumor stage, prior neoadjuvant, PDL1 status by IHC, TMB status by 
WES, as well as transcriptomic signatures including tGE3, TBRs, Angiogenesis, and TCGA 
subtypes. MST refers to median survival time in months. 
 
Extended Data Figure 7 | Forest plots for DFS in subgroups defined by ctDNA status and 
clinical or immune features. Forestplots for OS in ctDNA populations comparing atezolizumab 
to observation including a, all ctDNA evaluable patients, b, ctDNA(–) patients, c, ctDNA(+) 
patients. Subgroups defined by baseline clinical features and tissue immune biomarkers 
including nodal status, tumor stage, prior neoadjuvant, PDL1 status by IHC, TMB status by 
WES, as well as transcriptomic signatures including tGE3, TBRs, Angiogenesis, and TCGA 
subtypes. MST refers to median survival time in months. 
 
Extended Data Figure 8 | Exploring predictive biomarkers for response to atezolizumab in 
ctDNA(+) populations. a-e, Kaplan-Meier analyses for ctDNA(+) patients in the atezolizumab 
(blue) and observation (red) arms in subgroups defined by immune biomarkers of response to 
immunotherapy including a, PD-L1 by IHC, b, TMB from whole exome sequencing, c, tGE3 
gene expression signature, and subgroups defined by immune biomarkers of resistance to 
immunotherapy including d, pan-TBRS gene expression signature, and e, angiogenesis gene 
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expression signature. f, Hallmark gene set enrichment analysis in ctDNA+ patients in the 
observation arm comparing non-relapsers (blue) to relapsers (red).  
 
Extended Data Figure 9 | Tissue biomarkers in ctDNA() patients. Kaplan-Meier curves for 
ctDNA() patients for DFS (left) and OS (right) for PDL1 status by IHC, TMB status by WES, 
and transcriptomic signatures including tGE3, TBRs, and Angiogenesis. 
 
 
Extended Data Figure 10 | Triple positive patients (ctDNA+/PDL1+/TMB+) have improved 
outcomes with atezolizumab compared to observation. Patients shown are those who are 
ctDNA+ at baseline and evaluable for ctDNA and TMB status. ‘Triple positive’ is defined as 
ctDNA+/TMB+/PDL1+, whereas ‘not triple positive’ is defined as those who are either single 
positive (ctDNA+) or double positive with ctDNA (ctDNA+ and either TMB+ or PDL1+). 
Kaplan-Meier estimates are shown for a, DFS in triple-positive patients, b, DFS in non–triple-
positive patients, c, OS in triple-positive patients, and d, OS in non–triple-positive patients. 
 
Extended Data Figure 11 | TCGA subgroups and DFS Kaplan-Meier analyses. (a) TCGA 
subgroups are similarly distributed in ctDNA and ctDNA populations. (b) TCGA subgroup 
distribution is associated with PDL1 status. (c-f) Kaplan-Meier analyses for DFS showing 
ctDNA+ (dark colors) and ctDNA (light colors) patients on atezolizumab (blue) and 
observation (red) for TCGA subgroups. (g-h) Kaplan-Meier analyses for DFS and OS in 
neuronal TCGA subgroup.   
 
   



Powles T, et al.   Extended Data 

 Page 38 of 48 

Extended Data Tables 

Extended Data Table 1 | Comparison of baseline characteristics in the intention-to-treat and Cycle 1 Day 1 biomarker-evaluable 
populations

Characteristic Intention-to-Treat Population Biomarker-Evaluable Population 

 Atezolizumab  

(n=406) 

Observation 

 (n=403) 

Atezolizumab 

 (n=300) 

Observation  

 (n=281) 

Median age (range) — yr 67 (31–86) 66 (22–88) 67 (31–85) 66 (37–88) 

Race — no. (%)     

    White  320 (78.8%) 307 (76.2%) 242 (80.7%) 220 (78.3%) 

    Asian 64 (15.8%) 68 (16.9%) 42 (14.1%) 42 (15.0%) 

    Black or African American 3 (0.7%) 3 (0.7%) 2 (0.7%) 1 (0.4%) 

    Other  6 (1.5%) 4 (1.0%) 6 (2.0%) 3 (1.1%) 

    Unknown 12 (3.0%) 21 (5.2%) 7 (2.3%) 15 (5.3%) 

Sex — no. (%)     

    Female 84 (20.7%) 87 (21.6%) 67 (22.3%) 62 (21.4%) 

    Male 322 (79.3%) 316 (78.4%) 233 (77.7%) 221 (78.7%) 

Baseline Eastern Cooperative Oncology Group 
performance score — no. (%) 

  

    0 248 (61.1%) 259 (64.3%) 188 (62.7%) 183 (65.1%) 

    1 142 (35.0%) 130 (32.3%) 99 (33.0%) 88 (31.3%) 

    2 16 (3.9%) 14 (3.5%) 13 (4.3%) 10 (3.6%) 

Primary tumour site — no. (%)     

    Muscle-invasive bladder cancer 377 (92.9%) 378 (93.8%) 278 (92.7%) 260 (92.5%) 

    Upper tract urothelial carcinoma 29 (7.1%) 25 (6.2%) 22 (7.3%) 21 (7.4%) 

Tumour stage — no. (%)     

    <PT2/PT2 104 (25.6%) 101 (25.1%) 77 (25.7%) 71 (25.3%) 

    PT3/PT4 302 (74.4%) 302 (74.9%) 223 (74.3%) 210 (74.7%) 

Prior neoadjuvant or adjuvant treatment 
— no. (%) 

   

    No 210 (51.7%) 214 (53.1%) 154 (51.3%) 147 (52.3%) 

    Yes 196 (48.3%) 189 (46.9%) 146 (48.7%) 134 (47.7%) 

PD-L1 status* — no. (%)     

    IC0/1: PD-L1(–) 210 (51.7%) 207 (51.4%) 160 (53.3%) 145 (51.9%) 

    IC2/3: PD-L1(+) 196 (48.3%) 196 (48.6%) 140 (46.7%) 136 (48.1%) 

Lymph nodes — no. (%)     

    <10 95 (23.4%) 94 (23.3%) 65 (21.7%) 62 (22.1%) 

    ≥10  311 (76.6%) 309 (76.7%) 235 (78.3%) 219 (77.9%) 

Nodal status — no. (%)     

    Negative 194 (47.8%) 195 (48.4%) 145 (48.3%) 133 (47.3%) 

    Positive  212 (52.2%) 208 (51.6%) 155 (51.7%) 148 (52.7%) 

Median TMB (range), mut/mb 6.89 (0.51–268.80)† 7.05 (0.41–262.63)‡ 6.75 (0.51–52.73) 7.02 (0.41–73.52) 

* Per VENTANA SP142 immunohistochemistry assay. †Eighty-five patients had missing data. ‡One hundred nine patients had missing data.
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Extended Data Table 2 | Comparison of baseline characteristics between treatment arms in the C1D1 biomarker–evaluable population 
(BEP) 

n (%)  Atezolizumab  
(n=300) 

Observation  
(n=281) 

P value 

Cycle 1 Day 1 ctDNA status — no. (%)   0.39 

    Negative 184 (61.3%) 183 (65.1%)  

    Positive  116 (38.7%) 98 (34.9%)  

Median age (range) — yr 67 (31–85) 66 (37–88) 0.89 

Race — no. (%)   0.31 

    White  242 (80.7%) 220 (78.3%)  

    Asian 42 (14.0%) 42 (1.50%)  

    Black or African American 2 (0.7%) 1 (0.4%)  

    Other  6 (2.0%) 3 (1.1%)  

    Unknown 7 (2.3%) 15 (5.3%)  

Sex — no. (%)   0.84 

    Female 67 (22.3%) 60 (21.4%)  

    Male 233 (77.7%) 221 (78.7%)  

Baseline Eastern Cooperative Oncology Group performance score — no. (%) 0.79 

    0 188 (62.7%) 183 (65.1%)  

    1 99 (33.0%) 88 (31.3%)  

    2 13 (4.3%) 10 (3.6%)  

Primary tumour site — no. (%)   >0.99 

    Muscle-invasive bladder cancer 278 (92.7%) 260 (92.5%)  

    Upper tract urothelial carcinoma 22 (7.3%) 21 (7.5%)  

Tumour stage — no. (%)   0.92 

    <PT2/PT2 77 (25.7%) 71 (25.3%)  

    PT3/PT4 223 (74.3%) 210 (74.7%)  

Prior neoadjuvant or adjuvant treatment — no. (%)   0.87 

    No 154 (51.3%) 147 (52.3%)  

    Yes 146 (48.7%) 134 (47.7%)  

PD-L1 status* — no. (%)   0.68 

    IC0/1: PD-L1(–) 160 (53.3%) 145 (51.6%)  

    IC2/3: PD-L1(+) 140 (46.7%) 136 (48.4%)  

Lymph nodes — no. (%)   0.92 

    <10 65 (21.7%) 62 (22.1%)  

    ≥10  235 (78.3%) 219 (77.9%)  

Nodal status — no. (%)   0.87 

    Negative 145 (48.3%) 133 (47.3%)  

    Positive  155 (51.7%) 148 (52.7%)  

Median TMB (range), mut/Mb 6.75 (0.51–52.73) 7.02 (0.41–73.52) 0.45 

* Per VENTANA SP142 immunohistochemistry assay. 
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Extended Data Table 3 | DFS and OS: ctDNA(+) vs ctDNA(–) for atezolizumab and observation arms 

Model  DFS HR (95% CI)   OS HR (95% CI) No. of patients 

Atezolizumab arm: C1D1 ctDNA(+) vs C1D1 ctDNA(–) 
ctDNA(–): 184 
ctDNA(+): 116 
Total: 300 

Univariate*  3.36 (2.44–4.62)   3.63 (2.34–5.64)    

IMvigor010 primary†  3.56 (2.51–5.04)   4.19 (2.61–6.73)    

Multivariate‡  3.39 (2.43–4.47)   4.08 (2.57–6.47)    

Observation: C1D1 ctDNA(+) vs C1D1 ctDNA(–) 
ctDNA(–): 183 
ctDNA(+): 98 
Total: 281 

Univariate  6.30 (4.45–8.92)   8.00 (4.92–12.99)    

IMvigor010 primary 6.27 (4.32–9.09)   8.08 (4.83–13.51)    

Multivariate  6.19 (4.29–8.91)   7.92 (4.81–13.05)    

Atezolizumab arm: C3D1 ctDNA(+) vs C3D1 ctDNA(–) 
ctDNA(–): 170 
ctDNA(+): 93 
Total: 263 

Univariate 5.24 (3.68–7.45)   6.00 (3.6–10.00)    

IMvigor010 primary 5.87 (3.99–8.63)   7.35 (4.26–12.69)    

Multivariate 5.37 (3.73–7.74)   6.94 (4.08–11.82)    

Observation arm: C3D1 ctDNA(+) vs C3D1 ctDNA(–) 
ctDNA(–): 129 
ctDNA(+): 93 
Total: 222 

Univariate  8.65 (5.67–13.18)   12.74 (6.26–25.93)    

IMvigor010 primary 8.10 (5.15–12.76)   12.07 (5.63–25.86)    

Multivariate 8.36 (5.35–13.07) 11.80 (5.67–24.48)    

C1D1 ctDNA status based on C1D1 BEP. C3D1 ctDNA status based on C1/C3 BEP. 
* Univariate Cox proportional-hazard model was prespecified in ctDNA statistical analysis plan. † Stratified Cox proportional-hazards model was used for 
IMvigor010 primary analysis. Stratification factors were: nodal status (+ or –), PD-L1 status (IC0/1 or IC2/3), and tumour stage (≤ pT2 or pT3/4). ‡ Multivariable Cox 
proportional-hazards regression analysis was prespecified in ctDNA statistical analysis plan. Stratification factors were: nodal status (+ or –), PD-L1 status (IC0/1 or 
IC2/3), tumour stage (≤ pT2 or pT3/4), prior neoadjuvant chemotherapy (yes or no), and number of lymph nodes (<10 or ≥10).  
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Extended Data Table 4 | Prognostic factors associated with ctDNA status at C1D1. 

n (%)  ctDNA(+)   

(n=214) 

ctDNA(–) 

 (n=367) 

P value 

Median age (range) — yr 67 (32-88) 66 (31-85) 0.30 

Race — no. (%)   0.31 

    White  172 (80.4%) 290 (79.0%)  

    Asian 27 (12.6%) 57 (15.5%)  

    Black or African American 0 3 (0.8%)  

    Other  3 (1.4%) 6 (1.6%)  

    Unknown 12 (5.6%) 10 (2.7%)  

Sex — no. (%)   0.30 

    Female 52 (24.3%) 75 (20.4%)  

    Male 162 (75.7%) 292 (79.6%)  

Baseline Eastern Cooperative Oncology Group performance score — no. (%) 0.30 

    0 135 (63.1%) 236 (64.3%)  

    1 67 (31.3%) 120 (32.7%)  

    2 12 (5.6%) 11 (3.0%)  

Primary tumour site — no. (%)   0.87 

    Muscle-invasive bladder cancer 199 (93.0%) 339 (92.4%)  

    Upper tract urothelial carcinoma 15 (7.0%) 28 (7.6%)  

Tumour stage — no. (%)   0.09 

    <PT2/PT2 46 (21.5%) 102 (27.8%)  

    PT3/PT4 168 (78.5%) 265 (72.2%)  

Prior neoadjuvant or adjuvant treatment — no. (%)  >0.99 

    No 111 (51.9%) 190 (51.8%)  

    Yes 103 (48.1%) 177 (48.2%)  

PD-L1 status* — no. (%)   >0.99 

    PD-L1(–)† 112 (52.3%) 193 (52.6%)  

    PD-L1(+)‡ 102 (47.7%) 174 (47.4%)  

Lymph nodes — no. (%)   >0.99 

    <10 47 (22.0%) 80 (21.8%)  

    ≥10  167 (78.0%) 287 (78.2%)  

Nodal status — no. (%)   <0.001 

    Negative 70 (32.7%) 208 (56.7%)  

    Positive  144 (67.3%) 159 (43.3%)  

Median TMB (range), mut/mb 7.09 (0.41–44.62) 6.63 (0.61–73.52) 0.36 

Baseline prognostic factors were studied for association with ctDNA status at C1D1, and nodal positivity was found to correlate with ctDNA positivity. No other 
features were significantly associated with ctDNA positivity. 
* Per VENTANA SP142 immunohistochemistry assay. † PD-L1(–) defined by IC0/1 status: PD-L1–expressing immune cells covering <5% of the tumour area.‡ PD-
L1(+) defined by IC2/3 status: PD-L1–expressing immune cells covering ≥5% of the tumour area. 
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Extended Data Table 5 | Balance of baseline characteristics between arms within ctDNA+ population 

  Atezolizumab 
(n=116) 

Observation  
(n=98) 

P value  

Median age (range) — yr 67 (32–83) 68 (37–88) 0.58 
Race — no. (%) 

Asian 16 (13.8%) 11 (11.2%)  0.41 
Other 1 (0.9%) 2 (2.0%)   
Unknown 4 (3.4%) 8 (8.2%)   
White 95 (81.9%) 77 (78.6%)   

Sex — no. (%)   >0.99 
Female  28 (24.1%) 24 (24.5%)  
Male 88 (75.9%) 74 (75.5%)   

Baseline Eastern Cooperative Oncology Group performance score — no. (%) 0.38 
0 71 (61.2%) 64 (65.3%)   
1 36 (31.0%) 31 (31.6%)   
2 9 (7.8%) 3 (3.1%)   

Primary tumour site — no. (%)   0.42 
Muscle-invasive bladder cancer 106 (91.4%) 93 (94.9%)  
Upper tract urothelial carcinoma 10 (8.6%) 5 (5.1%)   

Tumour stage — no. (%)NA's   0.87 
<PT2/PT2 24 (20.7%) 22 (22.4%)  
PT3/PT4 92 (79.3%) 76 (77.6%)   

Prior neoadjuvant therapy — no. (%)   0.34 
NO 64 (55.2%) 47 (48.0%)   
YES 52 (44.8%) 51 (52.0%)   

PD-L1 status — no. (%)   0.07 
IC0/1: PD-L1(–) 54 (46.6%) 58 (59.2%)   
IC2/3: PD-L1(+) 62 (53.4%) 40 (40.8%)   

Lymph nodes — no. (%)   >0.99 
<10 25 (21.6%) 22 (22.4%)   
≥10 91 (78.4%) 76 (77.6%)   

Nodal status — no. (%)   0.46 
Negative 35 (30.2%) 35 (35.7%)   
Positive  81 (69.8%) 63 (64.3%)   

TMB status   >0.99 
TMB_high 37 (31.9%) 32 (32.7%)   
TMB_low 79 (68.1%) 66 (67.3%)   

  Atezolizumab  
(n=114) 

Observation  
(n=98) 

P value 
 

tGE3 — no. (%)   0.13 
High 63 (55.3%) 43 (43.9%)   
Low 51 (44.7%) 55 (56.1%)   

TBRS — no. (%)   0.41 
High 52 (45.6%) 51 (52.0%)   
Low 62 (54.4%) 47 (48.0%)   

TCGA subtype — no. (%)   0.39 
Basal-squamous 44 (38.6%) 32 (32.7%)   
Luminal 12 (10.5%) 11 (11.2%)   
Luminal-infiltrated 24 (21.1%) 32 (32.7%)   
Luminal-papillary 32 (28.1%) 22 (22.4%)   
Neuronal 2 (1.8%) 1 (1.0%)   

Angiogenesis — no. (%)   0.68 
High 54 (47.4%) 50 (51.0%)   
Low 60 (52.6%) 48 (49.0%)   

* Per VENTANA SP142 immunohistochemistry assay. 
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Extended Data Table 6 | DFS and OS: atezolizumab vs observation based on C1D1 ctDNA status 

Model  DFS HR (95% CI)   OS HR (95% CI) No. of patients 

C1D1 ctDNA(+) subgroup: Atezolizumab vs observation 
Atezolizumab: 116 
Observation: 98 
Total: 214 

Univariate*  0.59 (0.41–0.86)   

IMvigor010 primary†  0.57 (0.41–0.79)  0.58 (0.39–0.85)   

Multivariate‡  0.56 (0.41–0.77)  0.58 (0.40–0.86)   

C1D1 ctDNA(–) subgroup: Atezolizumab vs observation 

Atezolizumab: 184 
Observation: 183 
Total: 367 
 

Univariate  1.31 (0.77–2.23)   

IMvigor010 primary 1.07 (0.75–1.53)  1.22 (0.71–2.09)   

Multivariate  1.07 (0.75–1.52)  1.22 (0.71–2.08)   

* Univariate Cox proportional-hazard model was prespecified in ctDNA statistical analysis plan. † Stratified Cox proportional-hazards model was used for 
IMvigor010 primary analysis. Stratification factors were: nodal status (+ or –), PD-L1 status (IC0/1 or IC2/3), and tumour stage (≤ pT2 or pT3/4). ‡ Multivariable Cox 
proportional-hazards regression analysis was prespecified in ctDNA statistical analysis plan. Stratification factors were: nodal status (+ or –), PD-L1 status (IC0/1 or 
IC2/3), tumour stage (≤ pT2 or pT3/4), prior neoadjuvant chemotherapy (yes or no), and number of lymph nodes (<10 or ≥10).  
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Extended Data Table 7 | Comparison of baseline characteristics in the ITT and C1/C3 biomarker-evaluable populations* 

Characteristic ITT Population C1/C3 BEP 

 Atezolizumab  

(n=406) 

Observation 

 (n=403) 

Atezolizumab 

 (n=263) 

Observation  

 (n=222) 

Median age (range) — yr 67 (31–86) 66 (26–88) 67 (31–85) 66 (37–88) 

Race — no. (%)     

    White  320 (78.8%) 307 (76.2%) 208 (79.1%) 169 (76.1%) 

    Non-White 86 (21.2%) 96 (23.8%) 55 (20.9%) 53 (23.9%) 

Sex — no. (%)     

    Female  84 (20.7%) 87 (21.6%) 60 (22.8%) 51 (23.0%) 

    Male 322 (79.3%) 316 (78.4%) 203 (77.2%) 171 (77.0%) 

Baseline Eastern Cooperative Oncology Group 
performance score — no. (%) 

  

    0 248 (61.1%) 259 (64.3%) 168 (63.9%) 147 (66.2%) 

    1 142 (35.0%) 130 (32.3%) 85 (32.3%) 66 (29.7%) 

    2 16 (3.9%) 14 (3.5%) 10 (3.8%) 9 (4.1%) 

Primary tumour site — no. (%)     

    Muscle-invasive bladder cancer 377 (92.9%) 378 (93.8%) 244 (92.8%) 204 (91.9%) 

    Upper tract urothelial carcinoma 29 (7.4%) 25 (6.2%) 19 (7.2%) 18 (8.1%) 

Tumour stage — no. (%)     

    <PT2/PT2 104 (25.6%) 101 (25.1%) 70 (26.6%) 56 (25.2%) 

    PT3/PT4 302 (74.38%) 302 (74.94%) 193 (73.38%) 166 (74.77%) 

Prior neoadjuvant or adjuvant 
treatment — no. (%) 

   

    No 210 (51.7%) 214 (53.1%) 134 (51.0%) 115 (51.8%) 

    Yes 196 (48.3%) 189 (46.9%) 129 (49.1%) 107 (48.2%) 

PD-L1 status† — no. (%)     

    IC0/1: PD-L1(–) 210 (51.7%) 207 (51.4%) 143 (54.4%) 116 (52.3%) 

    IC2/3: PD-L1(+) 196 (48.3%) 196 (48.6%) 120 (45.6%) 106 (47.8%) 

Lymph nodes — no. (%)     

    <10 95 (23.4%) 94 (23.3%) 55 (20.9%) 48 (21.6%) 

    ≥10  311 (76.6%) 309 (76.7%) 208 (79.1%) 174 (78.4%) 

Nodal status — no. (%)     

    Negative 194 (47.8%) 195 (48.4%) 128 (48.7%) 101 (45.5%) 

    Positive  212 (52.2%) 208 (51.6%) 135 (51.3%) 121 (54.5%) 

*Patients had ctDNA samples at C1 and C3. † Per VENTANA SP142 immunohistochemistry assay. 
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Extended Data Table 8 | Comparison of baseline characteristics between treatment arms in the C1/C3 BEP 

n (%)  Atezolizumab  

(n=263) 

Observation 

 (n=222) 

P value 

ctDNA status at C1D1   0.71 

    Negative 164 (62.4%) 143 (64.4%)  

    Positive  99 (37.6%) 79 (35.6%)  

Median age (range) — yr 66 (31–85) 66 (37–88) 0.59 

Race — no. (%)   0.24 

    White  208 (79.1%) 169 (76.1%)  

    Asian 40 (15.2%) 38 (17.1%)  

    Black or African American 2 (0.8%) 0  

American Indian or Alaska Native 1 (0.4%) 0  

    Other  6 (2.3%) 3 (1.4%)  

    Unknown 6 (2.3%) 12 (5.4%)  

Sex — no. (%)   >0.99 

    Female  60 (22.8%) 51 (23.0%)  

    Male 203 (77.2%) 171 (77.0%)  

Baseline Eastern Cooperative Oncology Group performance score — no. (%)  0.84 

    0 168 (63.9%) 147 (66.2%)  

    1 85 (32.3%) 66 (29.7%)  

    2 10 (3.8%) 9 (4.1%)  

Primary tumour site — no. (%)   0.73 

    Muscle-invasive bladder cancer 244 (92.8%) 204 (91.9%)  

    Upper tract urothelial carcinoma 19 (7.2%) 18 (8.1%)  

Tumour stage — no. (%)   0.76 

    <PT2/PT2 70 (26.6%) 56 (25.2%)  

    PT3/PT4 193 (73.4%) 166 (74.8%)  

Prior neoadjuvant or adjuvant treatment — no. (%)   0.86 

    No 134 (51.0%) 115 (51.8%)  

    Yes 129 (49.1%) 107 (48.2%)  

PD-L1 status* — no. (%)   0.65 

    IC0/1: PD-L1(–) 143 (54.4%) 116 (52.3%)  

    IC2/3: PD-L1(+) 120 (45.6%) 106 (47.8%)  

Lymph nodes — no. (%)   0.91 

    <10 55 (20.9%) 48 (21.6%)  

    ≥10  208 (79.1%) 174 (78.4%)  

Nodal status — no. (%)   0.52 

    Negative 128 (48.7%) 101 (45.5%)  

    Positive  135 (51.3%) 121 (54.5%)  

Median TMB (range), mut/Mb 6.45 (0.51–52.73) 7.05 (0.41–73.52)  

* Per VENTANA SP142 immunohistochemistry assay. 
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Extended Data Table 9 | DFS and OS: ctDNA clearance vs non-clearance for atezolizumab and observation arms 

Model  DFS HR (95% CI)   OS HR (95% CI) No. of patients 

Atezolizumab arm: Clearance vs no clearance 
Clearance: 18 
No clearance: 81 
Total: 99 

Univariate*  0.26 (0.12–0.56)  0.41 (0.1–1.70)   

IMvigor010 primary†  0.35 (0.16–0.78)  0.51 (0.12–2.19)   

Multivariate‡  0.32 (0.14–0.71)  0.42 (0.10–1.79)   

Observation arm: Clearance vs no clearance 
Clearance: 3 
No clearance: 76 
Total: 79 

Univariate  0.14 (0.03–0.59)  0.66 (0.09–4.81)   

IMvigor010 primary 0.17 (0.04–0.73)  1.15 (0.14–9.41)   

Multivariate  0.17 (0.04–0.72)  1.17 (0.15–9.08)   

Analysis based on patients with C1D1 ctDNA(+) status. * Univariate Cox proportional-hazard model was prespecified in ctDNA statistical analysis plan. † Stratified 
Cox proportional-hazards model was used for IMvigor010 primary analysis. Stratification factors were: nodal status (+ or –), PD-L1 status (IC0/1 or IC2/3), and 
tumour stage (≤ pT2 or pT3/4). ‡ Multivariable Cox proportional-hazards regression analysis was prespecified in ctDNA statistical analysis plan. Stratification factors 
were: nodal status (+ or –), PD-L1 status (IC0/1 or IC2/3), tumour stage (≤ pT2 or pT3/4), prior neoadjuvant chemotherapy (yes or no), and number of lymph nodes 
(<10 or ≥10).  
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Extended Data Table 10 | DFS and OS: TMB(+) vs TMB(–) within arms, atezolizumab vs observation with TMB subgroups, and 
atezolizumab vs observation within subgroups defined by combinations of TMB/ ctDNA status at C1D1 

Model  DFS HR (95% CI) OS HR (95% CI) No. of patients 

Atezolizumab Arm: TMB(–) vs TMB(+)   
TMB(–): 207 
TMB(+): 93 
Total: 300 

Univariate*  1.55 (1.08–2.22)  1.62 (0.99–2.66)   

IMvigor010 primary†  1.44 (0.98–2.12)  1.56 (0.93–2.62)   

Multivariate‡  1.36 (0.92–2)  1.48 (0.88–2.48)   

Observation Arm: TMB(–) vs TMB(+)    
TMB(–): 181 
TMB(+):100 
Total: 281 

Univariate  1.35 (0.95–1.93)  1.62 (0.99–2.65)   

IMvigor010 primary 1.19 (0.82–1.72)  1.51 (0.91–2.52)   

Multivariate  1.22 (0.84–1.76)  1.46 (0.88–2.43)   

TMB(+) subgroup: Atezolizumab vs observation  
Atezolizumab: 93 
Observation: 100 
Total: 198 

Univariate 0.84 (0.55–1.28)  0.92 (0.50–1.67)   

IMvigor010 primary 0.85 (0.54–1.34)  0.86 (0.46–1.61)   

Multivariate 0.89 (0.57–1.38)  0.95 (0.52–1.75)   

TMB(–) subgroup: Atezolizumab vs observation  
Atezolizumab: 207 
Observation: 181 
Total: 388 

Univariate  0.94 (0.72–1.23)  0.91 (0.64–1.30)   

IMvigor010 primary 0.89 (0.68–1.17)  0.91 (0.63–1.30)   

Multivariate  0.89 (0.68–1.17)  0.90 (0.63–1.29)   

C1D1 ctDNA(+)/TMB(+) subgroup: Atezolizumab vs observation 
Atezolizumab: 37 
Observation: 32 
Total: 69 

Univariate  0.47 (0.22–0.99)  

IMvigor010 primary   0.29 (0.12–0.70)  

Multivariate   0.39 (0.17–0.89)  

C1D1 ctDNA(+)/TMB(–) subgroup: Atezolizumab vs observation 
Atezolizumab: 79 
Observation: 66 
Total: 145 

Univariate  0.63 (0.40–0.97)   

IMvigor010 primary  0.68 (0.44–1.07)   

Multivariate  0.65 (0.42–1.01)   

C1D1 ctDNA(–)/TMB(+) subgroup: Atezolizumab vs observation 
Atezolizumab: 57 
Observation: 68 
Total: 125 

Univariate   1.54 (0.53–4.45)   

IMvigor010 primary  1.51 (0.44–5.17)   

Multivariate   1.73 (0.56–5.36)   

C1D1 ctDNA(–)/TMB(–) subgroup: Atezolizumab vs observation 
Atezolizumab: 128 
Observation: 115 
Total: 243 

Univariate  1.03 (0.69–1.54)  1.19 (0.64–2.20)  

IMvigor010 primary 0.99 (0.65–1.49)  1.19 (0.63–2.23)   

Multivariate  0.94 (0.63–1.42 ) 1.15 (0.62–2.13)   

* Univariate Cox proportional-hazard model was prespecified in ctDNA statistical analysis plan. † Stratified Cox proportional-hazards model was used for 
IMvigor010 primary analysis. Stratification factors were: nodal status (+ or –), PD-L1 status (IC0/1 or IC2/3), and tumour stage (≤ pT2 or pT3/4). ‡ Multivariable Cox 
proportional-hazards regression analysis was prespecified in ctDNA statistical analysis plan. Stratification factors were: nodal status (+ or –), PD-L1 status (IC0/1 or 
IC2/3), tumour stage (≤ pT2 or pT3/4), prior neoadjuvant chemotherapy (yes or no), and number of lymph nodes (<10 or ≥10).  
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Extended Data Table 11 | DFS and OS: PD-L1(+) vs PD-L1(–) within arms, atezolizumab vs observation within PD-L1 subgroups, and 
atezolizumab vs observation within subgroups defined by combination of PD-L1/ctDNA at C1D1 

Model  DFS HR (95% CI) OS HR (95% CI) No. of patients 

Atezolizumab Arm: PD-L1(+) vs PD-L1(–)   
PD-L1(+): 140 
PD-L1(–): 160 
Total: 300 

Univariate*  0.72 (0.52–0.99)  0.65 (0.42–1.01)   

IMvigor010 primary†  0.73 (0.53–1.01)  0.64 (0.42–1.00)   

Multivariate‡  0.76 (0.55–1.04)  0.68 (0.44–1.05)   

Observation Arm: PD-L1(+) vs PD-L1(–)   
PD-L1(+): 126 
PD-L1(–): 145 
Total: 271 

Univariate  0.54 (0.38–0.75)  0.59 (0.38–0.93)   

IMvigor010 primary 0.55 (0.39–0.78)  0.59 (0.37–0.93)   

Multivariate  0.56 (0.40–0.80)  0.60 (0.38–0.95)   

PD-L1(+) subgroup: Atezolizumab vs observation  
Atezolizumab: 140 
Observation: 136 
Total: 276 

Univariate 1.09 (0.76–1.56)  0.99 (0.61–1.60)   

IMvigor010 primary 1.05 (0.73–1.51)  0.92 (0.57–1.50)   

Multivariate 1.06 (0.74–1.52)  0.95 (0.59–1.55)   

PD-L1(–) subgroup: Atezolizumab vs observation  
Atezolizumab: 160 
Observation: 145 
Total: 305 

Univariate  0.79 (0.59–1.07)  0.87 (0.59–1.28)   

IMvigor010 primary 0.78 (0.58–1.05)  0.87 (0.59–1.29)   

Multivariate  0.79 (0.59–1.06)  0.87 (0.59–1.29)   

C1D1 ctDNA(+)/PD-L1 (+) subgroup: Atezolizumab vs observation 
Atezolizumab: 62 
Observation: 40 
Total: 102 

Univariate 0.52 (0.33–0.82)  0.46 (0.26–0.82)   

IMvigor010 primary  0.50 (0.31–0.80)  0.45 (0.25–0.80)   

Multivariate 0.49 (0.30–0.78)  0.45 (0.25–0.79)   

C1D1 ctDNA(+)/PD-L1 (–) subgroup: Atezolizumab vs observation 
Atezolizumab: 54 
Observation: 58 
Total: 112 

Univariate 0.70 (0.46–1.06)  0.79 (0.48–1.3)   

IMvigor010 primary 0.64 (0.42–0.98)  0.71 (0.42–1.18)   

Multivariate 0.63 (0.41–0.97)  0.75 (0.45–1.25)   

C1D1 ctDNA(–)/PD-L1 (+) subgroup: Atezolizumab vs observation 
Atezolizumab: 78 
Observation: 96 
Total: 174 

Univariate  1.23 (0.67–2.26)  1.38 (0.53–3.57)   

IMvigor010 primary 1.35 (0.73–2.49)  1.44 (0.55–3.80)   

Multivariate  1.33 (0.72–2.45)  1.51 (0.58–3.96)   

C1D1 ctDNA(–)/PD-L1(–) subgroup: Atezolizumab vs observation 
Atezolizumab: 106 
Observation: 87 
Total: 193 

Univariate  0.96 (0.63–1.48)  1.10 (0.58–2.09)   

IMvigor010 primary 0.96 (0.62–1.47)  1.13 (0.59–2.16)   

Multivariate  0.98 (0.64–1.50)  1.11 (0.58–2.11)   

* Univariate Cox proportional-hazard model was prespecified in ctDNA statistical analysis plan. † Stratified Cox proportional-hazards model was used for 
IMvigor010 primary analysis. Stratification factors were: nodal status (+ or –) and tumour stage (≤ pT2 or pT3/4); in this subgroup analysis defined by PD-L1 status, 
PD-L1 status was not included as a stratification factor. ‡ Multivariable Cox proportional-hazards regression analysis was prespecified in ctDNA statistical analysis 
plan. Stratification factors were: nodal status (+ or –), tumour stage (≤ pT2 or pT3/4), prior neoadjuvant chemotherapy (yes or no), and number of lymph nodes (<10 
or ≥10); in this subgroup analysis defined by PD-L1 status, PD-L1 status was not included as a stratification factor. 



Disease-free survival by ctDNA status Overall survival by ctDNA status

+++
++++

+++++++++++++++++++++++ +++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++ +

+ +++++
+ + +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++

+

+

+ ++++ +++
+

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
Months

184 144 85 44 5 0
183 140 90 46 6 0

98 17 10 5 1 0

P
ro

ba
bi

lit
y 

of
 d

is
ea

se
-fr

ee
 s

ur
vi

va
l

ctDNA(−): 63%
HR=1.07 (0.75-1.52)
p=0.7048 

ctDNA(+): 37%
HR=0.56 (0.41-0.77)  
p=0.0003

+++++ ++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++++++++++++ +

+ ++++ + +++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++++++++

+
+++++++

++++ + +++++++++++++ ++ +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
Months

184 174 129 57 10 0
183 170 130 65 7 0

98 54 24 11 1 0

P
ro

ba
bi

lit
y 

of
 o

ve
ra

ll 
su

rv
iv

al

ctDNA(−): 63%
HR=1.22 (0.71-2.08)  
p=0.4729 

ctDNA(+) : 37%
HR=0.58 (0.40-0.86)  
p=0.0063

Observation
Atezolizumab

Observation

No. at risk

ctDNA(+)

ctDNA(−)
Observation
Atezolizumab

Observation

No. at risk

ctDNA(+)

ctDNA(−)

+

++ +
++ + ++ ++

+++++++++++++ + + +

116 48 25 13 2 0

++
+

+
+++++++++++++++++++++++++++++++++++++++++++++++++ ++ + ++

116 88 55 25 4 0Atezolizumab Atezolizumab

Figure 1

a b

c d

e

DFS
Subgroup

Biomarker eval. pop.

Nodal_status
  negative
  positive

Tumor_stage
  <=T2
  T3/4

Prior_neoadj
  yes
  no

PDL1
  low
  high

TMB
  low
  high

tGE3
  low
  high

ctDNA_status
  negative
  positive

No. of Patients (%)

581 (100)

278 (47.8)
303 (52.2)

148 (25.5)
433 (74.5)

280 (48.2)
301 (51.8)

305 (52.5)
276 (47.5)

388 (66.8)
193 (33.2)

286 (49.9)
287 (50.1)

367 (63.2)
214 (36.8)

MST
Atezo
19.38

NR
13.93

NR
16.79

23.13
16.66

16.59
25.82

16.62
NR

14.92
NR

NR
5.91

MST
Obs

19.58

NR
11.17

NR
14.19

22.11
19.55

11.14
NR

17.38
32.46

11.1
NR

NR
4.4

HR

0.89 (0.71−1.12)

0.92 (0.63−1.34)
0.86 (0.65−1.15)

1.17 (0.7−1.93)
0.84 (0.65−1.08)

0.83 (0.59−1.15)
0.95 (0.69−1.3)

0.79 (0.59−1.06)
1.06 (0.74−1.52)

0.89 (0.68−1.17)
0.89 (0.57−1.38)

0.79 (0.58−1.06)
0.97 (0.67−1.4)

1.07 (0.75−1.52)
0.56 (0.41−0.77)

P Value

0.3324

0.6555
0.3193

0.5479
0.1703

0.2542
0.7423

0.1212
0.7492

0.4004
0.5924

0.1157
0.8762

0.7048
0.0003

0.5 1 1.5 2
Atezo Better Obs Better 

OS
Subgroup

Biomarker eval. pop.

Nodal_status
  negative
  positive

Tumor_stage
  <=T2
  T3/4

Prior_neoadj
  yes
  no

PDL1
  low
  high

TMB
  low
  high

tGE3
  low
  high

ctDNA_status
  negative
  positive

No. of Patients (%)

581 (100)

278 (47.8)
303 (52.2)

148 (25.5)
433 (74.5)

280 (48.2)
301 (51.8)

305 (52.5)
276 (47.5)

388 (66.8)
193 (33.2)

286 (49.9)
287 (50.1)

367 (63.2)
214 (36.8)

MST
Atezo

NR

NR
NR

NR
NR

NR
NR

NR
NR

NR
NR

NR
NR

NR
25.82

MST
Obs
NR

NR
NR

NR
NR

NR
NR

NR
NR

NR
NR

NR
NR

NR
15.8

HR

0.91 (0.67−1.23)

1.25 (0.76−2.05)
0.72 (0.49−1.07)

1.23 (0.57−2.68)
0.84 (0.61−1.18)

1.06 (0.68−1.65)
0.78 (0.51−1.19)

0.87 (0.59−1.29)
0.95 (0.59−1.55)

0.9 (0.63−1.29)
0.95 (0.52−1.75)

0.81 (0.54−1.21)
0.98 (0.61−1.57)

1.22 (0.71−2.08)
0.58 (0.4−0.86)

P Value

0.5264

0.3721
0.1071

0.5992
0.3215

0.7953
0.2556

0.5015
0.8507

0.5662
0.8773

0.3023
0.9327

0.4729
0.0063

0.5 1 1.5 2

Atezo Better Obs Better 

Nodal status

Neg Pos

0.00

0.25

0.50

0.75

1.00

p < 0.001

Tumor stage

<=T2 T3/4

0.00

0.25

0.50

0.75

1.00

n.s.

BECOG

0 1/2

0.00

0.25

0.50

0.75

1.00

n.s.

Sex

F M

0.00

0.25

0.50

0.75

1.00

n.s.

Prior neoadj. 
treatment

NO YES

0.00

0.25

0.50

0.75

1.00

n.s.

Lymph nodes 
resected

<10 >=10

0.00

0.25

0.50

0.75

1.00

n.s.

tGE3

high low

0.00

0.25

0.50

0.75

1.00

n.s.

PD-L1 IC

high low

0.00

0.25

0.50

0.75

1.00

n.s.

TMB

high low

0.00

0.25

0.50

0.75

1.00

n.s.

Fr
ac

tio
n 

ct
D

N
A

+ 
vs

. c
tD

N
A

−

ctDNA+
ctDNA-

208

70

159

144

102

46

265

168

236

135

131

79

75

52

292

162

190

111

177

103

80

47

287

167

181

106

180

106

174

102

193

112

124

69

243

145



a  ctDNA Clearance

+ ++
+++

++ +++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++ ++++ +

+

+ + +
+

+

++++ + +

+

+
+ +

++++ +++++ +

0 10 20 30 40 50
Months

P
ro

ba
bi

lit
y 

of
 d

is
ea

se
-fr

ee
 s

ur
vi

va
l

152 126 79 40 5 0

12 5 1 1 0 0Neg > Pos

Neg > Neg

1.00

0.75

0.50

0.25

0.00

No. at risk

Neg > Neg Not reached
Pos > Neg Not reached
Pos > Pos
Neg > Pos

Change in ctDNA
status (cycle 1 

to cycle 3)

Median disease-free
survival (95% CI), mo

5.7 (5.5–10.8)

+

5.7 (2.9–10.1)

18 15 9 5 1 0
81 30 13 7 1 0Pos > Pos

Pos > Neg

Neg > Neg Not reached
Pos > Neg Not reached
Pos > Pos 22.1 (18.2–NE)
Neg > Pos 20.6 (16.9–NE) 

Change in ctDNA
status (cycle 1 

to cycle 3)

Median disease-free
survival (95% CI) mo

Months

P
ro

ba
bi

lit
y 

of
 o

ve
ra

ll 
su

rv
iv

al

++++ ++ +++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ +++++++ + +

+

+ +

+ +

++ + +++

++++++ + + + +

+

+

+
++++

+++
++
+
+++ +++++++ +

+++++++++++ + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50

152 144 110 48 8 0

12 11 6 4 0 0Neg > Pos

Neg > Neg
No. at risk

+

18 18 14 7 1 0
81 62 36 16 2 0Pos > Pos

Pos > Neg

++

P
ro

ba
bi

lit
y 

of
 d

is
ea

se
-fr

ee
 s

ur
vi

va
l

++
+
+ +++++ ++ +++++++++++++++++++++++++++

++++++++++++++++ +++++++++++++++++ +++++++ ++++++

+

+

+

+

+++ +++
+

0 10 20 30 40
Months

126 107 70 36 6

17 7 1 0 0

0

0

1.00

0.75

0.50

0.25

0.00

50

Neg > Neg Not reached
Pos > Neg 8.8 (5.5–NE) 
Pos > Pos
Neg > Pos 8.3 (3–13.4)

4.4 (2.9–5.5)

Change in ctDNA
status (cycle 1 

to cycle 3)

Median disease-free
survival (95% CI) mo

Neg > Pos

Neg > Neg
No. at risk

Neg > Neg Not reached
Pos > Neg 8.8 (8.8-NE) 
Pos > Pos
Neg > Pos 26.8 (15.5–NE) 

16.3 (10.4–19.9)

Change in ctDNA
status (cycle 1 

to cycle 3)

Median disease-free
survival (95% CI) mo

+ + + + +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++ +++++++

+ ++
+

++ ++ +

+

+

++
+++

+
+++++

+++ + +++++++++++ + + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
Months

P
ro

ba
bi

lit
y 

of
 o

ve
ra

ll 
su

rv
iv

al
126 122 95 48 7 0

17 15 10 3 0 0Neg > Pos

Neg > Neg
No. at risk

3 1 1 0 0
76 13 8 5 1

0
0Pos > Pos

Pos > Neg
3 1 1 0 0 0

76 44 21 11 1 0Pos > Pos
Pos > Neg

P=0.00408*

0

10

20

ObservationAtezolizumab

P
at

ie
nt

s 
(%

)

Study arm
cDNA(+) patients 

at C1D1 n=99 n=79

Pos > Pos

Pos > Neg

81 (81.82%) 76 (96.2%)

18 (18.8%) 3 (3.8%)

Figure 2

b  

c

d

e



Figure 3
a b

ctDNA+ctDNA-

Arms combined 

e f g

h

d

+++ +
+++++

+
+++++

+ + + ++ +++++ +

++

++++

++++++ +++++
++ +++ ++

+++

++

++ ++++++ + +

+

+ ++++
+++ +

+
++

+ +++++++++++++ ++++ ++ + ++

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50

OS (Months)

Atezo, PDL1_high (n=62)
Obs, PDL1_high (n=40)
Atezo, PDL1_low (n=54)
Obs, PDL1_low (n=58)

ctDNA+ PD-L1 IC
+++++++

++

+
++++ +

+ +++++++++ +

++

+

++++++
++ ++ +++ +++++++++

++++++++ + +

+
++

++
+++

+ ++++ + +

+
++++

++
++

+ ++++ ++++ +++ ++ +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50

OS (Months)

Atezo, TMB_high (n=37)
Obs, TMB_high (n=32)
Atezo, TMB_low (n=79)
Obs, TMB_low (n=66)

ctDNA+ TMB
+

++
+++++

+
+++ +

+ + + ++++++ +

+

++++
+

++++++
+++

+++++ + +

++++

+++

++ + ++++++ + +

+
+

+ ++++++ +
+
+++++++++++++++++ +++++ ++ + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50

OS (Months)

Atezo, tGE3_high (n=63)
Obs, tGE3_high (n=43)
Atezo, tGE3_low (n=51)
Obs, tGE3_low (n=55)

ctDNA+ tGE3

ctDNA+ Pan-TBRS
+

+
+++

+++ +
+++

+ + +++++ +

++++++++ ++++ +++++++++++++++++++++ + + +

++++++
+

+
+++

++ +++++++ + +

++
+

+
++

+
+

++++
+ +++

+ +++ + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50

OS (Months)

Atezo, TBRS_high (n=52)
Obs, TBRS_high (n=51)
Atezo, TBRS_low (n=62)
Obs, TBRS_low (n=47)

c ctDNA+ Atezo
No-relapse vs. relapse

Arms combined 

5.9e−25

4.4e−20

1.1e−07

2.4e−10

3.1e−10

7e−04

0.003

0.035

0.015

0.042

0.00034MYOGENESIS

INFLAMMATORY_RESPONSE

GLYCOLYSIS

CHOLESTEROL_HOMEOSTASIS

MITOTIC_SPINDLE

UNFOLDED_PROTEIN_RESPONSE

MTORC1_SIGNALING

MYC_TARGETS_V1

MYC_TARGETS_V2

G2M_CHECKPOINT

E2F_TARGETS

−0.05 0.00 0.05 0.10 0.15

Pathway log fold change 
 <− Up in ctDNA-  Up in ctDNA+  −>

Hallmark Positive vs Negative 

6.1e−09

8.7e−05

6.2e−07

1.2e−05

3.3e−05

9.2e−05

0.009

0.032

0.043

0.023

0.0042

0.0018

0.00029

0.00013

1.2e−05

5.5e−11

8.2e−07

2.8e−06ANGIOGENESIS
TGF_BETA_SIGNALING

EPITHELIAL_MESENCHYMAL_TRANSITION
UV_RESPONSE_DN

TNFA_SIGNALING_VIA_NFKB
MYOGENESIS

COAGULATION
ESTROGEN_RESPONSE_EARLY

APICAL_JUNCTION
DNA_REPAIR

INTERFERON_ALPHA_RESPONSE
INTERFERON_GAMMA_RESPONSE

G2M_CHECKPOINT
MYC_TARGETS_V1

ALLOGRAFT_REJECTION
OXIDATIVE_PHOSPHORYLATION

MYC_TARGETS_V2
E2F_TARGETS

−0.2 −0.1 0.0 0.1
Pathway log fold change 

 <− Up in Relapse  Up in NonRelapse  −>

+
+++++

+++++
+++

+ ++ ++ + +

+

+
+++++

++ ++++++ ++++++++++++++++++ + ++

++++++

+ ++

++ +++++++++ +

+ +

+++ +
+

+++++++++ +
+ + + + ++

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
OS (Months)

Atezo, Angio_high (n=54)
Obs, Angio_high (n=50)
Atezo, Angio_low (n=60)
Obs, Angio_low (n=48)

ctDNA+ Angiogenesisi

KNL1

KRT10
CCNB2CDC6
CDK1

CCNE1
CCNB1
CCNA2

CENPO
CASQ1

CDC20MYOM1

NCAM1 KRT6CBUB1
KRT16CENPE KRT17FGF2

MCM4
KRT15 KRT6BMYOM2 CENPH

ZWINT
MCM2
CENPICHEK1ACTN3

KRT6AKRT83ACTA1 MCM8ACTC1 CENPLMYO1C

1

2

3

4

−1.0 −0.5 0.0 0.5 1.0
 Log2 fold change

 −
Lo

g 1
0 

P

Cell Cycle
Keratins
Myogenesis

ACTN2

ctDNA+ OS
Subgroup

ctDNApos

ctDNApos, PDL1
 low
 high

ctDNApos, TMB
 low
 high

ctDNApos, tGE3
 low
 high

ctDNApos, TBRS
 low
 high

ctDNApos, Angiogenesis
 low
 high

MST
Atezo
25.82

18.37
NR

20.5
NR

18.73
NR

NR
21.55

NR
20.7

MST
Obs
15.8

16.3
13.54

13.54
19.91

14.13
15.8

13.54
16.3

16.59
13.54

HR

0.58 (0.4 0.86)

0.75 (0.45 1.25)
0.45 (0.25 0.79)

0.65 (0.42 1.01)
0.39 (0.17 0.89)

0.69 (0.41 1.15)
0.45 (0.25 0.81)

0.45 (0.26 0.8)
0.7 (0.41 1.19)

0.47 (0.27 0.83)
0.66 (0.38 1.13)

P Value

0.0063

0.2637
0.006

0.0561
0.0254

0.153
0.0073

0.0057
0.1878

0.0095
0.1256

0.10 0.5 1
 Atezo Better  Obs Better 



Figure 4

TGFB3
MATN3

LOXL1
COL4A2

ACTA2
CXCL9BGN STAT1

CXCL10COL4A1TAGLN CXCL11
PDGFRB

VCAN IDO1
COL8A2 WARSNUAK1

1.0

1.5

2.0

2.5

3.0

3.5

−1.0 −0.5 0.0 0.5 1.0
 Log2 fold change

 −
Lo

g 1
0 P Checkpoints

ECM
IFN
Stroma

Obsrv ctDNA− 
g h

Non-relapsersRelapsers

a

Luminal

Luminal infiltratedLuminal papillary

Basal/squamous

b c

d e
+ + ++ + ++++++++ + ++ ++ ++++++ + + + + +

+

++ + ++ + ++ +++ ++ + + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
OS (Months)

Atezo, ctDNApos (n=12)
Obs, ctDNApos (n=11)
Atezo, ctDNAneg (n=12)
Obs, ctDNAneg (n=17)

+ +
+++++++++ ++++++

+++ +++++++++ +++++

+
++++

++++++ ++
+++++++++++++ +++++ +

+
++

+++ + + + +

+

++++
++

++
+ +

+++ ++ +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
OS (Months)

Atezo, ctDNApos (n=32)
Obs, ctDNApos (n=22)
Atezo, ctDNAneg (n=41)
Obs, ctDNAneg (n=41)

++ +
+ ++ +++++++++++++++++++++++++++++

++++
++++++++ +++ ++

+ + +
++
+ ++++ +++++++++++ ++++++

+++++++++++ + ++ ++ +

++++

+

+

+

+++ +

++++ +++++++ + + ++

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
OS (Months)

Atezo, ctDNApos (n=44)
Obs, ctDNApos (n=32)
Atezo, ctDNAneg (n=54)
Obs, ctDNAneg (n=61)

+
+ ++

++++++++++ ++++
+++

+++++++++++++++++++++++ + +

++ + +++
++++++++++++++++++++++++++++++++

+ +

+++++ ++ ++ +

++ + +

++
+

+
+

++ +++++ +

+

+ +

+ +++ +++ + + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
OS (Months)

Atezo, ctDNApos (n=24)
Obs, ctDNApos (n=32)
Atezo, ctDNAneg (n=68)
Obs, ctDNAneg (n=59)

54

76

22

85

4

28

51

7

30

40.00

0.25

0.50

0.75

1.00

rel
ap

se

no
nre

lap
se

Fr
ac

tio
n 

of
 p

at
ie

nt
s

Luminal−papillary
Luminal−infiltrated
Luminal
Basal−squamous
Neuronal

i j

0.00

0.25

0.50

0.75

1.00

Distant Local

P=0.0056

Fr
ac

tio
n 

of
 p

at
ie

nt
s ctDNA status

Negative

Positive

Sites of relapsectDNA− 

8e−31

1.5e−30

1.1e−23

4.1e−06

4.4e−06

0.00011

0.0017

0.0042

0.038

0.041

0.017

0.0052

0.0018

0.00021

2.9e−05

0.00017TGF_BETA_SIGNALING
MYOGENESIS

EPITHELIAL_MESENCHYMAL_TRANSITION
UV_RESPONSE_DN

ADIPOGENESIS
OXIDATIVE_PHOSPHORYLATION

COAGULATION
TNFA_SIGNALING_VIA_NFKB

COMPLEMENT
G2M_CHECKPOINT

E2F_TARGETS
INFLAMMATORY_RESPONSE

IL6_JAK_STAT3_SIGNALING
ALLOGRAFT_REJECTION

INTERFERON_GAMMA_RESPONSE
INTERFERON_ALPHA_RESPONSE

−0.1 0.0 0.1 0.2 0.3
Pathway log fold change 

 <− Up in Relapsers  Up in Non-relapsers  −>

Obsrv ctDNA−
Non-relapsers vs. relapsers 

Luminal−papillary Luminal−infiltrated Luminal Basal−squamous Neuronal

Luminal

Sonic Hedgehog

EMT

miRNA

ECM & 
smooth muscle

Basal

Squamous

Neuronal

T−effector

tGE3

APM

Immune 
Checkpoint

stromal

TGFB

F−TBRS

KRT20
PPARG
FOXA1
GATA3
SNX31
UPK1A
UPK2
FGFR3
SHH
BMP5
CDH1
CLDN3
CLDN4
CLDN7
ZEB1
ZEB2
SNAI1
TWIST1
VIM
MIR99AHG
MIR100HG
PGM5
DES
C7
SGCD
SFRP4
COMP
CD44
KRT6A
KRT5
KRT14
COL17A1
DSC3
GSDMC
TGM1
PI3
MSI1
PLEKHG4B
GNG4
PEG10
APLP1
SOX2
TUBB2B
CD8A
GZMA
GZMB
PRF1
CD274
IFNG
CXCL9
TAP1
TAP2
B2M
HLA−A
HLA−C
CD274
PDCD1LG2
CTLA4
PDCD1
LAG3
HAVCR2
TIGIT
COL4A1
COL4A2
PDGFRB
BGN
NUAK1
TGFB1
TGFB3
TGFBR2
ACTA2
ACTG2
TAGLN
TNS1
CNN1
TPM1
CTGF
PXDC1
ADAM12
FSTL3
TGFBI
ADAM19

0
20
40
60

TCGA
ctDNA C1D1
Arm
PDL1 IC
PDL1 TC

TMB

Expression

−2
−1
0
1
2

TCGA
Luminal−papillaryLuminal−infiltratedLuminalBasal−squamousNeuronal

ctDNA_C1D1
PositiveNegative

Arm
AtezoObservation

PDL1_IC
IC0IC1IC2IC3

PDL1_TC
TC0TC1TC2TC3

108

152

12

3

ctDNA status, OS
Subgroup

ctDNApos, TCGA subtypes
  Luminal papilary
  Luminal infiltrated
  Luminal
  Basal/squamous
ctDNAneg, TCGA subtypes
  Luminal papilary
  Luminal infiltrated
  Luminal
  Basal/squamous

MST
Atezo

31.67
NR
NR

22.67

NR
NR
NR
NR

MST
Obs

12.78
21.72

NR
8.84

NR
NR
NR
NR

HR

0.62 (0.28 1.36)
0.6 (0.25 1.48)

0.69 (0.11 4.27)
0.26 (0.14 0.47)

1.44 (0.44 4.65)
1.06 (0.45 2.48)

NA ()
1.26 (0.48 3.31)

P Value

0.2347
0.2688
0.6892

<0.0001

0.5447
0.8931

0.6341

0 0.5 1 1.5 2
Atezo Better Obs Better

f



a b ITT population c ctDNA BEP

d ITT population e ctDNA BEP

0 10 20 30 40 50
Months

Months

Months

Months

HR=0.89 (0.74−1.08)
P=0.2446

403 210 132 67 12 0

P
ro

ba
bi

lit
y 

of
 d

is
ea

se
-fr

ee
 s

ur
vi

va
l

P
ro

ba
bi

lit
y 

of
 d

is
ea

se
-fr

ee
 s

ur
vi

va
l

Observation

No. at risk

Observation

No. at risk

No. at risk

No. at risk

0 10 20 30 40 50

HR=0.88 (0.70−1.11)
P=0.2720

281 157 100 51 7 0Observation

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50

P
ro

ba
bi

lit
y 

of
 o

ve
ra

ll 
su

rv
iv

al

HR=0.85 (0.66−1.09)
P=0.1951

403 308 210 100 16 0

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50

P
ro

ba
bi

lit
y 

of
 o

ve
ra

ll 
su

rv
iv

al

HR=0.89 (0.66−1.21)
P=0.4606

281 224 154 76 8 0Observation

+
++
+++++

++++ ++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++ ++
++++++++

+
++
++++

+
+ ++++++ +++++++++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++++++++++++++ +++++++

++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++++++++

++++++++++++++++++
+++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

406 245 144 67 10 0Atezolizumab 300 192 110 57 7 0Atezolizumab

406 344 240 100 19 0Atezolizumab 300 262 184 82 14 0Atezolizumab

+++
+
+

+++++++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ +++++++ ++

+++
+

++++++
++++ +++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ +++++ ++

+++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++ +++++++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

809 patients enrolled 
in IMvigor010

615 patients had WES 
data generated which 
passed sequencing QC

190 patients excluded 
due to missing 

one of the following: 
plasma, tumor, 
matched normal

604 patients had 
personalized Signatera 
PCR assays designed

581 patients had C1D1 
plasma evaluated for

 ctDNA and passed QC 
(ctDNA biomarker-

evaluable population 
[BEP], 71.8% of intention-
to-treat [ITT] population)

281 Were included 
 in the observation 
 group biomarker-
 evaluable population
  98 Had ctDNA(+) 
     samples
  183 Had ctDNA(–) 
          samples 

300 Were included 
 in the atezolizumab 
 group biomarker-
 evaluable population 
 116 Had ctDNA(+) 
 samples
 184 Had ctDNA(–) 
 samples

 

11 failed tumor/normal 
concordance check

 
 

4 patients failed tumor 
library preparation

 

6 patients had 
plasma sample 

QC failures

619 patients had 
tumor DNA, 

matched normal DNA, 
and at least one 

plasma sample (≈3mL) 
sent to Natera

17 patients missing 
C1D1 plasma

Figure ED1



1e−01

1e+00

1e+01

1e+02

1e+03

0 10 20 30 40
OS (months)

ct
D

N
A 

le
ve

l (
sa

m
pl

e 
m

ea
n 

M
TM

)

1e−01

1e+00

1e+01

1e+02

1e+03

0 10 20 30 40
DFS (months)

ct
D

N
A 

le
ve

l (
sa

m
pl

e 
m

ea
n 

M
TM

)

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40
Months

Pr
ob

ab
ilit

y 
of

 d
is

ea
se

-fr
ee

 s
ur

vi
va

l

49 10 7 4 0
49 7 3 1 1ctDNA level ≥ median

ctDNA level < median
No. at risk

No. at risk

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40
Months

Pr
ob

ab
ilit

y 
of

 o
ve

ra
ll 

su
rv

iv
al

49 29 13 6 0
49 25 11 5 1ctDNA level ≥ median

ctDNA level < median

+++ ++

++

+++ +++ ++++ + +

++++
+
+
+

+
+++++ ++

+ ++ +++ + +

+

+++ +++

+

+

+ + +

Subgroup based on indicated 
ctDNA levels

≥10% quantile (0.14 sample mean MTM)

≥25% quantile (0.62 sample mean MTM)

≥50% quantile (1.81 sample mean MTM)

≥75% quantile (11.83 sample mean MTM)

≥90% quantile (42.38 sample mean MTM)

Group

Less

Greater

Less

Greater

Less

Greater

Less

Greater

Less

Greater

Event/n

8 / 10

76 / 88

23 / 25

61 / 73

42 / 49

42 / 49

62 / 73

22 / 25

77 / 88

7 / 10

Median,
 mo

7.7

3.6

6.0

2.9

5.6

2.9

5.5

2.8

4.7

2.9

HR

3.01

2.04

2.01

2.27

2.00

(95% CI)

(1.32−6.89)

(1.19−3.49)

(1.22−3.33)

(1.31−3.91)

(0.86−4.63)

P value

0.009

0.0098

0.0062

0.0033

0.1058

0.15 0.38 1.0 2.62 6.85
HR

Subgroup based on indicated 
ctDNA levels

≥10% quantile (0.14 sample mean MTM)

≥25% quantile (0.62 sample mean MTM)

≥50% quantile (1.81 sample mean MTM)

≥75% quantile (11.83 sample mean MTM)

≥90% quantile (42.38 sample mean MTM)

Group

Less

Greater

Less

Greater

Less

Greater

Less

Greater

Less

Greater

Event/n

6 / 10

50 / 88

16 / 25

40 / 73

30 / 49

26 / 49

42 / 73

14 / 25

51 / 88

5 / 10

Median,
 mo

14.3

15.8

11.5

15.8

14.1

16.5

16.6

9.1

16.3

4.6

HR

0.92

1.02

0.97

1.68

4.19

(95% CI)

(0.35−2.42)

(0.54−1.92)

(0.55−1.69)

(0.89−3.17)

(1.45−12.09)

P value

0.8638

0.9582

0.9044

0.1104

0.0081

 0.08  0.29  1.00  3.49 12.20
HR

Mean MTM vs DFS (C1D1, observation arm)

Mean MTM vs OS (C1D1, observation arm)

DFS based on MTM (median split; C1D1, observation arm) DFS HRs based on MTM (C1D1, observation arm)a b c

d e OS based on MTM (median split; C1D1, observation arm) OS HRs based on MTM (C1D1, observation arm)f

Figure ED2



1e−01

1e+01

1e+03

50 100

C1D1 collection time (days after surgery)

ct
D

N
A

 le
ve

l a
t C

1D
1 

(s
am

pl
e 

m
ea

n 
M

TM
)

30

50

100

Negative Positive
ctDNA call at C1D1

D
C

1D
1 

co
lle

ct
io

n 
tim

e 
(d

ay
s 

af
te

r s
ur

ge
ry

)

168

105

171

94

0.00

0.25

0.50

0.75

1.00

≤median >median
Collection time 

co
un

t

ctDNA call at C1D1
Negative
Positive

a b c

Figure ED3

0

20

40

60

50 100 150

Time between surgery and C1D1 (days) for MIBC patients

co
un

t

d

0

10

20

30

0 10 20 30

Relapse time from C1D1 (months)

C
ou

nt
Time to relapse for patients 

with ctDNA(+) samples

e



0

20

40

Atezolizumab

Study arm

Observation

Pe
rc

en
t o

f C
1 

ct
D

N
A

 p
os

iti
ve

 
pa

tie
nt

s 
w

hi
ch

 re
du

ce
 c

tD
N

A

Atezolizumab

Observation

ctDNA reduction is higher in the
atezo arm than observation arm

+

+

+ + +

+ +

+ + ++
+

+++ +++ +++++ + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
Months

Pr
ob

ab
ili

ty
 o

f d
is

ea
se

-fr
ee

 s
ur

vi
va

l

HR=0.27 (0.15-0.46)
p<0.0001

55 15 5 2 1 0

44 30 17 10 1 0

Non-reduction (increase)

Reduction in ctDNA 
(clearance or decrease)

No. at risk

++

+

++
++

++

+ + ++ ++
+ ++++ + +

+
++++

+ +++++
++++++++++ ++++++ ++ + +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
Months

Pr
ob

ab
ili

ty
 o

f o
ve

ra
ll 

su
rv

iv
al

HR=0.32 (0.16-0.65)
p=0.0014

55 39 24 9 2 0

44 41 26 14 1 0

Non-reduction (increase)

Reduction in ctDNA 
(clearance or decrease)

No. at risk

+

++ +++

+

+ +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40
Months

Pr
ob

ab
ili

ty
 o

f d
is

ea
se

-fr
ee

 s
ur

vi
va

l

HR=0.72 (0.38-1.38)
p=0.3250

64 10 7 5 1

15 4 2 0 0

Non-reduction (increase)

Reduction in ctDNA 
(clearance or decrease)

No. at risk

Non-reduction (increase)

Reduction in ctDNA 
(clearance or decrease)

No. at risk

+ ++
++

+++++

+ + + + +++++++ + +

+
+ +

+

+ + ++ +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40
Months

Pr
ob

ab
ili

ty
 o

f o
ve

ra
ll 

su
rv

iv
al

HR=0.69 (0.29-1.65)
p=0.4082 

64 38 17 10 1

15 7 5 1 0

DFS based on reduction in ctDNA (atezolizumab arm) DFS based on reduction in ctDNA (observation arm)

a

b c

d OS based on reduction in ctDNA (atezolizumab arm) OS based on reduction in ctDNA (observation arm)e

Figure ED4

ctDNA(+) patients Atezo Obs
at C1D1

No reduction 55 (55.6%) 64 (81.0%)
ctDNA reduction 44 (44.4%) 15 (19.0%)



+

+ +

++ +++++

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
Months 

Pr
ob

ab
ili

ty
 o

f d
is

ea
se

-fr
ee

 s
ur

vi
va

l

26 15 8 5 0 0
55 15 5 2 1 0Increase

Reduction without clearance

Reduction with 
clearance

Reduction without 
clearance

Increase

+

+

+ + +

+

+
+

+ ++ +++ + +++++ +

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50
Months 

Pr
ob

ab
ili

ty
 o

f o
ve

ra
ll 

su
rv

iv
al

26 23 12 7 0 0
55 39 24 9 2 0

Reduction without 
clearance

Increase

Reduction with 
clearance

Increase
Reduction without clearance
Reduction with clearance

++

+

++
++

++

++++ ++
+ ++++ + +

++ + +++

++++++ + + + +

18 18 14 7 1 0

+ + +
+

+

++++ + +

18 15 9 5 1 0Reduction with clearance

Subgroup based on indicated ctDNA levels
−100% reduction (clearance)

−50% reduction 

−25% reduction

−10% reduction 

Group
Greater
Less
Greater
Less
Greater
Less
Greater
Less

Event/n
16 / 26
7 / 18
8 / 12
15 / 32
6 / 9
17 / 35
3 / 4
20 / 40

13.0

12.6
−

25.8
13.9
22.7
9.8
22.7

HR

0.58

1.05

1.64

0.63

(95% CI)

(0.22−1.52)

(0.38−2.89)

(0.54−4.95)

(0.15−2.63)

P value

0.268

0.9235

0.3825

0.5234

0.15 0.39 1.0 2.58 6.67
HR

Median, 
mo

−
−

−
−
−
−
−
−

Subgroup based on indicated ctDNA levels
−100% reduction (clearance)

−50% reduction 

−25% reduction 

−10% reduction 

Group
Greater
Less
Greater
Less
Greater
Less
Greater
Less

Event/n
10 / 26
2 / 18
4 / 12
8 / 32
2 / 9
10 / 35
1 / 4
11 / 40

Median, 
mo HR

0.23

1.24

2.51

1.13

(95% CI)

(0.05−1.13)

(0.35−4.47)

(0.48−13.10)

(0.12−10.21)

P value

0.697

0.7393

0.2755

0.9164

 0.05  0.22  1.00  4.47 20.00
HR

No. at Risk

No. at Risk

DFS based on ctDNA clearance (C1D1+, atezolizumab arm) DFS HRs based on ctDNA reduction thresholds for patients 
with ctDNA reduction (C1D1 to C3D1, atezolizumab arm) 

a b

c OS based on ctDNA clearance (C1D1+, atezolizumab arm) OS HRs based on ctDNA reduction thresholds for patients 
with ctDNA reduction (C1D1 to C3D1, atezolizumab arm) 

d

Figure ED5



Figure ED6
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Figure ED7
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BEP, DFS (adjusted for baseline prognostic factors)
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265 (72.2)

190 (51.8)
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243 (66.2)

181 (50.1)
180 (49.9)

184 (51)
177 (49)

188 (52.1)
173 (47.9)

115 (32.6)
29 (8.2)

127 (36)
82 (23.2)

MST
Atezo

NR

NR
NR

NR
NR

NR
NR

27.5
NR

NR
NR

NR
19.38

NR
NR

NR
NR

NR
NR
NR

27.5

MST
Obs
NR

NR
28.09

NR
NR

NR
NR

28.09
NR

NR
NR

NR
24.87

NR
NR

NR
NR

NR
NR
NR
NR

HR

1.07 (0.75 1.52)

1.4 (0.82 2.41)
0.85 (0.53 1.37)

1.34 (0.66 2.73)
0.96 (0.64 1.45)

1.15 (0.71 1.88)
0.92 (0.56 1.52)

0.98 (0.64 1.5)
1.33 (0.72 2.45)

1.36 (0.65 2.87)
0.94 (0.63 1.42)

0.91 (0.47 1.73)
1.08 (0.7 1.68)

1 (0.63 1.58)
1.14 (0.64 2.02)

1.11 (0.7 1.77)
1.01 (0.57 1.79)

1.33 (0.66 2.67)
0.2 (0.02 2.03)

1.12 (0.64 1.95)
1.47 (0.71 3.04)

P Value

0.7048

0.2184
0.5069

0.4124
0.8518

0.5647
0.7476

0.9147
0.3624

0.4131
0.7787

0.7624
0.7189

0.9998
0.6637

0.6566
0.9785

0.4316
0.1719

0.696
0.2963

0 0.5 1 1.5 2
< Atezo Better              Obs Better

ctDNApos, DFS (adjusted for baseline prognostic factors)
Subgroup

ctDNApos

ctDNApos,nodal_status
 negative
 positive

ctDNApos,tumor_stage
 T2_or_less
 T3/4

ctDNApos,prior_neoadj
 yes
 no

ctDNApos,pdl1_status_IC
 0/1
 2/3

ctDNApos,TMB_status
 low
 high

ctDNApos,RNA_tGE3_status
 low
 high

ctDNApos,RNA_TBRS_status
 low
 high

ctDNApos,RNA_Angio_status
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Figure ED8
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Figure ED9
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Figure ED11
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