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 Prognostic and Predictive  Impact of 
Circulating Tumor DNA in Patients with 
Advanced Cancers Treated with Immune 
Checkpoint Blockade       
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 ABstrAct     The utility of circulating tumor DNA (ctDNA) as a biomarker in patients with 

advanced cancers receiving immunotherapy is uncertain. We therefore analyzed 

pretreatment ( n  = 978) and on-treatment ( n  = 171) ctDNA samples across 16 advanced-stage tumor 

types from three phase I/II trials of durvalumab (± the anti-CTLA4 therapy tremelimumab). Higher 

pretreatment variant allele frequencies (VAF) were associated with poorer overall survival (OS) and 

other known prognostic factors, but not objective response, suggesting a prognostic role for patient 

outcomes. On-treatment reductions in VAF and lower on-treatment VAF were independently associ-

ated with longer progression-free survival and OS and increased objective response rate, but not 

prognostic variables, suggesting that on-treatment ctDNA dynamics are predictive of benefi t from 

immune checkpoint blockade. Accordingly, we propose a concept of “molecular response” using ctDNA, 

incorporating both pretreatment and on-treatment VAF, that predicted long-term survival similarly to 

initial radiologic response while also permitting early differentiation of responders among patients 

with initially radiologically stable disease.  

  SIGNIFICANCE:   In a pan-cancer analysis of immune checkpoint blockade, pretreatment ctDNA levels 

appeared prognostic and on-treatment dynamics predictive. A “molecular response” metric identifi ed long-

term responders and adjudicated benefi t among patients with initially radiologically stable disease. Changes 

in ctDNA may be more dynamic than radiographic changes and could complement existing trial endpoints.         
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IntroductIon

Immune checkpoint inhibitors improve survival across a 
wide range of solid tumors (1) and are now a routine compo-
nent of treatment for many cancer types (2–17). Despite their 
wide use, a minority of patients experience long-term benefit, 
highlighting the need for tools to guide treatment to those 
most likely to respond. There are few biomarkers for immune 
checkpoint inhibitor response, particularly ones that can 
be applied across cancer types (18–20). Cell-free circulating 
tumor DNA (ctDNA) analysis is a noninvasive tool with 
potentially broad use (21–29), including emerging applica-
tions in the context of immunotherapy (30). For example, 
we have previously reported that early decreases in ctDNA 
were associated with improved survival in patients receiving 
PD-L1 inhibitors (31).

Ongoing challenges to routine use of ctDNA in clini-
cal practice include clarification of the prognostic and/or 
predictive associations with immune checkpoint therapy, 
validation of results in larger patient cohorts, and demon-
stration of added clinical utility beyond routine radiologic 
assessment. Here, we present a comprehensive analysis of 

ctDNA data from patients with 16 different solid tumor 
types across three phase I/II trials of durvalumab (alone or 
in combination with the CTLA4 inhibitor tremelimumab). 
This represents the largest patient cohort receiving immune 
checkpoint blockade with ctDNA and clinical outcome 
data. We characterized the prognostic and predictive impact 
of pretreatment and on-treatment ctDNA. Using training 
and validation sets, we propose an approach to interrogate 
“molecular response” using ctDNA, which enables the pre-
diction of long-term survival and adjudicates which patients 
with initial radiologically stable disease (SD) will ultimately 
respond to immunotherapy.

results

Detectability of ctDNA Variants in  
16 Advanced-Stage Tumor Types

Among the three cohorts included here (Study 1108, 
ATLANTIC, and Study 10), we detected ctDNA variants in 
the pretreatment samples of 814 (83.2%) of 978 patients 
across 16 tumor types. The detection rate varied from 21.4% 
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for patients with glioblastoma multiforme (GBM) to >95% 
for patients with small-cell lung cancer (SCLC) and naso-
pharyngeal carcinoma (Fig. 1A). Fifteen of the 16 tumor 
types had a mean pretreatment variant allele frequency (VAF) 
< 10% (Supplementary Fig. S1A), and the median VAF among 
all the pretreatment samples was 2.4% (Supplementary Fig. 
S1B). ctDNA was more likely to be detected in patients with 
higher tumor burden, defined as the sum of the diameters 
of the target lesions (Supplementary Fig. S1C). There was 
no association between detectability and PD-L1 expression 
in tumor cells or other clinical features (Supplementary Fig. 
S1D; Supplementary Table S1).

Mean VAF of variants detected in ctDNA correlated with 
several patient characteristics, including Eastern Coopera-
tive Oncology Group (ECOG) performance status (P = 
0.0004; Supplementary Fig. S1E), presence of liver metas-
tases (P < 0.0001; Supplementary Fig. S1F), and tumor 
burden (P < 0.0001; Supplementary Fig. S1G), but did not 
correlate with lymph node metastases, lines of prior therapy, 
or smoking status [assessed only in patients with non–small 
cell lung cancer (NSCLC); Supplementary Fig. S1H–S1J]. 
PD-L1 expression on either tumor or immune cells was not 
correlated with mean VAF (Supplementary Fig. S1K–S1N), 
suggesting that intratumoral inflammation (reflected by 
PD-L1 level; refs. 32, 33) is not associated with changes in 
ctDNA levels.

Pretreatment ctDNA VAF Is Prognostic

As pretreatment mean VAF correlated with several known 
prognostic factors, including ECOG performance status 
and the presence of liver metastases, we hypothesized that 
pretreatment ctDNA might itself be prognostic. To explore 
this hypothesis, Study 1108 (n = 790) was first used as 
the discovery cohort to understand the relationship of 
pretreatment ctDNA levels with outcomes. A significant 
association was found between pretreatment mean VAF 
and overall survival [OS; stratified by the median; unad-
justed HR, 0.58; 95% confidence interval (CI), 0.49–0.69;  
P < 0.0001; Fig. 1B] and progression-free survival (PFS; Sup-
plementary Fig. S2A). In addition, pretreatment VAF was 
not simply a surrogate of tumor burden or other prognostic 
variables (ECOG performance status, baseline liver metasta-
ses, baseline lymph node metastases, smoking status, tumor 
burden, and tumor PD-L1 score), as the association with 
OS remained after adjustment for these features (adjusted 
HR, 0.58; 95% CI, 0.48–0.7; P < 0.0001) and with varying 
VAF cutoff points (Supplementary Fig. S2B). Furthermore, 
pretreatment VAF did not correlate with objective response 
rate (ORR; Fig. 1C). Use of maximum VAF (instead of mean) 
yielded similar associations (Supplementary Fig. S3A–S3C). 
Taken together, the correlation with known prognostic fea-
tures, the lack of association with ORR, and the observed 
association with long-term survival suggest that pretreat-
ment ctDNA VAF levels may be prognostic, rather than spe-
cifically predictive, of response to treatment with immune 
checkpoint inhibitors.

We then explored the relationship between pretreatment 
ctDNA and outcomes in two independent, smaller cohorts, 
ATLANTIC (n = 81) and Study 10 (n = 107). In both studies, 
low levels of mean pretreatment VAF were also associated 

with OS (stratified by median), although not reaching statis-
tical significance in the smaller of the two cohorts (Fig. 1D 
and E). Pretreatment VAF showed no significant associations 
with ORR or PFS in ATLANTIC or Study 10 (Fig. 1C; Sup-
plementary Fig. S3D and S3E).

Consistent with the overall analysis, within subgroups 
of the five most prevalent tumor types [NSCLC (n = 333), 
urothelial cancer (UC; n = 226), microsatellite instability–
high (MSI-H) cancers (n = 58), gastroesophageal cancer (n = 
48), and ovarian cancer (n = 46)], pooled across the three trials, 
pretreatment VAF had a significant inverse relationship with 
OS, to a similar degree in each tumor type (Fig. 1F), highlight-
ing the potential applicability of pretreatment ctDNA as an 
independent, prognostic biomarker across tumors.

On-Treatment ctDNA Dynamics Are Predictive of 
Immunotherapy Benefit

In a subset of patients with NSCLC and UC, we previ-
ously showed that reduction in ctDNA mean VAF at 6 weeks 
after treatment initiation was associated with better res-
ponse and survival (31). Here, the cohort was expanded 
to include an additional 48 patients. Overall paired on-
treatment ctDNA samples were available for a subset of 
171 (17.5%) patients in the three cohorts; their clinical 
characteristics were generally consistent with those of the 
full cohort (Supplementary Table S2). Similar to our prior 
study, a lower on-treatment VAF was associated with longer 
PFS and OS (Fig. 2A).

In contrast to pretreatment VAF, on-treatment VAF was 
associated with ORR (P < 0.0001; Fig. 2B), but not with 
most known clinical prognostic variables (Supplementary 
Fig. S4A–S4E). We observed that mean change in VAF (delta-
VAF) and on-treatment VAF were complementary, nonre-
dundant correlates of improved survival; patients with an 
increase in ctDNA from pretreatment (delta-VAF > 0) had the  
worst outcomes, those with decreased but not completely 
cleared ctDNA (delta-VAF < 0 and on-treatment VAF > 0)  
had intermediate outcomes, and those with completely 
cleared on-treatment ctDNA (on-treatment VAF = 0) had the 
best PFS and OS (P < 0.0001; Fig. 2C and D). Similar PFS and 
OS associations were observed by stratifying by the median 
for both delta-VAF and on-treatment VAF (P < 0.0001; Sup-
plementary Fig. S5A and S5B). These results suggest that 
on-treatment ctDNA dynamics are predictive of benefit with 
immune checkpoint blockade. Although delta-VAF was able 
to stratify patients similarly to on-treatment VAF (Supple-
mentary Fig. S6A–S6H), it only assessed relative VAF changes 
and equated patients with low VAF who had a significant 
decrease in ctDNA level and patients with a higher VAF 
and smaller decrease in ctDNA level. Therefore, we sought 
to implement integrated metrics for the quantification of 
ctDNA dynamics.

Developing a Framework of “Molecular Response” 
Using Longitudinal ctDNA Metrics

As both the change in ctDNA and on-treatment ctDNA 
level were notably associated with efficacy of immune check-
point inhibitor therapy, we proposed a framework for deter-
mining “molecular response” by integrating information 
from pretreatment VAF and on-treatment VAF. To test the 
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Figure 1.  A, Somatic alteration detection rate by tumor type. Detection rate varied from 21.4% for patients with GBM to >95% for patients with 
SCLC and nasopharyngeal carcinoma. The error bars denote the 95% CI of detection rate for each tumor type given the sample sizes. B, Kaplan–Meier 
analysis of OS in the discovery cohort stratified by ≥median versus <median pretreatment VAF. For OS, unadjusted HR, 0.58; 95% CI, 0.49–0.69;  
P < 0.0001 and adjusted HR, 0.58; 95% CI, 0.48–0.7; P < 0.0001. C, Pretreatment VAF stratified by objective response (complete and partial responses 
vs. SD and progressive disease) in the discovery and validation cohorts. Pretreatment VAF was not significantly associated with response in any cohort. 
The horizontal bar represents the mean, the box represents the 25th and 75th percentiles, and whiskers ± 1.5 × interquartile range. Kaplan–Meier 
analysis of OS in the validation cohorts. D, Pretreatment VAF was not significantly associated with OS in ATLANTIC (HR, 0.58; 95% CI, 0.3–1.16; P = 0.12). 
E, Pretreatment VAF was significantly associated with OS in Study 10 (HR, 0.42; 95% CI, 0.24–0.74; P = 0.0019). F, Forest plot for OS by tumor type 
stratified by median pretreatment VAF using pooled data from the discovery cohort and both validation cohorts. CR, complete response; HNSCC, head 
and neck squamous cell carcinoma; HPV, human papillomavirus; PD, progressive disease; PR, partial response; TNBC, triple-negative breast cancer; UC, 
urothelial cancer.
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Figure 2.  A, Forest plot of PFS and OS by on-treatment VAF. The best OS was observed in patients with complete ctDNA clearance on treatment. B, RECIST 
responders and nonresponders had significantly different on-treatment VAF (P < 0.0001). C and D, Kaplan–Meier analysis of PFS (C) and OS (D) in the discov-
ery cohort stratified by delta-VAF and on-treatment VAF. Significant differences were observed among groups (P < 0.0001). §§, P < 0.00001.
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validity of this framework, a composite score was developed 
as a linear combination of delta-VAF and on-treatment 
VAF (Supplementary Materials and Methods), which was 
ultimately simplified to a ratio of on-treatment VAF to pre-
treatment VAF when used for stratification.

This ratio-based molecular response metric had a 
stronger association with RECIST response compared with 
on-treatment VAF alone (Fig. 3A; AUC = 0.82; 95% CI, 
0.71–0.93 for the ratio and AUC = 0.73; 95% CI, 0.61–0.85 
for on-treatment VAF). Using the ratio, patients with pre-
treatment and on-treatment samples in the three cohorts 
(Study 1108, n = 69; ATLANTIC, n = 66; and Study 10, 
n = 36) were stratified into ctDNA-defined molecular 
responders and nonresponders by a cutoff point of 50%, 
consistent with previous work (34). A similar proportion 
of patients were defined as molecular responders (41% 
in Study 1108, 33% in ATLANTIC, and 44% in Study 10, 
respectively) compared with RECIST-defined responders 
(36%, 24%, and 44%, respectively). In all three cohorts, 
molecular response was associated with higher ORRs (Fig. 
3B) and improved HRs for PFS and OS (Table 1). Further-
more, molecular response was associated with similar, 
and numerically more substantial in some cohorts, PFS 
and OS HR stratification compared with RECIST-defined 
response at the first CT scan (Fig. 3C), and it generally 

outperformed stratifications that relied on on-treatment  
VAF = 0 alone (Table 1; refs. 31, 35). The ratio-based 
approach yielded similar conclusions to the originally 
developed composite score approach (Supplementary 
Materials and Methods; Supplementary Fig. S7A–S7E). 
Together, these results show that a framework of molecu-
lar response produced through the integration of both 
pretreatment and on-treatment ctDNA levels improved the 
association with immunotherapy outcomes.

Molecular Response Identifies Long-Term Benefit 
among Patients with Initially Radiologic SD

A major challenge in drug development and clinical prac-
tice is determining whether a patient with radiologic SD 
is truly benefiting from treatment. We hypothesized that 
molecular response might discriminate patients with early 
SD who would ultimately benefit from treatment from those 
who would not.

Across all three cohorts with on-treatment ctDNA assess-
ments, 74 (43%) patients had radiologic SD at their first 
assessment (week 5–9; Supplementary Table S3). Of those 
who eventually went on to have a radiologic response, 
the majority were molecular responders (19/25, 76%). This 
proportion was significantly greater than the proportion 
of molecular responders in patients who did not go on 
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to have a radiologic response (12/49, 24%; P < 0.0001, 
Fisher test; Fig. 4A). Among patients with initial SD who 
were molecular responders and eventually achieved radio-
logic response, the ctDNA assessment predated achieving 
radiologic response by a median of 8 weeks (Fig. 4B). Among 
patients with initial SD, maximum tumor shrinkage during 
treatment was significantly greater in molecular respond-
ers than molecular nonresponders (P < 0.0001; Fig. 4C). In 
addition, molecular response among patients with initially 
radiologic SD was associated with longer PFS (median 
17.4 vs. 5.4 months; HR, 0.31; 95% CI, 0.17–0.56; log-rank  

P < 0.0001; Fig. 4D) and OS (median 31.2 vs. 18.4 months; 
HR, 0.36; 95% CI, 0.17–0.79; P = 0.008; Fig. 4E). These data 
demonstrate the potential of molecular response to adju-
dicate benefit among patients with initial radiologically 
defined SD on durvalumab alone and in combination with 
tremelimumab.

dIscussIon

ctDNA analysis is emerging as a new noninvasive tech-
nique to assess disease status and therapeutic response, 
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Figure 3.  Development of a definition of molecular response with contributions from pretreatment VAF and on-treatment VAF. A, ROC curves of 
molecular response and on-treatment VAF to predict the best response. B, ORR among patients with and without response as defined by either the ratio 
(molecular response) or on-treatment VAF. C, Forest plot for PFS and OS based on molecular response or the first RECIST response in each study.
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 table 1.      Association between two different ctDNA dynamics measurements and survival in three cohorts of patients 

with solid tumors receiving immune checkpoint blockade   

Study Study 1108 ( n  = 69) ATLANTIC ( n  = 66) Study 10 ( n  = 36)

Treatment Durvalumab Durvalumab Durvalumab + tremelimumab

PFS

 n  (%) HR (95% CI)  n  (%) HR (95% CI)  n  (%) HR (95% CI)

�On-treatment VAF = 0 9 (13) 0.55 (0.25–1.24) 9 (14) 0.72 (0.31–1.69) 11 (31) 0.12 (0.04–0.37)

�Ratio < 50% 27 (39) 0.28 (0.14–0.57) 24 (36) 0.3 (0.15–0.60) 15 (42) 0.11 (0.04–0.30)

OS

 n  (%) HR (95% CI)  n  (%) HR (95% CI)  n  (%) HR (95% CI)

�On-treatment VAF = 0 9 (13) 0.31 (0.1–1.02) 9 (14) 0 (0–∞)  a  11 (31) 0.05 (0.01–0.39)

�Ratio < 50% 27 (39) 0.29 (0.16–0.53) 24 (36) 0.29 (0.10–0.84) 15 (42) 0.12 (0.04–0.37)

   a All patients with on-treatment VAF = 0 were censored.   

although the specifi c opportunities for application in the 
context of immunotherapy remain to be clarifi ed. Here, 
we analyzed ctDNA and clinical data from almost 1,000 
patients with locally advanced/metastatic tumors treated 
with immune checkpoint blockade. We demonstrated that 
ctDNA is detectable in most patients, although there are 
important disease-specifi c differences which may reveal 
variability in the relative pattern of tumor DNA shedding. 
Pretreatment ctDNA level appears to be an independent, 
inversely prognostic variable across tumor types, character-
ized by an association with OS and other known prognostic 
variables, but not with ORR. On-treatment ctDNA dynam-
ics appear to be predictive of long-term benefi t from immu-
notherapy across tumor types. Analysis of ctDNA permits 
early identifi cation of patients with molecular response, 
which is associated with eventual RECIST response and 
improved survival among patients with initial radiologic 
SD. Overall, these results demonstrate that ctDNA analyses 
can be an important baseline prognostic feature for strati-
fi cation in clinical trials, can serve as an early biomarker 
of response, and can complement radiologic assessments 
to improve the identifi cation of patients benefi ting from 
immunotherapy across different cancers. 

 Our fi ndings regarding ctDNA as a biomarker for immune 
checkpoint blockade response are similar to other proof-of-
concept studies in the literature on ctDNA and systemic 
therapies. Pretreatment ctDNA appears to be associated 
with survival in other treatment settings ( 25, 36–41 ). For 
example, in a group of 88 patients with advanced NSCLC 
and detectable somatic mutations, Schwaederle and col-

leagues found that those with a VAF ≥ 5% had signifi cantly 
shorter median survival than those with a VAF of <5% (4.2 
months vs. not reached;  P  = 0.012;  39 ). In addition, on-
treatment reductions in ctDNA levels seem to be predictive 
of response to systemic therapies in a wide range of cancers 
( 28, 31, 32, 35 ,  42–44 ). 

 The use of ctDNA fi lls an important unmet need as a 
complement to radiologic assessments of benefi t. Radio-
logic SD is a common and particularly challenging clinical 
category, composed of patients with slowly progressive 
disease, indolent nonresponding disease, and radiologi-
cally subtle responses to immunotherapy ( 34, 45 ). We 
demonstrate that molecular response, defi ned by ctDNA 
dynamics, can help differentiate patients who will ulti-
mately derive benefi t from immunotherapy from those 
with indolent or progressive disease who are unlikely to 
derive further benefi t from treatment. This tool has sub-
stantial application in drug development to provide a more 
nuanced assessment of benefi t in early-phase clinical trials, 
in translational analyses to permit stronger responder ver-
sus nonresponder comparisons, and potentially in clinical 
practice to inform decisions about continuation or early 
transition of therapy in those with radiologically equivocal 
benefi t. 

 Limitations  of this study include the moderate size of the 
gene panel used, which hinders reliable estimates of tumor 
mutation burden as well as other potentially relevant molecu-
lar features such as clonality and tumor heterogeneity. In 
addition, we did not have paired tumor tissue or leukocyte 
cellular DNA to maximize removal of potential germline 

                   Figure 4.  A,  Number of molecular responders and molecular nonresponders (per ratio approach) with eventual RECIST response. A higher percentage 
of eventual radiologic responders was initial molecular responders (19/25, 76%) than the percentage of eventual radiologic nonresponders who were 
initial molecular responders (12/49, 24%;  P <  0.0001, Fisher test).  B,  Swimmer plot of 14 patients with initial SD who were molecular responders and 
eventually had a radiologic response. The median time to radiologic response was 114 days from starting of the therapy, a median of 59 days later than 
the ctDNA assessment.  C,  Tumor shrinkage from baseline was signifi cantly greater in molecular responders than molecular nonresponders (per ratio 
approach;  P < 0.0001). The horizontal bar represents the mean, box represents the 25th and 75th percentiles, and whiskers ± 1.5 × interquartile range. 
D  and  E,  Kaplan–Meier analysis of PFS ( D ) and OS ( E ) of patients who had RECIST and molecular response assessments stratifi ed by molecular response 
(per ratio approach). PFS and OS were signifi cantly longer in molecular responders than in molecular nonresponders (HR, 0.31; 95% CI, 0.17–0.56; 
 P  = 0.0001 and HR, 0.36; 95% CI, 0.17–0.79;  P  = 0.008, respectively). ††,  P  < 0.0001.    
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and clonal hematopoietic variants (46, 47), although we 
did filter against several large databases of germline and 
clonal hematopoietic variants. Although we demonstrated 
the potential utility of molecular response using a compos-
ite ctDNA metric that is similar to the ratio approach used 
in other studies, the cutoff point applied, the assay resolu-
tion around “undetectability,” and adjustment for divergent 
changes in individual variants will need to be further opti-
mized; these results should therefore be regarded as a proof 
of concept. Relatedly, ctDNA assays with improved preci-
sion to detect low levels of residual disease are being devel-
oped, although it should be noted that, in contrast to this 
study, these assays have (to date) primarily been focused on 
application to early-stage cancers. Emerging markers of the 
immune microenvironment are being actively investigated 
and may add to the predictive power of ctDNA assessment. 
Further investigations should also evaluate how the assess-
ment of ctDNA dynamics should be utilized in combina-
tion with currently available tools, including radiologic and 
biochemical methods, to refine the assessment of patient 
response in real time. With continuous improvement in 
ctDNA assays tailored to important clinical contexts, the 
understanding of the optimal specific approaches to using 
ctDNA as a biomarker and outcome in immunotherapy also 
needs to evolve. Finally, the timing of ctDNA sample col-
lection should be considered, contextualized by the clinical 
question under investigation. For example, future prospec-
tive studies seeking to intervene upon early determination 
of disease progression may explore earlier time points of 
ctDNA assessment, whereas efforts to predict long-term 
responders may benefit from more intermediate or long-
term timing of ctDNA assessment.

In conclusion, ctDNA measurements are taking on an 
increasingly important role in the clinic. The data presented 
here build upon the results of previous studies, representing 
the largest pan-tumor assessment of the prognostic and pre-
dictive utility of ctDNA, with 978 pretreatment and 171 on-
treatment samples across 16 solid tumor types. In particular, 
the use of ctDNA dynamics to assess clinical benefit in 
patients with radiologic SD represents a novel tool address-
ing an important unmet need, with potential utility across 
a range of settings. Our analysis contributes to the under-
standing of the role of ctDNA as a prognostic and predic-
tive biomarker and its potential to complement radiologic 
endpoints and adjudicate radiologically equivocal benefit.

Methods

Study Design and Patients

We included patients with advanced solid tumors enrolled in three 

phase I/II studies receiving durvalumab with or without tremeli-

mumab. The three studies were Study 1108 (NCT01693562, dur-

valumab), ATLANTIC (NCT02087423, durvalumab), and Study 10 

(NCT02261220, durvalumab plus tremelimumab; refs. 5, 6, 48, 49). 

Pretreatment samples were collected before initiation of treatment. 

On-treatment sample collection at 6 to 8 weeks after the first dose 

was optional; therefore, only a subset of patients consented to provide 

paired samples.

The studies were conducted in accordance with Good Clini-

cal Practices guidelines and the Declaration of Helsinki and were 

approved by each institution’s ethical review board. Patients provided 

written informed consent. The study design, patient demographics, 

and clinical outcomes of these studies have been reported previously 

(5, 6, 48, 49).

Characterization of ctDNA

ctDNA was extracted centrally as described previously (50). A 

next-generation sequencing–based targeted panel (Guardant360) was 

used to characterize somatic genomic alterations [single-nucleotide 

variants (SNV), insertion/deletion mutations (indels), gene amplifi-

cations, and gene fusions] in 73 genes with known somatic cancer 

gene variants (34). All steps, including ctDNA isolation, targeted 

sequencing, and variant calls, were performed at Guardant Health, 

a CLIA/CAP-accredited laboratory. Potential germline and clonal 

hematopoietic variants were also filtered against previously described 

variants (46, 47).

Genomic Analysis

For each sample, somatic SNVs and indels from the Guardant360 

report were used to calculate the mean and maximum VAF and total 

mutation count. A VAF of 0.3% was the limit of detection of the 

Guardant360 test (31), with the exception of variants detected in 

both pretreatment and on-treatment samples such that variants with 

VAF < 0.3% in one sample were retained if the exact variant was also 

detected in the paired sample with VAF ≥ 0.3%.

The delta-VAF was calculated per patient as the sum of the on-

treatment VAF minus the pretreatment VAF for each detected SNV 

or indel divided by the number of detected SNVs or indels, as shown 

in the following equation:

delta VAF
( )

j

i j i ji

n

n
=

−
=∑ onVAF prVAF, ,1

here, onVAFi,j represents the on-treatment VAF for variant i in patient 

j, prVAFi,j is the pretreatment VAF for variant i in patient j, and n is 

the number of variants with VAF ≥ 0.3% at either the pretreatment or 

on-treatment time point in patient j. Delta-VAF < 0 reflects a decline 

in mean ctDNA levels.

The mean on-treatment VAF for each patient was defined as the 

average VAF of variants detected at the on-treatment timepoint, per 

the following equation:

on treatment VAF- j

i ji

m

m
=

=∑ onVAF ,1

here, m represents the number of variants with onVAF ≥ 0.3% in 

patient j. If m = 0 or no on-treatment variant was reported, the mean 

on-treatment VAF was set to 0. If a variant was only detected pretreat-

ment, the on-treatment VAF was set to 0, and vice versa.

Development of a Definition of Molecular Response

We initially approached the question of defining a ctDNA-based 

response metric (molecular response) using a linear “composite 

score” model of delta-VAF and on-treatment VAF (Supplementary 

Materials and Methods). During initial investigations, we found that 

the “composite score” model could generally be represented in sim-

pler terms through a ratio of on-treatment VAF to pretreatment VAF 

with similar performance:

Ratio for patientj
j

i ji

n
n

on treatment VAF
j=

=∑

-

prVAF ,

.

1

We defined molecular response as a >50% decrease in VAF. This 

cutoff point was similar to that used in previous studies (34, 42). 

These findings were then independently examined using ATLANTIC 

and Study 10 as validation cohorts.
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Statistical Analysis

The Kaplan–Meier method was used to calculate survival estimates 

for PFS and OS. A multivariable Cox proportional hazards model was 

used to define the association of the ctDNA-derived metrics with PFS 

and OS, after adjusting for tumor type and known prognostic fac-

tors, including baseline liver metastases, baseline lymph node disease, 

tumor burden, smoking status (patients with NSCLC only), and base-

line ECOG performance status. P values were assessed using the log-

rank test. We used the Wilcoxon rank-sum test and Kruskal–Wallis 

test when comparing continuous variables. All P values were two-

sided. Analyses were performed using R (version 3.4.3, R Foundation).

The clinical dataset analyzed here is available and may be obtained  

in accordance with AstraZeneca’s data sharing policy, which is described 

at https://astrazenecagrouptrials.pharmacm.com/ST/Submission/ 
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