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Circulating tumor DNA (ctDNA) has shown promise in capturing primary
resistance toimmunotherapy. BR.36 is a multi-center, randomized,
ctDNA-directed, phase 2 trial of molecular response-adaptive
immuno-chemotherapy for patients with lung cancer. In the first of two
independent stages, 50 patients with advanced non-small cell lung cancer
received pembrolizumab as standard of care. The primary objectives of
stage 1were to ascertain ctDNA response and determine optimal timing

and concordance with radiologic Response Evaluation Criteriain Solid
Tumors (RECIST) response. Secondary endpoints included the evaluation
of time to ctDNA response and correlation with progression-free and overall
survival. Maximal mutant allele fraction clearance at the third cycle of
pembrolizumab signified molecular response (mR). The trial met its primary
endpoint, with a sensitivity of ctDNA response for RECIST response of 82%
(90% confidence interval (Cl): 52-97%) and a specificity of 75% (90% CI: 56.5-
88.5%).Median time to ctDNA response was 2.1 months (90% Cl:1.5-2.6), and
patients with mR attained longer progression-free survival (5.03 months
versus 2.6 months) and overall survival (not reached versus 7.23 months).
These findings are incorporated into the ctDNA-driven interventional
molecular response-adaptive second stage of the BR.36 trial in which
patients at risk of progression are randomized to treatment intensification
or continuation of therapy. ClinicalTrials.gov ID: NCT04093167.

Liquid biopsies are gaining momentum in immuno-oncology (10)
as they can be used to rapidly and accurately determine clinical
response, especially in the metastatic setting"”. As the landscape of
10-based therapies and clinical trials is expanding, we face emerging
challenges related to heterogeneity in clinical responses and insuf-
ficiency of imaging to rapidly and accurately capture therapeutic

response’. Furthermore, currently used predictive biomarkers, such
as programmed death-ligand 1 (PD-L1) expression or tumor mutation
burden (TMB), fail to consistently predict therapeutic response*’.
These challenges highlight the urgent unmet need to implement molec-
ular response-driven approaches to interpret outcomes and guide
therapy selection in 10. Liquid biopsy analyses of circulating cell-free
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Fig.1|BR.36 trial schema. a, The first stage of the BR.36 trial enrolled patients
withadvanced/metastatic NSCLC who did not harbor clinically actionable
genomic alterations in EGFR or ALK and had a PD-L1 expression level of >1%.
Patients received pembrolizumab as per local standard of care, and RECIST
radiographic response assessments were performed every 6 weeks until week
12 and at longer intervals thereafter (Methods). Serial liquid biopsies were
collected before treatment administration on C1D1 (baseline), C2D1 (3 weeks)
and C3D1(6 weeks), followed by ctDNA molecular response assessments at
these timepoints. The primary endpoints of the trial were to determine the
optimal timepoint of ctDNA molecular response and validate the concordance

of ctDNA molecular response with radiographic RECIST version 1.1response.

b, BR.36 reached its target enrollment of 50 patients; for each individual,

serial radiographic assessments and liquid biopsy analyses were performed.
C1D1 plasma was collected for all 50 patients; C1D1and C2D1 plasma samples
were collected for 45 patients; and plasma samples were collected for all three
timepoints for 39 patients. Five patients were deemed not evaluable because

of missed plasma collection or non-evaluable RECIST assessments. Of the 45
evaluable patients, 10 had undetectable ctDNA at all timepoints (no tumor-
specific plasma variants detected), resulting in 35 patients with evaluable ctDNA
and RECIST responses.

tumor DNA (ctDNA) have shown promise in capturing tumor burden
dynamics during immune checkpoint blockade, allowing patients
with primary resistance to be rapidly identified and redirected to
receive alternative therapies"**. Minimally invasive dynamic ctDNA
next-generation sequencing (NGS) analyses that can be used asanearly
endpoint ofimmunotherapy response may, thus, help guide therapy to
maximize therapeutic benefit and minimize toxicity risks for patients®.

Focusing on patients with non-small cell lung cancer (NSCLC) asa
representative example, where both pembrolizumab® and combina-
tion pembrolizumab-carboplatin-taxane/pemetrexed™ are US Food
and Drug Administration and Health Canada approved first-line treat-
ment options, it is crucial to determine which patients would benefit
from pembrolizumab monotherapy and which should receive com-
binationimmuno-chemotherapy. Such therapeutic decisions are not
currently supported by either tumor PD-L1or TMB status, introducing
an unmet clinical need and an opportunity for dynamic assessments
of ctDNA to guide treatment selection based on real-time tracking of
circulating tumor burden. Nevertheless, several outstanding urgent
questions need to be answered before implementation of liquid
biopsy-guided ctDNA molecular responses inclinical decision-making.
What is the best measure for tracking circulating tumor burden and
which ctDNA features accurately capture survival outcomes? Should a

tumor-informed or tumor-agnostic approach beimplemented? What
signifies actDNA molecular response and when doesit occur? Whatiis
the concordance between ctDNA molecular response and Response
Evaluation Criteriain Solid Tumors (RECIST) radiographic response?
What are the patient subsets that would most benefit from a molecu-
larly refined response assessment?

To address these challenging questions and further establish the
role of ctDNA response as an early endpoint for clinical outcomes with
immune checkpointblockade, we designed atwo-stage ctDNA-directed
molecular response adaptive clinical trial, with the first stage focusing
on answering the questions posed above and reported here.

Results

Study design

BR.36isaninternational, multi-center, open-label, biomarker-directed
phase 2 trial of ctDNA molecular response-adaptive immuno-
chemotherapy for patients with treatment-naive NSCLC. The trial con-
sists of two stages. In stage 1 (observational), patients with advanced/
metastatic NSCLC who were eligible to receive standard-of-care
single-agent pembrolizumab were enrolled in a single-arm study to
evaluate, through serial liquid biopsy analyses, the optimal defini-
tion, timing and concordance of ctDNA molecular response with
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radiographic response (Fig. 1). The interventional randomized sec-
ond stage of the trial will evaluate the potential clinical benefit of
tailoring treatment to ctDNA molecular response (Extended Data
Fig.1). Key eligibility criteriaincluded EGFR and ALK clinically action-
able mutation-negative, immune checkpoint inhibitor-naive and
chemotherapy-naive metastatic NSCLC with a PD-L1 expression level
of >1% (Methods). Serial blood samples were obtained before treat-
ment administration on cycle 1, day 1 (C1D1, pre-treatment), cycle 2,
day1(C2D1, 3 weeks) and cycle 3, day 1(C3D1, 6 weeks) for each study
participant, and serial liquid biopsy analyses were performed for
quantitative assessment of ctDNA dynamics. With the assumption
that more than 80% of patients with metastatic NSCLC have detectable
tumor-derived mutations in plasma®, asample size of 50 patients was
estimated to ensure acceptable sensitivity and specificity for ctDNA
molecular response (Methods).

Study enrollment and participants

The trial was centrally activated on17 October 2019 and was closed to
accrualon 5 April 2022 after reaching target enrollment (study comple-
tion as per protocol). The first and last patients were enrolled on trial
on 26 May 2020 and 5 April 2022, respectively. A total of 50 patients
were accrued to the trial; all patients were followed for ctDNA molecu-
lar response and clinical response for aminimum of 12 weeks, and the
clinicaltrial database was locked on 20 September 2022 (Fig. 1). Patient
disposition and CONSORT diagram are described in detail in Fig. 2;
there were two major protocol violations due to divergent timing of
laboratory orimaging assessments (Methods). Median follow-up time
was 13.5 months (range, 2.5-23.0 months; 95% confidence interval (CI):
6.9-14.5 months). Most patients were ever-smokers (98%), had stage IV
NSCLC (98%) and had no prior systemic therapy (92%). The trial cohort
consisted of 82% White, 52% female and 56% aged 65 years or older,
and 76% of participants had an Eastern Cooperative Oncology Group
performance status (ECOG PS) of 1 (Table 1). Seventy-six percent of
tumorswere adenocarcinomas, and 96% had aPD-L1tumor proportion
score (TPS) of >50%. Adverse events noted were within the expected
spectrum of immune-related adverse events historically reported—one
grade 4 eventand 20 grade 3 events (Supplementary Tables1and 2). The
most frequent serious adverse event was pneumonitis, reportedin five
(10%) patients. Four grade 5 events were reported, two due to disease
progression and two possibly related to drug toxicity. Demographic,
clinical, radiographic and pathological characteristics are summarized
in Table 1and Supplementary Table 3.

Endpoints

The primary objectives of the study were to establish the concordance of
ctDNA molecular response with radiographic RECIST/immune RECIST
(iRECIST) response and define the optimal timepoint of ctDNA molecu-
lar response. Secondary objectives included the association of ctDNA
molecular response with progression-free survival (PFS) and overall
survival (0S), the correlation of depth of ctDNA kinetics with radio-
graphicresponse and analyses of time to ctDNA molecular response.

Radiographic and ctDNA molecular response

Best overall radiographic response was evaluated using RECIST and
iRECIST at 12 weeks (Methods), and tumor responses were classi-
fied as RECIST/iRECIST response (complete response (CR/iCR) and
partial response (PR/iPR)) and no RECIST response (stable disease
(SD/iSD) and progressive disease (PD/iPD)) (Supplementary Table
4). The best overall RECIST response rate was 32% (90% Cl: 21-44%),
which was significantly less than the presumed 45% (P = 0.04; Meth-
ods), whereas the best overall iRECIST response rate was 36% (90% Cl:
25-49%), which was not significantly different than the presumed 45%
(P=0.13). Median duration of radiographic response was 10.1 months
(90% CI: 5.6-19.2 months) and 9.7 months (90% ClI: 5.6-10.7 months)
for RECIST and iRECIST response, respectively.

CONSORT flow diagram

Patients accrued
(n=50)

<Not meeting
inclusion criteria
(n=0)

«Declined to
participate (n = 0)

Patients received
study treatment
(n=50)

Lost to follow-up
(n=0)

Analyzed for
RECIST response
(n=48)

«Not evaluable due
to non-evaluable
RECIST (acute
deterioration or
death n=2)

*Not evaluable due
to missed plasma
(n=23)

*Not evaluable due
to undetectable
ctDNA (n =10)

Analyzed for
ctDNA response
(n=35)

Fig.2| CONSORT flow diagram. Of the 50 patients enrolled, two were
non-evaluable for RECIST response because of symptomatic progression/acute
deterioration/death during cycle 1 without imaging (BR360020 and BR360021).
The remaining 96% (48/50) of patients in the BR.36 study were evaluable for
radiographic response assessment, which supports the feasibility of CT restaging
inthis population. Of the 48 patients with evaluable radiographic responses,
three were non-evaluable because of missed plasma collection (BR360014,
BR360016 and BR360029) due to withdrawn consent, rapid disease progression/
death and protocol violation, respectively. Of the 45 patients evaluable for both
radiographic and ctDNA responses, 22.2% (10/45) had undetectable ctDNA, which
is consistent with previously reported ctDNA undetectable rate in patients with
metastatic NSCLC (Anagnostou et al.?) and was within the Cl of the undetectable
ctDNA rate that we factored in the sample size calculations for the BR.36 stage 1
cohort.adv, advanced; btw, between; met, metastatic; mut, mutation; q6w, once
every 6 weeks; q9w, once every 9 weeks; q12w, once every 12 weeks; w, week.

With respect to ctDNA molecular response, we employed a
tumor-agnostic, white blood cell (WBC) DNA-informed NGS approach
and first determined the cellular origin of sequence variants detected in
plasma (Methods and Supplementary Tables 5and 6). Of the 82 unique
plasma variants, 14 (17%) were confirmed to be clonal hematopoiesis
derived; four (5%) were germline; and the remaining 64 (78%) were
tumor derived (Fig. 3 and Extended Data Fig. 2). Germline and clonal
hematopoiesis-related variants were subsequently excluded from
downstream analyses. Expanding on the previously reported analyti-
cal performance of the NGS assay in contrived samples”, we employed
abinomial model to calculate the estimated limit of detection based
ontheerror-corrected coverage (Methods). These analysesrevealed a
median sensitivity of >99% and 93% for detection of an alteration occur-
ring at 0.30% and 0.20% mutant allele fraction (MAF), respectively,
which represented 95% (53/56) of tumor-specific variants detected at
cycle1(Supplementary Table 6). Three well-characterized cancer hot-
spotswere detected ataMAF of 0.14-0.2% atcycle 1, KRAS G12A with a
MAF 0f 0.19% (BR360030), NRAS Q61L with aMAF of 0.14% (BR360041)
and KRAS G12C with a MAF of 0.14% (BR360048), and, collectively,
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Table 1| Demographics, clinicopathologic characteristics
and outcomes for the BR36 cohort (all enrolled patients)

Characteristic Number (%)
Sex

Female 26 (52.0)

Male 24 (48.0)
Race

White 41(82.0)

Black 2(4.0)

Asian 4(8.0)

Not Reported 3(6.0)
Age®

<65years 22 (44.0)

>65years 28 (56.0)
ECOG PS

0 12 (24.0)

1 38(76.0)
Smoking status (current)

Yes 12 (24.0)

No 37(74.0)

Missing 1(2.0)
Smoking history

>100 cigarettes during lifetime 49 (98.0)

Missing 1(2.0)
Prior systemic therapy

No 46 (92.0)

Yes 4(8.0)
Prior radiation

No 27 (54.0)

Yes 23 (46.0)
Prior surgery

No 1(2.0)

Yes 49 (98.0)
Stage

Stage llI° 1(2.0)

Stage IV 49 (98.0)
Histology

Adenocarcinoma 38(76.0)

Squamous cell carcinoma 6 (12.0)

Other 6(12.0)
PD-L1 expression

>50% TPS 48 (96.0)

1-49% 2(4.0)
RECIST response

CR/PR 16 (32.0)

SD/PD 34(68.0)
ctDNA response

mR 15 (42.9)

mPD 20 (57.10)

*Median age was 65.5years (range, 50-87years). "Not a candidate for surgical resection or

definitive chemoradiation.

these findings support the sensitive detection of ctDNA mutations by
the NGS assay used.

The maximal mutant allele fraction (maxMAF) of tumor-derived
plasmamutations was tracked from the pre-treatment timepoint (C1D1)
to on-therapy timepoints (C2D1 and C3D1), with maxMAF clearance
signifying molecular response (mR), whereas persistence of max-
MAF indicated molecular disease progression (mPD) (Supplementary
Table 7)°. Among the 50 trial participants, five were not evaluable for
ctDNA molecular response because of missed plasma collection or
non-evaluable RECIST response; of the remaining 45 patients, 10 had
undetectable ctDNA, and, as such, 35 patients (77.8%) were evaluable
for ctDNA molecular response (Figs.1and 2). The undetectable ctDNA
rate of 22.2% was not significantly different from the postulated 20%
(P=0.82). There were no differences in PFS or OS in the evaluable
patient subset (n = 35) compared to the overall BR.36 study population
(n=50).Amongthe 35 evaluable patients, 15 were classified inthe mR
category, with an evaluable mR rate of 43% (90% CI: 0.29-0.58).

Timing and concordance of ctDNA molecular response with
radiographicresponse

We identified four patterns of ctDNA kinetics: (1) ctDNA maxMAF
clearance at C2D1, (2) maxMAF clearance at C3D1, (3) maxMAF reduc-
tion more than 85%in C2 or C3 and (4) ctDNA persistence (Fig. 4a-d).
Ofthe 15 patients with ctDNA clearance, two showed ctDNA persistence
atC2Dland cleared ctDNA at C3D1and, as such, were classified in the
mR group (Fig. 4b). Two patients showed marked maxMAF reduction
(>85%but <100%), and these patients were classified in the mPD group
(Fig.4c) Thesensitivity of mR for RECIST best overall response (BOR) was
82% (90% Cl: 52-97%), and the specificity was 75% (90% CI: 56.5-88.5%)
(Table 2). The study met its primary endpoint for concordance between
ctDNA and radiographic response, with both sensitivity and specific-
ity better than the hypothesized 70%, and the lower 95% confidence
bound of estimated sensitivity and specificity were higher than 50%.
Median time to ctDNA molecular response was 2.1 months (90% ClI:
1.5-2.6 months).

Although ctDNA and radiographic responses were overall
concordant (Table 2 and Supplementary Table 7), there were several
notable exceptions (Fig. 5a and Extended Data Fig. 3). Patient BR360019
had radiographic disease progression at 6 weeks and 12 weeks but
showed ctDNA molecular response, which was reflective of the patient’s
0S of 14.1 months (ongoing at the time of datalock). Patient BR360041
had radiographic partial response, which was discordant with ctDNA
molecular disease progression, the latter better capturing a short
radiographic response of 1.47 months (Fig. 5a and Extended Data
Fig. 3). All patients with RECIST CR/PR at 6 weeks/C3D1 had ctDNA
mR. Differential ctDNA molecular responses were noted for patients
with stable RECIST assessments (n =10); most patients with RECIST
SDwere classified in the mPD group (80%), with two patients showing
mR. Of the two patients with mR/RECIST SD, BR360017 had adequate
follow-up onthe BR.36 trial to assess long-term clinical outcome, and,
notably, ctDNA accurately reflected an ongoing PFS and OS of more
than 13 months (Fig. 5a). In assessing radiographic response by iRE-
CIST, the sensitivity of molecular response for iRECIST response was
83% (90% Cl: 56-97%), and the specificity was 78% (90% CI: 60-91%)
(Table 2); the lower 95% confidence bound of sensitivity and specificity
were both better than 50%.

As part of post hoc analyses, we evaluated the concordance
between ctDNA and radiographic responses in subsets of patients
based on the level of maxMAF at cycle 1. Using 3% as a threshold for
baseline maxMAF, sensitivity and specificity were 80% and 69% for
maxMAF <3% and 83% and 88% for max MAF >3%, respectively. Using 4%
asathreshold for baseline maxMAF, sensitivity and specificity were 88%
and 69% for maxMAF <4% and 67% and 88% for maxMAF >4%, respec-
tively. These analyses, although limited in power, further support the
stability of ctDNA response assessment over a broad range of MAFs
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Fig. 3| Overview of plasma variants detected by NGS. The total number,
distribution and origin of variants detected by serial liquid biopsy analyses are
shown for 45 patients with at least two serial liquid biopsies performed. AWBC
DNA-informed approach allowed for classification of plasma variants by cellular
originand revealed that17% of the plasma variants detected (14/82 variants)
could be attributed to clonal hematopoiesis mutations. Frequently mutated

genesincluded TP53, KRAS, ARIDIA, ATM, NRAS and PDGFRA, which is consistent
with the reported genomiclandscape of NSCLC. Alteration prevalence for each
geneislisted on the right. The mutation count per sampleis displayed at the top,
followed by rows indicating sample timepoint and ctDNA molecular response.
Ten patients had undetectable tumor-derived mutations at all timepoints,
rendering 35 patients evaluable for ctDNA molecular response. NE, not evaluable.

(Supplementary Table 8). Taken together, these findings suggest that,
whereas ctDNA responses are largely concordant with radiographic
RECIST responses, molecular assessments of circulating tumor burden
dynamics may rapidly and more accurately capture long-termclinical
outcomes, which canbe particularly informative in the heterogeneous
group of patients with radiographically stable disease.

Correlation of ctDNA molecular response with secondary
endpoints
Patients withmR attained longer PFS than patients with mPD (median
PFS 5.03 months versus 2.6 months for patients with ctDNA mR and
mPD, respectively) (Fig. 5b). As radiographic response assessments
are challenging in the context of immune checkpoint blockade and
may not precisely reflect tumor burden dynamics®, we subsequently
evaluated the association between ctDNA molecular responses and
OS. Patients with mR had longer OS than patients with mPD (median
survival not reached versus 7.23 months for patients with ctDNA mR
and mPD, respectively) (Fig. 5c).In comparison, RECIST response less
optimally distinguished patients with CR/PR from patients with SD with
respect to PFS (8.31 months versus 4.27 months) and OS (not reached
versus 16.89 months) (Extended Data Fig. 4). In post hoc analyses, we
evaluated the heterogeneity of RECIST SD with respect to PFS and OS;
patients with RECIST SD and mR (n =2) had aPFS and OS of not reached
versus 4.27 months and not reached versus 8.08 months, respectively,
compared to patients with SD and mPD (n = 8). To put this in context
and as part of the post hoc analyses, we evaluated ctDNA responsesin
patients with stable disease onimmunotherapy from previously pub-
lished studies®*'3"°, These analyses further highlighted the heteroge-
neity of radiographic stable disease and the value of ctDNA molecular
response to capture survival (Extended Data Fig. 5).

We next explored the correlation of the degree of ctDNA reduc-
tion withradiographic RECIST response (Fig. 6a). The performance for
the change in maxMAF, mean MAF and median MAF of tumor-derived

variants compared to baseline (C1D1) was evaluated at C2D1and C3D1.
The depth of ctDNA response was predictive of radiographic RECIST
response with an area under the receiver operating characteristic
curve (AUC) of 0.77 (CI: 0.59-0.94) for C2D1 and 0.81 (Cl: 0.67-0.95)
for C3D1 ctDNA response assessments (Fig. 6b,c). Likewise, we found
similar performance for the change in maxMAF, mean MAF and median
MAF in predicting radiographic RECIST response at C2D1 (AUC: 0.78,
CI: 0.62-0.95 and AUC: 0.78, Cl: 0.62-0.95 for mean MAF and median
MAF, respectively) or C3D1 (AUC: 0.82, Cl: 0.68-0.95 and AUC: 0.81,
Cl:0.67-0.95 for mean MAF and median MAF, respectively) (Extended
DataFig. 6).

Aspartof posthocanalyses, we explored the association between
baseline maxMAF and clinical outcomes. Although we did not identify
any differencesin baseline maxMAF between patients attaining aradio-
graphic response (CR/PR) compared to patients in the SD/PD group
(Wilcoxon P=0.43, Extended Data Fig. 7), patients with undetectable
ctDNA at baseline (n =10) had numerically longer PFS and OS than
patients with detectable ctDNA (n =35, median survival 8.31 months
versus 2.96 months for PFS and 16.89 months versus 10.94 months for
OS, respectively; Extended Data Fig. 8). Inevaluating the direct associa-
tion of continuous baseline maxMAF with OS, we found that baseline
maxMAF was not significantly associated with OS after adjustment for
ctDNA molecular response status (hazard ratio (HR) = 0.986, 95% Cl:
0.946-1.027, P=0.56), indicating that ctDNA kinetics and molecular
response was the most significant predictor of outcome (HR = 0.158,
95% CI: 0.052-0.48, P=0.0063).

Feasibility and concordance of tumor-agnostic WBC
DNA-informed and tumor-informed approaches

As part of the study’s exploratory analyses, we evaluated whether a
tumor-informed approach would more accurately capture ctDNA
molecular responses. Of the 50 patients enrolled in the BR.36 study,
only 19 (38%) had available matched tumor samples (Methods and
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shown at the top of each panel, alongside the maxMAF of tumor-derived variants
detected at each timepoint. Stacked area plots represent MAFs of individual
tumor-specific variants as measured in liquid biopsies at baseline and on-therapy
timepoints. Of note, the plot does not reflect the unknown hierarchical structure
of tumor subclones harboring mutations, and, as such, the height of the area plot
indicates the sum of MAFs from all mutations at each timepoint.

Table 2 | Concordance between radiographic and ctDNA
molecular response for patients evaluable for ctDNA
molecular response

RECIST response (BOR) Molecular response
mR mPD

CR/PR 9(82%) 2 (18%)

No RECIST response 6 (25%) 18 (75%)

iRECIST response

iCR/iPR 10 (83%) 2 (17%)

No iRECIST response 5(22%) 18 (78%)

Supplementary Tables 9 and 10). Furthermore, of the 19 patients with
sufficient tumor samples sequenced, five had undetectable ctDNA,
resulting in 14 (28%) patients with matched tumor NGS performed
and detectable plasma variants. Of these, 11 (22%) patients had con-
firmed tumor-derived plasma variants by tumor NGS (Supplemen-
tary Table 10). We found a high concordance of 90.9% between the
cellular origin of variants determined by the tumor-agnostic WBC
DNA approach and confirmed tumor origin by matched tumor NGS.
In the subset of patients with confirmed tumor origin of the plasma
variants (n =11), ctDNA molecular responses were 100% concordant
between the tumor-informed and tumor-agnostic WBC DNA-informed
approach. Notably, for patient BR360006, none of the plasma variants
was detected in NGS of the matched tumor; however, by employing our

tumor-agnosticapproach,an ATM Q3000H mutationand aKIT C537W
mutation were classified as tumor derived and evaluated for ctDNA
kinetics. Similarly, for patient BR360026, there was no overlap between
plasma variants and tumor NGS; nevertheless, the tumor-agnostic
WBC-informed approach revealed a tumor-derived KRAS hotspot
mutation that was tracked to determine ctDNA molecular response.
A KRAS G12C was missed by tumor NGS for patient BR360036 but was
detected, classified as tumor derived and tracked to determine molecu-
lar response. Although these exploratory analyses were limited by
the lack of a trial-mandated tissue biopsy, our findings exemplify the
challenges with the practical implementation of a tumor-informed
liquid biopsy approach for assessing response to treatment as well as
improved capture of tumor heterogeneity by liquid biopsies compared
to archival tissue NGS analyses.

Discussion

Thereisan unmet clinical need toimplement real-time minimally inva-
sive molecular analyses to capture therapeutic response and guide
decision-making in the context of precision 10. We report here the
findings of stage 1 of the Canadian Cancer Trials Group (CCTG) BR.36
trial, which aimed to define ctDNA molecular response, optimal timing
of assessment and concordance with radiographic response. Employ-
ingatumor-agnostic WBC DNA-informed panel NGS approach, ctDNA
molecularresponse, defined as complete clearance of circulating tumor
load after two cycles of pembrolizumab, was largely concordant with
radiographic response assessments but, notably, was more informa-
tive in predicting OS. These findings are now incorporated into the
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second ctDNA molecular response-driveninterventional randomized
stage of the trial that will assess the value of adjusting therapy based
on ctDNA response.

Thelandscape of [0 is expandingrapidly; however, optimal patient
selection for immunotherapy represents a critical challenge that is
intensified by the heterogeneity of clinical responses and insufficiency
of imaging to fully and timely capture changes in tumor burden and
therapeutic response. Snapshot biomarkers currently used to guide
therapy selection, such PD-L1 expression and TMB, rely on analysis
of tumor tissue obtained through invasive single-region biopsies,
which may not sufficiently capture the clonal complexity of tumors,
may be problematic in the event of low tumor purity sampling and,
importantly, do not capture the evolving tumor under the selective
pressure of immunotherapy. These challenges highlight the urgent
unmet need to develop molecularly informed strategies to improve
patient selection, enable early and accurate response assessment and
facilitate long-term response monitoring during immunotherapy.
To this end, liquid biopsies are emerging as powerful minimally inva-
sive approaches to monitor tumor burden as cancer cells go through
immunotherapy-induced evolutionary bottlenecks and to rapidly and
precisely capture therapeutic response.

We hypothesized that ctDNA molecular response can be used
as an enrichment strategy to identify patients at high risk of clinical
disease progression (those with molecular disease progression), thus
limiting the heterogeneity of the target population, which, in turn,
opens a therapeutic widow of opportunity for early intervention and
interception of therapeutic primary resistance. Anincreasing number
of studies support the role of ctDNA molecular response as an early
endpoint of therapeutic response®”**2°223_Despite the substantial
progress made, there remain outstanding questions that need to be
answered before implementation of ctDNA molecular responses in
clinical decision-making, starting with what signifies actDNA molecu-
lar response. Although different measures have been used to capture
circulating tumor burden duringimmune checkpoint blockade, includ-
ing the mean’” or maximum”*>** MAF of tumor-derived alterations, a
consensus definition of circulating tumor load is lacking. Similarly,
several definitions have been proposed for ctDNA molecular response
that are, in part, dependent on the NGS assay used and its sensitivity
and negative predictive value'. Circulating tumor load regression more
than50%'%>**%, any ctDNA reduction' or complete elimination®’® have
been proposed as potential definitions of ctDNA molecular response.
In the ctMoniTR pooled analyses of ctDNA dynamics in 10-treated
NSCLC, changes in maxMAF were shown to be the most predictive
of therapeutic response’. The heterogeneity in cohort composition,
treatment administered, timepoints analyzed and ctDNA methodol-
ogy used represent critical challengesin these previousretrospective
proof-of-concept studies as well as their pooled analyses. BR.36 was
prospectively designed to address these challenges, and serial liquid
biopsy analyses revealed that ctDNA complete elimination better
captured clinical outcomes in the context of the NGS tumor-agnostic
assay used in the study, which also incorporated patient-matched
WBCs. Furthermore, we investigated whether mean, median or maxi-
mal MAF of tumor-derived variants can differentially serve as a proxy
for circulating tumor burden, but we did notidentify any differences,
whichis, in part, related to our definition of molecular response that
entails ctDNA reduction to undetectable levels.

How early does molecular response occur? Several proof-of-
concept studies have indicated that the optimal timepoint for ctDNA
response lies between 4 weeks and 9 weeks from single-agentimmune
checkpointblockadeinitiation®*. Inthe first stage of BR.36, we found
that the optimal timepoint is at C3D1, after two cycles of pembroli-
zumab; taking into account treatment delays, ctDNA responsein BR.36
was determined at 8 weeks from treatment initiation. Importantly,
understanding the true concordance between molecular and radio-
graphic responses and how these differentially capture long-term
outcomesinaclinical trial setting isimperative to support the clinical
utility of ctDNA response. ctDNA molecular response may be most
informative in characterizing the heterogenous group of patients
withradiographically stable disease. ctDNA response has been shown
to predict outcome with immune checkpoint blockade, such that
patients with NSCLC with stable disease that cleared ctDNA had sig-
nificantly longer PFS than patients who did not clear®. Patients with
radiographicstable disease at first assessment who eventually attained
aradiographic response have been reported to predominantly show
ctDNA molecular responses?. Although a dedicated analysis of the
heterogeneity of stable disease with respect to ctDNA response and
long-term clinical outcomes was not included in the pre-specified
analyses of the BR.36 study, patients within the stable disease subset
had differential clinical outcomes that matched their ctDNA molecular
response. Taken together, radiographic imaging may fail to timely
detect the magnitude of therapeutic response for patients with stable
disease, and ctDNA response may be of particular value in assessing
therapeutic response in this setting.

Furthermore, we explored whether a tumor NGS-informed
approach would be feasible and more informative than the
tumor-agnostic WBC DNA-informed approach that we employed in
BR.36. Tumor-informed liquid biopsy approaches for patients with
metastatic disease may not be feasible from atissue sufficiency stand-
pointand may restrict the evaluable plasmavariants to these detected
by single-region heterogenous tumor sample NGS. WBC DNA-informed
liquid biopsy approaches can improve the specificity for tracking cir-
culating tumor load compared to plasma-only approaches” >’ while
retaining the advantage of capturing tumor heterogeneity and, as
such, serve asa compelling alternative to tumor-informed approaches.
WBCDNA-informed approaches also address the emergent challenge
withbiological noisein liquid biopsies, driven by mutationsrelated to
clonal hematopoiesis®. Nevertheless, it is plausible that alterations
deemed as ‘tumor derived’ by a tumor-agnostic WBC DNA-informed
approach maybe derived from another lineage or represent ultra-low
abundance clonal hematopoiesis alterations that were not detected
by error-correction NGS of matched WBC. Notably, in the BR.36
cohort, only 22% of patients would have been evaluable by employing
atumor-informed liquid biopsy approach. Although the tissue-plasma
NGS concordance analyses were limited by the lack of atrial-mandated
tissue biopsy, it is important to note that, for the small fraction of
patients with matched plasmaand tumor NGS, we noted100% concord-
ancein ctDNA molecular responses, which further supports the validity
of our tumor-agnostic WBC DNA-informed approach.

This study has several limitations, including the cohort size and the
RECIST BOR of 32%, which likely reflected the real-world nature of the
trial and reduced the statistical power to assess correlation of ctDNA
with RECIST responses. Furthermore, as expected, approximately 20%

Fig. 5| Analyses of PFS and OS by ctDNA molecular response. a, Swimmer

plot depicting the timing of radiographic response assessment, molecular
response trajectory and OS for each evaluable patient in the BR.36 stage 1 cohort.
The patients are grouped by radiographic response category and ordered by

OS within each group, where the bar color indicates the assigned molecular
response. The circles to the right of each bar depict detection of ctDNA in the
three liquid biopsy samples analyzed from timepoints C1D1, C2D1and C3D1, from
left to right, respectively. The three annotation columns to the left of the bars

indicate the value of maxMAF in the baseline sample and the ratio of maxMAF in
the C2 and C3 timepoints compared to the baseline. Gray tiles mark timepoints
withno sample available for analysis. Triangles at the edge of survival intervals
indicate ongoing follow-up. b,c, Patients with ctDNA mR had alonger PFS and OS
compared to patients with mPD (5.03 months versus 2.6 months and not reached
versus 7.23 months for PFS and OS, respectively; HR = 0.55,95% CI: 0.27-1.13 and
HR =0.16, 95% CI: 0.05-0.50 for PFS and OS, respectively). NA, not applicable.
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Fig. 6 | Depth of ctDNA response in association with RECIST radiographic
response. a, All patients with complete radiographic response (CR) and six of
nine patients with partial response (PR) showed ctDNA clearance (mR) during
on-therapy timepoints (C2D1and/or C3D1). In contrast, for patients with
stable disease (SD) or progressive disease (PD), ctDNA clearance was much
less frequent (two of 10 patients with SD and four of 14 patients with PD). The
upper half of the vertical axis indicates the maxMAF observed in the baseline
sample (green), whereas the lower half depicts the maxMAF in the on-therapy
timepoints. maxMAF values are pseudo-log transformed for improved visual
clarity. b,c, At each on-therapy timepoint, the fractional change in maxMAF

compared to the baseline sample was used to predict the radiographic response
at12 weeks. Receiver operating characteristic (ROC) curves are shown, and point
estimates for AUC along with 95% Cls are indicated. Change in maxMAF at C2D1
predicted RECIST response withan AUC of 0.77 (95% CI: 0.59-0.94), whereas
change in maxMAF at C3D1 predicted RECIST response with an AUC of 0.81(95%
ClI:0.67-0.95). The dot sizes do not code for any data element displayed; rather,
these are selected to visually maximize clarity, such that overlapping marks from
distinct timepoints are not blocked and can be visually distinguished. LOD, limit
of detection.

of patients enrolled were not evaluable for ctDNA molecular response
due to undetectable ctDNA, which represents a limitation given the
shrinkage of the study population. Conceptually, amore sensitive mul-
tiplex polymerase chainreaction (PCR) tumor-informed liquid biopsy
bespoke approach may reduce the number of cases with undetectable
ctDNA; however, such an approach may not be feasible, especially in
the context of a real-time ctDNA molecular response-adaptive inter-
ventional trial. Finally, the BR.36 study was powered to address the
concordance between ctDNA and radiographic response, and, assuch,
assessment of additional endpoints may be limited by the study design.
Perthetrial design, we were limited in assessing the lead time between
ctDNAresponse and RECIST response. ctDNA molecular response was
assessed on C3D1 (2.1 months, accounting for delays within the BR.36
study cohort, otherwise on week 6 after pembrolizumab initiation),
whereas best radiographic response was assessed at 12 weeks after
treatment initiation. Although RECIST responses were evaluated at

6 weeks, together with ctDNA responses, BOR did not occur at 6 weeks,
rather at 12 weeks; as such, ctDNA response provides the earliest and
most accurate readout of best overall therapeutic responses.

Taken together, we show that ctDNA molecular response caniden-
tify patients with metastatic NSCLC less likely to attain favorable clinical
outcomes with single-agent anti-PD-1therapy, and this opens a thera-
peutic window of opportunity for treatment intensification for patients
with molecular disease progression. Our findings wereimplementedin
the design of the planned stage 2 of the BR.36 trial, which uses ctDNA
detection after two cycles of standard-of-care pembrolizumab mono-
therapytoidentify patients with metastatic NSCLC with PD-L1>50% at
high risk for disease progression, who are subsequently randomized
totreatmentintensification with pembrolizumab and chemotherapy
versus continuation of pembrolizumab. Overall, our findings support
the implementation of liquid biopsies in interventional 10 clinical tri-
als and further advance the evidentiary roadmap toward integration
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of ctDNA molecular responses in clinical decision-making for the
increasing number of patients receivingimmunotherapy.
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Methods

Clinical trial design

The CCTG BR.36 trial (ClinicalTrials.gov ID: NCT04093167) was a
phase 2, multi-center trial centrally activated on 17 October 2019.
BR.36 stage 1 was designed as a single-arm, unblinded observational
trial. BR.36 stage 2 is a randomized phase 2/3 trial that will evaluate
whether adding chemotherapy to pembrolizumab for patients with
advanced PD-L1'NSCLC who have persistent ctDNA at 6 weeks will
resultin better PFS and OS compared to patients who remain on pem-
brolizumab therapy until clinical progression. Primary endpoints are
PFSand OS for the phase 2 and 3 portions, respectively (Extended Data
Fig.1). Thetrialwas conducted accordingto principles of Good Clinical
Practice and was reviewed and approved by ethics committees of six
participatinginstitutions, namelyJohns Hopkins Hospital (Johns Hop-
kins Medicine Institutional Review Board), Ottawa Hospital Research
Institute, Kingston Health Sciences Centre, Juravinski Cancer Centre,
Princess Margaret Cancer Centre (Ontario Cancer Research Ethics
Board) and BC Cancer Vancouver (University of British Columbia, Brit-
ish Columbia Cancer Agency Research Ethics Board). Writteninformed
consent before trial participation was required for all patients. The
first patient was enrolled on study on 26 May 2020, and the study was
closed foraccrual for stage1on5April2022. An outline of the number
of patients with samples available for analysesis showninFig.1andin
the CONSORT diagramin Fig. 2. Two major protocol violations due to
collection of the C1D1 blood sample after treatment initiation were
reported. Pembrolizumab was administered as per local standard of
care at200 mgor2 mg kg'intravenously (IV) every 3 weeks. After the
firstthree cycles, investigators had the option of switching to pembroli-
zumab400 mgor4 mg kg™ IV every 6 weeks. Patients continued on trial
until radiographically defined progression or unacceptable toxicity or
until maximum duration of treatment (24 months).

Eligibility criteria
Full eligibility criteria were as follows:
Inclusion criteria

e Adult patients (=18 years of age) with previously untreated,
histologically or cytologically confirmed metastatic PD-L1" (TPS
>1% expression, PD-L1 test performed in a certified laboratory)
NSCLC or stage IIINSCLC if they are not candidates for surgical
resection or definitive chemoradiation.

« ECOGPSofOorl.

« Patients have to be eligible to receive treatment with pembroli-
zumab as standard of care, have an ECOG PS of 0 or 1 and have
measurable disease and acceptable organ function.

« No prior systemic chemotherapy orimmunotherapy for
advanced metastatic NSCLC. Chemotherapy for non-metastatic
disease (for example, adjuvant therapy) orimmunotherapy for
locally advanced stage Ill disease is allowed if at least 6 months
have elapsed since the prior therapy and enrollment. Local
therapy (for example, palliative extra-cranial radiation) is
allowed as long as a period of 2 weeks has passed since comple-
tion. Patients must have recovered to <grade 1from all reversible
toxicity related to prior systemic or radiation therapy.

« Previous major surgery is permitted provided that surgery
occurred at least 28 d before patient enrollment and that wound
healing has occurred.

« Clinically and/or radiologically documented disease with at least
one lesion measurable as defined by RECIST version L.1.

« Imaging investigations, including computed tomography (CT)
of the chest, abdomen and pelvis and magnetic resonance
imaging (MRI) of the brain (if known brain metastases) or other
scans as necessary to document all sites of disease must be done
within 28 d before enrollment.

« Adequate hematology and organ function as defined below
(must be done within 14 d before enroliment). Hematology:

WBC 22.0 x 10° per liter (2,000 per microliter), absolute
neutrophils >1.5 x 10° per liter (1,500 per microliter) and
platelets 100 x 10? per liter (100 x 10® per microliter).
Chemistry: bilirubin <1.5x the upper limit of normal (ULN)*,
AST and/or ALT <3x ULN, <5x ULN for patients with liver
metastases; serum creatinine or creatinine clearance* <1.5x
ULN or 240 ml min™ (*if confirmed Gilbert’s, eligible providing
<3x ULN; ** creatinine clearance as calculated by Cockcroft and
Gault equation below: females: GFR =1.04 x (140 - age) x weight
in kg serum creatinine in pmol L™, males: GFR =1.23 x (140 — age)
x weight in kg serum creatinine in pmol L™).

- Patients with large cell neuroendocrine carcinoma (LCNEC)
and patients with clinically actionable EGFR or ALK genomic
alterations, with symptomatic and uncontrolled brain metasta-
ses, who were pregnant/lactating or who were unwilling to use
appropriate contraception were not eligible. Testing for EGFR
and ALK is not required for patients with squamous histology.

- Patients have to consent to provision of a representative archival
formalin-fixed, paraffin-embedded (FFPE) tumor block.

- Patients must consent to collection of liquid biopsy (blood)
samples for ctDNA analysis by a CLIA central laboratory and for
correlative analysis by a research central laboratory.

- Patient consent must be appropriately obtained in accordance
with applicable local and regulatory requirements. Each patient
must sign a consent form before enrollment to the trial to docu-
ment their willingness to participate.

< Patients must be accessible for treatment and follow-up. Investi-
gators must assure themselves that the patients enrolled on this
trial will be available for complete documentation of the treat-
ment, adverse events, collection of blood samples, response
assessments and follow-up. Patients must agree to return to
their primary care facility for response assessments as well as
for any adverse events that may occur through the course of the
trial.

« Inaccordance with CCTG policy, protocol treatment with
pembrolizumab is to begin within two working days of patient
enrollment.

«  Women/men of childbearing potential must have agreed to use
a highly effective contraceptive method. A woman is considered
to be of ‘childbearing potential’ if she has had menses at any
time in the preceding 12 consecutive months. In addition to
routine contraceptive methods, ‘effective contraception’ also
includes heterosexual celibacy and surgery intended to prevent
pregnancy (or with a side effect of pregnancy prevention),
defined as a hysterectomy, bilateral oophorectomy or bilateral
tubal ligation or vasectomy/vasectomized partner. However,
if at any point a previously celibate patient chooses to become
heterosexually active during the time period for use of contra-
ceptive measures outlined in the protocol, he/she is responsible
for beginning contraceptive measures. Women of childbearing
potential will have a pregnancy test to determine eligibility
as part of the pre-study evaluation; this may include an ultra-
sound to rule out pregnancy if a false positive is suspected. For
example, when beta-human chorionic gonadotropin is high and
the partner is vasectomized, it may be associated with tumor
production of hCG, as seen with some cancers. Patient will be
considered eligible if an ultrasound is negative for pregnancy.

Of note, a PD-L1 TPS >50% was initially indicated as an inclusion
criterion for the BR.36 trial, given the regulatory approvals in the
United States and in Canadaat the time of study design and activation.
Throughout the duration of the BR.36 trial, the practice guidance
changed in both the United Stated and Canada, allowing for pem-
brolizumab monotherapy for NSCLC with PD-L1TPS 1%, and this was
reflected inatrialamendment and revision of the eligibility criteriato
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include NSCLC with PD-L1TPS >1%. Thisamendment wasimplemented

inJanuary 2021, after which 18 patients were enrolled. Despite the

revised eligibility criteria, most patients enrolled in BR.36 had tumors

with PD-L1>50%, reflecting the preference for pembrolizumab mono-

therapy in this context given the higher magnitude of benefit.
Exclusion criteria

- Patients with a prior malignancy whose natural history or treat-
ment has the potential to interfere with the safety or efficacy
assessment of the investigational regimen are not eligible for
this trial.

- Patients with symptomatic central nervous system (CNS) metas-
tases and/or CNS metastases requiring immunosuppressive
doses of systemic corticosteroids (>10 mg per day prednisone
equivalents). Patients with known CNS metastases who are
asymptomatic and on a stable dose of corticosteroids <10 mg
per day prednisone equivalents before enrollment are eligible.

» Patients who are not suitable candidates for treatment with
pembrolizumab according to the current guidance/indications
described in the Product Monograph (Canada) or Drug Label
(US), including, but not limited to, patients with active infection,
autoimmune disease, conditions that require systemic immuno-
suppressive therapy (such as transplant patients) and patients
with a history of severe immune-mediated adverse reactions
or known hypersensitivity to pembrolizumab or its compo-
nents. Patients with pre-existing conditions, such as colitis,
hepatic impairment, respiratory or endocrine disorders (such
as hypothyroidism or hyperthyroidism or diabetes mellitus),
can be considered for enrollment to this study provided that
pembrolizumab is administered with caution and patients are
closely monitored.

« History of substantial neurologic or psychiatric disorder that
would impair the ability to obtain consent or limit compliance
with study requirements.

» Concurrent treatment with other anti-cancer therapy or other
investigational anti-cancer agents.

« Pregnant or lactating women.

Primary, secondary and exploratory endpoints

The primary objective of stage 1 of the BR.36 trial was to validate the
concordance of ctDNA molecular response with radiographic RECIST
version 1.1 response, ascertain its definition and identify the opti-
mal timepoint for ctDNA molecular response. Secondary objectives
included the evaluation of time to ctDNA molecular response, the cor-
relation of ctDNA molecular response with PFS and OS and exploration
of the degree of ctDNA reduction with clinical outcomes. The time to
ctDNA molecular response was defined similarly based on changes
in ctDNA levels, as described below. Tertiary objectives included the
collection of archival tumor tissue samples and additional longitudinal
plasma samples for future translational studies.

Efficacy

Patients who received at least one cycle of pembrolizumab and had
their disease re-evaluated after baseline were considered evaluable.
Patients with objective disease progression before the end of cycle
1were also considered evaluable. Using RECIST version 1.1 (ref. 30)
and iRECIST?, radiographic restaging was initially performed every
6 weeks until week 54 and then every 12 weeks until disease progres-
sion. The protocol was amended on 14 October 2021 to allow imaging
every 6 weeks until week 12 and then every 9 weeks until week 48 and
thenevery 12 weeks until disease progression. RECIST BOR and iRECIST
iBOR aswell asfirst radiographicresponse (at 6 weeks from treatment
initiation) were evaluated. The expected BOR rate was defined using the
KEYNOTE-024 clinical trial as a reference®. Time to clinical response
was defined from the date of starting the study treatment to the date

of first documented response of CR/PR for those who achieved a CR/
PR during the study, whereas it was censored at the date alternative
therapy beganfor those who received non-protocol anti-cancer therapy
before documented PD or the date of documented PD or date of death,
whichever came first, or censored at the date of last disease assessment
for those with SD and still alive at the end of the study.

Safety

Safety was assessed using Common Terminology Criteria for Adverse
Events (CTCAE) version 5. As patients were receiving pembrolizumab
as standard of care, reporting of adverse events was required for all
higher-grade toxicity (grades 3-5) and lower-grade toxicities if they led
totreatment modifications (Supplementary Tables1and 2). All patients
who received at least one dose of pembrolizumab were considered
assessable for toxicity.

Data collection and conventions for key data

Data were collected, entered and managed by the CCTG, according
to the group standard data management procedures. A clinical data
cutoffpoint was setonce the 50th patient enrolled to the trial had been
followed for 12 weeks and ctDNA molecular response and radiographic
response had been determined. The clinical trial database was cleaned
and locked on 20 September 2022. Baseline study evaluations were
defined as those collected closest to and before or on the first day of
study medication for study participants. The collection timepoints of
samples analyzed for ctDNA molecular response were determined by
collection date rather than the treatment cycle, as some cycles were
delayed due to adverse events.

Follow-up

The follow-up time was defined as the time from the date of registra-
tionto the date of last known alive status or at the date of death by the
clinical data cutoff date.

Sample collection

NGS of plasma-derived cell-free DNA and WBC-derived genomic
DNA. Cell-free DNA (cfDNA) was isolated from serial plasma sam-
ples from 45 patients (n =129) using the Circulating Nucleic Acid Kit
(Qiagen), and the concentration was assessed using the Qubit dsDNA
High-Sensitivity Assay (Thermo Fisher Scientific). Genomic DNA was
isolated from patient-matched baseline WBC samples (termed WBC
DNA, n=45) using the QIAamp DNA Blood Mini Kit (Qiagen), and the
concentration was assessed using the Qubit dsDNA High-Sensitivity
Assay (Thermo Fisher Scientific). Subsequently, genomic DNA was
sheared to a target size of approximately 200-bp fragments using
Covaris focused ultrasonication. NGS libraries were prepared from
cfDNA and fragmented genomic WBC DNA using a target of 40 ng
of sample input through end-repair, A-tailing and adapter ligation
with custom molecular barcoded adapters. Subsequently, libraries
were PCR amplified, and target enrichment was performed through
in-solution hybrid capture using the PGDx elio plasmaresolve 33-gene
panel”*?, Finally, libraries were pooled and sequenced with 150-bp
paired-end reads using the Illumina NextSeq 550 platform. Although
the liquid biopsy analyses in the first stage of the BR.36 trial were not
performedinrealtime, the turnaround time of the assay is 6-8 d, which
allows for the implementation of this approach in the second inter-
ventional stage of the trial. An overview of the plasma and WBC DNA
samples sequenced, together with their sequencing quality control
metrics, is shown in Supplementary Table 4. Somatic variant identifi-
cation was performed using validated machine-learning-based algo-
rithms, which have demonstrated high accuracy for somatic mutation
detection and differentiating technical artifacts to enable analyses
of single-nucleotide variants, small insertions/deletions, copy num-
ber amplifications, translocations and microsatellite instability”**,
The analytical performance of the PGDx elio plasmaresolve assay was
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previously described in contrived samples, showing >99% specificity;
>95% sensitivity for detection of alterations with a MAF of 0.25-1.0%;
>95% repeatability and precision across different laboratory condi-
tions; and >95% positive percent agreement and negative percent
agreement compared to orthogonal methods across the majority of
alteration types assessed". To further expand these analyses beyond
contrived samples and incorporate the ctDNA findings from the BR.36
study, we evaluated the variants detected and used for ctDNA molecu-
lar response assessment to calculate the estimated limit of detection
based on the error-corrected coverage obtained through a binomial
model. To determine sensitivity of the assay, we analyzed the set of 56
genomic positions harboring tumor-derived mutations at the baseline
timepoint (C1D1). At each position, given the observed distinct cover-
age, the probability of observing a minimum of three error-corrected
mutation counts at any given alteration MAF level was calculated using
the binomial distribution. For each MAF level, the median of the esti-
mated probabilities across the 56 positions was determined and used
as an estimate for the assay sensitivity.

NGS of tumor-derived genomic DNA

Thirty-four (68%) tumor samples were available, of which seven were
macroscopically of insufficient quantity. FFPE tumor tissue sections
for cases with available tumor material (n = 27) underwent hematoxylin
and eosin staining and pathological review with a minimum of 20%
tumor content required for sample testing and analysis. Two tumor
samples had insufficient tumor purity upon pathology review, and
tumor tissue macrodissection was performed to further enrich for
tumor content for evaluable samples. Genomic DNA was extracted from
FFPE tumor tissue using the Qiagen FFPE Tissue Kit and was sheared to
atarget size of approximately 200-bp fragments using Covaris focused
ultrasonication. Five additional tumor samples were deemed insuffi-
cient due to suboptimal DNA yield. NGS libraries were prepared from
fragmented genomic DNA using a target of 100 ng (minimum 50 ng)
of sampleinput through end-repair, A-tailing and adapter ligation with
custom barcoded adapters. Subsequently, these libraries were PCR
amplified, and target enrichment was performed throughin-solution
hybrid capture using the PGDx elio tissue complete 505-gene panel*®.
Finally, libraries were pooled and sequenced with 150-bp paired-end
reads using the Illlumina NextSeq 550 platform. Average total and dis-
tinct coverage were 2,268x and 1,168x, respectively, and sequencing
metrics are summarized in Supplementary Table 5. Somatic variant
identification was performed using validated machine-learning-based
algorithms, which have demonstrated high accuracy for somatic muta-
tiondetection and differentiating technical artifacts to enable analyses
of single-nucleotide variants, smallinsertions/deletions, copy number
amplifications, translocations, microsatellite instability and TMB>**¢%,
Ofthe 20 sequenced tumor samples, 19 also had matched plasma NGS
performed.

Plasma variant cellular origin determination

Atumor-agnostic WBC DNA-informed approach wasimplemented to
determine the cellular origin of variants detected by plasma NGS™ as
follows. Variants were classified by origin in three categories: tumor
derived, clonal hematopoiesis derived and germline. Non-cancer hot-
spot mutations with a MAF >25% in all plasma and WBC samples from
thesameindividual were classified as germline and were removed from
further analysis. Non-germline variants detected in plasma as well as
inmatched WBC DNA were classified as clonal hematopoiesis derived
and were removed from further analysis, with the exception of cancer
hotspot mutations. Cancer hotspot mutations (for instance, KRAS
G12C) were considered tumor derived independent of detection in
the matched WBC DNA samples, the latter likely indicating buffy coat
contamination by circulating tumor cells or suboptimal pre-analytical
processing. Supplementary Table 6 summarizes the cellular origin of
variants detected by matched plasma-WBC DNANGS. The frequency of

alterations associated with clonal hematopoiesis was underestimated,
asthetargeted gene panel used in this study did notinclude DNMT3A,
whichis canonically mutated in clonally expanded hematopoietic cells.
Although tumor NGS was not used to determine variant cellular origin
or ctDNA molecular response, as described below, a limited explora-
tory tumor tissue-plasma concordance analysis was performed for 19
patients with matched tumor and plasma NGS.

ctDNA molecular response evaluation

All patients who received at least one cycle of therapy and had ctDNA
evaluated in at least one timepoint in addition to baseline were con-
sidered evaluable for ctDNA molecular response (n = 45). To alleviate
technical challenges associated with the sensitivity of error-correction
NGS atlower MAFs and according to previous studies”®, the maxMAF of
tumor-derived mutations was used as anindicator of cell-free circulat-
ing tumor load and computed for each timepoint analyzed. Similarly,
giventhebroader Clin MAF estimates with decreasing MAF, around the
assay limit of detection, a greater relative ctDNA reduction reflected
in ctDNA clearance more accurately captures circulating tumor bur-
den contraction®'®?*, Taken together, we defined ctDNA molecular
response as maxMAF clearance; ctDNA molecular responses were
assigned blindly with respect to radiographic responses and clinical
outcomes. Having defined ctDNA molecular response as maxMAF
clearance, we then determined the timepoint that this condition was
met forindividuals onthe BR.36 trial, which was on C2D1for 13 patients
(maxMAF remained 0% at C3D1 for these individuals, with the excep-
tion of BR360048, for which C3D1 plasma collection was missed) and
on C3D1 for two individuals, leading to the selection of C3D1 as the
timepoint were the maxMAF clearance condition was met. Reduction
of maxMAF to undetectable levels in C2D1 or C3D1 (ctDNA clearance
at C2D1and C3D1 or at C3D1) signified mR, whereas persistence of
maxMAF at C3D1 indicated mPD®. The molecular response rate was
calculated as the number of patients with mR divided by the number
of all patients who were evaluable for ctDNA molecular response.

Statistical analyses

The BR.36 study was powered to address the concordance between
ctDNA and radiographicresponses. The sample size was determined to
ensure that thelower 95% confidence bound of the estimated sensitivity
and specificity was higher than 50%, assuming the observed sensitivity
and specificity were no less than 70%. The required sample size was 50
patients, assuming that 20% of patients will have undetectable ctDNA
before therapy®, that the objective response rate to pembrolizumab
is 45% (as reported in the KEYNOTE-024 trial)” and that the sensitiv-
ity and specificity of the ctDNA molecular response are both no less
than 70%; 18 responders would ensure that the lower bound of the
90% Cl for estimated sensitivity is higher than 50%. Similarly, with 22
non-responders, the lower bound of the 90% Cl for estimated speci-
ficity is higher than 50%. Among the patients with detectable ctDNA
and evaluable ctDNA molecular response, the concordance of ctDNA
molecular response with radiographic response and the sensitivity
and specificity of ctDNA molecular response were estimated with
90% CI. Pre-specified analysis populations included the per-protocol
population (that is, the eligible patients with detectable ctDNA and
evaluable for ctDNA molecular response); all accrued patients in the
trial; and the as-treated population (that is, all patients who received
atleast one dose of study treatment).

Discrete variables were summarized with the number and propor-
tion of study participants fallinginto the category of interest. Continu-
ous and ordinal categorical variables were summarized using the mean,
median, standard error, minimum and maximum and interquartiles
values where appropriate. For the time-to-event outcomes, the distri-
butions were estimated with the Kaplan-Meier product limit method
and summarized with median survival and 90% CI. Cox proportional
hazardsregression analysis was employed to assess the association of
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continuous maxMAF values with OS. The specificity and sensitivity and
their Cls were estimated using the exact binomial distribution method.

We determined concordance between the depth of molecular
response and radiographic RECIST response as follows. Ineach patient
(i) and for each on-therapy timepoint (C*), the change in ctDNA level
compared to baseline (d.,) as

B max({fé’{,.,je {1,...,n}})—max ({ I lje {1,..,,n}})

« max ({f2,|.j € 1,....n}})

Here, £ indicatesthe MAF for mutationjof patient /in sample C;
negative values of d, indicate an increase in ctDNA level. In samples
where the maxMAF of the baseline sample was O, the ratio above is
undefined. In such cases, the value of d’, was set to the smallest value
observed among the remaining samples from that timepoint in the
cohort—thatis, the largest increase compared to baseline. The continu-
ous variable d., was used to predict abinary measure of RECIST radio-
graphicresponse, where the responder group comprises patients with
CRor PRand the non-responder group comprises patients with SD or
PD.The AUC for the ROC curve was calculated to quantify performance
(Rversion3.6.1, pROC version1.16.2).

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Next-generationsequencing datacanberetrieved from the European
Genome-phenome Archive (accession number EGASO0001007298).
Clinical trial data can be requested through the Canadian Cancer Tri-
als Group in accordance with its data sharing policy. Data access and
contact details are described at https:/www.ctg.queensu.ca/public/
policies, with an expected turnaround time of 4-8 weeks.
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Extended Data Fig. 1| Trial schema for the interventional second stage of the BR.36 study. Abbreviations: NSCLC; non-small cell lung cancer, ICB; immune
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Extended Data Fig. 3| ctDNA trends for patients with discordant molecular
and radiographic RECIST responses. (a) For patient BR360019, clearance of
KRAS G12C at C2D1signified ctDNA molecular response, which was discordant
with the RECIST radiographic assessment of disease progression. (b) In contrast,
patient BR360041showed persistence of NRAS Q61L at C3D1and was as such
classified in the molecular disease progression category that while discrepant

witha RECIST assessment of partial response, more accurately reflected ashort
progression-free survival of 1.47 months. (c) Notably, for patient BR360017 that
had radiographically stable disease, clearance of KRAS G12V at C2D1 signified
ctDNA molecular response and accurately captured the patient’s ongoing
progression-free and overall survival of >13 months.
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Extended DataFig. 4 | Progression-free and overall survival prognostication
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distinguished patients with complete/partial responses compared to patients
withstable disease for progression-free (8.31vs 4.27 months, shown in panel a)
and overall survival (not reached vs 16.89 months, shown in panel b).
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(b). (c) Looking at differences in progression-free and overall survival within
theradiographically stable patients across studies, ctDNA response accurately
captured longer progression-free and overall survival (Anagnostou et al.: median
0S=13.6formR vs13.7 for mPD, logrank p > 0.05; median PFS =12.3 for mR vs 5.2
for mPD, logrank p = 9.8e-3. Murray et al.: median OS = 23.0 for mR vs 5.9 for mPD,
logrank p = 8.0e-4; median PFS =23.01for mR vs 2.7 for mPD, logrank p = 4.8e-

3). Stable disease annotation was not available for patients from Bratman et al.
cohort, while only one patient who received immunotherapy had stable disease
inthe Sivapalan et al. cohort, resulting in exclusion of these cohorts from panels b
and c. Median survival estimates were derived using survival fit function.

Extended Data Fig. 5| Heterogeneity of radiographic stable disease with
respect to ctDNA response and long-term clinical outcomes. To expand

the post hoc analyses of differential outcomes based on ctDNA response for
patients with radiographically stable disease onimmune checkpoint blockade,
we computed the concordance between radiographic and ctDNA responses

from previously reported 10 cohorts together with BR.36 (Anagnostou et al.,
Cancer Research, 2019, Bratman et al., Nature Cancer, 2020, Murray et al., Cancer
Research, 2021, Sivapalan et al., Clin Cancer Research, 2023). (a) These analyses
showed that the concordance between radiographic (CR/PR vs SD/PD) and ctDNA
responses depends on the fraction of patients with stable disease, a group that
shows heterogeneity with respect to ctDNA responses across all cohorts analyzed
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Extended Data Fig. 6 | ROC curves for ctDNA change from C1to C2and C1

to C3 and RECIST response. MAF dynamics, computed from C1D1to each
on-therapy time point, were used to predict the radiographic response at 12
weeks by analyzing the maximum (a, d), mean (b,e), and median (c, f) MAF
across all observed tumor-derived mutations. At each on-therapy time point, the
change in MAF measure (maximum, mean, or median) compared to the baseline

sample was calculated, and receiver operating characteristic (ROC) curves

were drawn to assess performance. These analyses supported aslightly higher
analytical performance of ctDNA molecular response at C3D1, with no significant
differences noted when maximal, mean or median mutant allele frequencies of
tumor-derived mutations were used to measure circulating tumor burden. Area
under the curve along with 95% confidence intervals are reported.
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Extended Data Fig. 7 | Baseline levels of circulating tumor burden differences
based on radiographic RECIST response. There were no differences in MaxMAF
values between patients with radiographic SD/PD (n = 24, non-responder group)
compared to patients with radiographic CR/PR (n =11, responder group) as

assessed by the Wilcoxon test (two sided p = 0.43). Box plots depict the median
value and hinges correspond to the first and third quartiles. The whiskers extend
from the corresponding hinge to the furthest value within 1.5 * the interquartile
range from the hinge.
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Extended Data Fig. 8 | Survival outcomes by detectable vs. undetectable
ctDNA status at baseline. (a) Patients with undetectable ctDNA at baseline
(n=10) had numerically longer PFS compared to patients with detectable
ctDNA (n =35, median PFS 8.31vs 2.96 months). (b) Similar trends were noted

for overall survival, such that patients with detectable ctDNA at baseline (n =10)
had numerically shorter OS compared to individuals with undetectable ctDNA at
baseline (n =35, median 0S10.94 vs.16.89 months).
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criterion for stage 1 of the BR.36 trial.
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and 76% of participants had an ECOG performance status (PS) of 1. Seventy six percent of tumors were adenocarcinomas
and 96% had PD-L1 tumor proportion score of > 50%.

Recruitment 50 patients were recruited based on the BR.36 clinical trial eligibility criteria as follows: Key eligibility criteria were adult
patients with previously untreated, histologically or cytologically confirmed metastatic PD-L1 positive (TPS equal or greater
than 1%) NSCLC or stage Il NSCLC if they are not candidates for surgical resection or definitive chemoradiation. Patients had
to be eligible to receive treatment with pembrolizumab as standard of care, ECOG Performance status O or 1 and with
measurable disease and acceptable organ function. Patients with large cell neuroendocrine carcinoma (LCNEC) and patients
with clinically actionable EGFR or ALK genomic alterations, symptomatic and uncontrolled brain metastases, pregnant/
lactating or unwilling to use appropriate contraception were not eligible. Furthermore, patients had to consent to provision
of a representative archival formalin fixed paraffin tumor block. There was no appreciable bias in trial enrollment.

Ethics oversight The trial was conducted according to principles of good clinical practices and reviewed and approved by ethics committees of
six participating institutions, namely the Johns Hopkins Hospital (Johns Hopkins Medicine Institutional Review Board), Ottawa
Hospital Research Institute, Kingston Health Sciences Centre, Juravinski Cancer Centre, Princess Margaret Cancer Centre
(Ontario Cancer Research Ethics Board) and BC Cancer Vancouver (University of British Columbia - British Columbia Cancer
Agency Research Ethics Board). Written informed consent before trial participation was required for all patients.
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Sample size A total of 50 patients were accrued to the first stage of the BR.36 clinical trial. The sample size was determined to ensure that the lower 95%
confidence bound of the estimated sensitivity and specificity were higher than 50% assuming the observed sensitivity and specificity were no
less than 70%. The required sample size was 50 patients, assuming that 20% patients will have undetectable ctDNA pre-therapys6, the
objective response rate to pembrolizumab is 45% (as reported in the KEYNOTE-024 trial)15 and that the sensitivity and specificity of the
ctDNA molecular response are both no less than 70%; 18 responders would ensure that the lower bound of the 90% confidence interval (Cl)
for estimated sensitivity is higher than 50%. Similarly, with 22 non-responders, the lower bound of the 90% ClI for estimated specificity is
higher than 50%.

Data exclusions  Five patients were deemed not evaluable because of missed plasma collection or in-evaluable RECIST assessments. Of the 45 evaluable
patients, 10 had undetectable ctDNA at all timepoints (no tumor-specific plasma variants detected), resulting in 35 patients with evaluable

ctDNA and RECIST responses.

Replication The liquid biopsy next-generation sequencing assay used in this clinical trial is a CLIA validated assay that is commercially available by Personal
Genome Diagnostics, its analytical performance has been extensively validated with characteristics as follows: analytical sensitivity: 0.3-1.4%
MAF, analytical specificity 99.998%.

Randomization  BR.36 stage 1is an observational study and as such randomization was not applicable.

Blinding Determination of ctDNA molecular responses was blinded to the radiographic responses.
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Clinical trial registration  ClinicalTrials.gov identifier NCT04093167
Study protocol The full clinical trial protocol is provided as a separate attachment.

Data collection BR.36 was centrally activated on October 17, 2019. The first patient was enrolled on study on May 26, 2020, and the study was
closed for accrual for stage 1 on April 5, 2022. The clinical trial database was cleaned and locked on September 20, 2022. Data were
collected, entered and managed by the Canadian Cancer Trials Group (CCTG; Kingston, Ontario), according to the group standard
data management procedures.

Outcomes The primary objective of stage 1 of the BR.36 trial was to identify the optimal timepoint for ctDNA molecular response and validate
the concordance of ctDNA molecular response with radiographic RECIST 1.1 response. Among the patients with detectable ctDNA
and evaluable ctDNA molecular response, the concordance of ctDNA molecular response with radiographic response, and the
sensitivity and specificity of ctDNA molecular response was estimated with 90% Cl. Pre-specified analysis populations included the
per protocol population, i.e., the eligible patients with detectable ctDNA and evaluable for ctDNA molecular response, all accrued
patients in the trial and the as-treated population (i.e. all patients who received at least one dose of study treatment). Secondary
objectives included the evaluation of time to ctDNA molecular response, the correlation of ctDNA molecular response with
progression-free and overall survival and exploration of the degree of ctDNA reduction with clinical outcomes. The time to ctDNA
molecular response was defined similarly based on changes in ctDNA levels. Tertiary objectives included the collection of archival
tumor tissue samples and additional longitudinal plasma samples for future translational studies.
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