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PURPOSE Plasma circulating tumor DNA (ctDNA) analysis is routine for genotyping of advanced non-small-cell
lung cancer (NSCLC); however, early response assessment using plasma ctDNA has yet to be well
characterized.

MATERIALS AND METHODS Patients with advanced EGFR-mutant NSCLC across three phase | NCI osimertinib
combination trials were analyzed in this study, and an institutional cohort of patients with KRAS-, EGFR-, and
BRAF-mutant advanced NSCLC receiving systemic treatment was used for validation. Plasma was collected
before treatment initiation and serially before each cycle of therapy, and key driver mutations in ctDNA were
characterized by droplet digital polymerase chain reaction. Timing of plasma versus imaging response was
compared in a separate cohort of patients with EGFR-mutant NSCLC treated with osimertinib. Across cohorts,
we also studied ctDNA variability before treatment start.

RESULTS In the NCI cohort, 14/16 (87.5%) patients exhibited > 90% decrease in mutation abundance by the first
on-treatment timepoint (20-28 days from treatment start) with minimal subsequent change. Similarly, 47/56
(83.9%) patients with any decrease in the institutional cohort demonstrated > 90% decrease in mutation
abundance by the first follow-up draw (7-30 days from treatment start). All 16 patients in the imaging cohort with
radiographic partial response showed best plasma response within one cycle, preceding best radiographic response
by a median of 24 weeks (range: 3-147 weeks). Variability in ctDNA levels before treatment start was observed.

CONCLUSION Plasma ctDNA response is an early phenomenon, with the majority of change detectable within the
first cycle of therapy. These kinetics may offer an opportunity for early insight into treatment effect before

standard imaging timepoints.

JCO Precis Oncol 5:393-402. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Plasma circulating tumor DNA (ctDNA) assays are
routinely used in the clinical care of patients with
advanced non-small-cell lung cancer (NSCLC) both at
diagnosis to identify targetable driver mutations and at
the time of progression to assess for mechanisms of
acquired resistance.’* Beyond these clinical appli-
cations in NSCLC, plasma ctDNA analysis has also
been widely studied as a liquid biopsy tool in minimal
residual disease detection after definitive therapy, as
well as in cancer screening.>° With a reported half-life
between 16 minutes to 2.5 hours, the natural kinetics
of plasma ctDNA make for a compelling biomarker of
early response.’® For example, dramatic decreases of
activating EGFR mutations have been observed as
early as 2 days after initiation of EGFR tyrosine kinase
inhibitor therapy.!' Emerging evidence has demon-
strated an association between reduced plasma
ctDNA variant levels and improved treatment efficacy
and clinical outcomes,>2'° and this ability to capture

real-time responses could provide an indication of
therapeutic effect more nimbly than radiographic
evaluation of tumor response.

Despite the breadth of its potential applications in
cancer care, the early kinetics of ctDNA response to
treatment for NSCLC has yet to be comprehensively
described, with many analyses first evaluating plasma
ctDNA changes at 6 weeks on-treatment or greater,
corresponding to standard imaging timepoints. The
increasing prevalence of ctDNA testing as part of
patient care and clinical trial analyses has given rise to
pertinent questions surrounding plasma ctDNA ki-
netics and how these changes correspond with ther-
apeutic effect, particularly in light of significant
discrepancies in the timing of specimen collection and
modes of variant analysis in the literature. We hy-
pothesized that plasma ctDNA response of key NSCLC
driver mutations regularly precedes the earliest stan-
dard timepoints of radiographic imaging to monitor
solid tumor response. Our study aims to characterize
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CONTEXT

Key Objective

Plasma circulating tumor DNA (ctDNA) analysis may represent a novel tool for response assessment in advance of standard
imaging timepoints; however, the early kinetics of plasma ctDNA following treatment initiation for advanced non—-small-cell
lung cancer (NSCLC) has yet to be comprehensively described.

Knowledge Generated

We analyzed changes in plasma ctDNA levels of key KRAS, EGFR, and BRAF driver mutations in patients with advanced
NSCLC starting diverse systemic therapy regimens, finding that the vast majority of decreases in mutation abundance occur
within the first cycle of treatment. We identify the potential for marked variation, primarily increases, in mutation con-
centration in the period before treatment start.

Relevance

Plasma ctDNA response is an early phenomenon, and the optimal initial assessment may be during or at the end of the first
cycle of therapy, rather than in concert with standard imaging timepoints. Baseline plasma samples should be ideally drawn
on the treatment start date.

the timing and magnitude of early plasma ctDNA changes
of EGFR, BRAF, and KRAS driver mutations among pa-
tients with advanced NSCLC receiving systemic therapy.

MATERIALS AND METHODS
Patients and Samples

NCI Cohort. Serial plasma samples from baseline and the first
three cycles (cycles ranged between 21 and 28 days) were
collected from a cohort of 38 patients with NSCLC enrolled to
the dose-escalation phase of three multi-institutional trials
within the NCI Experimental Therapeutics Clinical Trials
Network (ETCTN). All patients had previously treated EGFR-
mutant NSCLC and were treated with osimertinib in combi-
nation with either necitumumab (NCI-9898, ClinicalTrials.gov
identifier:NCT02496663), navitoclax (NCI-9903, Clinical-
Trials.gov identifier:NCT02520778), or sapanisertib (NCI-
9910, ClinicalTrials.gov identifier:NCT02503722).

Institutional Cohort. For validation, we studied an institu-
tional clinical cohort of patients with advanced NSCLC
treated with systemic therapy at the Dana-Farber Cancer
Institute (DFCI). Serial plasma samples from the pre-
treatment screening draw at enrollment, pre-treatment
baseline draw at cycle 1, and first two on-treatment
follow-up draws were collected. The analysis was limited
to 79 patients known to harbor a driver mutation in KRAS,
EGFR, or BRAF.

Imaging Cohort. For comparison with prospective imaging
assessments, we collected serial plasma samples from 43
patients with advanced EGFR-mutant NSCLC treated at
DFCl on a clinical trial of osimertinib in the subsequent-line
setting, which has been reported previously.>?° Imaging
was performed approximately every 6 weeks.

All patients provided written informed consent, and the
studies were conducted according to the Declaration of
Helsinki.
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Sample Processing and ddPCR Analysis

All plasma was collected with patient consent before each
treatment on an IRB-approved protocol. Cell-free plasma
was isolated from whole blood and stored on site at —-80°C
as previously described.* Specimens collected at partici-
pating outside institutions for the NCI cohort were pro-
cessed on site and shipped frozen. For all available plasma
specimens, circulating nucleic acids were isolated from
2 mL of banked plasma, and relevant driver mutations were
quantified by droplet digital polymerase chain reaction
(ddPCR) as previously described.'* Mutation abundance
was reported as mutant driver copies per mL of cell-free
plasma (Appendix Fig Al).

Plasma Response Analysis

All 117 patients with available data from the NCI and in-
stitutional cohorts were considered for plasma response
analysis. Eligibility included detection of the relevant driver
mutation by ddPCR at pre-treatment baseline (cycle 1) in
addition to availability of two subsequent plasma draws
(NCI: at cycles 2 and 3; institutional: within 30 days and
> 31 days). Plasma ctDNA change was defined as the
percent change in mutation abundance between con-
secutive timepoints after starting therapy, relative to levels
detected at baseline before starting therapy. As such, all
eligible subjects had metrics for initial ctDNA change be-
tween baseline and cycle 2, and subsequent ctDNA
change between cycle 2 and cycle 3. Additional ddPCR
data at cycle 4 were evaluated, if available. Plasma re-
sponse was defined as any observed decrease in driver
mutation abundance, taking as reference the baseline
shed. Total plasma response was defined as the magnitude
of plasma response at the nadir timepoint; time from
treatment start to this nadir timepoint was termed the time
to best plasma response, similar to conventional radio-
graphic response nomenclature. The percentage of total
plasma response observed at a given interval was
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calculated as the difference in mutation abundance be-
tween relevant consecutive timepoints taken as a per-
centage of the total plasma response, as defined above.

Pre-Treatment ctDNA Variability Analysis

All 122 patients with available data from the institutional
and imaging cohorts were considered for pre-treatment
ctDNA variability analysis. Eligibility included detection of
the relevant driver mutation by ddPCR at baseline in ad-
dition to availability of a pre-treatment screening draw and a
subsequent pre-treatment baseline draw closest to treat-
ment initiation. Pre-treatment plasma ctDNA change was
defined as the percent change in mutation abundance

between screening and baseline draws relative to levels
detected at screening.

RESULTS
Kinetics of Early Plasma Response in the NCI Cohort

We first studied serial plasma collected from the dose-
escalation cohorts of three phase | trials within the NCI
ETCTN in which patients with advanced EGFR-mutant
NSCLC received osimertinib-based combination therapies.
Of 38 patients considered for plasma response analysis, 15
had no detection of the reported EGFR driver mutation at
baseline and seven had missing samples, leaving 16 eli-
gible patients (Fig 1). Among these, 14/16 (87.5%) patients

Baseline plasma assessed by ddPCR genotyping of
EGFR del19 or EGFR L858R driver mutations
- ETCTN cohort: (n = 38)

Baseline plasma assessed by ddPCR genotyping of
EGFR del19/L858R, KRAS G12X, or BRAF V600E
driver mutations

- Institutional clinical cohort: (n = 79)

Baseline plasma eligible for ddPCR genotyping of
EGFR del19 or EGFR L858R driver mutations
- Imaging cohort: (n = 43)

Plasma v

Pre-treatment ctDNA

Plasma response analysis

imaging analysis

variability analysis

- Discovery cohort:
- Institutional cohort:

Excluded because of
non-detection of driver
mutations at baseline:

(n = 15)

Excluded because of missing
plasma specimens:
(n = 15)

Excluded because of aberrant
timing of specimen
collections:

(n=9)

Analyzed for plasma response (n = 78)

(n = 16)
(n=62)

Excluded because of
inadequate plasma
specimens:
(n=13)

Excluded because of no
evidence of tumor shed in
plasma before starting
therapy: (n = 11)

Excluded because of
no evidence of therapeutic
response: (n = 3)

Analyzed for plasma v
imaging response timing
comparison

- Imaging cohort: (n = 16)

Analyzed for pre-treatment variability (n = 26)

- Institutional cohort:
- Imaging cohort:

Excluded because of
nondetection of driver
mutations at C1:
(n=12)

Excluded because of missing
plasma specimens
(n =60)

Excluded because of aberrant
timing of specimen
collections:

(n =24)

(n=11)
(n=15)

FIG 1. CONSORT diagram for plasma ctDNA analysis. A total of 38 patients from the NCI cohort, 79 patients from the institutional clinical cohort, and 43
patients from the imaging cohort were eligible for plasma ctDNA analysis. Of these, 78 patients were eligible for plasma response analysis, 16 patients were
eligible for plasma response versus best radiographic response, and 26 patients were eligible for pre-treatment ctDNA variability analysis. ctDNA, circulating
tumor DNA; ddPCR, droplet digital polymerase chain reaction.
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showed evidence of plasma response at any timepoint
compared with baseline (Fig 2A and 2B and Appendix Fig
A2A). All 14 of these patients achieved > 90% of their total
plasma response by cycle 2, between 20 and 28 days from
treatment start. Eight (88.9%) of the nine patients who
demonstrated a complete plasma response to nondetectable
levels of ctDNA shed achieved clearance by cycle 2, and
seven of these continued with no subsequent detection at
both cycle 3 and 4. Across the NCI cohort, median plasma
ctDNA change during the initial interval was found to be
significantly greater than the median change observed
during the subsequent interval between cycle 2 and cycle 3
(Z = -3.550, P < .001 Wilcoxon-Pratt signed-rank test).
Plasma ctDNA values for 11 patients with available data at
cycle 4 (range: 61-86 days after treatment start) additionally
suggest little subsequent change in driver shed between
cycle 3 and cycle 4 (median: 0.0% ctDNA change).

Kinetics of Early Plasma Response in the
Institutional Cohort

To validate these kinetic findings, we studied plasma from
an institutional cohort of patients with EGFR-, KRAS-, or
BRAF-mutant advanced NSCLC initiating systemic therapy,
including standard and investigational targeted therapy,
cytotoxic chemotherapy, and/or immune checkpoint
blockade. Of 79 total patients who were considered for
plasma response analysis, 8 had missing plasma speci-
mens and 9 had an inappropriately timed draw, leaving
62 patients eligible for subsequent analysis (Fig 1). Among
56/62 (90.3%) patients who demonstrated any plasma
response, 47/56 (83.9%) demonstrated > 90% of their
total plasma response by the first follow-up timepoint be-
tween 7 and 30 days from treatment start. Complete plasma
responses were seen in 35 patients, of which 25 (71.4%)
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FIG 2. Relative change of driver mutation shed detected in plasma ctDNA. Dot plots comparing change in mutation abundance (copies/mL) of key
driver mutations EGFR del19 or L858R, KRAS G12X, or BRAF V60O0E across consecutive intervals following treatment initiation for the NCI (A) and
institutional (C) cohorts. The majority of responses are seen during the initial interval between cycle 1 and 2 for the NCI cohort (B) and between the
baseline draw to the first follow-up draw for the institutional clinical cohort (D). ctDNA, circulating tumor DNA, N/D, not defined.
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cases were detected by the first follow-up timepoint, as early
as 13 days following treatment initiation (Fig 2C and 2D and
Appendix Fig A2B). As with the NCI cohort, median plasma
ctDNA change observed for the institutional cohort within the
initial interval between the baseline and first follow-up draw
was found to be significantly greater than the median change
observed during the subsequent interval between the first
and second follow-up draws (Z = -5.164, P < .001;
Wilcoxon-Pratt signed-rank test). Altogether, across both NCI
and institutional cohorts, the median time to complete
ctDNA clearance for patients who achieved it was 23.5 days
(IQR, 21.0-31.3).

Best Radiographic Response Versus Best Plasma
Response in the Imaging Cohort

To compare the kinetics of plasma response to the kinetics
of radiographic response, we studied 43 patients with
EGFR-mutant NSCLC treated on a prospective trial of
osimertinib. Of 19 patients with plasma samples available
and evidence of ctDNA shed, 16 exhibited a reduction of
plasma ctDNA levels and a reduction of tumor diameter
measured on therapy. Median time to best plasma re-
sponse was one cycle (21 days, range: 7-84 days) com-
pared with eight cycles (169 days, range: 41-1,050 days)
for median time to best radiographic response (Fig 3).
Median time between 90% of plasma response and first
radiographic partial response on was one cycle (28 days,
range: 22-121 days). Thirteen of 16 patients had a partial
response on imaging, and their best plasma response
(70%-100% decrease) preceded best response on imaging
by a median of 24 weeks (range: 3-147 weeks).

Variability in ctDNA Levels Before Treatment Start

Meaningful assessment of plasma response in part de-
pends on accurate measurement of pre-treatment baseline
levels of ctDNA shed. Twenty-six patients with detectable

driver mutations (EGFR or KRAS) in baseline plasma ctDNA
and availability of two pre-treatment draws within 30 days
were analyzed, with a median of 9.5 days between draws
(range: 1-28 days, IQR: 6.25-15.5 days). 10/26 (38.5%) of
patients demonstrated > 20% increase between pre-
treatment draws, with a median change of +264.0
(range: + 2 to + 5,681, IQR: + 1124 to + 1,096.9)
copies/mL. 6/26 (23.1%) demonstrated > 20% decrease,
with a median change of —220.3 (range: —64,284 to -79,
IQR: -8,827.51t0 —107.9) copies/mL. The remaining 10/26
(38.5%) had values within +20%, with median change of +
9.5 (range: —68.3 t0 +749, IQR: —0.6 to +251.0) copies/mL
(Fig 4). Limited clinical annotation prevented compre-
hensive identification of factors, which might explain
substantial decreases in ctDNA levels identified in several
cases; however, for the patient with the largest numeric
decrease (68,649-4,356 copies/mL), palliative radiother-
apy to a large field was administered for symptomatic bone
metastases during the 21-day interval between draws.

DISCUSSION

Using serial analysis of key KRAS, EGFR, and BRAF driver
mutations, we find that plasma ctDNA response among
patients with advanced NSCLC receiving systemic therapy is
an early phenomenon and that the vast majority can be seen
within the first cycle of therapy. Decreases in mutation
abundance were observed as early as 7 days following
treatment initiation and the median time to nadir among
patients who achieved complete clearance was 23.5 days
(IQR, 21.0-31.3). Our findings suggest that plasma ctDNA
changes in response to treatment initiation often occur well
before the earliest standard imaging timepoints, and that
early ctDNA analysis has the potential to fill this gap as an
early marker of drug effect. Furthermore, we identify the
potential for marked variation, primarily increases, in mu-
tation concentration in the period before treatment start.
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FIG 3. Best plasma response versus best radiographic response. (A) Percent change in copies/mL of the EGFR driver mutation in plasma until best
response is achieved. Best plasma response was defined as the first undetectable timepoint (N = 12) or the nadir timepoint with a subsequent increase
atthe nextdraw (N = 4). (B) Percent change in imaging until best response is achieved. Note that additional data following best response in plasma and
on imaging were captured but not shown here.
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FIG 4. Pre-treatment variability of baseline driver mutation shed detected in plasma ctDNA. (A) Waterfall plot depicting percent change in plasma
mutation abundance of key driver mutations between subsequent pre-treatment draws within a 30-day window among 26 patients enrolled to
institutional clinical and imaging cohorts and (B and C) corresponding mutation abundance levels. (D) Baseline variability across duration of time
between paired pre-treatment draws. ctDNA, circulating tumor DNA; N/D, not defined.

Our findings have practical implications toward the de-
velopment of both clinical protocols to study plasma re-
sponse as part of trial analysis and plasma response
assessment as part of clinical care. First, baseline plasma
samples should be ideally drawn on the treatment start date
(C1D1) rather than during the screening or pre-treatment
period. Second, a plasma response specimen should be
collected early on therapy after a few weeks, such as at a
toxicity assessment or with cycle 2 of therapy, rather than
waiting until a standard imaging timepoint (eg, at 6 or
8 weeks). By contrast, ongoing collection of plasma with
later cycles of therapy may not meaningfully inform initial
response assessment since little additional plasma re-
sponse was seen beyond cycle 2 in our study, although
samples could be otherwise useful to monitor for emer-
gence of resistance.

However, there remain some practical questions that are
not yet answered by available data. For example, what is the
best unit of measurement for assessing response in plasma

398 © 2021 by American Society of Clinical Oncology

ctDNA? In this paper, we studied the absolute concentration
of each driver mutation (copies/mL), whereas others have
reported results using the relative concentration of driver
mutations as a proportion of wild-type DNA (ie, allelic fraction
[AF]). Although the latter is more commonly reported in the
literature because it can accommodate calculations across
various assay platforms, AFs as a metric of shed could be
more vulnerable to unaccounted fluctuations in wild-type
DNA levels because of factors such as WBC lysis. In addition
to this, what is the minimum detectable level of ctDNA
content in the baseline draw needed to meaningfully assess
a plasma response and predict a clinical response? Although
significant technological and computational efforts have
been made to enhance the sensitivity of ctDNA analysis,
accurate assessments of plasma response and its clinical
implications are likely to become more challenging
approaching the lower limit of detection.

Through establishing best practices for ctDNA-based re-
sponse assessment in our patients with a known driver
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mutation, we ultimately envision it could become an im-
portant tool to guide treatment decision making in clinical
cancer care for patients with advanced NSCLC more
broadly, enabling medical oncologists to dynamically
match patients to the optimal therapeutic approach. To test
this, our group is leading an ongoing prospective clinical
trial in first-line advanced NSCLC where plasma response
informs intensification of pembrolizumab monotherapy to
pembrolizumab plus doublet chemotherapy (Clinical-
Trials.gov identifier:NCT04166487). If found to be feasible,
such response-adapted strategies could be intuitive in
other cancer types as well. Furthermore, we envision that
plasma response could eventually be used to support
clinical trial analysis. For example, plasma response could
augment assessment of efficacy in clinical trial analyses,
especially in patients without measurable disease or who
stop early because of toxicity. Such trial analyses would
need to account for the limitations of each assay platform
particularly in light of the fact that not all patients have
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APPENDIX

Plasma ctDNA Response in Advanced NSCLC
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NCI Institutional Imaging
Cohort Cohort Cohort
ETCTN Cohort Institutional Cohort Imaging Cohort
EGFR del19 17 (44.7%) 38 (48.1%) 19 (50.0%)
EGFR L858R 6 (15.8%) 19 (24.1%) 7 (18.4%)
KRAS G12X 0 (0.0%) 20 (25.3%) 0 (0.0%)
BRAF V600E 0 (0.0%) 2 (2.5%) 0 (0.0%)
No Detection 15 (39.5%) 0 (0.0%) 12 (31.6%)
Total Analyzed 38 79 38

FIG A1. Baseline driver mutation abundance detectable in plasma ctDNA. (A) Dotplot of baseline pre-treatment
shed of key driver mutations EGFR del19 or L858R, KRAS G12X, or BRAFV600E across all cohorts evaluated in
this study. (B) Corresponding frequency table of driver genotype as determined through ddPCR analysis of
plasma ctDNA. ctDNA, circulating tumor DNA; ddPCR, droplet digital polymerase chain reaction, N/D, not

defined.
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FIG A2. Response kinetics of driver mutation ctDNA abundance. Patient-level plasma levels (copies/mL) of EGFR dell9 or L858R, KRAS G12X, or
BRAF V600E following treatment initiation for the NCI (A) and institutional (B) cohorts. ctDNA, circulating tumor DNA, N/D, not defined.
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