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Purpose: Patients with small-cell lung cancer (SCLC) have an
exceptionally poor prognosis, calling for improved real-time non-
invasive biomarkers of therapeutic response.

Experimental Design: We performed targeted error-correction
sequencing on 171 serial plasmas and matched white blood cell
(WBC) DNA from 33 patients with metastatic SCLC who received
treatment with chemotherapy (n = 16) or immunotherapy-
containing (n = 17) regimens. Tumor-derived sequence alterations
and plasma aneuploidy were evaluated serially and combined to
assess changes in total cell-free tumor load (cfTL). Longitudinal
dynamic changes in c¢fTL were monitored to determine circulating
cell-free tumor DNA (ctDNA) molecular response during therapy.

Results: Combined tiered analyses of tumor-derived sequence
alterations and plasma aneuploidy allowed for the assessment of
ctDNA molecular response in all patients. Patients classified as
molecular responders (n = 9) displayed sustained elimination of

Introduction

Small-cell lung cancer (SCLC) accounts for approximately 15% of
all lung cancer cases worldwide and is characterized by an aggressive
clinical course leading to a 5-year survival rate of approximately
5% (1, 2). Most patients with SCLC display early tumor spread,
requiring platinum-based chemotherapy as the backbone of treatment
regimens in all stages of the disease (3). Despite the incorporation of
immune-checkpoint inhibitors in first-line treatments for patients
with extensive-stage SCLC (4, 5), the vast majority of patients develop
therapeutic resistance prior to the detection of measurable lesions on
conventional imaging (6). Patients with relapsed disease infrequently
undergo tumor biopsies for molecular testing, which presents a major
barrier for translational research efforts in this setting (6). To this end,
minimally invasive approaches can be particularly informative and
accurately characterize early responses to systemic therapy in patients
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cfTL to undetectable levels. For 14 patients, we observed initial
molecular responses, followed by ctDNA recrudescence. A subset of
patients (n = 10) displayed a clear pattern of molecular progression,
with persistence of cfTL across all time points. Molecular responses
captured the therapeutic effect and long-term clinical outcomes in a
more accurate and rapid manner compared with radiographic
imaging. Patients with sustained molecular responses had longer
overall (log-rank P = 0.0006) and progression-free (log-rank P <
0.0001) survival, with molecular responses detected on average
4 weeks earlier than imaging.

Conclusions: ctDNA analyses provide a precise approach for
the assessment of early on-therapy molecular responses and have
important implications for the management of patients with SCLC,
including the development of improved strategies for real-time
tumor burden monitoring.

See related commentary by Pellini and Chaudhuri, p. 2176

with SCLC, ultimately enabling timely interventions and improving
patient outcomes.

Circulating tumor DNA (ctDNA), which is released from tumor
cells into the bloodstream, can be used to identify and track relapsed
disease and monitor tumor burden changes during therapy (7-9).
Although ctDNA dynamics during therapy have been studied in
several solid tumors; there is a limited number of studies involving
longitudinal ctDNA analyses for patients with SCLC (7, 8, 10-12).
These studies provide preliminary evidence to support the value of
residual ctDNA to predict disease relapse following curative-intent
therapy in patients with limited-stage SCLC (7, 8) and to delineate
the genomic profile and subclonal architecture of extensive-stage
SCLC (9-11). Importantly, sequence mutation-based ultrasensitive
liquid biopsy approaches do not fully capture the evolving landscape of
cancer during therapy; to this end, evaluation of ctDNA copy-number
profiles and plasma aneuploidy may complement ctDNA response
assessments (13-15). However, integrative multifeature approaches
for longitudinal molecular response evaluation leveraging sequence
and structural alterations in ctDNA have not yet been explored for
patients with SCLC.

We thus hypothesized that combined analyses of somatic sequence
and chromosomal arm-level structural alterations (the latter termed
plasma aneuploidy) in ctDNA would enhance the sensitivity of tDNA
molecular responses to dynamically predict clinical outcomes in
patients with SCLC undergoing systemic therapies. Here, we used an
ultrasensitive targeted next-generation sequencing approach of plas-
ma and matched white blood cell (WBC) DNA (14, 16-21) to detect
and deconvolute the origin of variants identified in ctDNA and
performed comprehensive longitudinal analyses of the landscape of
tumor-derived sequence alterations combined with plasma aneuploi-
dy. Using this combined tiered approach, we precisely tracked
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Translational Relevance

Longitudinal analyses of sequence and structural ctDNA land-
scapes reflect clinical outcomes and can accelerate rapid nonin-
vasive detection of therapeutic response for patients with small-cell
lung cancer.

dynamic changes in circulating tumor burden and evaluated molecular
responses as a real-time biomarker of clinical outcomes compared with
conventional radiographic imaging.

Materials and Methods

Cohort description

Tumor biopsies and serial plasma samples were collected from 33
patients with SCLC who received systemic therapies, including immu-
notherapy, for metastatic disease across two medical centers (Johns
Hopkins Hospital, n = 17; Vanderbilt University Medical Center, n =
16). Patients received treatment with either platinum-based combi-
nation or immunotherapy-containing regimens; platinum-based com-
bination chemotherapy was the most common among patients who
received first-line treatment during analysis for the study (14/20
patients who received first-line treatment) and the remaining 6
patients received chemoimmunotherapy regimens, while immuno-
therapy-containing regimens were the most common among patients
who received second- or third-line treatment (11/13 patients). No
significant differences in survival outcomes were observed for the first-
line cohort between treatment groups. Detailed clinical characteristics
including treatment and outcomes are summarized in Supplementary
Table S1. Therapeutic response was assessed radiographically and
radiographic best overall response (BOR) was used for subsequent
statistical analyses [mean time to first imaging assessment = 8 weeks
(median 6 weeks); mean time to BOR assessment = 11 weeks (median
7 weeks)]. Radiographic treatment response assessment was retro-
spectively abstracted from clinical records based on the treating pro-
vider’s assessment of disease change as indicated by imaging at each
point of radiographic disease evaluation (e.g., partial response, stable
disease, progressive disease). To compare the dynamics of radiograph-
ic response and molecular response, time to BOR was determined as
the time from treatment start to best-recorded response (most often at
the first radiographic timepoint). For patients who received immu-
notherapy-containing regimens, durable clinical benefit (DCB) was
defined as lack of disease progression or death within 6 months of
treatment initiation, and nondurable clinical benefit (NDB) was
defined as disease progression or death within 6 months of treat-
ment initiation. Platinum sensitivity was defined as BOR of partial
or complete response at first restaging after first-line platinum chemo-
therapy with progression >60 days after completion of chemotherapy.
Platinum resistance was defined as BOR of stable disease, mixed
response or progressive disease at initial restaging after first-line
platinum chemotherapy, or best radiographic response of partial re-
sponse at first restaging followed by progression <60 days within the
completion of chemotherapy. Patients who received chemoimmu-
notherapy combination regimens as first-line treatment (n = 7) were
not evaluable for platinum sensitivity (Supplementary Table S1).
Progression-free survival (PFS) and overall survival (OS) were defined
as the time elapsed between the date of treatment initiation and the
date of disease progression, or the date of death, respectively. The study
was conducted in accordance with the Declaration of Helsinki,
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approved by the Institutional Review Boards of each medical center,
and patients provided written informed consent for sample acquisition
for research purposes.

Samples and next-generation sequencing

Serial blood samples were collected in K2EDTA tubes (BD Vacutai-
ner) prior to treatment, during the course of treatment (average time to
first blood sample collection after initiation of treatment = 9 weeks;
median = 3 weeks), and at the time of clinical progression. The volume
of whole blood used for the isolation of plasma and buffy-coat samples
was 10 mL, corresponding to one K2EDTA collection tube per time
point. Cell-free DNA (cfDNA), isolated from 1.9 to 5 mL plasma (n =
139), and matched WBC DNA (n = 32) were processed for targeted
error-correction sequencing (TEC-seq), as previously described (ref. 18;
Supplementary Tables S2-S3). In addition, WBC DNA samples from an
independent group of 56 patients with lung cancer were processed for
TEC-seq using identical methods (18) and also used for downstream
analyses of copy-number profiles (Supplementary Table S3). Briefly,
cfDNA was extracted from plasma using the Qiagen Circulating Nucleic
Acids kit (Qiagen GmbH). TEC-seq libraries were prepared from 3 to
125 ng cfDNA and 75 ng of matched WBC DNA, the latter sheared toa
size of 200 bp, followed by targeted capture using a custom set of
hybridization probes (Personal Genome Diagnostics) and sequenced
using 100-bp paired-end reads on Illumina HiSeq 2500 instruments.
TEC-seq characteristics are shown in Supplementary Tables S2-S3.
Regions captured by TEC-seq across 58 genes encompassing 99,359
bases were compared with the genomic locations of mutations previ-
ously reported from whole-genome sequencing of tumor samples from
110 patients with SCLC in George and colleagues (22) to evaluate the
suitability of the targeted panel for the capture of SCLC somatic
mutations (Supplementary Table S4). Specific to capture of the RB1
locus, which is frequently mutated in SCLC, these comparisons revealed
that TEC-seq would capture 106 of 110 tumors (96%) and 31% (29/35
mutations) of sequence mutations detected within RBI coding regions
for these tumors, supporting the utility of the panel for the reliable
characterization of SCLC genomic profiles through ctDNA analyses.

For a subset of 5 patients, we performed tumor/normal whole-
exome sequencing (WES) in order to evaluate the concordance
between copy-number profiles computed from tumor WES compared
with plasma aneuploidy. Tumor DNA was extracted following macro-
dissection of formalin-fixed paraffin-embedded (FFPE) tumor tis-
sue using the Qiagen DNA FFPE kit (Qiagen GmbH) and matched
WBC DNA was extracted using the Qiagen DNA Blood Mini kit
(Qiagen GmbH). Tumor and normal DNA were sheared to a target
fragment size of 200 bp and processed for WES as previously
described (23). Target enrichment was performed using Agilent
SureSelect in-solution capture reagents and SureSelect XT Human
All Exon V4 probes (Agilent). Prepared libraries were paired-end
(100 bp) sequenced using Illumina HiSeq 2500 instruments
(Personal Genome Diagnostics). WES technical metrics are shown
in Supplementary Table S5.

Sequence alteration calling and characterization of variant
origin

Primary processing of plasma next-generation sequencing data was
performed as previously described (17). Briefly, llumina CASAVA
software (v1.8) was used for demultiplexing and masking of dual index
adaptor sequences. Sequence reads were subsequently aligned to the
hgl9 human reference genome using NovoAlign with additional
realignment of select regions using the Needleman-Wunsch meth-
od (24). Comparison between the genomic coordinates of sequence

Clin Cancer Res; 29(12) June 15, 2023

231



Sivapalan et al.

changes in hgl9 and the most recent hg38 genome assembly revealed
that the TEC-seq gene panel does not overlap any annotated regions
of change between the two assemblies.

Somatic mutations, consisting of point mutations, small insertions,
or deletions, were identified across targeted regions using VariantDx
(24) as previously described (17). Following variant calling, the
origin of plasma variants (tumor-derived, clonal hematopoiesis
(CH)-derived, and germline) was assessed using a tumor-agnostic
WBC-informed approach, where plasma variants were filtered by
matched WBC DNA sequencing to remove germline variants and
variants related to clonal hematopoiesis. To eliminate the very small
chance of buffy-coat contamination by circulating tumor cells, which
would result in the classification of tumor-specific mutations as
CH-derived, information related to variant recurrence in COSMIC
was used. Variants detected in WBC DNA TEC-Seq that were also
found to be lung cancer hotspots were characterized as tumor-derived
and not CH-derived, despite being detected in the matched normal
sample. Variants detected in plasma samples were cross-referenced
against the COSMIC v95 database (cancer.sanger.ac.uk; ref. 25) for
the annotation of hotspot alterations using OpenCRAVAT (26). A
conservative COSMIC frequency threshold of 25 occurrences was
used to define a lung cancer hotspot (17). Of the variants that were
not classified as cancer hotspots, those with a variant allele fraction
(VAF) 225% in all WBC and plasma samples from the same individual
were classified as germline. All cancer hotspots and nongermline
variants were further compared against matched WBC sequence
data to confirm variant origin. Alterations that were detected in match-
ed WBC sequencing or in the canonical clonal hematopoiesis gene
DNMT3A were classified as CH-derived. For all variants detected
in plasma but not in matched WBC DNA samples (based on a thres-
hold of >3 supermutants), we performed an additional evaluation
of their supermutant counts in the WBC DNA sequence data to
eliminate CH variants with levels below the TEC-seq level of detec-
tion (17, 18, 27). To this end, plasma variants with a supermutant
count of 21 in WBC were classified as CH-derived and alterations
with a WBC supermutant count of 0 were assigned a tumor-derived
origin. Plasma varjants that were assigned a tumor-derived origin
were visually inspected using the Integrative Genomic Viewer and
considered for downstream analyses. For patient (PT) 16, for whom
matched WBC sequencing data were not available, all variants
were considered tumor-derived with the exception of a DNMT3A
mutation that was classified as CH-derived and as such excluded
from downstream analyses. A summary of the pipeline used for
variant origin classification is shown in Supplementary Fig. S1.

Evaluation of plasma aneuploidy

The genome-wide copy-number profiles of plasma samples were
analyzed by modeling the variability of sequence coverage across the
genome using the CNVkit method (28). Briefly, sequencing reads
mapped to target regions of interest (Supplementary Table S2), as well
as background reads that were not selectively captured, were both
considered to construct a genome-wide map of coverage depth. The
depth of coverage was corrected by subtracting out the variability
explained by GC content, size of targeted region, and sequence
mappability. Sequencing reads from matched WBC DNA samples
were used to construct a reference panel for the evaluation of somatic
copy-number profiles from plasma. The coverage profile of each
plasma sample was corrected with respect to the reference panel to
derive the relative copy-number profile for each genomic region (bin).
Circular binary segmentation (CBS; ref. 29) was applied to copy-ratio
profiles to identify genomic segments at constant copy numbers. To
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derive plasma aneuploidy (PA) scores, the following steps were
applied: first, in each plasma or matched WBC DNA sample, the log
copy ratio of segments was adjusted to have a mean value of 0 and
transformed into a linear scale. For each chromosomal arm, a weighted
average of the copy-ratio values of overlapping segments was calcu-
lated, where the weights represented the fraction of the arm over-
lapping the segment. For plasma samples, arm-level copy-ratio values
were transformed into z-scores using the mean and standard deviation
of the copy ratio of each arm in the reference panel. Similarly, arm-level
copy-ratio values for each WBC DNA sample were calculated by
applying a leave-one-out approach. Arm-level z-scores for each plas-
ma and matched WBC sample were combined to calculate a per-
sample PA score (13). PA scores from WBC DNA samples ranged
from —1.54 to 4.90; a conservative PA threshold of 4.90 was thus
selected for the distinction between normal ploidy and tumor aneu-
ploidy in plasma (PA scores > 4.90 were considered representative of
tumor aneuploidy; Supplementary Fig. S2A). To further support the
use of a PA score of 4.90 as a threshold, we profiled copy-number
alterations and resultant aneuploidy scores derived from the most
aberrant chromosomal arms from an independent set of 56 WBC
DNA samples (processed and captured using the same targeted
sequencing panel used for this study) and compared the distribution
of aneuploidy scores with that of the 32 matched WBC DNA samples
used as the normal reference for the aneuploidy analyses. These com-
parisons showed that the distribution of aneuploidy scores was
comparable across the new set of unmatched WBC DNA samples
(representing “healthy” state) and the 32 matched WBC DNA samples
previously analyzed, with no significant differences observed in the
median scores for each set (Supplementary Fig. S2B). All samples
included in the set of 56 WBC DNA samples had an aneuploidy score
below 4.90, further supporting the use of this conservative threshold
for the determination of tumor-derived aneuploidy in plasma samples.
Plasma copy-number profiles were further compared with copy-
number profiles generated using an orthogonal method, ichorCNA
(30), to confirm regions of aneuploidy (Supplementary Fig. S2C). These
comparisons revealed that nonzero ichorCNA tumor fraction scores
were assigned to almost all matched WBC DNA samples, resulting in
a large overlap in ichorCNA scores between plasma and matched
normal DNA samples. In contrast, PA scores more clearly distinguished
plasma from normal DNA samples (MW U test P value = 2.1e—15),
demonstrating increased specificity for the detection of cell-free tumor
load (cfTL) compared with ichorCNA (Supplementary Fig. S2C).
Genome-wide copy-number profiles for tumor samples were derived
from WES data using FACETS (31).

Analysis of cfTL and molecular response classification
Sequence alterations and PA were used to determine the cfTL
dynamics for each patient using a combined tiered approach, based
on combined mutation and aneuploidy dynamics, or PA for patients
without detectable mutations. Mutation-based ctDNA responses (n =
27) were computed using the mutant allele fraction (MAF) of the most
abundant tumor-derived mutation at each timepoint as a measure of
cfTL, where a reduction to 0% MAF indicated complete elimination of
cfTL (Supplementary Fig. S2D-S2I). To establish that a maximal MAF
reduction to 0% was sufficient to indicate complete elimination of
cfTL, statistical modeling of MAF uncertainty was performed using
data from a mutant pool dilution series previously characterized in
Phallen and colleagues (17) based on tumor cell lines spiked into
unrelated wild-type DNA (Supplementary Fig. S2D-S2I). MAF esti-
mates for 14 distinct mutations (12 SNVs, 2 Indels) across seven genes
(BRAF, EGFR, ERBB2, KRAS, NRAS, PIK3CA, and TP53) were used to
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calculate coefficient of variation (CV) % estimates per unique variant at
each dilution level. A simulated dilution series with a wider range of
MAF levels and replicates (n = 30 variants; 0.1%-80% MAF sampled at
2,000x coverage; n = 10 replicates per level) was developed to
supplement the experimental data. Experimental and simulated data
were separately analyzed in a nonlinear decay model to evaluate the
relationship between reference MAF and %CV. Subsequently, 95%
uncertainty limits were calculated across the range of reference MAF
values. Based on these analyses, 2 samples prepared from <3 ng cfDNA
(Supplementary Table S3) were excluded from molecular response
analyses, given the uncertainty in determining ctDNA dynamics for
these samples. PA-based ctDNA responses (n = 6) were determined
using PA scores as a binary measure of cfTL, where a PA score above
4.90 indicated plasma cancer aneuploidy, while a PA score below or
equal to 4.90 indicated normal ploidy.

Patients who displayed sustained complete elimination of cfTL
from baseline to the final sampling time point were classified in the
molecular response category. For patients with both mutation-
based and PA-based responses evaluable, we required both muta-
tion and PA elimination to classify patients in the ctDNA molecular
response category. Patients who displayed elimination of cfTL
between baseline and intermediate time points followed by an
increase in cfTL at the final time point analyzed for the study were
assigned a classification of molecular response followed by recru-
descence. Finally, patients who displayed persistence of ¢fTL across
all sampled plasma time points were classified in the molecular
progression category. Of 33 patients included in this study, we
anticipated that approximately 1/3 would exhibit molecular pro-
gression and ~1/3 would have a molecular response. Assuming 10
molecular responders and 10 molecular progressors, we would have
80% power to detect a difference in the log hazards for OS of —2.12
with a type 1 error of 0.05, assuming a probability of death of 1 and
0.25 within the study interval among nonresponders and respon-
ders, respectively.

For 3 patients (PT 2, PT 6, and PT 24), tumor-derived sequence
alterations were identified only at the final timepoint analyzed and
were undetectable across the initial time points evaluated. For PT 6,
PA scores indicated the presence of aneuploidy across all sampled
time points and were used as a readout of cfTL to assign a
classification of molecular progression. The remaining 2 patients
were assigned a classification of molecular response followed by
recrudescence as both patients displayed undetectable cfTL across
the first 3 timepoints analyzed following treatment initiation. This
pattern was suggestive of an initial molecular response, with cfTL
only detected at the final time point at the time of disease pro-
gression. For a single patient (PT25), partial concordance was
observed between sequence and structural dynamics, and classifi-
cation of molecular progression was assigned, based on the persis-
tence of tumor-specific sequence mutations across all time points
analyzed (Supplementary Table S6).

Statistical analyses

The Fisher exact test was used to assess concordance between
sequence and structural response classifications and to evaluate cat-
egorical variables associated with the best overall radiographic
response. Survival curves were generated using the Kaplan-Meier
method (survminer package) and compared using log-rank tests.
Univariate and multivariate Cox proportional hazards regression
analyses were used to assess the impact of ctDNA molecular responses
on overall and PFS. ROC analyses for molecular response classifica-
tions were performed using the pROC package (32). A logistic
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regression model incorporating sequence response and PA response
classifications was generated to evaluate the accuracy of combined
molecular responses for the prediction of radiographic response. All
analyses were performed using R Statistical Software (v 4.0.2; R Core
Team 2020; ref. 33).

Data availability

Next-generation sequence data can be retrieved from the
European Genome-Phenome Archive (EGA; accession number
EGAS00001006831).

Results

Cohort and overall approach

We evaluated ctDNA from serial plasma samples (n = 139)
obtained from 33 patients with SCLC over a median follow-up
duration of 11 months (range, 1-63 months; Fig. 1A). Patients
received treatment with either chemotherapy (n = 16; 14 first-line,
1 second-line, 1 third-line) or immunotherapy-containing regimens
(n = 17; 6 first-line chemoimmunotherapy, 7 second-line immuno-
therapy, 4 third-line immunotherapy; Fig. 1B). Clinical characteristics
for patients in the study cohort are summarized in Supplementary
Table S1. Matched WBC DNA deep sequencing was performed for all
evaluable cases (n = 32) to identify germline alterations and variants
attributed to CH, and enable accurate characterization of plasma
variants based on origin (Materials and Methods).

To track longitudinal dynamic changes in c¢fTL and capture the
evolving ctDNA landscape during therapy, we developed a combined
tiered approach for molecular response determination based on
mutation and PA dynamics in ctDNA. For mutation-based ctDNA
analyses, we performed qualitative assessment of tumor-derived muta-
tions detected in serial plasma samples from each patient and evaluated
their kinetics in variant allele frequencies during therapy across
sampled time points (Materials and Methods). To investigate aneu-
ploidy changes in ctDNA, chromosomal arm-level copy-number
profiles were assessed and the most aberrant chromosomal arm
representations in each sample were used to construct a PA score
(Materials and Methods). In selected patients, PA profiles were cross-
referenced to segmentation-based copy-number profiles of the
matched tumor to assess concordance. We combined sequence muta-
tions and aneuploidy in ctDNA to estimate circulating ¢fTL (Materials
and Methods), and cfTL was tracked longitudinally to characterize
ctDNA molecular responses and evaluate concordance with clinical
outcomes.

Landscape of ctDNA sequence alterations

Sequence alterations were analyzed in plasma at baseline (pre-
treatment), serially after the initiation of systemic therapy, and at
the time of disease progression. Plasma variants detected were
classified as germline, tumor- or CH-derived (Materials and Meth-
ods; Supplementary Fig. S1; Supplementary Table S6). Of the 137
unique cfDNA plasma variants, 8 variants were of germline origin,
while 47 variants (35%) were CH-derived. CH variants predomi-
nantly affected genes known to be involved in clonal hematopoi-
esis (34, 35), including DNMT3A, TP53, and ATM (Fig. 2). Impor-
tantly, CH variants were also detected in genes not canonically
associated with clonal hematopoiesis, including KIT, EGFR, BRCA1,
and BRCA2; these were accurately characterized as CH-derived
using our tumor-agnostic WBC DNA-informed approach and were
subsequently excluded from the assessment of ctDNA molecular
responses. These findings highlight the importance of correctly
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Figure 1.

Duration of follow-up (weeks)

Study methodology and cohort analyzed. Overall, 33 patients with SCLC who received systemic treatment with either chemotherapy orimmunotherapy-containing
regimens were analyzed for this study. A, High-depth targeted error-correction sequencing (TEC-seq) was performed on cfDNA extracted from serial plasma
samples collected at baseline and longitudinally throughout the course of treatment, alongside matched WBC DNA. Sequence and structural alterations were directly
detected in cfDNA for each patient at each time point analyzed and used to evaluate longitudinal changes in cfTL using a combined tiered approach. WES was further
performed on pretreatment tumor and matched WBC DNA derived from buffy coat from a subset of 5 patients and used to evaluate the concordance between copy-
number profiles computed from tumor next-generation sequence data and PA. Finally, molecular response classifications were assigned to each patient based on
dynamic changes in cfTL and used to predict clinical outcomes. B, Swimmer plot showing disease course in each patient, treatment, and samples collected. The mean
time to first blood sample collection after initiation of treatment for patients included in the study was 9 weeks (median 3 weeks). The mean time to first imaging
assessment in this cohort was 8 weeks (median 6 weeks), and the mean time to BOR assessment was 11 weeks (median 7 weeks).
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30 of the 33 patients analyzed and were most frequently detected in the TP53 gene, which was mutated in 26 patients. Of these 26 patients, 3 shared a

mutation in RBI.

classifying variants by origin, prior to longitudinal tracking of
tumor-derived variants and cfTL in plasma (Fig. 2).
Tumor-derived sequence alterations were identified across plas-
ma samples for 30 of 33 patients. At baseline, 27 patients had >1
(median 2; range, 1-9) tumor-derived alteration detected, at a
median ctDNA-MAF of 21% (range, 0.1%-73.1%; Supplementary
Fig. S3). In 3 patients, tumor-derived somatic mutations were
detected at the final timepoint, but were either undetectable at
baseline (n = 1) or could not be evaluated at this time point due to
the unavailability of baseline samples (n = 2). The genomic
landscape of ctDNA mutations revealed that nonsynonymous
somatic alterations in TP53 were the most frequent among patients
with detectable tumor-derived mutations in this cohort (26/30
cases; 87%), consistent with the nearly universal inactivation of
TP53 in SCLC tumors (22, 36, 37). Three of these 26 cases (12%)
shared a comutation in RBI, consisting of nonsynonymous, splice-
site alterations and indels (Fig. 2). The overall mutation frequency
in RBI was lower than expected as homozygous RBI deletions were
not accounted for by our analyses. Tumor-derived mutations were
also detected at <10% prevalence across genes involved in PI3K
signaling, DNA damage repair, and RAS/RTK signaling, including
PIK3CA (10%), PALB2 (10%), EGFR (10%), PTEN (7%), BRAF
(7%), BRCA1 (6%), BRCA2 (6%), and KIT (3%; Fig. 2). Tumor-
derived alterations in KRAS and NRAS were identified in 3% (1/30)
and 7% (2/30) of patients, respectively (Fig. 2). Mutations in
NOTCH family genes were not identified in this cohort (Fig. 2;

AACRJournals.org

Supplementary Table S6). Comparison between tumor and plasma
mutation profiles in 5 patients with matched tumor WES revealed
that tumor-specific mutations in TP53, IDH1, and KIT were detect-
able in plasma from 3 patients (patients 5, 11, and 14) and were
correctly classified using our tumor-agnostic WBC-informed
approach (Supplementary Table S6).

Plasma aneuploidy

In addition to tumor-derived sequence alterations, genome-wide
chromosomal arm-level somatic copy-number aberrations (SCNA)
were evaluated at each timepoint and used to construct a PA score
to quantify the extent of deviation from a copy-neutral state
(normal ploidy; Materials and Methods). Recurrent copy-number
losses were observed across chromosome 10q and 17p, regions
known to harbor genomic losses in SCLC tumors, and across
chromosomal arm 3p, consistent with the frequent loss of this
region across lung cancers (refs. 22, 36, 38, 39; Fig. 3A and B;
Supplementary Fig. S4A). Similarly, frequent copy-number gains
were identified across chromosomal arms 1p, 3q, 5p, and 8q that are
recurring in SCLC (refs. 36, 39; Fig. 3A and B; Supplementary
Fig. S4A). To investigate the concordance between tumor tissue and
plasma-derived aneuploidy, we computed copy-number profiles
from WES in 5 patients and evaluated their concordance with
our plasma aneuploidy approach as well as an orthogonal approach
(ichorCNA). Using the exome-derived copy-number profiles as the
ground truth, we found that copy-number profiles from both our
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Figure 3.

Chromosomal arm-level somatic copy-number profiles and PA. Targeted sequencing data were used to assess genome-wide arm-level SCNAs across serial plasma
samples. Representative examples of genome-wide SCNA profiles are shown for 2 patients. A, Patient 10 displayed multiple copy-number gains
(chromosomes 1, 3q, 5p, 7, 12p, 15, 17, and 20) and losses (chromosomes 2, 3p, 4, 59, 8, 99, 10, 13, and 16) in plasma at baseline sampling. Analysis of
these regions across follow-up (week 3-73) plasma samples collected after cisplatin/etoposide treatment indicated a return to normal ploidy, which
was detected prior to the radiographic assessment of partial or complete (PR/CR) response at week 11. B, Patient 5 displayed widespread genome-wide copy-
number aberrations across tumor (WES; top) and matched serial plasma samples (bottom). This included gains across chromosomes 1, 8, 12, 13, 17, 18, 19,
and 20 and losses across chromosomes 2, 3p, 4, 5q, 7, 10q, 11, 14, 16, 21, and 22. All SCNAs detected in the tumor were captured in cfDNA at baseline
and persistently across all follow-up time points analyzed in plasma after initiation of second-line ipilimumab/nivolumab combination therapy. This was
consistent with a radiographic assessment of PD 5 weeks after initiation of ipilimumab/nivolumab combination therapy. C-E, The most aberrant alterations in
individual chromosome arm-level copy number were used to calculate a genome-wide composite measure of PA (termed PA score) for each sample.
Examples of longitudinal trends in PA scores are shown for 3 patients who had no detectable tumor-derived sequence alterations across plasma time points
analyzed. C, For patient 3, aneuploidy was detected in plasma 4 weeks after baseline sampling, followed by a reduction to normal ploidy by the week 8
timepoint, consistent with an OS time exceeding 21 months from baseline sampling. In contrast, radiographic assessment at week 6 indicated PD for this
patient. D=E, Similarly, in patients 19 and 29, aneuploidy was detected at baseline followed by a reduction to normal ploidy by week 3-4 and week 5-7 time
points, respectively. This preceded radiographic assessments of PR at weeks 6 and 15, respectively.
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Figure 4.

Dynamic changes in cfTL during therapy. Longitudinal changes in cfTL across plasma time points analyzed for each patient were used to assign a combined molecular
response classification. Representative examples are shown of patients who were assigned to each of the 3 classifications. A, Patient 10 was classified as a
molecular responder based on the complete elimination of cfTL, assessed using tumor-derived sequence alterations, between baseline and week 5 sampling
during cisplatin/etoposide chemotherapy treatment (indicated by the green shaded area). A reduction in PA scores to undetectable levels from baseline
was also observed in this patient. B and C, Patients 26 and 21 were assigned a classification of molecular response followed by recrudescence based on
the elimination of cfTL between baseline and intermediate time points [during atezolizumab/etoposide/carboplatin (purple) and carboplatin/etoposide
(green) treatment, respectively], after which an increase in cfTL was observed at the final time points analyzed. C, In patient 21, a shift in mutation profiles
defined by the presence of tumor-derived RET (p.Y314F) and TP53 (p.V173E) mutations at recrudescence, which were not present at the baseline timepoint,
was observed. D, Patient 1 was classified as a molecular progressor based on the persistence of cfTL, defined by a tumor-derived TP53 (p.C135S) sequence
alteration, across all time points analyzed during treatment with nivolumab (blue). E, Combined molecular responses were significantly associated with clinical
evaluations of best radiographic response (P = 0.003, Fisher exact test). F, A broader comparison between the elimination of cfTL at any timepoint analyzed
for the study and radiographic assessments further revealed concordance (P = 0.001, Fisher exact test) between each variable. G, Molecular responses were
determined on average 4 weeks prior to best radiographic response assessments in 28 patients with comparable ctDNA and imaging assessments in this cohort
(mean 5.61weeks vs.10.21 weeks; P= 0.01Mann-Whitney Utest). Patients without baseline plasma samples available (n = 2) and cases with discordant molecular and
radiographic responses (n = 3) were excluded from analyses. Mean times to response assessment are shown alongside standard error for each modality.

PA approach and ichorCNA closely resembled the tumor-derived =~ Dynamics of cfTL predict therapeutic response

profiles in patients with detectable aneuploidy in plasma (Fig. 3B; To evaluate changes in the clonal stoichiometry of ctDNA under
Supplementary Fig. S4B-S4F). Importantly, assessment of PA  the distinct selective pressure of immunotherapy and chemother-
scores enabled subsequent evaluation of cfTL and ctDNA dynamics  apy, patients were grouped into chemotherapy-only and immuno-
during therapy for all 3 patients with undetectable tumor-derived  therapy-containing treatment groups for downstream analyses of
sequence alterations (Fig. 3C-E; Supplementary Table S7). ofTL changes. Combined analyses of ctDNA mutations and PA were
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performed to evaluate longitudinal dynamic changes in ¢fTL for
each patient. We defined cfTL as the contribution of the most
abundant tumor-derived sequence and/or PA score > 4.9 (Materials
and Methods), and tracked cfTL during the course of therapy (14).
Statistical analyses of the uncertainty in ¢fTL measurement at <1%
maximal MAF revealed that complete elimination of ¢fTL according
to mutation and PA dynamics was required to precisely determine
the absence of detectable ctDNA during therapy (Supplementary
Fig. S$2). Through this approach, we were able to assess cfTL in all 33
patients and assign a molecular response classification based
on distinct patterns of cfTL dynamics during therapy (Materials
and Methods). A classification of molecular response was assigned
to patients who displayed sustained complete elimination of
cfTL from baseline to the final sampling time point, and patients
who displayed persistence of cfTL across all time points analyzed
were classified in the molecular progression category. Patients
who displayed complete elimination of ¢fTL from baseline to
intermediate time points followed by an increase at final sampling
were assigned a classification of molecular response followed by
recrudescence.

We found significant concordance between sequence mutation
and longitudinal PA dynamics across patients analyzed, with 95%
(19/20) of cases with both evaluable metrics showing concordant
responses (P < 0.001, Fisher exact test; Supplementary Fig. S5).
Overall, 9 patients were classified as molecular responders from our
cohort and 10 as molecular progressors, resulting in a difference in
the log hazards of OS of —2.32 (95% CI: —3.9 to —0.74), which
exceeds the effect size that we were powered to detect. In patients
who were classified as molecular responders, we observed complete
elimination of ¢fTL after a median time of 4 weeks following the
initiation of therapy (range, 2-8 weeks; Fig. 4A). Six molecular
responders had a best radiographic response assessment of either
partial or complete response (PR/CR). In one molecular responder,
cfTL was detected in plasma 4 weeks after initiation of immuno-
therapy, followed by elimination across all subsequent follow-up
time points. These trends were consistent with the prolonged OS
time of this patient exceeding 21 months from the time of baseline
sampling. In contrast, radiographic assessment at week 6 indicated
progressive disease (PD), which did not capture long-term clinical
outcomes in this patient. For 14 patients, we observed an initial
molecular response, followed by a recrudescence of ¢fTL (Fig. 4B)
or emergence of new clones for 3 patients (Fig. 4C). Among
molecular progressors, we found persistence of cfTL across all time
points analyzed (Fig. 4D).

Opverall, molecular response classifications assigned based on lon-
gitudinal cfTL changes were consistent with radiographic response
assessments (Fig. 4E, P = 0.003, Fisher exact test) and were associated
with DCB (Supplementary Fig. S6A; P = 0.019, Fisher exact test) for
patients treated with immunotherapy-containing regimens. These
results demonstrate the predictive value of early on-therapy cfTL
elimination for determining therapeutic responses to both systemic
chemotherapy and immunotherapy in SCLC. Concordance with
radiographic responses was also observed for the elimination of cfTL

ctDNA Molecular Response Predicts Outcome in SCLC

atany time point following the initiation of therapy (Fig. 4F; P=0.001,
Fisher exact test), suggesting the presence of cfTL elimination, in
addition to the time to elimination, may be relevant for the determi-
nation of therapeutic outcomes in patients. A logistic regression model
incorporating structural and sequence response predictions in the
subset of 20 patients with both metrics evaluable confirmed that
combined molecular responses outperformed individual features
(sequence mutation and PA dynamics) for the prediction of thera-
peutic response (Supplementary Fig. S5C). Molecular responses
derived from ctDNA were identified on average 4 weeks prior to best
radiographic assessments in this cohort (Fig. 4G; P = 0.01, Mann-
Whitney U test).

ctDNA molecular responses predict clinical outcomes

Finally, we assessed whether cfTL dynamics were associated
with PFS and OS (Fig. 5; Supplementary Fig. S6B-S6E). Patients
classified as molecular responders attained longer OS and PFS
compared with patients who displayed initial molecular responses
followed by recrudescence or molecular progression (median OS-
OS not reached vs. 12.35 vs. 6.48 months, respectively, P = 0.0006
and median PFS-PFS not reached vs. 6.18 vs. 1.74 months, respec-
tively, P < 0.0001; Fig. 5A and B). These trends were consistent
across patients who received first-line treatment (median OS 21.01
vs. 12.25 vs. 6.44 months, respectively, P = 0.036 and median PFS
not reached vs. 6.18 vs. 2.99 months, respectively, P < 0.001) and
among patients who received either second- or third-line treat-
ments (median OS not reached vs. 34.78 vs. 6.51 months, respec-
tively, P = 0.015 and median PFS 7.17 vs. 7.41 vs. 1.22 months,
respectively, P = 0.051). We repeated these analyses after the
removal of patients without baseline plasma samples (n = 2);
however, we did not identify any changes in the associations
between ctDNA molecular responses and OS and PES (Supplemen-
tary Fig. S7). Importantly, ctDNA molecular responses remained a
significant predictor of OS (molecular response vs. molecular
progression HR = 0.09, 95% CI = 0.02-0.42, P = 0.002; molecular
response f/b recrudescence vs. molecular progression HR = 0.14,
95% CI = 0.04-0.48, P = 0.002) and PFS (molecular response vs.
molecular progression HR = 0.02, 95% CI = 0.00-0.16, P < 0.001;
molecular response f/b recrudescence vs. molecular progression
HR = 0.05, 95% CI = 0.01-0.26, P < 0.001) after accounting for
clinical covariates in a multivariate Cox proportional hazards
regression model (Supplementary Tables S8-S9). To evaluate the
importance of matched WBC filtering for the accurate assessment of
circulating tumor burden, longitudinal changes in c¢fTL were rea-
nalyzed for each patient, considering all plasma variants, without
filtering out CH-derived alterations. CH-unfiltered ctDNA
responses were not significantly associated with either OS or PFS
(Supplementary Fig. S8), demonstrating the importance of matched
WBC analyses for the accurate tracking of cfTL.

The predictive ability of ctDNA molecular responses for the deter-
mination of landmark OS (12, 36, and 64 months) and PFS at 3, 6, 9,
12, and 14 months was assessed comparatively to best radiographic
assessments for each patient. These analyses demonstrated that

Figure 5.

Combined tiered ctDNA molecular responses and the prediction of survival outcomes. Of the 33 patients included in the study cohort, patients who were assigned a
classification of molecular response (green) based on longitudinal dynamic changes in cfTL displayed superior (A) overall survival (OS; median survival not reached
vs. 12.35 vs. 6.48 months; log-rank P 0.0006) and (B) progression-free survival (PFS; median survival not reached vs. 6.18 vs. 1.74 months; log-rank P < 0.0001)
compared with patients with an initial molecular response followed by recrudescence (orange) or molecular progression (red). C and D, Molecular responses derived
from ctDNA (dark purple) were a stronger predictor of OS at 12 (AUC 78.1vs. 73.3) and 36 (AUC 80.0 vs. 71.8) months, and (E and F) early post-therapy PFS at 3 (AUC
91.7 vs. 82.0) and 12 (AUC 83.5 vs. 78.8) months, compared with radiographic assessment (PR/CR vs. SD/PD/MR; light purple). f/b, followed by.
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ctDNA molecular responses more accurately predicted OS at
12 months (AUC 78.1% vs. 73.3%), 36 months (AUC 80.8% vs.
71.8%), and importantly at 64 months (AUC 87.3% vs. 67.6%)
compared with imaging (Fig. 5C and D; Supplementary Fig. S6B).
Similarly, ctDNA molecular responses displayed a higher predic-
tive performance for PFS at 3 months (AUC 91.7% vs. 82.0%),
12 months (AUC 83.5% vs. 78.8%), and 14 months (AUC 92.9% vs.
76.8%), compared with radiographic assessments (Fig. 5E and F),
and were similarly predictive of PFS at 6 (AUC 74.1% vs. 77.1%)
and 9 months (AUC 71.1% vs. 77.3%; Supplementary Fig. S6C-
S6E). Taken together, these findings suggest that ctDNA molecular
responses may be particularly informative in predicting durable
therapeutic responses and long-term clinical outcomes.

Discussion

Previous efforts to characterize ctDNA alterations in SCLC
have largely focused on tracking mutations during the course of
treatment, rather than a combined evaluation of the evolving
mutation and PA landscapes (7, 8, 10-12). We developed an
approach for multifeature assessment of circulating tumor burden
by incorporating mutation and PA dynamics, allowing for more
sensitive detection of circulating tumor load during therapy.
This tumor-agnostic WBC DNA-informed strategy may provide
a comprehensive assessment of tumor-derived sequence and large-
scale chromosomal aberrations that are representative of longitu-
dinal changes in tumor burden under the selective pressure of
treatment. Our findings highlight the value of longitudinal ctDNA
molecular responses to capture and interpret clinical outcomes for
patients with SCLC.

The sensitive detection of ultra-low levels of ctDNA in a back-
ground of nontumor cfDNA in peripheral blood has presented
a major challenge for liquid biopsies. This is exacerbated
by the possible misclassification of variants related to clonal
hematopoiesis as tumor-derived alterations, particularly as CH
variants can occur within known oncogenic driver genes for solid
tumors (9, 27, 34, 35). To this end, optimized next-generation
sequencing (NGS) approaches that enable the specific detection
and filtering of CH variants from candidate ctDNA alterations can
help to significantly reduce the biological noise inherent to tumor-
agnostic NGS approaches (17). Using ultrasensitive targeted error-
correction sequencing of plasma and matched WBC DNA samples,
we showed that the landscape of alterations detected in ctDNA is
representative of the SCLC genomic landscape, including muta-
tions in TP53 and copy-number aberrations in chromosomes 1p, 3,
5p, 8q, 10q, and 17p, which are regions known to harbor genomic
gains and losses in SCLC tumors (22). The high mutant allele
fractions (average 18%) of tumor-derived sequence alterations
identified in ctDNA in this study were consistent with previous
reports in SCLC (8, 12, 15), suggesting an increased cfTL for SCLC
tumors. Importantly, these characterizations were enabled by the
precise detection and filtering out of alterations attributed to clonal
hematopoiesis, which were detected in 35% of cases in our cohort,
demonstrating the importance of correctly classifying CH variants
for accurate quantification of circulating tumor load in patients.
Filtering out biological noise related to CH variants allowed for
accurate determination of ctDNA molecular response in a tumor-
agnostic manner. Moreover, as this approach to mutational analysis
was based on tracking the maximal MAF across all tumor-derived
ctDNA alterations detected at each time point, rather than the
numeric value of individual mutations, our method was not
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dependent upon the detection of low-frequency subclonal altera-
tions that are likely to be missed by most hybrid capture NGS
approaches with a limit of detection in the 0.01% to 0.1%
range (40).

In addition to evaluating ctDNA molecular responses by mutation
trends (14, 16-21), we implemented a combined tiered approach that
utilizes both on-target and off-target reads from TEC-seq NGS outputs
to determine copy-number profiles and PA (13) and combined
sequence alteration dynamics with PA to determine ctDNA molecular
responses. Such an approach may maximally leverage on-target and
off-target NSG data for the simultaneous assessment of both somatic
mutations and PA. Analyses of the landscape of large-scale struc-
tural alterations in plasma have previously demonstrated that aneu-
ploidy and its plasticity during the therapeutic intervention can
provide real-time insight into tumor responses and identify early
resistance (41-43). Nevertheless, previously reported methods for
aneuploidy detection in plasma may not be compatible with
targeted NGS data and do not utilize a normal DNA reference
set for either the correction of plasma coverage profiles or the
computation of thresholds for the determination of PA (44). As a
proof of concept, we evaluated the concordance between tumor
tissue-derived and plasma-derived copy-number profiles for a
subset of patients and found a high degree of concordance. This
combined tiered approach to ctDNA response evaluation allowed
for the detection of molecular responses in all patients included in
our study cohort earlier than radiographic responses.

We identified 3 distinct patterns of ctDNA molecular response
that were reflective of clinical outcomes; such that sustained early
ctDNA elimination differentiated patients with ctDNA elimination
followed by recrudescence and patients in whom ctDNA burden
persisted during therapy. Overall, patients with sustained ctDNA
elimination attained longer PFS and OS, supporting the importance
of ctDNA complete elimination as a reliable indicator of durable
tumor response to systemic therapy in patients with SCLC (7, 45, 46).
In contrast, we observed a clear pattern of c¢tDNA molecular
progression among patients with disease progression. The longitu-
dinal nature of our analyses allowed for the detection of additional
ctDNA kinetics patterns including ctDNA recrudescence that is
associated with distinct clinical courses. ctDNA recrudescence
denotes an increase in levels of mutations that were detected prior
to therapy but were completely eliminated during therapy and
recrudesce as therapeutic resistance emerges. Our analyses sup-
ported that ctDNA recrudescence was distinct from ctDNA pro-
gression, the latter denoting persistent or increasing ctDNA levels
across longitudinally sampled time points. Accordingly, we found
significant differences in clinical outcomes between patients with
ctDNA recrudescence compared with those with ctDNA progres-
sion. Although patients with ctDNA recrudescence had inferior
outcomes compared with patients with sustained ctDNA elimina-
tion, they attained significantly longer PFS and OS compared with
patients with ctDNA persistence.

Our study has several limitations, predominantly related to the
small sample size of the cohort analyzed. Due to its retrospective
nature, best radiographic responses were retrospectively abstracted
from the clinical records, as RECIST evaluations were not available.
Although blood sampling was overall harmonized across patients
included in the study, blood collection time points were not fully
standardized with respect to imaging evaluations. This variation in
blood sampling and imaging time points may have introduced a bias in
the comparison between time to molecular and best radiographic
responses in this study. The uncertainty in cfTL measurement below
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1% maximal MAF and incomplete coverage of the RBI gene may
represent additional limitations.

Future prospective studies will be essential to validate our findings
in the clinical setting. Our analyses supported the predictive nature of
ctDNA response with respect to therapeutic response, independent of
the treatment administered. Therefore, prospective validation of these
findings in clinical trials can be pursued in settings where patient
selection is needed to better prognosticate clinical outcomes. As an
example, in the CASPIAN study of first-line durvalumab with plat-
inum-etoposide followed by durvalumab, 17% of patients with exten-
sive-stage (ES) SCLC were alive at 3 years (4), highlighting a patient
population with differential clinical outcomes that may be captured by
ctDNA molecular response approaches. The predictive value of
ctDNA kinetics can also be prospectively validated in the limited-
stage setting after chemoradiation, especially as immunotherapy
approaches are tested in this setting (ADRIATIC; NCT03703297,
ACHILES; NCT03540420, NRG-LU005; NCT03811002). By imple-
menting ctDNA kinetics as an early endpoint of clinical outcome,
immune-checkpoint blockade may thus be reserved for the patients
most likely to benefit. In addition to enabling the standardization of
blood collection and imaging time points relative to each assessment
and treatment time points and RECIST response assessments, pro-
spective analyses will facilitate the further assessment of the optimal
timing for ctDNA molecular response evaluation after initiation of
treatment with either systemic platinum-based chemotherapy or
immunotherapy-containing regimens. Such efforts will also be critical
to further evaluate the durability of ctDNA molecular responses and
their value in predicting long-term PFS and OS.

In summary, we showed that dynamic molecular responses
following systemic chemotherapy or immunotherapy can be reli-
ably captured through a comprehensive assessment of ctDNA
sequence and structural landscapes prior to radiologic progression.
These results suggest that therapeutic response monitoring based on
combined molecular response criteria may be used to provide
guidance on clinical endpoints in SCLC, including both PFS and
OS. Given the rapid clinical progression typically observed in
patients with SCLC, our combined tiered approach to ctDNA-
based tumor burden assessment may provide a foundation for the
early identification of durable molecular responses or resistance,
when the decision to continue or switch to an alternative more
effective therapy will have the most clinical benefit. Larger pro-
spective studies should be pursued to determine whether therapeu-
tic decisions based on longitudinal ctDNA dynamics can signifi-
cantly improve outcomes for patients with SCLC.
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