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Abstract

Purpose: Treatment with PD-(L)1 blockade can produce remarkably durable responses in non-
small cell lung cancer (NSCLC) patients. However, a significant fraction of long-term responders
ultimately progress and predictors of late progression are unknown. We hypothesized that
circulating tumor DNA (ctDNA) analysis of long-term responders to PD-(L)1 blockade may
differentiate those who will achieve ongoing benefit from those at risk of eventual progression.

Experimental Design: In patients with advanced NSCLC achieving long-term benefit from PD-
(L)1 blockade (PFS=12 months), plasma was collected at a surveillance timepoint late during/after
treatment to interrogate ctDNA by Cancer Personalized Profiling by Deep Sequencing (CAPP-
Seq). Tumor tissue was available for 24 patients and was profiled by whole-exome sequencing
(n=18) or by targeted sequencing (n=6).

Results: 31 NSCLC patients with long-term benefit to PD-(L)1 blockade were identified and
CtDNA was analyzed in surveillance blood samples collected at a median of 26.7 months after
initiation of therapy. Nine patients also had baseline plasma samples available, and all had
detectable ctDNA prior to therapy initiation. At the surveillance timepoint, 27 patients had
undetectable ctDNA and 25 (93%) have remained progression-free; by contrast, all four patients
with detectable ctDNA eventually progressed (Fisher’s p<0.0001; PPV 1 [95% CI 0.51-1]; NPV
0.93 [95% CI 0.80-0.99]).

Conclusions: ctDNA analysis can noninvasively identify minimal residual disease in patients
with long-term responses to PD-(L)1 and predict the risk of eventual progression. If validated,
ctDNA surveillance may facilitate personalization of the duration of immune checkpoint blockade
and enable early intervention in patients at high risk for progression.

Keywords
Immunotherapy; cfDNA; lung cancer; durable response; ctDNA

Introduction:

Recent trials have established PD-(L)1 blockade therapy as a routine component of first-line
therapy for nearly all patients with advanced non-small cell lung cancer (NSCLC) (1-4).
PD-(L)1 blockade is characterized by the potential for long-term benefit and relative safety
of prolonged immunotherapy (5). However, the optimal duration of treatment remains
unknown (6) and even among patients with long-term benefit, eventual progression can
unfortunately occur (7,8). Current radiologic tools are inadequate (9,10) for differentiating
patients with durable responses to PD-(L)1 blockade — who may have already achieved cure
and may not need continued therapy — from those with residual disease — who are at risk for
progression and may benefit from continued therapy and/or early intervention with
additional treatment.

We hypothesized that circulating tumor DNA (ctDNA) analysis may permit more sensitive
and specific detection of minimal residual disease among patients with metastatic NSCLC
and long-term benefit from PD-(L)1 blockade. In early stage NSCLC, ctDNA has been
shown to identify those at high risk of recurrence following definitive therapy (11,12). In
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patients with metastatic NSCLC, baseline ctDNA levels are higher and may be used to
estimate tumor mutation burden (13) and on-treatment ctDNA dynamics within 4-8 weeks of
treatment initiation can predict initial response to PD-L1 blockade (13-15).

Our group previously developed a next-generation sequencing-based method for ctDNA
analysis called Cancer Personalized Profiling by Deep Sequencing (CAPP-Seq) that can
sensitively track ctDNA burden while maintaining high specificity (16,17). It has been
speculated that this approach could be useful to examine patients treated with
immunotherapy to identify risk of ultimate progression (18), but no data have been reported
to date. We examined this question using CAPP-Seq ctDNA analysis of patients with long-
term benefit to PD-1 blockade and found that eventual progression is strongly associated
with detectable residual ctDNA. Conversely, most patients with undetectable ctDNA late,
during, or after treatment remained disease-free and may be approaching cure.

Materials and Methods:

Subject Details

Immunotherapy treated patients—All patients had stage 1V non-small cell lung cancer
(NSCLC) and were treated with PD-(L)1 blockade alone or in combination at Memorial
Sloan Kettering Cancer Center (Figure 1A and Table S1). All patients initiated therapy
between 05/16/2011 and 10/28/2016 dates. The study was conducted in accordance with the
ethical principles set forward in the Declaration of Helsinki. All patients provided their
written consent to participate in specimen collection and molecular analysis study approved
by the Memorial Sloan Kettering Institutional Review Board. PD-L1 expression was
assessed by immunohistochemistry. The median follow-up from the start of PD-(L)1
blockade was 38.7 months (range 14.3 — 81.7). Long-term benefit in this analysis was pre-
defined as progression-free survival ongoing > 1 year.

Clinical efficacy analyses—Objective response was assessed by investigator-assessed
RECIST v1.1. Partial and complete responses were confirmed by repeat imaging occurring
at least 4 weeks after the initial identification of response; unconfirmed partial responses
were considered stable disease. Progression-free survival was determined from the start of
PD-(L)1 blockade, with outcomes determined or censored as of the 06/05/2018 database
lock. Event-free survival was determined from the date of first surveillance plasma
collection, with outcomes determined or censored as of the 06/05/2018 database lock.

Tumor and germline samples—24 of 31 patients had tumor tissue used for next-
generation sequencing, either whole exome sequencing (n=18) or MSK-IMPACT (n=6). All
tissue was obtained prior to treatment with immunotherapy. Germline DNA was obtained
from peripheral blood mononuclear cells from all patients.

Plasma samples—Plasma was processed either from whole blood samples collected in
sodium heparin CPT Cell Preparation Tubes (BD Biosciences) or Cell-Free DNA BCT tubes
(STRECK). CPT tubes were centrifuged at 1500 x g at room temperature with brakes off for
20 minutes. After density gradient centrifugation, the plasma supernatant above the
peripheral blood mononuclear cell monolayer was pipetted from the CPT tubes and
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distributed into cryovials as 1.5 ml aliquots and stored at —20 deg C. Cell-free DNA BCT
tubes were centrifuged at 800 x g for 10 min at room temperature, separated plasma and
buffy coat were saved in separate vials, and stored at —80°C.

Method Details:

cfDNA extraction

CAPP-Seq

Cell-free DNA was extracted from 2 to 6 mL of plasma using the QiaAmp Circulating
Nucleic Acid Kit according to manufacturer’s instructions. After isolation, DNA was
quantified using the Qubit dsDNA High Sensitivity Kit. For samples collected in CPT tubes,
cfDNA was subsequently treated with Heparinase Il (Sigma) for 2 hours at 37°C and
subsequently purified by 1.8X bead selection.

Cancer Personalized Profiling by deep Sequencing (CAPP-Seq) was performed as
previously described (16,17). In brief, a maximum of 32 ng of cfDNA or 32 ng of sonicated
DNA from plasma-depleted whole blood (as a source of matched germline DNA) was
utilized for library preparation with the KAPA HyperPrep Kit with some modifications to
the manufacturer’s instructions as previously described (17,19). After library preparation,
hybridization-based enrichment of specific sequences was performed using a custom-
designed panel of biotinylated DNA oligonucleotides (17,19). Following enrichments,
samples were sequenced on an Illumina HiSeq4000 and sequencing data were processed
using a custom bioinformatics pipeline (16,17).

For tumor-informed CAPP-Seq analysis we: 1) limited variants to coding positions, 2)
removed any variants with greater than 1 supporting read in the matched germline sample, 3)
removed variants with more than 2 supporting reads in 5% of healthy control plasma
samples (n = 54), 4) removed variants present in =0.05% of samples in the Genome
Aggregation Database (20). Presence of ctDNA was determined by monitoring the tumor
mutations overlapping with the CAPP-Seq selector and a previously described Monte Carlo-
based ctDNA detection index with a significance cut-point of P<0.05 (16). For patients with
serial samples available, detection was defined by the last sample available.

Criteria for tumor-naive ctDNA detection were defined using the 24 patients for whom
tumor tissue was available and were then applied to patients for whom we did not have
tumor tissue. Specifically, for tumor naive calling we: 1) limited variants to coding positions,
2) removed any variants with greater than O reads in the matched germline sample, 3)
removed variants with more than 2 reads in any healthy control plasma samples (n = 54), 4)
removed variants present in =0.05% of samples in the Genome Aggregation Database (20).
A sample with at least one variant identified was considered to be positive for ctDNA. For
exploratory analyses of tumor-naive ctDNA analysis, LUP425 was excluded due to interval
development of a colorectal cancer that could have confounded tumor-naive, but not tumor-
informed ctDNA detection.
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Tumor whole exome sequencing, alignment, assembly, and variant calling

Whole-exome capture libraries were constructed using the Agilent Sure-Select Human All
Exon v2.0 (44Mb, n = 5), v4.0 (51Mb, n = 6), or Illumina’s Rapid Capture Exome (38Mb, n
= 7) baited target kit. Enriched exome libraries were sequenced on a HiSeq 2000, 2500, or
4000 platform to generate paired-end reads (2x76bp). A BAM file was produced by aligning
tumor and normal sequences to the hg19 human genome build using the Burrows-Wheeler
Aligner (BWA) (21). Further indel realignment, base-quality score recalibration, and
duplicate-read removal were performed using the Genome Analysis Toolkit (GATK) (22).
Quality control metrics were computed using the Broad Institute Picard software.
Fingerprint genotypes were used to verify match of tumor and normal samples. Artifacts
produced by oxidation during DNA sequencing were removed using the OxoG3 filter (23).
Samples with mean target coverage <60X in tumor or <30X in normal were excluded. Single
nucleotide variants were identified using Mutect2 (24) with default parameters, filtered using
FilterMutectCalls from the GATK, and annotated using Oncotator (25). Indelocator (http://
archive.broadinstitute.org/cancer/cga/indelocator) was used to generate indel calls. Tumor
mutation burden per megabase (TMB/MB) was calculated by dividing the total number of
non-synonymous mutations by the coding region of each exome capture Kit.

Tumor targeted next generation sequencing and variant calling

In cases where tumor whole exome sequencing was not available, targeted next-generation
sequencing was performed using MSK-IMPACT, as previously described (26). Briefly, DNA
was extracted from tumors and patient-matched blood samples. Barcoded libraries were
generated and sequenced using a custom gene panel of 341 (n = 1), 410 (n = 2), or 468 (n =
3) genes. The TMB/MB was calculated by dividing the total number of nonsynonymous
mutations by the coding region captured in each panel (8).

Quantification and Statistical Analyses

To determine a target sample size for our study, we extrapolated from a previous study in
which we observed that detection of ctDNA molecular residual disease in localized NSCLC
had a hazard ratio of approximately 40 for predicting event-free survival (12). Assuming
10% of patients with long-term responses to PD-(L)1 blockade will recur, that all of these
patients will have detectable ctDNA molecular residual disease, and a similar hazard ratio as
in our prior study, a cohort of =25 patients achieves =95% power to detect a difference in
event-free survival between ctDNA positive and negative patients (one-sided two arm
binomial with alpha = 0.05) (27). Fisher’s exact test was used to compare frequencies
between two groups in 2x2 contingency tables. The Wilson method was used to compute
95% confidence intervals of proportions. For progression-free survival analysis, the log-rank
test was used to compare Kaplan-Meier survival curves. To avoid guarantee-time bias (28),
we only considered progression events following the plasma collection date as the landmark.
Statistical analyses were performed using GraphPad Prism v.6 and R 3.3.2.

Clin Cancer Res. Author manuscript; available in PMC 2020 December 15.


http://archive.broadinstitute.org/cancer/cga/indelocator
http://archive.broadinstitute.org/cancer/cga/indelocator

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hellmann et al.

Results:

Page 6

Clinical and molecular features of NSCLC patients with long-term benefit to PD-(L)1

blockade

To explore if ctDNA analysis can identify patients with long-term benefit to PD-(L)1
blockade who are at risk of eventual progression, we identified a cohort of 31 patients with
advanced NSCLC who had sustained clinical benefit from PD-(L)1 blockade (progression
free survival =12 months) and had a plasma sample that was collected = 6 months after
initiating treatment (“surveillance blood draw”). To assemble this cohort with necessary
long-term follow-up (median 38.7 months, range 14.3 — 81.7), we focused on patients at
MSKCC who were treated on initial clinical trials of PD-(L)1 blockade. In this cohort of
clinical trial patients (n=363 patients), 20% (n=72) were progression-free at 12 months
(Figure 1A), of whom 29 patients had plasma available for analysis. This rate of long-term
benefit is similar to that observed in other clinical trials of PD-(L)1 therapy in patients with
unselected NSCLC (Figure 1B) and highlights the relatively rarity of longer-term responders
to PD-1 blockade in NSCLC. We also included an additional two patients who met the
inclusion criteria and were treated with commercial PD-(L)1 inhibitors. Patients in our
cohort received immune checkpoint inhibitors for a median of 20.4 months (range: 1.7-48.1)
and the surveillance blood draw occurred at a median of 26.7 months (range: 8.3-61.8
months) after initiation of therapy. The time of surveillance blood draw relative to the start
of treatment (Figure S1A) or the end of treatment (Figure S1B) was similar in those patients
who did or did not eventually progress. As expected for a cohort consisting only of patients
who achieved durable clinical benefit from PD-(L)1 blockade, the majority of tumors
expressed PD-L1 by immunohistochemistry (22 of 31; 71%) and nearly all patients had been
smokers (30 of 31, 97%; Figure 1C, Table S1). The frequency of driver mutations was as
expected for a cohort of patients with advanced NSCLC (Figure 1C).

Tumor mutation profiling and pre-treatment ctDNA analysis

Tumor tissue was available for 24 patients and was profiled by whole exome sequencing
(WES, n=18) or by targeted gene sequencing utilizing the MSK Integrated Mutation
Profiling of Actionable Cancer Targets assay (MSK-IMPACT, n=6). Tumor mutation
profiles included expected NSCLC driver mutations in genes such as 7P53and KRAS
(Figure 1C, Table S6).

We performed CAPP-Seq ctDNA profiling as previously described (12,17). We applied
either a “tumor-informed” or “tumor-naive” approach to ctDNA detection. Tumor-informed
CAPP-Seq ctDNA detection leverages prior knowledge of tumor mutations from sequencing
of tumor tissues and matched leukocytes and queries these in plasma cell-free DNA
(cfDNA) using a Monte Carlo-based algorithm (16). When tumor tissue was not available,
we employed tumor-naive CAPP-Seq ctDNA detection, which identifies ctDNA mutations
in plasma cell-free DNA without consideration of prior knowledge of mutations present in a
patient’s tumor. Samples were considered positive for ctDNA by the tumor-naive approach if
any mutations were detected. To minimize the risk of erroneously considering mutations due
to clonal hematopoiesis, both ctDNA detection approaches included sequencing of matched
cellular DNA derived from leukocytes and filtering out of mutations detected in both
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samples. Moreover, variants for both approaches were filtered for presence in the Genome
Aggregation Database to further exclude any potential single nucleotide polymorphisms
(20). Tumor-informed CAPP-Seq allows for greater sensitivity by decreasing multiple
hypothesis testing and has ctDNA detection limit of ~0.002% while tumor-naive analysis
has a detection limit of ~0.1% (17).

To begin, we analyzed pre-treatment ctDNA levels in nine patients for whom baseline
plasma samples were available. We detected ctDNA before anti-PD-(L)1 therapy in all nine
patients, eight via tumor-informed CAPP-Seq and one (for whom no tumor tissue was
available) via tumor-naive CAPP-Seq. Applying tumor-naive detection to all nine pre-
treatment samples resulted in a modest decrease in sensitivity to 89%, since the ctDNA
concentration in one sample detected using the tumor-informed approach was below the
tumor-naive detection limit (Figure 2A). The patients for whom we had baseline plasma
available did not have different tumor burden than remaining patients, suggesting they are
representative of the cohort as a whole and routine ctDNA detectability at baseline was not a
result of disproportionately high tumor burden (Figure S2A). The median allele fraction of
mutations in baseline plasma samples was 0.29% (range: 0.07% - 6.62%), and the median
allele fractions were 40-fold higher in corresponding tumor biopsies (range: 3.68% -
59.09%; Figure 2B, Tables S3 and S5). These results are similar to recently published data
demonstrating that the majority of patients with untreated, advanced NSCLC have detectable
CtDNA (13,29).

ctDNA analysis can identify patients at risk of eventual progression

We next asked whether detection of ctDNA in surveillance blood draws in patients with
long-term responses to PD-1 blockade correlates with the development of eventual
progression. To maximize sensitivity of ctDNA detection, we applied tumor-informed
CAPP-Seq analysis when tumor tissue was available and tumor-naive analysis if it was not.
ctDNA was not detected in 27 patients, 25 of whom have not progressed (median event-free
survival since plasma collection 16.96 months [range 4.76-24.21 months]). Conversely,
ctDNA was detected at the surveillance timepoint in four patients and each of these patients
ultimately progressed (Fisher’s Exact Test, p < 0.0001; PPV 1 [95% CI 0.51-1]; NPV 0.93
[95% CI 0.80-0.99]) (Figure 2C, Figure 3B, Tables S2 and S4). Patients with undetectable
ctDNA had significantly longer freedom from progression than patients in whom ctDNA
was detectable (Figure 2D). Tumor sequencing was available for all patients with detectable
ctDNA during surveillance. There was no difference in the time of surveillance blood draw
collection relative to the start (Figure S2B) or the end (Figure S2C) of treatment in patients
with ctDNA detected or not detected. Moreover, residual tumor burden and number of
metastatic sites were similar in patients with ctDNA detected and not detected, indicating
that ctDNA detection was not driven by visible tumor burden differences (Figure S3A-B).
Thus, detection of ctDNA during surveillance of patients with extended responses to PD-
(L)1 blockade portends a high risk of recurrence while undetectable ctDNA is encouraging
of continued durable response.

We next asked if baseline ctDNA levels might similarly inform risk of eventual progression
in patients with PFS>12 months on PD-(L)1 blockade. Since we had baseline plasma
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samples for only a subset of our cohort, we analyzed published results from NSCLC patients
receiving the anti-PD-L1 monoclonal antibody atezolizumab (13). Focusing on the 75
patients in this study with baseline ctDNA measurement and PFS > 12 mo, we found that
there was no difference in baseline variant allele fraction between patients who ultimately
progressed versus those who remained progression-free (Figure S2D).

Next, we performed an exploratory analysis to investigate if we could have achieved similar
outcome stratification using only our tumor-naive detection approach. We therefore applied
tumor-naive ctDNA detection to all patients who had available tumor tissue and compared
results to those of tumor-informed analysis in the same patients. It is important to note that
since these same cases were used to establish the tumor-naive calling thresholds, the
performance of tumor-naive calling may be overfit in these cases. Tumor-naive calling was
discordant with tumor-informed calling in two out of 23 (9%) patients, but the difference in
event-free survival between ctDNA positive and negative patients was nearly as striking
(Figure 3A-B). Importantly, achieving high concordance between the tumor-informed and -
naive ctDNA approaches required sequencing of matched leukocyte DNA to remove variants
that were found in both the leukocyte and cell-free compartments (Figure 3B—C). Mutations
present in matched leukocytes were found in the cfDNA of 19 (83%) patients and would
have led to misclassification of response in 18 (78%) patients if not eliminated. However,
exclusion of leukocyte-derived variants reduced misclassification when using the tumor-
naive approach to 3 (13%) patients (Figure 3B—C). Notably, the majority of these mutations
were not in genes previously implicated in clonal hematopoiesis (30,31) (mean per patient =
81%) and thus could not have been eliminated using gene level filtering (Figure 3D, Table
S7).

Among 27 patients with undetectable ctDNA in the surveillance sample, two eventually
progressed (Figure 4A). Progression occurred 5.7 and 9.1 months after the blood draw and
plasma was not available more proximally to the time of clinical progression. In four
patients with detectable ctDNA in the surveillance blood draw, ctDNA was detected a
median of 4.4 months (range: 0.9 — 11.5 months) prior to identification of progression by
imaging (Figure 4B).

ctDNA informs disease status among patients with long-term response to PD-(L)1

blockade

Our findings suggest that ctDNA detection might be useful for clarifying radiographic
findings at during surveillance and to inform the duration of therapy. For example, patient
LUP424 received PD-1 plus CTLA-4 blockade for 20 months, achieving a —60% radiologic
response by RECIST (Figure 4C). At baseline, ctDNA was detectable (average AF 0.33%).
At the surveillance timepoint (19.0 months), ctDNA was undetectable by tumor-informed
CAPP-Seq analysis although the patient continued to have residual lesions visible on
radiologic imaging. The patient experienced Grade 3 pneumonitis, so treatment was
discontinued shortly thereafter and surgical resection was pursued to remove the residual
lesion in the right lung. Pathology demonstrated a complete pathologic response with no
viable tumor. Continued follow-up scans after discontinuation of therapy have continued to
show no evidence of recurrent disease, and a repeat follow-up plasma draw at 33.1 months
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confirmed the absence of ctDNA. This case illustrates that ctDNA may allow distinguishing
between patients in whom residual radiologic lesions contain viable cells versus those in
whom all cancer cells have been eliminated.

Similarly, ctDNA analysis may contribute to early detection of progression and aid in
interpretation of equivocal radiologic findings. For example, patient LUP689 had been
receiving PD-1 blockade for two years and scans showed partial response (—45% by
RECIST; Figure 4D). A CT scan 7 months into treatment revealed a new, small right
pectoral lymph node that, at the time, was felt to be non-specific and not a new site of
disease. A PET scan at 19 months showed ongoing response without progression. At 22
months into treatment, ctDNA was detected in a plasma sample (average AF 0.39%)
although a CT scan (Figure S4A-B) at that time showed a decrease in size of the right
pectoral lymph node. A repeat plasma sample taken at 26.5 months again confirmed the
presence of ctDNA (average AF 0.30%). At a third timepoint 2.5 months later, ctDNA was
again detected and had further increased (average AF 1.16%) and a concurrent PET scan
now demonstrated progressive disease. Thus, ctDNA analysis can aid in the interpretation of
equivocal radiologic findings and may provide a window of opportunity for therapeutic
interventions to improve outcomes.

Lastly, ctDNA analysis may also be useful in monitoring the efficacy of interventions after
recurrence. For example, patient LUP429 received PD-1 blockade for 22.4 months and
achieved a partial response but stopped treatment due to late-onset colitis (Figure 4E).
However, a plasma sample collected 2.6 months after stopping treatment was positive for
ctDNA (average AF 0.07%) and repeat imaging ~1 month later revealed an isolated
recurrence in an abdominal lymph node. The patient received localized radiation (3300 cGy
in 5 fractions) to the site of recurrence and has been disease-free since. A plasma sample
collected over one year later remained negative for ctDNA and the patient remains disease-
free to date.

Discussion:

In this study we examined a cohort of patients with long-term benefit to PD-(L)1 blockade
to evaluate the role of ctDNA to predict the risk of recurrence. We found ctDNA analysis
during surveillance can be highly sensitive for detecting minimal residual disease and
predicting risk of eventual progression. Additionally, ctDNA was undetectable in all patients
with ongoing long-term benefit to PD-(L)1 blockade, which may be a molecular reflection
of eradication of all tumor cells by PD-(L)1 blockade that exceeds the insight gained from
routine scans.

To our knowledge, our report is the first to demonstrate the potential utility of ctDNA
analysis during surveillance of patients with =12 months of PFS after initiating PD-(L)1
blockade. Recent studies assessing on-treatment ctDNA changes 4-8 weeks after initiation of
PD-(L)1 blockade have demonstrated concordance with initial radiologic response, but the
majority of these patients later progress (14,15) suggesting early on-treatment ctDNA
changes do not optimally predict longer term outcomes. Similarly, we found that baseline
ctDNA levels did not discriminate long-term response. Based on our results, we envision

Clin Cancer Res. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hellmann et al.

Page 10

that surveillance ctDNA analysis could be used in conjunction with standard imaging in
patients with long-term benefit to immune checkpoint blockade in order to facilitate early
identification of progression.

In patients with long-term benefit to PD-(L)1 blockade, it is challenging to determine
whether there is active residual disease and/or when it might be appropriate to discontinue
treatment, especially in the context of emerging evidence for late immunological sequalae
that can have ambiguous radiographic correlates (2,9,11). In clinical trials of PD-(L)1
blockade in NSCLC, radiologic complete response is rare, with rates ranging from 0.5-3.7%
(1,2,4). However, the radiologic assessment of true complete response may be imprecise and
ctDNA can provide additional insight. In the current study, we found that 19 patients have
undetectable ctDNA and ongoing long-term benefit from PD-(L)1 blockade despite
persistently measurable disease by CT imaging. One patient with —60% response by
RECIST and undetectable ctDNA was found to have complete pathologic response at the
time of resection.

Similarly, in a report of neoadjuvant PD-1 blockade, three patients achieved complete
pathologic response but none were evident by CT imaging; one patient even had apparent
tumor growth radiologically (9). ctDNA analysis may therefore help to identify those
patients who have achieved durable elimination of the malignant clone through PD-(L)1
blockade and avoid the need for invasive biopsy or resections to further investigate residual
lesions. Additionally, we hypothesize that ctDNA may inform a personalized approach to
duration of PD-(L)1 treatment in patients with long-term response wherein those with
undetectable ctDNA may be able to safely discontinue treatment. Additional work will be
needed to determine the optimal timepoint (e.g. 12-24 months after initiating treatment) at
which to query ctDNA to guide such a decision.

Although we analyzed a single surveillance plasma timepoint for most patients, it is possible
that serial ctDNA analysis may maximize sensitivity and specificity of residual disease
detection in patients undergoing PD-(L)1 blockade. Three patients in our cohort had serial
surveillance samples available without an intervening change in therapy. In two of these
(LUP424 and LUP689), ctDNA detection results were the same in both samples. In the third
patient (LUP690), ctDNA was detected in the first sample taken 6.7 months after stopping
PD-(L)1 blockade based on a single cfDNA molecule containing a KRAS G12A mutation at
an allele frequency of 0.03% that was present in the patient’s tumor and not present in the
matched leukocyte sample (tumor-informed Monte Carlo p = 0.017). In contrast, in the 4
cases scored as detected, each were detected with at least 2 mutant reads (median = 10.5,
range = 2-26), and a detected allele frequency of at least 0.07% (median = 0.16%, range =
0.07-0.39%). A follow-up sample collected 4.8 months later was sequenced 1.24X deeper,
and contained no mutant reads. Since the confirmatory draw was negative we scored the
patient as being ctDNA negative and the patient has not recurred at last follow-up. There are
several potential explanations for the single mutation-containing molecule detected in the
first but not second sample. First, this could represent a technical false positive, a low rate of
which we expect to find given our method is tuned to 95% specificity (16,17). Second, this
could be evidence of late tumor clearance as there could have been tumor deposits remaining
that were eradicated by the immune system between the two blood draws. Third, the second
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blood draw could be a false negative and the patient may have residual disease that has not
yet manifested on imaging. Given this result, we envision that serial ctDNA analysis may be
useful for confirming positive results, particularly in cases where ctDNA detection is based
on a single mutant read.

As we and others have previously demonstrated, maximal sensitivity of ctDNA detection can
be achieved by having prior knowledge of tumor mutations and then applying tumor-
informed ctDNA analysis (11,16,17). However, in an exploratory analysis we observed that
in our cohort, CAPP-Seq-based tumor-naive ctDNA analysis yielded similar clinical results
as the tumor-informed approach. It is critical to note that this result required sequencing of
matched leukocytes in order to eliminate mutations due to clonal hematopoiesis (30-34).
Our data suggests that similar performance is unlikely to be achieved with commercially-
available ctDNA tests that do not genotype matched leukocytes.

Limitations of our study include a relatively modest cohort size, varying PD-(L)1 treatment
regimens, and non-uniform timing of blood collection. However, our cohort represents a
substantial effort to interrogate an uncommon but important clinical phenotype. Moreover,
we believe our results are robust to the non-uniform timing of blood collection as there was
no difference in time of blood collection relative to the start or end of therapy in patients
who did or did not ultimately progress, nor in those in whom ctDNA was or was not
detectable. Additionally, baseline plasma was not available for all patients in order to
confirm the presence of detectable ctDNA prior to beginning treatment. However, we
demonstrated that ctDNA was detectable in all nine patients in whom baseline plasma was
available and prior reports by our group and others have demonstrated that ctDNA is
detectable in the vast majority of patients with metastatic NSCLC (13,17,19,29). All of the
nine patients who had detectable ctDNA at baseline had no detectable ctDNA in the
surveillance sample and have ongoing benefit from PD-(L)1 blockade, confirming the ability
of ctDNA to determine the /n vivo disease state. We believe the findings of our study warrant
validation in a prospective clinical trial where patients receive uniform PD-(L)1 blockade
regimens and samples are collected uniformly both prior to therapy and at surveillance
timepoints.

If validated, we envision at least two potential applications of ctDNA surveillance to
personalize treatment in patients with long-term response to PD-(L)1 blockade. For patients
in whom ctDNA is undetectable at a surveillance landmark (the optimal timing remains to
be determined as our results here did not prespecify the timepoint, but 12 or 24 months since
initiating treatment may be reasonable), we hypothesize that it may be possible to
discontinue therapy and to monitor closely thereafter, with the expectation of continued
durable response. By contrast, among patients who are ctDNA detectable, additional
imaging (including PET scan) could be performed to identify residual disease and guide
early therapeutic interventions (e.g. radiation or surgery for oligoresidual lesions or systemic
therapy if more diffuse disease) to proactively intervene upon impending resistance and
maximize continued long-term response. Importantly, prospective trials will need to be
performed to test these potential applications.
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In summary, we demonstrate that analysis of ctDNA in advanced NSCLC patients
undergoing PD-(L)1 blockade can distinguish patients at risk for eventual progression from
those who may have achieved elimination of disease. We therefore envision that ctDNA
analysis will be useful for surveilling of patients receiving immune checkpoint blockade and
might allow personalization of the duration and early interventions during therapy.
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Statement of Translational Relevance:

Long-term response to PD-(L)1 blockade is uncommon in non-small cell lung cancer
(NSCLC); even among patients with initial response, a substantial fraction ultimately
progress. We hypothesized that circulating tumor DNA (ctDNA) could be used to
distinguish long-term responders to PD-(L)1 blockade who were likely to remain
progression-free from those who were at highest risk for eventual progression. In this
study, we collected plasma at late surveillance timepoints from NSCLC patients
achieving long-term benefit from PD-(L)1 blockade and ctDNA was interrogated using
CAPP-Seq. Nearly all patients with undetectable ctDNA at the surveillance blood draw
remained disease free, while all of the patients with detectable ctDNA eventually
progressed. Therefore, ctDNA analysis may inform personalization of the duration of
immune checkpoint blockade and permit early intervention in those likely to develop
acquired resistance.
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Figure 1: Pre-treatment molecular profiles of tumor biopsies and cfDNA from long-term
responders to PD-(L)1 blockade.

A) Progression-free survival of patients with NSCLC treated with PD-(L)1 blockade as part
of initial clinical trials at MSKCC (n = 363). Arrows indicate cut-off for definition of long-
term benefit (PFS = 12 months), and the median surveillance plasma collection time (26.7
months).

B) Percent of patients who would be classified as achieving long-term benefit from (A) as
well as, for context, other clinical trials with unselected NSCLC.

C) Clinical and molecular features of patients with advanced NSCLC experiencing long-
term responses to PD-(L)1 blockade. Each column represents an individual patient. Boxes
are color coded for tumor histology (squamous or non-squamous), smoking status (former,
current, or never), and best overall response (BOR) by RECIST criteria (complete response
[CR], partial response [PR], or stable disease [SD]) as indicated. Tumor PD-L1 expression is
stratified as 0%, 1%-49%, or >50%. When available, pre-treatment tumor tissue was
sequenced (Tumor Seq) by whole exome sequencing (WES) or a targeted panel (MSK-
IMPACT). Patients with no Tumor Seq were unevaluable for TMB and individual tumor
mutations as depicted on the right. PFS is depicted in months, where the pointed bars
represent ongoing responses and the flat bars represent patients who have progressed. TMB
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is presented as the number of honsynonymous mutations and indels per megabase of the
coding exome. Nonsynonymous mutations and indels in genes recurrently mutated in
NSCLC are shown in descending order of prevalence (35). Mutation recurrence rate in the
cohort is depicted by bar graphs to the right.
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A) ROC analysis of pre-treatment ctDNA detection using CAPP-Seq in either the tumor-
naive (red, n = 9) or tumor-informed (green, n = 8) context.
B) Comparisons of pre-treatment variant allele (%) for plasma ctDNA by CAPP-Seq (right)

versus corresponding tumor biopsies by WES (left) are shown for nine patients with baseline
plasma available. Tumor-informed CAPP-Seq was performed when tumor tissue was
available (n=8) and tumor-naive CAPP-Seq was performed when it was not (n=1; LUP417).
N-values depict the number of mutant genes detected by WES in tumor biopsies and
monitored by CAPP-Seq in plasma. ND = not detected.
C) Percent of patients eventually experiencing progression based on presence or absence of
detectable ctDNA in the surveillance plasma sample. P < 0.0001 (one-sided Fisher’s Exact

Test).

D) Comparison of event-free survival after surveillance cfDNA collection, stratified by

CtDNA status using tumor-informed detection (detection limit ~0.002%) for patients with
pre-treatment tumor tissue (n = 24) and tumor-naive detection (detection limit ~0.1%) for
patients without (n = 7). P < 0.0001 (log-rank test).
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Figure 3: Tumor-naive and tumor-informed ctDNA analyses are largely concordant if leukocyte
variants are considered.

A) Event-free survival after surveillance cfDNA collection in the subset of patients with
tumor tissue available using tumor-naive detection (n = 23). P < 0.0001 (log-rank test).

B) Concordance levels between surveillance sample ctDNA detection status (x-axis) and
ultimate progression status (y-axis, colored bars) are depicted as a function of 3 ctDNA
genotyping strategies. The tumor-informed strategy (left) demonstrates the best predictive
performance (one-sided Fisher’s Exact Test P = 0.0006), followed by the tumor naive
strategy after excluding leukocyte variants (one-sided Fisher’s Exact Test P = 0.02, middle).
In the absence of genotyping of leukocyte-derived variants (right), the tumor-naive strategy
fails to significantly predict progression risk (one-sided Fisher’s Exact Test P = 0.98, right).
Data are for the same 23 patients with available tumor tissues in other panels of this figure.
C) Relationship between the total number of mutations called by a tumor-naive strategy (y-
axis) in each patient (x-axis), as a function of evidence for mutations in leukocytes (3 large
boxes). Patients detected by tumor-informed ctDNA analysis are indicated by the asterisks
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(n = 4). Data are for the same 23 patients with available tumor tissues in other panels of this
figure.

D) Percentage of variants present in both cfDNA and leukocytes that were not in genes
previously implicated in clonal hematopoiesis (n = 19).
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Figure 4: Presence of ctDNA during surveillance precedes radiologic progression and informs
disease status of patients undergoing PD-(L)1 blockade.

A) Event chart for patients without ctDNA detected (n = 27) and B) patients with detectable
CtDNA at the surveillance timepoint (n=4). Chart depicts RECIST v1.1 status at last follow-
up (filled blue squares = progression; open blue squares = no progression), ctDNA detection
status by tumor-informed CAPP-Seq (filled orange circles = detected; open orange circles =
not detected), duration of PD-(L)1 blockade treatment (grey bar, red outline = ongoing
treatment), and PFS after treatment discontinuation (black bar). In patients with ctDNA
detected, the earliest scan with the best overall response is indicated.

C) An exemplar patient treated with PD-1 plus CTLA-4 blockade who achieved a —60%
reduction in tumor volume by RECIST v1.1. cfDNA collected 19 months after initiating
treatment showed undetectable ctDNA. These findings were confirmed by resections of both
the adrenal and lung lesions that both showed complete pathological response. This patient
remains progression-free with undetectable ctDNA at 34 months from treatment initiation.
ctDNA levels are shown as average variant allele fraction of all variants monitored.

D) A second exemplar patient who achieved a —45% response to PD-1 blockade with
progression after ~29 months by RECIST v1.1. ctDNA was initially detected 22 months into
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treatment, prior to progression by PET-CT. ctDNA levels are shown as average variant allele
fraction of all variants monitored.

E) A third exemplar patient treated with PD-1 blockade with detectable ctDNA 25 months
after starting treatment, confirmed by imaging which revealed an isolated recurrence that
was treated with radiotherapy. ctDNA was not detectable ~1 year following localized
radiation to the progressing aortocaval lymph node. ctDNA levels are shown as average
variant allele fraction of all variants monitored.
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