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ABSTRACT

Background: The potentials of circulating tumour DNA (ctDNA) have been studied
for non-invasive disease monitoring in patients with targetable mutations. However,
the majority of cancer patients harbour no targetable mutations. A workflow including
targeted next-generation sequencing (NGS) and droplet digital PCR (ddPCR) could
be used for monitoring treatment in these patients. Thus, our aim was to evaluate
the workflow for ctDNA monitoring in a cohort of hon-small cell lung cancer patients.

Methods: Forty patients were prospectively included. Plasma samples were
collected prior to and during treatment. NGS (Ion AmpliSeq Colon and Lung Cancer
panel v2) was performed on ctDNA from pre-treatment samples. The identified
mutations were monitored by ddPCR in consecutively collected samples.

Results: Mutations were detected in 21 patients. The most commonly mutated
genes were TP53 (N=20) and KRAS (N=13). Treatment was discontinued due to
non-response in 18 patients. In 16 of these, a simultaneous increase in ctDNA
concentration was observed. A twofold ctDNA concentration increase confirmed in a
second successive sample predicted non-response on the following imaging in 83%
of patients (10/12).

Conclusion: ctDNA monitoring can be used for early detection of non-response
in patients without targetable mutations, and therefore could supplement imaging
data for treatment monitoring in this subset of patients.

INTRODUCTION disease, relapse after surgery and detection of treatment
resistance mechanisms [5—8]. Further, the concentration of
The potentials of circulating tumour DNA (ctDNA) ctDNA has been demonstrated to correlate with the tumour
for non-invasive disease monitoring have been intensively burden [9-12], and studies have shown promising data on
studied during the last decade. The primary investigated the use of quantitative ctDNA analysis for monitoring
ctDNA source is plasma, and the small double-stranded tumour dynamics during treatment of patients with various
DNA fragments are shed both actively and passively from solid cancers [13—15]. Thereby, monitoring ctDNA may
tumour cells to the blood stream [1-3]. Tumour-specific identify tumour changes earlier than with radiological
alterations can be measured in ctDNA and reveal important visualization.
information on the genetic constitution of the tumour Recent advances in next-generation sequencing
[4]. Thus, mutation-specific ctDNA analyses have been (NGS) and droplet digital PCR (ddPCR) have facilitated
investigated for, among others, earlier detection of cancer the detection as well as the quantification of ctDNA.
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NGS enables identification of multiple genetic alterations
in each patient and is optimal for revealing the genetic
constitution of the tumour. In contrast, ddPCR requires a
priori knowledge on the genetic constitution but often has
lower detection limits and markedly shorter workflows
than NGS making this approach useful for monitoring. The
combination of these methods could present a workflow
incorporable in the daily clinical routine that meet the
needs associated with monitoring treatment in patients
with unknown genetic constitution of their tumour.

In non-small cell lung cancer (NSCLC) patients,
ctDNA monitoring has primarily been investigated in the
patient subset with drug-targetable mutations present in
tumour tissue. Thus, studies have focused on detecting and
monitoring alterations in epidermal growth factor receptor
(EGFR) and rearrangements of the anaplastic lymphoma
kinase (4LK) during treatment with targeted therapies
[7, 15-17]. By monitoring the abundance of EGFR
mutations using ctDNA, studies have found correlation
between decreasing ctDNA levels and tumour response
on conventional imaging [18-20]. Further, whether or not
EGFR mutations in ctDNA are cleared to an undetectable
level may be predictive of response to EGFR-TKI therapy
[21-23]. Yet, the majority of NSCLC patients are EGFR
and ALK wild type. These patients have no targetable
mutations and no information on the genetic constitution
of their tumours exists. In combination, these facts render
monitoring of ctDNA less straightforward in this patient
subset and could explain why information on the clinical
utility of ctDNA analysis in these patients lacks. However,
given the poor prognosis and lack of efficient second- and
third-line treatment of this large patient subgroup, it is
highly warranted to find a method that can lead to earlier
detection of non-response and rapid discontinuation of
ineffective treatment.

Therefore, the aim of this prospective study was to
investigate whether ctDNA monitoring using a clinically
relevant workflow including a targeted NGS panel and
ddPCR could be used for treatment monitoring in a cohort
of NSCLC patients with unknown genetic constitution of
their tumour.

RESULTS

Patients

A total of 40 patients were included. Patient
characteristics are shown in Table 1. The majority of
patients had stage IV disease, a good performance status
and had progressed on first-line chemotherapy. No patients
were lost to follow-up. After a median follow-up time of
7.4 months (range 1.0-35.1), one patient was still alive.
The median OS in all patients was 7.0 months (95%
confidence interval (CI): 3.7-9.3).

ctDNA analyses

Sequencing of the baseline sample succeeded in
36/40 patients (90%). At least one alteration was detected
in 21 of the 36 patients (58%). In total, 41 alterations
were identified with a median allele frequency of 2.5%
(range: 1.0-71.1) (Table 2). The most frequently mutated
genes were 7P53 (N=20) and KRAS (N=13). The median
number of alterations identified in each patient was 2
(range 1-5). In the baseline sample, 93% (38/41) of the
mutations were verified by ddPCR. We directly compared
the allele frequencies obtained from sequencing and
ddPCR and found median ratio of 0.95 (range: 0.80;1.11)
of NGS compared to ddPCR, suggesting good quantitative
agreement between the methods (see Supplementary
Figure 1). The three non-verified alterations were two
KRAS mutations (p.K16R and p.G12S, PT ID 54) and
an ERBB4 mutation (p.W171L, PT ID 34). Though, the
ERBB4 mutation reappeared later in the treatment course
(see Supplementary Figure 2). From the 21 patients with
detectable molecular alterations at baseline, a total of
80 plasma samples were available with a median of 4
samples (range 2-12) from each patient. All ddPCR data
is available in Supplementary Table 1.

ctDNA concentration changes from baseline to
radiological evaluation

For 18 of the 21 patients, treatment was
discontinued due to non-response detected on either a
CT scan or a MRI of cerebrum. The percentage change
in ctDNA concentration from the baseline sample to the
sample drawn at time of the last radiological evaluation
was evaluated. As can be seen from Figure 1A, 16 of
these 18 non-responders presented with a simultaneously
concentration increase for at least one mutation.

ctDNA concentration monitoring

In order to investigate if non-response could
have been predicted using ctDNA analysis, an increase
in ctDNA concentration was defined as a twofold
or higher percentage increase compared to baseline.
Further, the twofold increase should be confirmed in a
second successive sample. Sixteen patients had blood
samples drawn during treatment in addition to those
drawn at baseline and progression, and in these patients,
we observed a maintained twofold increase in ctDNA
concentration in 12 patients. For 10 of these (83%),
radiological progression was detected on the following
imaging. Among these 10 patients, eight patients already
had a twofold increase in ctDNA concentration in the
first blood sample collected after only a median of
21 days (range 14-34) of treatment. The results of the
ctDNA monitoring along with changes in tumour size
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Table 1: Patient and tumour characteristics (N=40)

Characteristics
Age, Median years (range) 67 (48-81)
N (%)

Gender

Female 15 (38)

Male 25 (62)
Performance status, ECOG

0 4 (10)

1 31(78)

2 5(12)
Smoking status

Never 1(2)

Former® 28 (70)

Current 11 (28)
Stage

11 3(7)

v 37 (93)
Histology

Adenocarcinoma 33 (83)

Squamous cell carcinoma 7(17)
EGFR mutations (only adenocarcinoma patients)

EGFR Wild-type 33 (100)
ALK rearrangements (only adenocarcinoma patients)

ALK wild-type 22 (67)

Not tested 11 (33)
Erlotinib treatment

Ist line 1(2)

2nd line 30 (75)

3rd line 9(23)
Prior treatment

Ist line

Carboplatin/vinorelbine® 22 (56)

Carboplatin/vinorelbine/bevacizumab® 17 (44)

2nd line

Pemetrexed 5(56)

Docetaxel 4 (44)

Abbreviations: ECOG, Eastern Cooperative Oncology Group, EGFR, epidermal growth factor receptor; ALK, anaplastic
lymphoma kinase.

 Former smoker was defined as having stopped smoking at time of diagnosis.

b Carboplatin day 1 (AUC 5) and vinorelbine day 1 and day 8 (60-80 mg/m2 (p.0.)) every 3 weeks for a maximum of four
cycles.

¢: Bevacizumab (7.5 mg/m?2 i.v. day 1) was given in combination with chemotherapy. Patients with disease control received
subsequent maintenance therapy every 3 weeks until progression or toxicity.
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Table 2: NGS and ddPCR results

Ion torrent PGM (Colon and lung panel) Droplet Digital PCR
. Target
Patient ID Mutation Allele coverage Fractional 0 iles
Gene (Ref coverage) AF (%) abu(r:);l)z)mce (copies/mL
CDS Protein plasma)
4 MET c.3328G>A p.-V11101 16 (1667) 1 1.6 52.8
TP53 c.833C>G p-P278R 27 (1536) 1.8 2.6 96.8
6 KRAS c.34G>A p-GI12S 40 (3201) 1.2 0.9 26.4
9 KRAS c.34G>A p-GI12S 86 (3387) 2.5 1 26.4
TP53 c.714_715insT p-N239fs"1 339 (5734) 5.9 8.9 176
10 TP53 c.313G>T p-G105C 32 (2800) 1.1 4.2 268.4
12 KRAS c.34G>T p.G12C 66 (3084) 2.1 2.2 264
13 KRAS c.34G>A p-GI12S 7114 (9999) 71.1 72.8 74800
14 KRAS c.34G>A p-GI12S 153 (3003) 5.1 2.9 226.6
TP53 c.313G>T p-G105C 343 (2750) 12.5 11.4 497.2
SMAD4 c.1051G>A p-D351IN 612 (4554) 13.4 15.1 836
15 TP53 ¢.799C>T p-R267W 82 (3961) 2.1 3.2 228.8
STK11 c.766G>T p.E256° 168 (6164) 2.7 2.1 123.2
21 KRAS c.35G>A p.G12D 426 (6666) 6.4 10.1 682
KRAS c.34G>A p-GI12S 1913 (8580) 223 24.7 1980
TP53 c.491A>C p.K164T 95 (5420) 1.8 4 162.8
TP53 c.478A>G p-M160V 105 (5363) 2 3.1 149.6
26 MET ¢.3029C>T p-T10101 1994 (5643) 353 34.1 1738
TP53 c.578A>G p-HI93R 662 (2674) 24.8 26.7 1452
2 EGFR  ¢.2235 2249dell5 A7 SI(JJCII?IE%RE A 140 (4149) 34 2.1 129.8
EGFR €.2240T>C p.L747S 60 (4178) 1.4 0.7 39.6
TP53 c.641A>G p.H214R 1214 (4574) 26.5 34.1 2706
30 TP53 ¢.730G>T p-G244C 393 (5693) 6.9 9 154
34 ERBB4 c.512G>T p-WI171L 61 (2605) 2.3 0 0
KRAS c.34G>T p.G12C 51 (1517) 34 5.5 52.8
TP53 c.716A>G p-N239S 112 (4539) 2.5 3.8 35.2
35 TP53 c.711G>A p-M2371 60 (4353) 1.4 0.8 46.2
36 PIK3CA c.1624G>C p-E542Q 2250 (9973) 22.6 21.6 17952
TP53 c.404G>A p.C135Y 1716 (2745) 62.5 61.3 13684
38 KRAS ¢.34G>T p.G12C 40 (3081) 1.3 2 206.8
40 KRAS c.34G>A p.GI12S 71(3743) 1.9 3.2 149.6
TP53 ¢.830G>T p.C277F 37 (3210) 1.2 0.6 39.6
(Continued)
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Ion torrent PGM (Colon and lung panel) Droplet Digital PCR
: ; Fractional Target
Patient ID Mutation Allele coverage molecules
Gene AF (%) abundance .
(Ref coverage) (%) (copies/mL
CDS Protein ¢ plasma)
TP53 c.742C>T p-R248W 256 (7006) 3.7 4 257.4
TP53 c.734G>A p-G245D 70 (7021) 1 1.2 81.4
TP53 c.578A>G p-H193R 60 (4570) 1.3 0.8 52.8
51 KRAS ¢.34G>T p.G12C 46 (4237) 1.1 2.4 105.6
54 KRAS c.47A>G p.K16R 47 (3208) 1.5 0 0
KRAS c.34G>A p-GI12S 86 (3214) 2.7 0 0
TP53 c.488A>G p-Y163C 50 (29406) 1.7 1.2 259.6
57 TP53 c.715A>G p-N239D 66 (6856) 1 1.4 33
64 TP53 c.844C>G p-R282G 53 (1814) 2.9 1.3 336.6

Abbreviations: °, translation termination; AF, allele frequency; CDS, coding DNA sequence; ddPCR, droplet digital PCR;
del, deletion; fs"1, frame shift by insertion of 1 nucleotide; ins, insertion; NGS, Next generation sequencing; PGM, personal
genome machine; ref, reference.

The majority of the sequencing data has been previously published [9].
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Figure 1: Correlation between ctDNA concentration and evaluation scan. (A) The percentage change in ctDNA concentration
from the baseline sample to the sample drawn at time of the last radiological evaluation illustrated for all 21 patients. Patients with
radiological progression on the last evaluation scan (CT or MRI) are illustrated with black lines and patients with radiological stable disease
(CT) are illustrated with red lines. Note the break in the y-axis, and the change in intervals. (B) Scatter plot showing the correlation between
tumour size determined on the evaluation CT scan and ctDNA concentration at time of the CT evaluation in the 20 patients with an available
CT evaluation scan. If various mutations were identified in a sample, the mutation with the highest concentration at progression was used.
The P-value was calculated using Spearman’s correlation coefficient.

Abbreviations: CT, computed tomography; MRI, Magnetic resonance imaging; ND, Not detectable; PD, Progressive Disease; SD, Stable
Disease.
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measured on CT scans are illustrated for each of these ten
individual patients in Figure 2 and for the remaining in
Supplementary Figure 2.

ctDNA concentration in correlation to tumour
size

For 20 out of 21 patients, at least one CT evaluation
scan was available and tumour size was calculated on the

last scan performed during erlotinib treatment. A median
size of 9.6 cm (range 3.8-23.1) was found. The tumour
size was correlated to the ctDNA concentration found
in the sample drawn at the time of the CT evaluation. If
various mutations were identified in a patient, the mutation
with the highest concentration at progression was used.
The correlation approached but did not meet statistically
significant (Spearman’s correlation r=0.4062, P=0.0756)
(Figure 1B).
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Figure 2: Changes in ctDNA concentration measured by ddPCR (left y-axis) during erlotinib treatment is illustrated
for ten patients. Time is depicted on the x-axis as days since start of treatment. Further, change in tumour size measured on a CT scan
(right y-axis) is illustrated in the nine patients in whom a CT scan was performed.

Abbreviations: CT, computed tomography; MRI, Magnetic resonance imaging; PD, Progressive Disease; SD, Stable Disease.
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DISCUSSION

In this prospective study, we investigated whether
a clinically relevant workflow including a targeted
NGS panel and ddPCR could be utilised for treatment
monitoring in a cohort of NSCLC patients with unknown
genetic constitution of their tumour. We used a targeted
22-gene NGS panel including the most frequent mutations
known in NSCLC which has proven useful for mutation
detection in plasma ctDNA in previous studies [14, 24,
25]. Detection of ctDNA was possible in 58% of the
patients, which was a bit lower than the comparable
studies. However, the comparable studies either used a
refined analysis method [24], had different detection limits
[25] or a mixed cancer cohort [14], which may explain the
differences.

Several studies have been conducted in ALK [16]
and, especially, in EGFR mutation-positive TKI-treated
patients [7, 15, 17] suggesting ctDNA as an effective
tool for monitoring clinical response and emergence of
resistance. However, monitoring treatment response in
these patients is more straightforward as changes in the
concentration of the targeted mutation can be detected.
In EGFR and ALK wild-type patients there are very
often more than one mutation with known functional
impact [26], and it is challenging to distinguish the
biological significance of the identified mutations.
Here, we demonstrate that the ctDNA analysis also
provide important information when studying EGFR
and ALK wild-type patients as we observed an increased
ctDNA concentration from baseline to treatment
discontinuation in 16 out of the 18 patients in whom
discontinuation of treatment was due to radiological non-
response. Interestingly, we found that a twofold ctDNA
concentration increase confirmed in a second successive
sample was an early indicator of progression in a
substantial sub-set of the patients (10 out of 12 patients).
In addition, an increase in the first available blood sample
collected median 21 days after initiation of treatment
predicted progression in 8 of these 12 patients. These
findings suggest that a sustained increase in ctDNA could
be a very important indicator of disease progression and
could indicate that an expedited radiological evaluation
should be performed.

Important issues to consider regarding the use of
ctDNA analysis is the cost and time of the procedure and
thereby the feasibility of transferring the method into the
daily clinic. Results are required within a few days for
optimal use of ctDNA analysis for treatment monitoring
by clinicians. However, an important challenge with NGS
has been the need for time-consuming bioinformatics.
With the development of targeted NGS, where a panel
of predefined clinically relevant genes is sequenced, the
laboratory workflow has been markedly reduced, making
incorporation into the daily clinical routine achievable.
In combination with ddPCR, this set-up offers a relative

inexpensive and fast approach with a workflow of only
one to four days, which is doable in a daily clinical setting.

This cohort of wild-type EGFR patients was treated
with erlotinib while the current recommendations advice
chemotherapy or immunotherapy in first- and second-
line. However, non-targetable mutations were used for
the monitoring leaving the treatment extraneous, and our
results are comparable with studies of patients receiving
other treatment regimens [17, 27].

In a recent study by Cabel et al. [27], the presence
of ctDNA was evaluated during treatment with an immune
checkpoint blocker in 15 cancer patients including 10
NSCLC patients, whereof 2 had an FGFR mutation
(L858R). Concentrations of ctDNA were measured at
initiation of therapy and again after 8 weeks of treatment,
and in line with us, they found a correlation between the
ctDNA concentration change and tumour response in the
10 patients with detectable ctDNA. This indicates that our
findings are applicable to other treatment regimens.

A correlation approaching but not meeting
statistically significance between tumour size and ctDNA
concentration was observed. This correlation has been
observed in several other studies [10-12], and we expect
that the relatively low number of patients in our study may
have impacted the calculation. Further, here we used a CT-
defined tumour size which may not be the most optimal
measurement for the entire tumour burden [9].

This study is the first of its kind and strengthened
by the prospective nature. We evaluated a homogeneous
patient cohort receiving the same treatment and with
complete clinical data. Yet, the study has some limitations
to consider. The number of patients was limited and our
results are primarily hypothesis generating. Moreover,
the biological variation of ctDNA is not well studied and
could potentially influence our results. A recent study
found no significant alterations in EGFR mutations
detected in ctDNA by ddPCR at three time-points within
one day (NV=22) [28]. However, the day-to-day variation
has not yet been studied.

MATERIALS AND METHODS

Patients

Advanced-stage NSCLC patients were prospectively
enrolled in a single-centre study at the Department of
Oncology, Aarhus University Hospital, Denmark from
April 2013 until August 2015. Details on the study design
have been published previously [29]. In short, patients
were eligible for enrolment if the following criteria were
fulfilled: histologically or cytologically proven NSCLC,
age > 18 years, performance status < 2 and no prior
tyrosine kinase inhibitor (TKI) treatment. All patients
provided informed, written consent before inclusion.
The study was approved by the Central Denmark Region
Committees on Biomedical Research Ethics (no. 1-10-72-
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19-12) and performed in accordance with the Declaration
of Helsinki.

Patients were treated with erlotinib in a palliative
setting, and treatment was continued until radiological
or clinical progression, unacceptable toxicity or death. A
baseline computed tomography (CT) scan of the chest and
abdomen was performed on all patients before erlotinib
start. An evaluation CT scan was performed after 9-11
weeks of treatment or earlier on clinical indication.
During the treatment course, additional CT scans were
performed every 12 weeks. Neuroimaging with magnetic
resonance imaging (MRI) was performed on clinical
indication. Radiological response was quantified as
percentage change in sum of longest diameter of target
lesions according to Response Evaluation Criteria in Solid
Tumours (RECIST) version 1.1 criteria [30]. Tumour size
was calculated by summing the diameter of up to five
target lesions in each patient according to the RECIST
1.1. Blood samples were consecutively collected before
treatment start (baseline sample) and monthly during
treatment until progression of disease.

As part of the routine diagnostic work-up, EGFR
mutation testing was performed in all patients with
adenocarcinoma (Therascreen EGFR RGQ PCR kit,
QIAGEN, Manchester, UK). During the inclusion period,
ALK rearrangement testing was incorporated as part
of the routine diagnostic work-up in adenocarcinoma
patients and was performed using IHC (screening) and
Fluorescence in situ hybridization (verification).

In this present study, patients were considered
eligible for inclusion if the following criteria were met:
EGFR wild-type tumour, at least two blood samples
available, a response evaluation CT or MRI scan had been
performed and no more than three weeks between the last
blood sample and the radiological evaluation. Inclusion of
patients is illustrated in Supplementary Figure 3.

Blood samples collected from anonymous blood
donors were used for investigating limit of detection
(LoD) of the ddPCR. These were collected from the blood
bank at Aarhus University Hospital.

DNA extraction from blood

Ten millilitres of blood were collected in an EDTA-
containing tube at each blood sampling. Within 2 hours of
withdrawal, samples were centrifuged (1400 g for 15 min).
Plasma was isolated and subsequently frozen at -80°C until
further analysis. Cell-free DNA (cfDNA) was extracted
from a range of 1-2 mL of patient plasma and from 4-5
mL of donor plasma using the QIAamp Circulating
Nucleic Acid kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. Elution of ¢cfDNA was
performed in 100 pL elution buffer supplied with the kit.
The amount of cfDNA was quantified by measuring the

beta-2-microglobulin (B2M) gene by ddPCR as described
in Supplementary File 1 [29].

Sequencing

The Oncomine™ Solid Tumour DNA kit (OST,
Thermo Fisher Scientific), a CE-IVD-marked version of
the Ion Ampliseq Colon and Lung Cancer Research Panel
v2 (referred to as the Colon and Lung panel), was used
to prepare sequencing libraries from cfDNA (1.1-10 ng).
Sample preparation was performed using the Ton Chef™
Instrument, and sequencing was conducted on the Ion
Personal Genome Machine® (PGMT™) System (both
Thermo Fisher Scientific, Watham, MA; USA). Each
Ton 316™ v2 BC chip was loaded with eight samples. If
samples did not meet the criteria of mean depth > 2000,
they were disqualified. Variants were called if they were
exonic, previously observed, reported to COSMIC, and
if the allele frequency > 1% [14]. Benign SNPs were
not reported. All variants were visualized and manually
inspected using the Integrative Genomics Viewer [31].
The data analysis is described in Supplementary File 1.

The performances of each of the 92 amplicons were
evaluated by investigating the mean coverage over the 36
patient samples successfully sequenced. Five amplicons
generally performed poorly and did not meet the defined
mean coverage (CHP2 ERBB4 1, CHP2 PTEN 2, ON _
DDR2 3, CHP2 AKT1 1, CHP2 NOTCHI 1). These
were excluded from further analyses. The majority of the
sequence data has been previously published [9].

Droplet digital PCR

The ddPCR reactions were performed using the
QX200™ AutoDG™ Droplet Digital™ PCR System
(Bio-Rad, Hercules, CA, USA). Conditions for ddPCR
reactions are described in Supplementary File 1. All
assays were purchased from Bio-Rad, and all relevant
information can be found in Supplementary Table 2.
When available, wet-lab validated assays were used. For
the remaining, assays were designed by Bio-Rad and
optimized in our laboratory. Assays were designed to run
with an annealing temperature of 55 °C. In non-optimal
cases, assays were tested using a temperature gradient
to improve performance. Further, assays were tested on
dilutions of the positive controls in order to test linearity
and to choose the optimal concentration of the positive
control. LoD for each individual assay was determined as
described by Milbury et al. [32].

Statistical analysis

To investigate the correlation between measurements
obtained from NGS and ddPCR, llinear regression was
performed. Agreement between methods was investigated
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using Bland-Altman plots. Log-transformed data was
back-transformed to achieve median ratios. Spearman’s
correlation was used to evaluate the correlation between
ctDNA concentration and tumour size. Overall survival
(OS) was determined as the time from start of erlotinib
treatment until death of any course or last follow-up
date (14™ august 2017). The estimate of median OS was
calculated using the Kaplan—-Meier method and the median
follow-up time by the inverse Kaplan-Meier method.
All tests were two-sided, and P-values less than 0.05
were considered to be statistically significant. Statistical
analyses and graphic artwork were performed using
STATA version 13 (Stata Corporation).

CONCLUSIONS

In this study, we demonstrated that quantitative
ctDNA monitoring by targeted NGS and ddPCR could be
used for early detection of non-response in patients with
unknown genetic constitution of their tumour. Particularly,
a twofold ctDNA concentration gain in two successive
blood samples was found to be an early indicator of
progression. If these data are validated, ctDNA analysis
could in the future supplement imaging data acquired by
CT scans for treatment monitoring in this patient subset.
While the prognosis is generally poor for this patient
subgroup, a non-invasive method that could improve
identification of non-responding patients early after
treatment initiation could lead to earlier discontinuation of
ineffective treatment. This will markedly reduce the risk of
unnecessary toxicity and increase the chance of receiving
other potentially effective treatments before worsening of
performance status.

Abbreviations

ALK: anaplastic lymphoma kinase; B2M: beta-2-
microglobulin; cfDNA: cell-free DNA; CT: computed
tomography; ctDNA: circulating tumor DNA; ddPCR:
droplet digital PCR; EGFR: epidermal growth factor
receptor; LoD: limit of detection; MRI: magnetic
resonance imaging; NGS: next-generation sequencing;
NSCLC: non-small cell lung cancer; OS: overall survival;
RECIST: Response Evaluation Criteria in Solid Tumors;
TKI: tyrosine kinase inhibitor.

Author contributions

CD: project definition, data analysis, manuscript
preparation.

AWL: project definition, data analysis, manuscript
preparation.

ATM: data analysis, manuscript preparation.

PM: project definition, manuscript preparation.

BSS: project definition, data analysis, manuscript
preparation.

ACKNOWLEDGMENTS

The authors wish to acknowledge Birgit Westh
Mortensen and Lene Dabelstein for their laboratory
expertise.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

None declared.

REFERENCES

1. Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO,
Hesch RD, Knippers R. DNA fragments in the blood plasma
of cancer patients: quantitations and evidence for their
origin from apoptotic and necrotic cells. Cancer Res. 2001;
61: 1659-65.

Heitzer E, Auer M, Hoffmann EM, Pichler M, Gasch C,
Ulz P, Lax S, Waldispuehl-Geigl J, Mauermann O, Mohan
S, Pristauz G, Lackner C, Hofler G, et al. Establishment of
tumor-specific copy number alterations from plasma DNA
of patients with cancer. Int J Cancer. 2013; 133: 346-56.
https://doi.org/10.1002/ijc.28030.

3. Stroun M, Lyautey J, Lederrey C, Olson-Sand A, Anker
P. About the possible origin and mechanism of circulating
DNA apoptosis and active DNA release. Clin Chim Acta.
2001; 313: 139-42.

Wan JCM, Massie C, Garcia-Corbacho J, Mouliere F,
Brenton JD, Caldas C, Pacey S, Baird R, Rosenfeld N.
Liquid biopsies come of age: towards implementation of
circulating tumour DNA. Nat Rev Cancer. 2017; 17: 223-
38. https://doi.org/10.1038/nrc.2017.7.

5. Phallen J, Sausen M, Adleff' V, Leal A, Hruban C, White
J, Anagnostou V, Fiksel J, Cristiano S, Papp E, Speir S,
Reinert T, Orntoft MW, et al. Direct detection of early-stage
cancers using circulating tumor DNA. Sci Transl Med. 2017,
9: eaan2415. https://doi.org/10.1126/scitranslmed.aan2415.

Garcia-Murillas I, Schiavon G, Weigelt B, Ng C, Hrebien
S, Cutts RJ, Cheang M, Osin P, Nerurkar A, Kozarewa
1, Garrido JA, Dowsett M, Reis-Filho JS, et al. Mutation
tracking in circulating tumor DNA predicts relapse in early
breast cancer. Sci Transl Med. 2015; 7: 302ral33. https://
doi.org/10.1126/scitranslmed.aab0021.

Sorensen BS, Wu L, Wei W, Tsai J, Weber B, Nexo E,
Meldgaard P. Monitoring of epidermal growth factor
receptor tyrosine kinase inhibitor-sensitizing and resistance
mutations in the plasma DNA of patients with advanced
non-small cell lung cancer during treatment with erlotinib.
Cancer. 2014; 120: 3896-901. https://doi.org/10.1002/
cncr.28964.

www.oncotarget.com

31074

Oncotarget


https://doi.org/10.1002/ijc.28030
https://doi.org/10.1038/nrc.2017.7
https://doi.org/10.1126/scitranslmed.aan2415
https://doi.org/10.1126/scitranslmed.aab0021
https://doi.org/10.1126/scitranslmed.aab0021
https://doi.org/10.1002/cncr.28964
https://doi.org/10.1002/cncr.28964

10.

11.

12.

13.

15.

16.

Murtaza M, Dawson SJ, Tsui DW, Gale D, Forshew T,
Piskorz AM, Parkinson C, Chin SF, Kingsbury Z, Wong
AS, Marass F, Humphray S, Hadfield J, et al. Non-invasive
analysis of acquired resistance to cancer therapy by
sequencing of plasma DNA. Nature. 2013; 497: 108-12.
https://doi.org/10.1038/nature12065.

Winther-Larsen A, Demuth C, Fledelius J, Madsen AT,
Hjorthaug K, Meldgaard P, Sorensen BS. Correlation
between circulating mutant DNA and metabolic tumour
burden in advanced non-small cell lung cancer patients.
Br J Cancer. 2017; 117: 704-9. https://doi.org/10.1038/
bjc.2017.215.

Newman AM, Bratman SV, To J, Wynne JF, Eclov NC,
Modlin LA, Liu CL, Neal JW, Wakelee HA, Merritt
RE, Shrager JB, Loo BW Jr, Alizadeh AA, et al. An
ultrasensitive method for quantitating circulating tumor
DNA with broad patient coverage. Nat Med. 2014; 20: 548-
54. https://doi.org/10.1038/nm.3519.

Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y,
Agrawal N, Bartlett BR, Wang H, Luber B, Alani RM,
Antonarakis ES, Azad NS, Bardelli A, et al. Detection
of circulating tumor DNA in early- and late-stage human
malignancies. Sci Transl Med. 2014; 6: 224ra24. https://doi.
org/10.1126/scitranslmed.3007094.

Oxnard GR, Arcila ME, Chmielecki J, Ladanyi M, Miller
VA, Pao W. New strategies in overcoming acquired
resistance to epidermal growth factor receptor tyrosine
kinase inhibitors in lung cancer. Clin Cancer Res. 2011; 17:
5530-7. https://doi.org/10.1158/1078-0432.CCR-10-2571.

Dawson SJ, Tsui DW, Murtaza M, Biggs H, Rueda OM,
Chin SF, Dunning MJ, Gale D, Forshew T, Mahler-
Araujo B, Rajan S, Humphray S, Becq J, et al. Analysis
of circulating tumor DNA to monitor metastatic breast
cancer. N Engl J Med. 2013; 368: 1199-209. https://doi.
org/10.1056/NEJMoal213261.

Frenel JS, Carreira S, Goodall J, Roda D, Perez-Lopez R,
Tunariu N, Riisnaes R, Miranda S, Figueiredo I, Nava-
Rodrigues D, Smith A, Leux C, Garcia-Murillas 1, et al.
Serial Next-Generation Sequencing of Circulating Cell-Free
DNA Evaluating Tumor Clone Response To Molecularly
Targeted Drug Administration. Clin Cancer Res. 2015; 21:
4586-96. https://doi.org/10.1158/1078-0432.CCR-15-0584.

Oxnard GR, Paweletz CP, Kuang Y, Mach SL, O’Connell
A, Messineo MM, Luke JJ, Butaney M, Kirschmeier
P, Jackman DM, Janne PA. Noninvasive detection of
response and resistance in EGFR-mutant lung cancer using
quantitative next-generation genotyping of cell-free plasma
DNA. Clin Cancer Res. 2014; 20: 1698-705. https://doi.
org/10.1158/1078-0432.CCR-13-2482.

Wang Y, Tian PW, Wang WY, Wang K, Zhang Z, Chen
BJ, He YQ, Li L, Liu H, Chuai S, Li WM. Noninvasive
genotyping and monitoring of anaplastic lymphoma kinase
(ALK) rearranged non-small cell lung cancer by capture-
based next-generation sequencing. Oncotarget. 2016; 7:
65208-17. https://doi.org/10.18632/oncotarget.11569.

17.

18.

19.

20.

21.

22.

23.

24.

Iwama E, Sakai K, Azuma K, Harada T, Harada D, Nosaki
K, Hotta K, Ohyanagi F, Kurata T, Fukuhara T, Akamatsu
H, Goto K, Shimose T, et al. Monitoring of somatic
mutations in circulating cell-free DNA by digital PCR
and next-generation sequencing during afatinib treatment
in patients with lung adenocarcinoma positive for EGFR
activating mutations. Ann Oncol. 2017; 28: 136-41. https://
doi.org/10.1093/annonc/mdw531.

Yu Q, Huang F, Zhang M, Ji H, Wu S, Zhao Y, Zhang
C, Wu J, Wang B, Pan B, Zhang X, Guo W. Multiplex
picoliter-droplet digital PCR for quantitative assessment
of EGFR mutations in circulating cell-free DNA derived
from advanced non-small cell lung cancer patients. Mol
Med Rep. 2017; 16: 1157-66. https://doi.org/10.3892/
mmr.2017.6712.

Marchetti A, Palma JF, Felicioni L, De Pas TM, Chiari R,
Del Grammastro M, Filice G, Ludovini V, Brandes AA,
Chella A, Malorgio F, Guglielmi F, De Tursi M, et al. Early
Prediction of Response to Tyrosine Kinase Inhibitors by
Quantification of EGFR Mutations in Plasma of NSCLC
Patients. J Thorac Oncol. 2015; 10: 1437-43. https://doi.
org/10.1097/JTO.0000000000000643.

Xiong L, Cui S, Ding J, Sun Y, Zhang L, Zhao Y, Gu A,
Chu T, Wang H, Zhong H, Ye X, Gu Y, Zhang X, et al.
Dynamics of EGFR mutations in plasma recapitulates
the clinical response to EGFR-TKIs in NSCLC patients.
Oncotarget. 2017; 8: 63846-56. https://doi.org/10.18632/
oncotarget.19139.

Mok T, Wu YL, Lee JS, Yu CJ, Sriuranpong V, Sandoval-
Tan J, Ladrera G, Thongprasert S, Srimuninnimit V, Liao
M, Zhu Y, Zhou C, Fuerte F, et al. Detection and Dynamic
Changes of EGFR Mutations from Circulating Tumor
DNA as a Predictor of Survival Outcomes in NSCLC
Patients Treated with First-line Intercalated Erlotinib and
Chemotherapy. Clin Cancer Res. 2015; 21: 3196-203.
https://doi.org/10.1158/1078-0432.CCR-14-2594.

Tseng JS, Yang TY, Tsai CR, Chen KC, Hsu KH, Tsai
MH, Yu SL, Su KY, Chen JJ, Chang GC. Dynamic plasma
EGFR mutation status as a predictor of EGFR-TKI efficacy
in patients with EGFR-mutant lung adenocarcinoma. J
Thorac Oncol. 2015; 10: 603-10. https://doi.org/10.1097/
JTO.0000000000000443.

Zhu YJ, Zhang HB, Liu YH, Zhang FL, Zhu YZ, Li
Y, Bai JP, Liu LR, Qu YC, Qu X, Chen X, Li Y, Zheng
GJ. Estimation of cell-free circulating EGFR mutation
concentration predicts outcomes in NSCLC patients treated
with EGFR-TKIs. Oncotarget. 2017; 8: 13195-205. https://
doi.org/10.18632/oncotarget.14490.

Pecuchet N, Zonta E, Didelot A, Combe P, Thibault C,
Gibault L, Lours C, Rozenholc Y, Taly V, Laurent-Puig P,
Blons H, Fabre E. Base-Position Error Rate Analysis of
Next-Generation Sequencing Applied to Circulating Tumor
DNA in Non-Small Cell Lung Cancer: A Prospective Study.
PLoS Med. 2016; 13: €1002199. https://doi.org/10.1371/
journal.pmed.1002199.

www.oncotarget.com

31075

Oncotarget


https://doi.org/10.1038/nature12065
https://doi.org/10.1038/bjc.2017.215
https://doi.org/10.1038/bjc.2017.215
https://doi.org/10.1038/nm.3519
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1158/1078-0432.CCR-10-2571
https://doi.org/10.1056/NEJMoa1213261
https://doi.org/10.1056/NEJMoa1213261
https://doi.org/10.1158/1078-0432.CCR-15-0584
https://doi.org/10.1158/1078-0432.CCR-13-2482
https://doi.org/10.1158/1078-0432.CCR-13-2482
https://doi.org/10.18632/oncotarget.11569
https://doi.org/10.1093/annonc/mdw531
https://doi.org/10.1093/annonc/mdw531
https://doi.org/10.3892/mmr.2017.6712
https://doi.org/10.3892/mmr.2017.6712
https://doi.org/10.1097/JTO.0000000000000643
https://doi.org/10.1097/JTO.0000000000000643
https://doi.org/10.18632/oncotarget.19139
https://doi.org/10.18632/oncotarget.19139
https://doi.org/10.1158/1078-0432.CCR-14-2594
https://doi.org/10.1097/JTO.0000000000000443
https://doi.org/10.1097/JTO.0000000000000443
https://doi.org/10.18632/oncotarget.14490
https://doi.org/10.18632/oncotarget.14490
https://doi.org/10.1371/journal.pmed.1002199
https://doi.org/10.1371/journal.pmed.1002199

25.

26.

27.

28.

Rachiglio AM, Esposito Abate R, Sacco A, Pasquale R,
Fenizia F, Lambiase M, Morabito A, Montanino A, Rocco
G, Romano C, Nappi A, laffaioli RV, Tatangelo F, et al.
Limits and potential of targeted sequencing analysis of
liquid biopsy in patients with lung and colon carcinoma.
Oncotarget. 2016; 7: 66595-605. https://doi.org/10.18632/
oncotarget.10704.

Blakely CM, Watkins TBK, Wu W, Gini B, Chabon JJ,
McCoach CE, McGranahan N, Wilson GA, Birkbak NJ,
Olivas VR, Rotow J, Maynard A, Wang V, et al. Evolution
and clinical impact of co-occurring genetic alterations in
advanced-stage EGFR-mutant lung cancers. Nat Genet.
2017; 49: 1693-704. https://doi.org/10.1038/ng.3990.

Cabel L, Riva F, Servois V, Livartowski A, Daniel C,
Rampanou A, Lantz O, Romano E, Milder M, Buecher
B, Piperno-Neumann S, Bernard V, Baulande S, et al.
Circulating tumor DNA changes for early monitoring of
anti-PD1 immunotherapy: a proof-of-concept study. Ann
Oncol. 2017; 28: 1996-2001. https://doi.org/10.1093/
annonc/mdx212.

Wang J, Bai H, Hong C, Wang J, Mei TH. Analyzing
epidermal growth factor receptor mutation status changes in
advanced non-small-cell lung cancer at different sampling

29.

30.

31.

32.

time-points of blood within one day. Thorac Cancer. 2017;
8:312-9. https://doi.org/10.1111/1759-7714.12443.
Winther-Larsen A, Fledelius J, Sorensen BS, Meldgaard P.
Metabolic tumor burden as marker of outcome in advanced
EGFR wild-type NSCLC patients treated with erlotinib.
Lung Cancer. 2016; 94: 81-7. https://doi.org/10.1016/].
lungcan.2016.01.024.

Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH,
Sargent D, Ford R, Dancey J, Arbuck S, Gwyther S,
Mooney M, Rubinstein L, Shankar L, Dodd L, et al. New
response evaluation criteria in solid tumours: revised
RECIST guideline (version 1.1). Eur J Cancer. 2009; 45:
228-47. https://doi.org/10.1016/j.ejca.2008.10.026.

Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative
Genomics Viewer (IGV): high-performance genomics data
visualization and exploration. Brief Bioinform. 2013; 14:
178-92. https://doi.org/10.1093/bib/bbs017.

Milbury CA, Zhong Q, Lin J, Williams M, Olson J, Link
DR, Hutchison B. Determining lower limits of detection
of digital PCR assays for cancer-related gene mutations.
Biomol Detect Quantif. 2014; 1: 8-22. https://doi.
org/10.1016/j.bdq.2014.08.001.

www.oncotarget.com

31076

Oncotarget


https://doi.org/10.18632/oncotarget.10704
https://doi.org/10.18632/oncotarget.10704
https://doi.org/10.1038/ng.3990
https://doi.org/10.1093/annonc/mdx212
https://doi.org/10.1093/annonc/mdx212
https://doi.org/10.1111/1759-7714.12443
https://doi.org/10.1016/j.lungcan.2016.01.024
https://doi.org/10.1016/j.lungcan.2016.01.024
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1016/j.bdq.2014.08.001
https://doi.org/10.1016/j.bdq.2014.08.001

