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Abstract

Purpose: Tumor somatic mutation analysis is part of the standard management of metastatic lungcancer.

However, physicians often have to deal with small biopsies and consequently with challenging mutation
testing. Circulating free DNA (cfDNA) is a promising tool for accessing the tumor genome as a liquid biopsy.
Here, we evaluated next-generation sequencing (NGS) on cfDNA samples obtained from a consecutive
series of patients for the screening of a range of clinically relevant mutations.

Experimental Design: A total of 107 plasma samples were collected from the BioCAST/IFCT-1002 lung
cancer study (never-smokers cohort). Matched tumor DNA (tDNA) was obtained for 68 cases. Multiplex
PCR-based assays were designed to target specific coding regions in EGFR, KRAS, BRAF, ERBB2, and PI3KCA
genes, and amplicon sequencing was performed at deep coverage on the cfDNA/tDNA pairs using the NGS
IonTorrent Personal Genome Machine Platform.

Results: CfDNA concentration in plasma was significantly assodated with both stage and number of
metastatic sites. In tDNA, 50 mutations (36 EGFR, 5 ERBB2, 4 KRAS, 3 BRAF, and 2 PIK3CA) were identified,
of which 26 were detected in cfDNA. Sensitivity of the test was 58% (95% confidence interval, 43%-71%)
and the estimated specificity was 87% (62%-96%).

Conclusion: These data demonstrate the feasibility and potential utility of mutation screening in fDNA
using IonTorrent NGS for the detection of a range of tumor biomarkers in patients with metastatic lung
cancer. Clin Cancer Res; 20(17); 4613-24. ©2014 AACR.
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Translational Relevance

Obtaining a sufficient amount of tumor material for
the analysis of somatic mutations in targetable genes
can be challenging. Circulating free DNA (cfDNA) orig-
inating in the tumor has been proposed as a tool for
liquid biopsy. However, the level of detection of tumor
mutations in cfDNA is limited by the sensitivity of the
detection method used. We have developed an IonTor-
rent-based deep-sequencing multiplex-PCR assay cover-
ing hotspot mutation regions of EGFR, KRAS, BRAF,
HER2/ERBB2, and PIK3CA. Taking mutations found in
tumor DNA as the reference, the sensitivity of our test was
58%, and the estimated specificity was 87%. We also
found that cfDNA concentration in plasma was associ-
ated with both clinical stage and number of metastatic
sites. This study shows the relevance of deep sequencing
for the detection of tumor mutations in cfDNA.

Introduction

Somatic mutation analysis of known or potential drug-
gable oncogenes has gradually become part of the routine
practice in thoracic oncology (1, 2). In non-small cell lung
cancer (NSCLC), the type of somatic mutations and the
genes affected are related to smoking status. Indeed, lung
cancers in never-smokers (LCINS) harbor a specific muta-
tion profile characterized in particular by mutations in the
EGFR tyrosine kinase domain (3). Thus, EGFR mutation
status is now used to select patients eligible for a treatment
with a tyrosine kinase inhibitor (4-7).

In thoracic oncology, tumor samples are often limited
as they are mainly obtained through minimally invasive
procedures such as bronchial (ultrasono-) endoscopy or
CT-guided trans-mural punctures. Testing a wide range of
molecular biomarkers in addition to pathologic diagnosis
may thus be challenging because of the limited amount of
material that can be extracted from these small samples
(8,9).

Circulating free DNA (cfDNA) are small double-stranded
fragments of DNA found in plasma. In patients with cancer,
the release of cfDNA in the bloodstream is thought to be
related to apoptosis, necrosis, as well as active secretion
from tumor cells (10). CfDNA recently attracted growing
interest in oncology for multipurpose use (11). It has been
considered as a prognostic and predictive biomarker (12,
13), and as a "liquid biopsy" to perform noninvasive testing
for biomarker detection (14-20). However, the main chal-
lenge remains technical because, in many cases, tumor DNA
(tDNA) may only represent a very small fraction of cfDNA
(21, 22). The level of detection of tumor mutations in
cfDNA is thus limited by the sensitivity of the detection
method used.

Massive parallel sequencing comprises a new set of
promising technologies in the field of cancer research and
personalized medicine. Several studies showed that these

technologies can be applied to the detection of somatic
mutation and suggested that they can be used in clinical
settings (23).

To date, no study has reported an inclusive multiplex
analysis of relevant biomarkers in NSCLC from plasma
cfDNA using massive parallel sequencing. Here, we used
the TonTorrent Personal Genome Machine (PGM) for the
deep sequencing of the most clinically relevant hotspot
somatic mutations in tDNA and plasma cfDNA of never-
smoker NSCLC patients.

Materials and Methods

Patients

Patients were consecutive cases recruited in the Bio-
CAST/IFCT-1002 study (ClinicalTrials.gov identifier
NCT01465854). BioCAST is a prospective, multicentric
cohort sponsored by the French intergroup IFCT,
designed to describe clinical, pathologic, and molecular
epidemiology of LCINS in a French population. The
detailed protocol is reported elsewhere (24). Briefly,
newly diagnosed cases of NSCLC from self-declared non-
smokers were included and surveyed. All patients pro-
vided written informed consent for participation in the
study and consent for blood and tumor samples collec-
tion. Overall, from December 2011 to January 2013, 384
patients were included in 75 active centers. IFCT ensured
the quality insurance of data management according to
international standards.

The present study was planned to be restricted to the 100
first consecutives cases of patients recruited with complete
blood sample and tumor molecular analysis (up to May
2012).

Ethical approval

The BioCAST study was approved by the Sud-Est IV Ethics
Committee of Lyon and by the National Advisory Com-
mittee on Information Processing in Health, Paris. Sample
collection was declared to French Ministry of Superior
Education and Research and to the National Committee
for Ethic in Informatics. This ancillary study was also
approved by the International Agency for Research on
Cancer (IARC) Ethics Committee.

Tumor DNA samples and routine tumor biomarker
analysis

tDNA samples were obtained from a network of
genetic laboratories. This network was initiated by the
French National Cancer Institute (INCa) to perform
routine molecular analysis (2). The performance and
concordance of sample processing and mutation screen-
ing methods across participating centers were previous-
ly investigated in blinded cross-validation studies (25).
Standards for sample collection and processing used
in each laboratory are described in Supplementary
Table S1. Most of the paraffin-embedded samples were
first microdissected. DNA was extracted using commer-
cial kits.

Clin Cancer Res; 20(17) September 1, 2014

Clinical Cancer Research

NeoGenomics
Exhibit 1039 Page 2



Deep Sequencing of Plasma DNA for Tumor Mutation Diagnosis

Blood samples and circulating free DNA isolation and
quantification

All patients included in BioCAST underwent a blood
sampling before receiving any cancer treatment. Samples
were shipped at room temperature and within 24 hours
from each center to the BioCAST central laboratory in Paris
(Centre d'étude du polymorphisme humain - Fondation Jean
Dausset). Blood samples were immediately processed upon
receipt (mean time between delivery and processing: 19 +
13 minutes) to isolate plasma. Plasma was isolated from
EDTA tubes by centrifugation at 1,600 g during 10 minutes
at 4°C. Plasmas were then aliquoted and stored at —80°C.
Plasma samples were shipped to IARC according to inter-
national standards. CfDNA was extracted from aliquots
(1 mL) of plasma using the QIAamp circulating nucleic
acid kit (Qiagen) with the QIAvac 24 Plus vacuum mani-
fold, following the manufacturer’s instructions. CFDNA was
quantified by picogreen.

Amplicon design and multiplex-PCR conditions

A set of 12 primers pairs was designed using Primer3
software (v4.0) with default parameters (26) to amplify
sequences of 98 to 125 bp covering hotspot regions of
EGFR, BRAF, ERBB2 (HER2), KRAS, and PIK3CA (see
Supplementary Table S2 for primer sequences and tar-
geted regions). For amplicon production, 2 ng of DNA
were used in multiplex PCR reactions (Supplementary
Table S3) with the GoTaq HotStart DNA polymerase
(Promega Corporation) and with the following program:
30 seconds at 94°C, 3 cycles of 30 seconds at 58.5°C, 30
seconds at 72°C, then, the annealing temperature was
decreased from 0.5°C every 3 cycles until reaching 55.5°C;
then 15 cycles of 30 seconds at 94°C, 45 seconds at 50°C,
30 seconds at 72°C, and a final extension of 7 minutes at
72°C.

Library preparation

One microliter of each PCR multiplex reaction was
loaded on a gel to check levels of amplification and adjust
for the quantity of each multiplex to be pooled by sample
for equalizing multiplex representation. Multiplex pools
were purified with Agencourt AMPure beads (Beckman
Coulter Incorporated) and quantified by Qbit (Invitrogen
Corporation). Library preparation was done using 100 ng
of multiplex pools and the NEBNext End Repair Module
(New England Biolabs) following the manufacturer’s
instructions. Individual barcodes (designed in-house and
produced by Eurofins MWG Operon) were ligated to each
multiplex pool for sequencing.

Next-generation sequencing with IonTorrent and
variant calling

The libraries were sequenced with the lonTorrent PGM
sequencer (Life Technologies) at deep coverage (aiming
for 10,000X for plasma and 1,000X for tumors) using the
Ion OneTouch 200 Template Kit v2 DL and Ion PGM
Sequencing 200 Kit v2 with the 314 or 316 chip kits (all
produced by Life Technologies), following the manufac-

turer’s instructions. Six runs were performed to process all
samples. For cfDNA, amplicons that failed to reach the
targeted depth of coverage and were negative for an
expected mutation (according to routine biomarker anal-
ysis of tDNA) were repeated in an independent run to
obtain a minimum coverage of 10,000X.

The sequencing reads were aligned to the human ref-
erence hgl9 genome with the IonTorrent Suite V3.4.2.
The TonTorrent Variant Caller (ITVC) v3.4 was used
for the detection of mutations in tDNA, setting a frequen-
cy above 5% for a variant to be called. Variant annotation
was done with ANNOVAR (27). For the detection of ultra-
low frequency variations in cfDNA, an in-house program
was used to extract, from BAM files (Binary sequence
Alignment/Map format), various statistics on read counts
at the targeted hotspot positions. These statistics were
used to filter variants based on three criteria: (i) mini-
mum number of reads carrying the mutation > 5 (a priori
choice), (ii) variant allele frequency > 0.2%, and
(iii) variant reads strand orientation ratio > 0.33 and
< 3 (a priori choice based on the range of strand bias
values, 99% of 3,760 observations within this range,
observed in plasma samples for reference alleles at posi-
tions of mutations reported in the COSMIC database
within the analysed regions). To determine the minimum
allele frequency threshold, we calculated the average
variant allele frequencies (0.13%) for 272 non-hotspot
mutations reported in the COSMIC database within the
analyzed regions as an estimate of the background
sequencing noise. Mutations were called if above this
threshold. Mutations identified with these parameters
were further checked by manual inspection of BAM files
using the Integrative Genomics Viewer (IGV) 2.2 (Broad
Institute, Cambridge, MA; ref. 28). Low allele frequency
mutations (below 1.5%) in cfDNA were confirmed by
independent PCR reactions and resequencing of the
amplicons indicative of the presence of mutations.

Statistical analysis

Categorical variables are expressed in percent and com-
pared with %2 tests if expected count in each category is at
least 5. Plausibility of normal distribution assumption for
continuous variables was assessed with the one-sample
Kolmogorov-Smirnov test. Continuous variables are
expressed in mean and SD or median and interquartile
range (IQR) if non-normally distributed. Differences in
distribution of continuous variables between two indepen-
dent samples were assessed by Mann-Whitney U test, or
Kruskal-Wallis one-way ANOVA when comparing more
than two independent samples. Correlations between
non-normal distributed variables were assessed with the
Spearman correlation coefficient (rho).

Tests using plasma cfDNA were compared with tDNA
analysis, which was considered as the reference. True
positives were considered when both tDNA and ¢fDNA
samples carried the same mutation and true negatives
when both samples had no mutation; false positives
were considered when a mutation was found in ¢fDNA
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but not in tDNA; and false negatives when a mutation
was found in tDNA but not in ¢fDNA. Sensitivity and
specificity were calculated as appropriate. In addition,
we computed the mutation detection rate (n mutation
detected in cfDNA/n mutation detected in tDNA) and
concordance rate [(true positive + true negative)/n|. All
analyses were performed with IBM SPSS Statistics version
20 (IBM Corp). All statistical tests were conducted two
sided and a P value <0.05 was considered to indicate
statistical significance. No correction of P values was
performed in the course of multiple testing; however,
results of all performed tests were thoroughly reported,
allowing for an informal adjustment for multiplicity
while reviewing the data (29). To express uncertainty of
estimated probabilities, 95% Wilson confidence intervals
(CI) were reported.

Results

cfDNA and clinical correlates

One hundred and seven patients were included in this
study (Supplementary Fig. S1). CfDNA extraction failed
in one sample. The main characteristics of the remaining
106 patients are shown in Table 1. Most of patients were
women (88%) with adenocarcinoma (86%) and stage IV
disease (75%). Characteristics of patients included in the
molecular analysis (n = 68), and those with a stage IV
disease (n = 50) are also shown in Table 1. These two
subpopulations were similar to their respective comple-
ment populations except that adenocarcinomas were
more frequently represented (P = 0.035 and 0.005,
respectively).

Overall, the median cfDNA concentration in plasma
samples was 67.1 ng/mL (IQR = 122.11 ng/mL). CfDNA
concentration was not associated with the histologic
subtype, tumor size ("T"), or node status ("N"). However,
cfDNA concentrations were significantly higher in stage
IV cases when compared with stages I to III (median
concentration 92.3 ng/mL vs.34.7, respectively; P =
0.002), and in patients with higher number of metastatic
sites (Table 2 and Supplementary Fig. S2). CfDNA con-
centrations were also significantly correlated, although
modestly, both to stage and number of metastatic sites
(Table 2).

Next-generation sequencing of tDNA and cfDNA with
the IonTorrent PGM platform

Among the 107 patients recruited, 68 had both cfDNA
and tDNA available for molecular analyses. The 68 matched
cfDNA/tDNA samples were analyzed by deep sequencing
(Supplementary Fig. S1). In tDNA, a hotspot mutation was
found in 50 samples (74%) while 18 samples (26%) were
wild-type at hotspot positions (Supplementary Table S4).
Five mutations identified by next-generation sequencing
(NGS) were not detected by routine clinical biomarker
analyses. Among them, two had not been tested for the
corresponding amplicons by routine clinical biomarker
analyses, and three had variant allele frequencies <25%

(which is the usual limit of level of detection by biomarker
assays used in clinical settings). In addition, one tumor
mutation expected from clinical testing was not confirmed
by NGS. As shown in Fig. 1, mutations were mainly located
in EGFR exon 19 (44%) and EGFR exon 21 (18%). No
mutation was found in PIK3CA exon 20, BRAF exon 11,
KRAS exon 3, and ERBB2 exon 19. No sample was found to
carry multiple mutations. Most mutations were insertions
or deletions (n = 29; 58%). The median mutant allele
frequency was 20% (£29%) in tDNA sample.

In cfDNA, seven of the 50 (14%) mutations expected
from tDNA results were called by the manufacturer’s
ITVC. However, using the in-house program and filtering
strategy described in the Materials and Methods section,
28 (56%) tumor mutations were found in cfDNA with
allele frequencies ranging from 0.2% to 44% (median +
IQR = 2.0% = 12%; Fig. 1 and Supplementary Table S4).
Three ¢fDNA samples had hotspot mutations (two in
EGFR and one in PIK3CA) that were not called in tDNA
and were thus considered as false positives. However,
examination of the tDNA BAM files with IGV showed
that two of these mutations were present at allele fre-
quencies below 5% (allele frequency threshold value used
for variant calling in tDNA).

Mutation detection in cfDNA and clinical correlates

Results of the comparative analyses of cfDNA and
tDNA, using tDNA as reference, are presented in Table
3. When evaluating each amplicon independently, sensi-
tivity ranged from 55% for EGFR exon 19 to 100% for
EGFR exon 18. Overall, considering all amplicons, the
sensitivity was 58% (95% CI, 43%-71%), the mutation
detection rate was 52%, and the concordance rate was
68%. We estimated the specificity of the assay by taking
into account only cases that reached at least 10,000X of
coverage for cfDNA and 50X in tDNA (Table 4). We
obtained a specificity value of 86% for PI3KCA exon 9,
88% for EGFR exonl9, 100% for other amplicons, and
87% (62%-96%) overall.

Although it did not reach statistical significance, there was
a trend for a better detection rate of point mutations
compared with insertions/deletions: in the 19 patients with
a tDNA mutation but no mutation detected in cfDNA, six
tDNA mutations (32%) were point mutations and 13
(68%) were insertions or deletions compared with 15 and
16, respectively, for true positives (P = 0.376). Among
fDNA-positive patients, no correlation was found between
mutant allele frequency in plasma and mutant allele fre-
quency in tumor (Spearman rho = —0.227, P = 0.246), nor
between mutation concentration in plasma (computed as
mutant allele frequency in cfDNA multiplied by ¢fDNA
concentration in ng/mL) and mutant allele frequency in
tumor (Spearman rho = —0,051, P = 0.797). In a posthoc
analysis restricted to stage IV cases only (n = 50), the
sensitivity was higher 65% (Supplementary Table S5) but
we found no significant difference or correlation between
the detection of mutation in cfDNA and disease stage or any
other clinical variable (not shown).
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Table 1. Main characteristics of patients and samples included in the study
Patients with paired
samples analyzed by
All patients NGS
n =106 % n = 68 % P?
Sex Male 13 12.3% 10 14.7% 0.370°
Female 93 87.7% 58 85.3%
Age at diagnosis (mean + SD) 68.7 £ 13.7 68.0 + 13.6 0.498
Geographical origin Africa 5 5.4% 4 6.5% 1.0°°
Europe 84 91.3% 56 90.3%
Asia 1 1.1% 1 1.6%
Caribbean 2 2.2% 1 1.6%
Missing 14 6
Histology SCC 8 7.5% 2 2.9% 0.035¢
ADC 91 85.8% 62 91.2%
LCC 4 3.8% 2 2.9%
Other® 3 2.8% 2 2.9%
TTF1 Immunostaining Negative 16 15.1% 7 10.3% NC
Positive 83 78.3% 56 82.4%
Not required 7 6.6% 5 7.4%
tDNA sample origin Tumor 68 64.2% 42 61.8% NC
Nodes 5 4.7% 3 4.4%
Metastasis 33 31.1% 23 33.8%
tDNA sample type Biopsy 95 89.6% 59 86.8% 0.321°
Cytology 11 10.4% 9 13.2%
Stage Stage | 10 9.6% 6 9.0% 0.810f
Stage |l 3 2.9% 2 3.0%
Stage Il 13 12.5% 9 13.4%
Stage IV 78 75.0% 50 74.6%
Missing® 2 1
Number of metastatic sites None 27 26.0% 18 26.5% 0.950
1 site 33 31.7% 22 32.4%
2+ sites 44 42.3% 28 41.2%
Missing 2 -
NOTE: A total of 106 were included, 68 had matched samples considered for NGS analysis.
Abbreviations: NC, not computed; SCC, squamous cell carcinoma; ADC, adenocarcinoma; LCC, large cell carcinoma.
8P value was computed between samples included in the NGS analysis (n = 68) and those which were excluded (n = 38; column not
shown).
PFisher exact test (two-sided); others are %2 tests (categorical) or Student (continuous).
°P value was computed between the European and the non-European categories.
9P value was computed between the adenocarcinoma and the non-adenocarcinoma categories.
®Includes one adenosgquamous carcinoma and two sarcomatoid carcinomas.
P value computed between the stage | to Ill and the stage IV categories.
90ne was recorded as "nonmetastatic disease not otherwise specified" in the database.

Discussion

In this proof-of-concept study, we assessed the perfor-
mance of the NGS IonTorrent PGM platform for the
detection of tumor mutations in cfDNA using samples
collected in conditions close to routine practice. Assay’s
sensitivity was 58% (26 mutations on 50 detected).
CfDNA concentration was positively associated with
tumor stage and with the number of metastatic sites,

in agreement with other studies in lung and other cancer
types (11-13). NGS for the detection of tumor mutation
in ¢fDNA may thus be clinically meaningful because
biomarker analysis is currently only useful for the selec-
tion of treatment in patients with lung cancer with met-
astatic disease.

To our knowledge, this study is the first to report the use of
the Ion Torrent PGM for the detection of tumor mutations
in cfDNA. The main advantage of this technology is that it

www.aacrjournals.org
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Table 2. cfDNA concentrations according to histology and stage, and correlations between cfDNA
concentration and the corresponding variable in all samples (1 106)
cfDNA concentration Spearman
n Median + IQR (inng/mL) P rho Pcorrelation
Histology Non-adenocarcinoma 15 50.2 £71.0 0.580*  +0.054 0.583
Adenocarcinoma 91 68.4 + 126.7
Tumor "T" stage T1 18 42.4 +152.1 0.195°  10.057 0.578
T2 36 70.4 +119.8
T3 16 40.7 £ 33.9
T4 29 81.0 +£ 130.5
Missing (Tx) 7
Node "N" stage NO 29 70.0 + 123.0 0.536° 0.014 0.895
N1 10 114.6 +£339.8
N2 37 49.1 +£52.0
N3 21 1243 +£187.7
Missing (Nx) 9
Metastatic "M" stage MO 27 34.7 £ 25.0 0.001*  +0.313 0.001
M1 78 92.3 + 128.0
Missing 1
Number of metastatic sites 0 27 34.7 £25.0 0.003°  +0.322 0.001
1 33 69.7 + 146.1
2+ 44 103.0 £ 117.8
Missing 2
TNM stage Stage -l 13 32.6 £ 170.9 0.002°  40.327 0.001
Stage |lI 13 34.7 £ 24.0
Stage IV 78 92.3 +£127.9
Missing 2
Overall 106 67.1 +£ 1221 - - -
AMann-Whitney U test.
PKruskal-Wallis one-way ANOVA test.

allows the simultaneous screening of a broad range of
known hotspot mutations in a large number of samples
in a cost and time effective way compatible with clinical
practice. Deep sequencing (10,000X) allowed the detection
of mutations with frequencies as low as 0.2% in cfDNA.
However, the manufactured PGM variant caller was not
designed to call low abundant mutations diluted in wild-
type genomic DNA (30). We thus had to use an in-house
variant calling strategy, which improved the overall sen-
sitivity from 16% (ITVC approach for all amplicons
together) to 58% (Supplementary Table S6). This limita-
tion of the manufacturer variant caller should be
addressed in the future by dedicated software to allow
the implementation of the test in clinical settings. Accu-
rate detection of insertions and deletions is another
limitation of NGS technologies, including the IonTorrent
PGM (31). Given that the expected deletions and inser-
tions were of defined size and location, they could be
unequivocally detected with IGV, even those with an
allele frequency as low as 0.2%. However, we found a
trend for a lower detection rate of insertions/deletions
compared with point mutations. This may be due to the

principle of the technology that may fail to properly align
reads to the reference genome in the presence of inser-
tions or deletions. Using a NGS technology that uses
paired-end sequencing may improve the detection of
insertions/deletions in this setting. However, this would
need to be investigated in a dedicated study directly
comparing such technology with IonTorrent.

Several studies have previously investigated the potential
use of cfDNA for the noninvasive detection of diagnostic
biomarkers in lung cancer using various methods (Table 5).
However, most have focused only on one biomarker and
included small series of patients. In addition, the majority
has only included advanced stages (IIIB/IV). The reported
sensitivity of these studies ranged from 36% to 100%, and
the specificity from 80% to 100%. Our results are thus
consistent with those previously published in the field.
However, our method has the advantage to assess several
biomarkers simultaneously and to be easily scalable to a
higher number of biomarkers.

Only a handful of studies have used NGS technologies for
the detection of tumor somatic mutations in body fluids
(22, 23, 32-34). Narayan and colleagues, for example,
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Figure 1. Summary results of NGS sequencing for all matched samples (n

68). Top frequency chart, details of mutations found in tumors in each

specific sample. (Red dot indicates mutated samples). Middle frequency chart, cfDNA samples positive for the tumor somatic mutation indicated in
top panel. Bottom frequency chart, clinical characteristics of the tumors. Top bar graph, allelic frequency of mutation in tDNA. Middle bar graph,
allelic frequency of mutation in cfDNA. Bottom bar graph, total coverage at the position of the mutation in cfDNA or median coverage of all amplicons in

wild-type samples.

showed that a deep-sequencing approach can be an appro-
priate strategy for the detection of low abundant point
mutations in surrogate tissues (32). Our work, assessing
alarger panel of mutations, including both point mutations
and insertions/deletions, and performed on a larger series of
patients, further supports and extends the applicability of
the NGS for the detection of aberrant genetic events in
cfDNA.

In the present study, two EGFR and one PIK3CA hot-
spot mutations were detected in cfDNA but were not
called in tDNA. Two of these mutations were found at
a 4% allelic fraction in tDNA by manual inspection with
IGV. We have set a 5% allelic fraction threshold for calling
variant in tDNA to look for mutations representative of
the tumor content. Results on these samples suggest that
mutations poorly represented in tDNA can still be found
in cfDNA. However, it is also possible that the analyzed
tumor biopsy was not representative of the tumor content
(sampling bias). Indeed, recent findings provide strong
evidence that a tumor may host different subclonal popu-
lations carrying distinct somatic mutation profiles (35,
36). This point is particularly critical for the molecular
analysis of small biopsies (36). Some studies have iso-
lated circulating tumor cells to detect tumor-specific
molecular alterations (37, 38). Although this approach

would require less sensitive techniques for detecting rel-
evant mutations, it may have the same drawback as
biopsies because these cells may also represent a limited
set of subclones of the tumor. Therefore, applying highly
sensitive NGS-based techniques on cfDNA (that may
come from different tumor subpopulations) may provide
a better assessment of the spectrum of alterations present
in the entire tumor. However, this hypothesis remains to
be tested. Indeed intra-tumor heterogeneity about EGFR
remains controversial, as a recent study suggested that
heterogeneous distribution of EGFR mutations is
extremely rare and may simply be artefacts due to differ-
ences in EGFR DNA sequences amplification (39).

In some samples, tumor mutations could not be
detected in cfDNA even if the coverage obtained for the
amplicons carrying the expected mutation was high (13
samples had above 30,000X coverage, including 5 sam-
ples above 60,000X). In other cases, some mutations
were detected in cfDNA while the obtained coverage was
low (between 400X and 800X). Thus, although high
sensitivity allows the detection of low abundant muta-
tions, parameters related to the tumor biology may be
the most important factors influencing the capacity to
detect tumor mutation in cfDNA. Our results show that
metastatic stage is one major factor. Stage IV cases have
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Table 3. lonTorrent NGS test on cfDNA properties for each individual amplicon and overall, using tDNA for
reference in all matched samples (1 68)
cfDNA+ cfDNA
Mutation detection = Concordance
n tDNA+ tDNA tDNA tDNA+ rate (sensitivity) rate
PIBKCA exon 9 61 1 59 1 — 97%
PIBKCA exon 20 60 60 - 100%
EGFR exon 18 59 56 100% 100%
EGFR exon 19 59 11 2 37 9 55% 81%
EGFR exon 20 60 58 2 — 97%
EGFR exon 21 61 6 53 2 75% 97%
BRAF exon 11 60 60 — 100%
BRAF exon 15 61 58 3 — 95%
KRAS exon 2 59 3 55 1 75% 98%
KRAS exon 3 58 58 — 100%
ERBB2 exon 19 59 59 — 100%
ERBB2 exon 20 63 3 58 2 60% 97%
Overall (95%CiI; all patients, 68 26 3 20 19 58% (43%; 71%) 68% (56%; 78%)
at least one amplicon)
All 12 amplicons together (95% Cl) 56 21 3 16 16 57% (41%; 71%) 66% (53%; 77%)
Abbreviations: cfDNA+, mutation in detected in cfDNA; cfDNA , no mutation detected in cfDNA; tDNA+, mutation detected in tDNA,;
tDNA , no mutation detected in tDNA.

higher concentration of cfDNA. These results suggest
that a part of cfDNA may come from metastatic sites
and that cfDNA reflects the tumor burden. However, the
origin of cfDNA is still poorly understood and further
studies would be needed to fully address this question.

A possible limitation of our study resides in subopti-
mal cfDNA samples. Indeed, the BioCAST study protocol
allowed storage of blood samples at room temperature
for up to 24 hours before plasma isolation. Thus, plasma
DNA may have been contaminated with genomic DNA

Table 4. NGS test specificity estimate for each individual amplicon and overall, using tDNA for reference
cfDNA+ cfDNA
n tDNA+ tDNA tDNA tDNA+ Specificity
PI3SKCA exon 9 7 1 6 86%
PI3BKCA exon 20 6 6 100%
EGFR exon 18 8 2 6 100%
EGFR exon 19 33 7 2 15 9 88%
EGFR exon 20 13 11 2 100%
EGFR exon 21 18 3 13 1 100%
BRAF exon 11 8 8 100%
BRAF exon 15 31 29 2 100%
KRAS exon 2 9 2 6 1 100%
KRAS exon 3 6 6 100%
ERBB2 exon 19 6 6 100%
ERBB2 exon 20 28 3 23 2 100%
Overall (95%Cl; all patients, at least one amplicon) 51 17 2 13 19 87% (62%; 96%)
NOTE: This analysis was restricted to paired samples for which deep sequencing with the coverage reached at least 50X in tDNA and
10000X in cfDNA (n = 51).
Abbreviations: cfDNA+, mutation in detected in cfDNA; cfDNA , no mutation detected in cfDNA; tDNA+, mutation detected in tDNA;
tDNA , no mutation detected in tDNA.
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released from necrotic white blood cells, resulting in the
dilution of tDNA in plasma, negatively affecting the
detection of tumor mutations in cfDNA (10). This con-
tamination with genomic DNA could also explain the
absence of correlation between mutation allelic frequency
in the tumor and mutation detection rate in ¢fDNA or
mutation allelic frequency in plasma. Nonetheless, the
detection rate obtained in these suboptimal conditions
shows the potential of this approach in samples obtained
in more controlled clinical settings. Indeed, plasma sam-
ple quality could be easily addressed in future cohorts by
processing (centrifuging and freezing) samples within 3
hours after blood collection, which is achievable in rou-
tine clinical settings (40).

One of the strengths of our study is that the analyzed
never-smoker population carries a high frequency of
actionable mutations of various types that represent the
most relevant driver mutations in the field of thoracic
oncology. We were thus able to test our NGS IonTorrent
PGM platform approach on a panel of deletions, inser-
tions, and point mutations (12 hotspot regions targeting
five genes) that have not been evaluated in other cfDNA-
based studies.

In conclusion, we showed that targeted NGS with the
IonTorrent platform for the detection of tumor muta-
tions in cfDNA is applicable to clinical samples in lung
cancer. The assay could therefore be a good alternative
for initial molecular diagnosis when the obtained his-
tologic sample is poor and could be used as a nonin-
vasive test for assessing regularly the efficacy of targeted
therapy by monitoring mutations in blood. Further
studies on prospective validation cohorts are required
to determine whether an optimized version of the assay
may be applicable in routine clinical practice.
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