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Abstract

Pleural effusion (PE) is commonly observed in advanced lung cancer and was suggested to contain both
cell-free tumor DNA and tumor cells. Molecular profiling of PE represents a minimally invasive approach
of detecting tumor driver mutations for clinical decision making, especially when tumor tissues are not
available. The objective of this study is to investigate the efficacy and precision of detecting gene
alterations in PE samples to address the feasibility in clinical use.

Methods: Sixty-three metastatic lung cancer patients with (n=30, cohort 1) or without (n=33, cohort 2)
matched tumor tissues were enrolled in this study. PE and plasma samples of each patient were collected
simultaneously. Supernatant and cell precipitate of PE were processed separately to extract cfDNA
(PE-cfDNA) and sediment DNA (sDNA). All samples were subjected to targeted next-generation
sequencing (NGS) of 416 cancer-related genes.

Results: PE supernatants contain more abundant tumor DNA than PE sediments and plasma samples,
suggested by higher mutant allele frequencies (MAF) and elevated mutation detection rate in PE-cfDNA
(98.4% vs. 90.5% in PE sDNA vs. 87% in plasma ¢fDNA). In Cohort 1 with matched tumor tissue, tumor
mutational burden (TMB) of PE-cfDNA was similar as tumor tissues (6.4 vs. 5.6), but significantly higher
than PE sDNA (median TMB: 3.3) and plasma cfDNA (median TMB: 3.4). Ninety-three percent (27 out of
29) of tissue-determined driver mutations were detected in PE-cfDNA, including alterations in ALK, BRAF,
EGFR, ERBB2, KRAS, NFI, PIK3CA, and RET, while only 62% were captured in plasma cfDNA. PE-cfDNA
also has the highest detection rate of EGFR driver mutations in the full cohort (71% vs. 68% in PE sDNA
vs. 59% in plasma cfDNA). Mutation detection from cytological negative and hemorrhagic PE is
challenging. Comparatively, PE-cfDNA demonstrated absolute superiority than PE sDNA in such a
scenario, suggesting that it is an independent source of tumor DNA and therefore less influenced by the
abundance of tumor cells.

Conclusion: Genomic profiling of PE-cfDNA offers an alternative, and potentially more meticulous
approach in assessing tumor genomics in advanced lung cancer when tumor tissue is not available. Our
data further demonstrate that in hemorrhagic or cytologically negative PE samples, PE-cfDNA has higher
mutation detection sensitivity than sDNA and plasma cfDNA, and therefore is a more reliable source for
genetic testing.
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Introduction

Molecular targeted therapies against driver
mutations in patients with non-small cell lung cancer
(NSCLC) are already improving patients’ survival
over traditional chemotherapy [1-6], making it
increasingly important to incorporate molecular
genetic testing into standard clinical care. However,
obtaining tumor tissues for molecular profiling is
often difficult and sometimes poses risks to patients.
Thus, tumor-derived cell-free DNA (cfDNA) from
body fluids, including plasma, pleural effusions (PE),
cerebrospinal fluids, urine, and saliva, are being
investigated for their feasibility in cancer genomic
profiling since they are minimally invasive and
potentially superior at representing intra- and
inter-tumor heterogeneity than single tumor biopsies
[7-11]. Plasma cfDNA is the most commonly used
liquid biopsy for genetic testing in multiple cancers;
however, tumor cfDNA present in the total plasma
cfDNA can be as low as ~0.01% [12], making the
detection of such low allele frequency mutations very
challenging [13].

Advanced lung cancer patients develop PE as a
result of impaired pleural fluid drainage and
increased plasma extravasation to the pleural space
following tumor cell invasion of the pleural cavity [14,
15]. While applying thoracentesis for diagnosis and
therapeutic purposes, PE can be collected at the same
time to avoid additional invasive sampling. PE
contains floating malignant cells as well as tumor
cfDNA in the supernatant [16]. Previous studies were
able to detect EGFR mutations in the cellular
sediments and/or supernatants of PE from lung
cancer patients using Sanger sequencing, ARMS PCR,
mutant-specific PCR, digital PCR, and proton-based
next-generation sequencing (NGS) [17-22]. However,
the feasibility of using PE for large scale genomic
profiling of cancer-relevant genes has not been fully
investigated.

In this study, we collected PE and plasma
samples simultaneously from 63 patients with
advanced lung cancer. Thirty patients also had
matched tumor tissues available. PE samples were
separated into supernatant and cell sediment fractions
for independent extraction of cfDNA (PE-cfDNA) and
sediment cell genomic DNA (sDNA). Plasma cfDNA
was also prepared. All samples were analyzed using
target NGS of 416 -cancer-relevant genes for
comprehensive genomic profiling. The mutation
spectra of matched samples from the same patient
were compared to systematically evaluate the
concordance of genomic profiles from different
sample types, and evaluate the feasibility of using
PE-derived DNA for clinical molecular diagnoses.

Materials and Methods

Patient recruitment and sample collection

Between February 2016 and May 2017, 63 lung
cancer patients with pleural effusion were
prospectively enrolled at Zhongshan Hospital, Fudan
University (Shanghai, China). The study was
approved by the ethics committee of Zhongshan
Hospital, Fudan University, and all patients provided
informed written consent. All samples were tested in
a clinical genomic testing facility (Nanjing Geneseeq
Technology Inc., Nanjing, China) with protocols
approved by the ethics committee of Zhongshan
Hospital, Fudan University.

From each patient, 8-10ml of peripheral blood
was collected in EDTA-coated tubes (BD) and
centrifuged at 1800g for 10 min within 2h of collection
to separate the plasma and white blood cells. Plasma
was isolated for the extraction of circulating cell-free
DNA (cfDNA) and white blood cell sediments were
used for genomic DNA extraction as the germline
controls. Formalin-fixed, paraffin-embedded (FFPE)
sections of matched tumor tissues from 30 of the 63
patients were obtained and the tumor cell content of
each sample was determined by a pathologist. 3-6ml
PE aliquots were centrifuged at 2500g for 15 min to
separate supernatants from floating cells. PE
supernatant was isolated for the extraction of cfDNA
and cell sediments were used for genomic DNA
extraction as the sSDNA. For histological assessments
of tumor cells in PE, cell smears were prepared from
another aliquoted sediment, and stained with
hematoxylin and eosin. The cell content of each smear
was observed by a pathologist under a microscope at
400% magnification.

DNA extraction, library preparation and
target enrichment

cfDNA from plasma and PE supernatants was
purified using the Circulating Nucleic Acid Kit
(Qiagen, Hilden, Germany) following  the
manufacturer’s protocol. Genomic DNA from the PE
cell pellets, and white blood cells were extracted using
the DNeasy Blood & Tissue Kit (Qiagen), while FFPE
genomic DNA was purified using the QlAamp DNA
FFPE Tissue Kit (Qiagen). Genomic DNA was
qualified using a Nanodrop2000 (Thermo Fisher
Scientific, Waltham, MA), and cfDNA fragment
distribution was analyzed on a Bioanalyzer 2100
using the High Sensitivity DNA Kit (Agilent
Technologies, Santa Clara, CA). All DNA was
quantified using the dsDNA HS Assay Kit on a Qubit
3.0 Fluorometer (Life Technologies, Carlsbad, CA).

Sequencing libraries were prepared using the
KAPA Hyper Prep Kit (KAPA Biosystems,
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Wilmington, MA), as described previously [23].
Indexed DNA libraries were pooled to up to 2ug of
total input. Probe-based hybridization capture of the
targeted gene regions covering 416 cancer-related
genes (Table S1) was performed as previously
described [23].

Sequencing and data processing

Target enriched libraries were sequenced on the
HiSeq4000 platform (Illumina) with 2x150bp pair-end
reads. Sequencing data were demultiplexed by
bcl2fastq (v2.19), analyzed by Trimmomatic [24] to
remove low-quality (quality<15) or N bases, and
mapped to the reference hgl9 genome (Human
Genome version 19) using the Burrows-Wheeler
Aligner [25]. PCR duplicates were removed by Picard
(available at: https:/ /broadinstitute.github.io/
picard/). The Genome Analysis Toolkit (GATK) [26]
was used to perform local realignments around indels
and base quality reassurance. SNPs and indels were
called by VarScan2 [27] and HaplotypeCaller/
UnifiedGenotyper in GATK, with the mutant allele
frequency (MAF) cutoff as 0.5% for tissue samples,
0.1% for liquid biopsy samples, and a minimum of
three unique mutant reads. Common variants were
removed using dbSNP and the 1000 Genome project.
Germline mutations were filtered out by comparing to
patient’s whole blood controls. The resulting somatic
variants were further filtered through an in-house list
of recurrent sequencing errors that was generated
from over 10,000 normal control samples on the same
sequencing platform.

Gene fusions were identified by FACTERA [28]
and copy number variations (CNVs) were analyzed
with ADTEx [29]. The log2 ratio cut-off for copy
number gain was defined as 2.0 for tissue samples and
1.6 for liquid biopsy samples. A log2 ratio cut-off of
0.67 was used for copy number loss detection in all
sample types. The thresholds were determined from
previous assay validation using the absolute CNVs
detected by droplet digital PCR (ddPCR).
Allele-specific CNVs were analyzed by FACETS [30]
with a 0.2 drift cut-off for unstable joint segments. The
proportion of chromosomal instability (CIN) was
calculated by dividing the size of drifted segments by
the total segment size. Tumor mutational burden
(TMB) in this study was defined as the number of
somatic synonymous mutations per megabase in each
sample, with hotspot/fusion mutations excluded.

Results

Study design and patient demographics

This study enrolled 63 patients (55.6% of male)
with stage IV lung cancer who had PE at diagnosis or
during disease progression (Table S2 and S3). The

median age at enrollment was 64 (range, 34-96) and
68.3% were non-smokers. Thirty-five patients were
identified without distant metastasis (Mla stage,
55.6%), seven had a single distant metastasis (M1b
stage, 11.1%), and 21 had multiple distant metastases
(Mlc stage, 33.3%). Histological classifications
included 58 adenocarcinomas (92.1%), two
adeno-squamous carcinomas (3.2%), and three small
cell lung cancers (4.8%). PE and matched plasma
samples from all patients were collected
simultaneously, while matched tumor tissues were
available for 30 patients (cohort 1) (Figure SI).
Targeted NGS of 416 cancer-relevant genes was
applied to all patients” samples for genomic profiling.
The detailed list of somatic alterations identified in
each sample of the patients is provided in Table 54.

Tumor cfDNA is more enriched in PE than in

plasma
We first observed that total cfDNA
concentrations in PE supernatants (median:

2781ng/ml PE) were much higher than those in
plasma (median: 20.4ng/ml plasma) (Figure 1A,
p<0.001). Additionally, the mutant allele frequencies
(MAFs) of PE-cfDNA were comparable to those
identified in the matched tissue samples (Figure 1B),
but significantly higher than those of PE sDNA and
plasma cfDNA (Figure 1B and S2A), suggesting that
the tumor cfDNA fraction in PE-cfDNA was much
higher than in sDNA and plasma. Of all patients,
98.4% (62/63) of PE-cfDNA samples have detectable
somatic alterations compared to 90.5% (57/63) in PE
sDNA and 87% (55/63) in plasma cfDNA (Figure
52B). All genomic alteration types, including single
nucleotide variants (SNVs), indels, and gene fusions
were detected in similar proportions in each sample
type (Figure 1C). The TMBs calculated from
PE-cfDNA (median: 6.4) were similar to that of tumor
tissues (median: 5.6), but significantly higher than that
of sDNA (median: 3.3) and plasma (median: 3.4)
(Figure 1D, p<0.05).

Detection of copy number variations (CNVs) in
liquid biopsy is always challenging due to its low
tumor DNA content. However, PE-cfDNA was also
superior in identifying focal CNVs compared to other
liquid biopsies. Of 64 CNVs identified in tumor
tissues, 20 (31%) were identified in PE-cfDNA, while
only 9 (14%) were identified in sDNA, and 3 (5%)
were identified in plasma cfDNA (Figure S3A, Table
1). Chromosomal instability (CIN) is another
biomarker that relates to disease metastasis, prognosis
and treatment resistance[31]. Again, the CIN scores
were similar between tumor tissues and PE-cfDNAs,
but largely underestimated in sDNA and plasma
samples (Figure S3B). Samples from Cohort 2
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demonstrated similar results, in which PE-cfDNAs
exhibit much better detection rate of CNV and CIN
(Figure S4A and S4B).

PE-cfDNA outperforms other liquid biopsies in
detecting tissue-determined mutations and
better represents tumor heterogeneity in lung
cancer patients

In Mla stage disease, tumors are spatially
restricted to the chest, while in Mlb/Mlc stage
disease, one or more distant metastases are present.
As a result, PE-cfDNAs demonstrated the highest
sensitivity of detecting tissue-determined mutations
in Mla disease and had similar sensitivities to SDNA
in M1b/Mlc disease (Table 2, Figure S5A and S5B) in
cohort 1. On the other hand, all liquid biopsy samples
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contained unique variants that were not detected in
matched tumor tissues, especially in Mlb/Mlc
disease with distant metastases. PE-cfDNAs harbored
the most unique mutations among different liquid
biopsies (Figure S5A and S5C), suggesting that
PE-cfDNA was more representative of tumor
heterogeneity than sDNA and plasma cfDNA.

Table 1. Sensitivities of detecting tissue-determined CNV in
different sample types in Cohort 1

Tissue CNV detection PE-cfDNA Plasma
+ - p-value + - p-value
All patients sDNA + 7 2 <0.01 2 7 0.07
in - 13 42 1 54
Cohort1l  plasma + 2 1 <0.0001
(n=30) - 18 43
ns
—_— Jeok %
ns
Tissue PE-cfDNA Plasma
304
*
201
m
=
p—
10
0_
Tissue PE-cfDNA sDNA Plasma

Figure 1. Characteristics of different sample types. A) cfDNA concentrations in PE-cfDNA and plasma from all 63 patients. The Mann-Whitney test was used to test the
differences between PE-cfDNA and plasma. B) The MAFs of all detected mutations in different samples from cohort 1 patients (n = 30). Each dot represents one patient. C) The
proportions of different mutations in each sample type in cohort | patients (n = 30). D) TMB distributions in each sample type. For B) and D), the One-way ANOVA on ranks
test was used to compare all groups and the Dunn’s test was used for post-hoc analyses to compare matched groups. ns, not significant. *, p < 0.05, **¥ p < 0.001.
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Figure 2. Driver mutation detection efficiency in different samples, compared to tissue A) The detection of driver mutations in all matched samples. MAF values are
indicated by the color gradient. B) The MAF correlation of driver mutations in tissue to mutations in PE-cfDNA. The correlation analysis was performed by using Pearson
correlation. C) Progression free survival (PFS) times for patients that were treated with targeted drugs following the identification of sensitive gene alterations in EGFR and ERBB2.
“*” indicates that the treatment was based on the drug sensitive mutants identified in PE-cfDNA. Black arrows indicate that patients had not progressed at the time of follow-up.
D) Kaplan Meier progression-free survival curve for patients that have EGFR sensitive mutants detected from PE-cfDNA or tumor tissues. P value was calculated by log rank test.

For patients lacking matched tumor tissues for
NGS test in cohort 2, the liquid biopsy results were
compared to the initial amplification-refractory
mutation system (ARMS) test of EGFR 19del and
L858R mutations on diagnostic samples. Of the 24
tumors that underwent the ARMS test, 17 were
identified as EGFR 19del(+) or L858R(+), and NGS
tests of liquid biopsies achieved a sensitivity of 100%
with PE-cfDNA, and 88% with sDNA or plasma
samples (Figure S6A and S6B). Moreover, one
ARMS-classified EGFR(-) tumor was reported as
EGFR(+) by NGS in all liquid biopsy samples (Figure
S6A), suggesting a true call by NGS method.

PE-cfDNA outperforms other liquid biopsy
samples for the detection of driver mutations

Twenty-nine driver mutations were detected
from 26 tumors in cohort 1 (Figure 2A). PE-cfDNA
and sDNA exhibited similar sensitivities for
identifying those driver mutations (93% vs 90%),
while plasma had the lowest sensitivity (63%). The
MAFs of those driver mutations detected in
PE-cfDNA were positively correlated to those in
tissue samples (p=0.01, r=0.46, Figure 2B). However,
two undetected mutations in PE-cfDNA, EGFR 19del

(matched tissue MAF=6%) in patient LC03 and
PIK3CA H1047R (matched tissue MAF=25%) in
patient LC27, were not due to the low MAF in tissue
samples. Both mutations were also missed in the
sDNA and plasma cfDNA testing. In cohort 2, a total
of 43 driver mutations were identified in PE-cfDNA
from 31 patients, which was more than the 38 in
sDNA and 24 in plasma (Figure 2A). In patients that
progressed on TKI treatment, EGFR T790M was
detected in the liquid biopsies of five post-treatment
samples from patients LC31, LC45, LC48, LC52 and
LC63, of which PE-cfDNA and plasma captured four
and sDNA captured three (Figure 2A, Table 54).
Twenty-three patients from cohorts 1 and 2
received targeted treatments based on their genomic
profiles (20 with EGFR-sensitizing mutations, 1 with
EGEFR secondary mutation T790M and 2 with ERBB2
exon20 insertions), among which, 10 were treated
based on the mutations detected by PE-cfDNA testing
due to their tumor tissues being inaccessible (Figure
2C, marked by “*”). Patients’ responses to those drugs
were assessed as either a partial response or stable
disease, which were aligned with their genotypes
(Figure 2C). Overall, an equal progression free
survival (PFS) were found between patients whose
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treatment decision were made based on genomic
profiling from tumor tissue samples or from
PE-cfDNA liquid biopsies (Figure 2D, p = 0.98).

The mutation detection sensitivity of
PE-cfDNA is independent of detectable
effusion tumor cells and blood cell
contamination in PE

The abundance of tumor cells is critical for
mutation detection in SDNA. Six PE samples (patients
LC03, LCO07, LC17, LC18, LC27 and LC28) contained
only mesothelial or inflammation-related cells, but no
tumor cells (Figure 3A). For these six tumor cell(-)
samples, only three mutations from two patients were
detected in PE-cell sediments, accounting for 9% of
the total mutations detected in their matched tumor
tissues. Conversely, PE-cfDNA from those samples
recovered 86% of tumor mutations from five patients
(Figure 3B, 3C), suggesting that cytologically negative
PE still contained sufficient PE-cfEDNA for mutation
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profiling. Of note, three of the PE tumor cell(-)
patients (LC07, LC17, and LC27) were diagnosed with
small cell lung cancer, which is less likely to develop
malignant PE compared to adenocarcinomas[32], but
their PE-cfDNA still contained trace amounts of
tumor cfDNA. After excluding the six tumor cell(-)
patients, mutation detection in PE-cfDNA remained
superior to SDNA (p=0.027) (Table 2).

Hemorrhagic PE contains additional nucleated
cells (lymphocytes, neutrophilsand monocyte/
macrophages)[33], which reduced the sensitivity of
somatic mutation detection in sDNA by diluting the
tumor cells with normal cells, but not in PE-cfDNA
testing (Figure 3D). PE-cfDNA demonstrated similar
sensitivities of mutation detection between
hemorrhagic and clear PE (72% vs. 81%), while sDNA
had substantially lower sensitivities in hemorrhagic
samples compared to clear samples (34% vs. 64%,
p<0.001).
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Figure 3. The mutation detection of cytological negative PE and hemorrhagic PE. A) Cytological inspection of cells in pleural effusion. For each pleural effusion
sample, a haemotoxylin and eosin (H&E) stained cell smear was observed under the microscope at 400 magnification. Tumor cell(-): samples without tumor cells; tumor cell(+):
samples with tumor cells. B) Mutation spectra of PE-cfDNA and sDNA from six tumor cell(-) PE samples. C) In cohort 1, the sensitivities of detecting tissue-determined mutations
in PE-cfDNA and sDNA from tumor cell(+) or tumor cell(-) pleural effusion. The Chi-square test was used to compare the sensitivity between tumor cell(+) and tumor cell(-)
samples. D) In cohort 1, the sensitivities of detecting tissue-determined mutations in PE-cfDNA and sDNA from hemorrhagic or clear pleural effusion. *** p < 0.001.
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Table 2. Sensitivities of detecting tissue-determined mutations in different sample types in Cohort |

PE-cfDNA Plasma
+ - p-value + - p-value
All patients in Cohort 1 sDNA + 59 1 <0.0001 36 24 0.24
(n=30) - 36 28 34 30
Plasma + 64 6 <0.0001
- 31 23
Mla stage sDNA + 31 0 <0.0001 21 15 0.03
(n=18) - 35 17 32 24
Plasma + 45 5 <0.0001
- 35 17
M1b & Mlc stage sDNA + 28 1 19 10 0.30
(n=12) - 1 11 5 7
Plasma + 19 0.30
- 10
sDNA + 56 1 0.027 34 23 0.059
PE tumor cell(+)* patients - 9 23 11 21
(n=24) Plasma + 39 6 <0.001
- 26 18
“+” detected; “-” not detected. * PE tumor cell(+): Tumor cells were identified in pleural effusion sample. The McNemar test was used to compare results between different
samples.
A patient #: LC47
1st time point 2nd time point
B C
60- PE-cfDNA Plasma
SE MAF (%
59 ERBB220ins 13% 17% 2% 1% 1% AL (%)
=3
58 401 | B
St RB1469fs ND 14% 2% ND 4% = 2
3 = 3 »
8E TP53C277F 18% 26% 4% 1% 2%
d2,
a Left Right st 2nd 2nd 1st 2nd

left right

Figure 4. Tumor location influences tumor content in pleural effusion. A) CT imaging of patient #L.C47 at two time points. Red arrows indicate primary tumor lesions.
R, right; L, left. B) The concentration of cfDNA extracted from the pleural effusion of two separate pleural cavities. C) Samples from the right and left pleural cavities were tested

independently. 1stand 219, correspond to the Ist and 2d time points in A).

A case study revealed spatial and dynamic
genomic profiling of PE-cfDNA in a patient
with PE from both sides of the pleural cavity

For patient LC47 (Mla stage), the major tumor
burden was in the upper lobe of the left lung, and the
patient developed PE in both sides of the pleural
cavity (Figure 4A). During two follow-up
examinations two months apart, computed
tomography (CT) imaging revealed that the tumor
extended into the left chest wall. PE was collected

from the left pleural cavity during the first
examination, and was collected from both sides
during the second examination since the two pleural
cavities ~ were isolated. = Similar = PE-cfDNA
concentrations were obtained from the left and right
pleural cavities (Figure 4B); however, the MAFs of
tumor-determined mutations were higher in samples
from the left side containing the tumor (Figure 4C).
The left PE-cfDNA from the second examination had
higher MAFs compared to samples obtained during
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the first examination, which was consistent with the
enlarged tumor occupancy observed by CT imaging
(Figure 4A). Despite the change in tumor size, the
MAFs from plasma samples increased minimally
except for the newly acquired RBI mutation,
suggesting plasma was relatively insensitive to local
disease progression.

Discussion

Thoracentesis is a common operation to relieve
respiratory distress in patients with large amounts of
PE. As a result of the procedure, PE-cfDNA can be
extracted from the fluid sample and act as a potential
substitute for genetic profiling when tumor tissue
biopsies are unavailable, or as an auxiliary diagnostic
tool in addition to tumor tissues. PE cfDNA
concentrations and MAFs were significantly higher
than that of plasma cfDNA, suggesting more
abundant tumor-derived DNA in PE supernatants.
This indicates that analysis of PE-cfDNA is more
representative of tumor heterogeneity and provides
more reliable results[34, 35].

Different mutation types, including SNVs,
indels, fusions, and splicing variants were detected in
PE-cfDNA. When comparing TMB levels, an
independent = biomarker of  response to
immunotherapy[36], between PE-cfDNA, sDNA and
plasma, it was shown that TMB in PE-cfDNA was
more similar to tissue TMBs than to sDNA and
plasma. Thus PE-cfDNA also provides more accuracy
for identifying immunotherapy-responsive patients.

Hemorrhagic PE is frequently observed in
advanced lung cancer patients. The presence of blood
cells in PE can interfere with the detection of tumor
mutants[33], but unlike PE cell sediments, PE-cfDNA
was less affected by the presence of non-tumor cell
components. This was demonstrated through high
levels of mutational spectrum congruency between
PE-cfDNA and tumor tissues. Another advantage of
PE-cfDNA is the ability to detect tumor mutants from
cytologically negative PE. In this study, supernatant
cfDNA from six cytologically negative PE samples (3
from SCLC) had higher pick-up rates (72%) of
tissue-determined mutations than sDNA (34%). These
findings suggest that PE-cfDNA analysis not only can
reveal genetic mutations in NSCLC, but also
potentially extend to SCLC and other atypical lung
cancers that have fewer tumor cells in PE.

We also observed that for stage Mla patients
with restricted tumor metastasis, the mutation
spectrum of PE-cfDNA was concordant with that of
tumor tissues, and almost equal to the sum of sSDNA
and plasma. This data suggest that PE-cfDNA is the
most accurate representation of tumor mutations in
stage Mla when tumor tissues are unavailable. In

M1lb/Milc stages, PE-cfDNA and sDNA samples
disclosed unique and novel mutations that were
absent in the matched tumor tissues, suggesting that
PE-derived samples, especially PE-cfDNA, are
representative of the tumor heterogeneity in
advanced disease. Although the mechanism of PE
formation has not been fully elucidated, it is
hypothesized to be of plasma-origin due to the
increased pleural vascular permeability in cancer[37,
38]. When possible, genetic testing of PE-cfDNA and
plasma cfDNA can be combined to more accurately
capture the inter-tumor heterogeneity in M1lb/Milc
stages.

In our case study, comparisons of PE-cfDNA
from both sides of the pleural cavity revealed that the
fluid from the side with pleural invasion has higher
MAFs despite similar cf DNA concentrations on both
sides. Thus, in clinical practice, PE collected from the
pleural cavity with tumor invasion will increase the
reliability and efficacy of detecting mutations.

In advanced lung cancers, cfDNA from PE
supernatants proves to be more informative for tumor
genomic profiling than sDNA from PE cell sediments
and plasma cfDNA. Thus, PE-cfDNA could be an
alternative to tumor tissues if it is shown to be a better
diagnostic tool following additional validations in
much larger study cohorts. Genetic profiling of such
readily accessible liquid biopsy samples is
particularly useful when tumor tissues are
unavailable. This is not only the case for the initial
diagnostic detection of sensitive mutations, but also
for the identification of secondary acquired mutations
in drug-resistance tumors. In addition to lung cancer,
PE is also frequently observed in advanced breast
cancer[39], gastrointestinal cancer, and ovarian
cancer[40]. Further investigation through comparative
studies may also reveal that PE-cfDNA demonstrate
similar diagnostic potential in those cancer types.

Conclusions

PE-cfDNA can be a better candidate for genomic
profiling when tumor tissues are not available than PE
sDNA and plasma cfDNA.

Abbreviations

PE: pleural effusion; cfDNA: cell free DNA;
sDNA: sediment DNA; NGS: next-generation
sequencing; TMB: tumor mutational burden; NSCLC:
non-small cell lung cancer; FFPE: formalin-fixed,
paraffin-embedded; GATK: Genome Analysis Toolkit;
MAF: mutant allele frequency; CNV: copy number
variations; CIN: chromosomal instability; ARMS:
amplification-refractory mutation system.

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 19

5540

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v09p5532s1.pdf

Acknowledgments

This research was supported by the Shanghai

Science and Technology Program (15ZR1406400),
Zhongshan Hospital Clinical Research Foundation
(2016ZSLCO05), Natural Science Foundation of China
(81400018, 81570028 and 81770039), Shanghai Science
and Technology Committee Grant (15DZ21941100) and

Shanghai

Top-priority Clinical Key Disciplines

Construction Project (2017Z2702013).

Competing Interests

X. Tong and X. Wu are the employees of

Geneseeq Technology Inc. H. Bao and Y. W. Shao are
the employees of Nanjing Geneseeq Technology Inc.
The remaining authors have declared no competing
interest.

References

1.

10.

11.

Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto I, Tsurutani J, et al.
Gefitinib versus cisplatin plus docetaxel in patients with non-small-cell
lung cancer harbouring mutations of the epidermal growth factor
receptor (WJTOG3405): an open label, randomised phase 3 trial. Lancet
Oncol. 2010; 11: 121-8.

Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti B, Felip E, et
al. Erlotinib versus standard chemotherapy as first-line treatment for
European  patients with advanced EGFR mutation-positive
non-small-cell lung cancer (EURTAC): a multicentre, open-label,
randomised phase 3 trial. Lancet Oncol. 2012; 13: 239-46.

Zhong WZ, Wang Q, Mao WM, Xu ST, Wu L, Shen Y, et al. Gefitinib
versus vinorelbine plus cisplatin as adjuvant treatment for stage II-IIIA
(N1-N2) EGFR-mutant NSCLC (ADJUVANT/CTONGI1104): a
randomised, open-label, phase 3 study. Lancet Oncol. 2018; 19: 139-48.
Sequist LV, Yang JC, Yamamoto N, O'Byrne K, Hirsh V, Mok T, et al.
Phase III study of afatinib or cisplatin plus pemetrexed in patients with
metastatic lung adenocarcinoma with EGFR mutations. ] Clin Oncol.
2013; 31: 3327-34.

Hyman DM, Puzanov I, Subbiah V, Faris JE, Chau I, Blay JY, et al.
Vemurafenib in multiple nonmelanoma cancers with BRAF V600
mutations. N Engl ] Med. 2015; 373: 726-36.

Kris MG, Camidge DR, Giaccone G, Hida T, Li BT, O'Connell J, et al.
Targeting HER2 aberrations as actionable drivers in lung cancers: phase
II trial of the pan-HER tyrosine kinase inhibitor dacomitinib in patients
with HER2-mutant or amplified tumors. Ann Oncol. 2015; 26: 1421-7.
Husain H, Nykin D, Bui N, Quan D, Gomez G, Woodward B, et al.
Cell-Free DNA from Ascites and Pleural Effusions: Molecular Insights
into Genomic Aberrations and Disease Biology. Mol Cancer Ther. 2017;
16: 948-55.

Newman AM, Bratman SV, To J, Wynne JF, Eclov NC, Modlin LA, et al.
An ultrasensitive method for quantitating circulating tumor DNA with
broad patient coverage. Nat Med. 2014; 20: 548-54.

De Mattos-Arruda L, Mayor R, Ng CK, Weigelt B, Martinez-Ricarte F,
Torrejon D, et al. Cerebrospinal fluid-derived circulating tumour DNA
better represents the genomic alterations of brain tumours than plasma.
Nat Commun. 2015; 6: 8839.

Sands J, Li Q, Hornberger J. Urine circulating-tumor DNA (ctDNA)
detection of acquired EGFR T790M mutation in non-small-cell lung
cancer: An outcomes and total cost-of-care analysis. Lung cancer. 2017;
110: 19-25.

Wang Y, Springer S, Mulvey CL, Silliman N, Schaefer J, Sausen M, et al.
Detection of somatic mutations and HPV in the saliva and plasma of
patients with head and neck squamous cell carcinomas. Sci Transl Med.
2015; 7: 293ra104.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, et al.
Circulating mutant DNA to assess tumor dynamics. Nat Med. 2008; 14:
985-90.

Merker JD, Oxnard GR, Compton C, Diehn M, Hurley P, Lazar A], et al.
Circulating tumor DNA analysis in patients with cancer: American
Society of Clinical Oncology and College of American Pathologists Joint
Review. J Clin Oncol. 2018: JCO2017768671.

DeCamp MM, Jr., Mentzer S], Swanson SJ, Sugarbaker D]. Malignant
effusive disease of the pleura and pericardium. Chest. 1997; 112: 291S-5S.
Stathopoulos GT, Kalomenidis I. Malignant pleural effusion: tumor-host
interactions unleashed. Am J Respir Crit Care Med. 2012; 186: 487-92.
Benlloch S, Marti-Ciriquian JL, Galbis-Caravajal JM, Martin C,
Sanchez-Paya ], Rodriguez-Paniagua JM, et al. Cell-free DNA
concentration in pleural fluid and serum: quantitative approach and
potential prognostic factor in patients with cancer and pleural effusions.
Clin Lung Cancer. 2006; 8: 140-5.

Kimura H, Fujiwara Y, Sone T, Kunitoh H, Tamura T, Kasahara K, et al.
High sensitivity detection of epidermal growth factor receptor mutations
in the pleural effusion of non-small cell lung cancer patients. Cancer Sci.
2006; 97: 642-8.

Kimura H, Fujiwara Y, Sone T, Kunitoh H, Tamura T, Kasahara K, et al.
EGFR mutation status in tumour-derived DNA from pleural effusion
fluid is a practical basis for predicting the response to gefitinib. Br J
Cancer 2006; 95: 1390-5.

Soh J, Toyooka S, Aoe K, Asano H, Ichihara S, Katayama H, et al.
Usefulness of EGFR mutation screening in pleural fluid to predict the
clinical outcome of gefitinib treated patients with lung cancer. Int J
Cancer. 2006; 119: 2353-8.

Zhang X, Zhao Y, Wang M, Yap WS, Chang AY. Detection and
comparison of epidermal growth factor receptor mutations in cells and
fluid of malignant pleural effusion in non-small cell lung cancer. Lung
cancer. 2008; 60: 175-82.

Gu ], Zang W, Liu B, Li L, Huang L, Li S, et al. Evaluation of digital PCR
for detecting low-level EGFR mutations in advanced lung
adenocarcinoma patients: a cross-platform comparison study.
Oncotarget. 2017; 8: 67810-20.

Li X, Liu Y, Shi W, Xu H, Hu H, Dong Z, et al. Droplet digital PCR
improved the EGFR mutation diagnosis with pleural fluid samples in
non-small-cell lung cancer patients. Clin Chim Acta. 2017; 471: 177-84.
Yang Z, Yang N, Ou Q, Xiang Y, Jiang T, Wu X, et al. Investigating novel
resistance mechanisms to third-generation EGFR tyrosine kinase
inhibitor osimertinib in non-small cell lung cancer patients. Clin Cancer
Res. 2018.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics. 2014; 30: 2114-20.

Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics. 2009; 25: 1754-60.

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et
al. A framework for variation discovery and genotyping using
next-generation DNA sequencing data. Nature Genet. 2011; 43: 491-8.
Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, et al.
VarScan 2: somatic mutation and copy number alteration discovery in
cancer by exome sequencing. Genome research. 2012; 22: 568-76.
Newman AM, Bratman SV, Stehr H, Lee L], Liu CL, Diehn M, et al.
FACTERA: a practical method for the discovery of genomic
rearrangements at breakpoint resolution. Bioinformatics. 2014; 30:
3390-3.

Amarasinghe KC, Li J, Halgamuge SK. CONVEX: copy number variation
estimation in exome sequencing data using HMM. BMC bioinformatics.
2013; 14 Suppl 2: S2.

Shen R, Seshan VE. FACETS: allele-specific copy number and clonal
heterogeneity analysis tool for high-throughput DNA sequencing.
Nucleic Acids Res. 2016; 44: €131.

Bakhoum SF, Cantley LC. The multifaceted role of chromosomal
instability in cancer and its Microenvironment. Cell. 2018; 174: 1347-60.
Chhieng DC, Ko EC, Yee HT, Shultz JJ, Dorvault CC, Eltoum IA.
Malignant pleural effusions due to small-cell lung carcinoma: a cytologic
and immunocytochemical study. Diagn Pathol. 2001; 25: 356-60.

Ozcakar B, Martinez CH, Morice RC, Eapen GA, Ost D, Sarkiss MG, et al.
Does pleural fluid appearance really matter? The relationship between
fluid appearance and cytology, cell counts, and chemical laboratory
measurements in pleural effusions of patients with cancer. J
Cardiothorac Surg. 2010; 5: 63.

Shu Y, Wu X, Tong X, Wang X, Chang Z, Mao Y, et al. Circulating tumor
DNA mutation profiling by targeted next generation sequencing
provides guidance for personalized treatments in multiple cancer types.
Sci Rep. 2017; 7: 583.

Seed G, Yuan W, Mateo ], Carreira S, Bertan C, Lambros M, et al. Gene
copy number estimation from targeted next-generation sequencing of

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 19

5541

36.

37.

38.

39.

40.

prostate cancer biopsies: analytic validation and clinical qualification.
Clin Cancer Res. 2017; 23: 6070-7.

Hellmann MD, Nathanson T, Rizvi H, Creelan BC, Sanchez-Vega F,
Ahuja A, et al. Genomic features of response to combination
immunotherapy in patients with advanced non-small-cell lung cancer.
Cancer cell. 2018; 33: 843-52 e4.

Yano S, Shinohara H, Herbst RS, Kuniyasu H, Bucana CD, Ellis LM, et al.
Production of experimental malignant pleural effusions is dependent on
invasion of the pleura and expression of vascular endothelial growth
factor/vascular permeability factor by human lung cancer cells. Am ]
Pathol. 2000; 157: 1893-903.

Light RW, Hamm H. Malignant pleural effusion: would the real cause
please stand up? Eur Respir J. 1997; 10: 1701-2.

Zamboni MM, da Silva CT, Jr., Baretta R, Cunha ET, Cardoso GP.
Important prognostic factors for survival in patients with malignant
pleural effusion. BMC Pulm Med. 2015; 15: 29.

Chernow B, Sahn SA. Carcinomatous involvement of the pleura: an
analysis of 96 patients. The Am ] Med. 1977; 63: 695-702.

http://lwww.thno.org



