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Abstract

Liquid biopsy analyzes the current status of primary tumors and their metastatic re-
gions. We aimed to develop an optimized protocol for single-cell sequencing of float-
ing tumor cells (FTCs) in pleural effusion as a laboratory test. FTCs were enriched
using a negative selection of white blood cells by a magnetic-activated cell sorting
system, and CD45-negative and cytokeratin-positive selection using a microfluidic
cell separation system with a dielectrophoretic array. The enriched tumor cells were
subjected to whole-genome amplification (WGA) followed by genome sequencing.
The FTC analysis detected an EGFR exon 19 deletion in Case 1 (12/19 cells, 63.2%),
and EML4-ALK fusion (17/20 cells, 85%) with an alectinib-resistant mutation of ALK
(p.G1202R) in Case 2. To eliminate WGA-associated errors and increase the uniform-
ity of the WGA product, the protocol was revised to sequence multiple single FTCs
individually. An analytical pipeline, accurate single-cell mutation detector (ASMD),
was developed to identify somatic mutations of FTCs. The large numbers of WGA-
associated errors were cleaned up, and the somatic mutations detected in FTCs by
ASMD were concordant with those found in tissue specimens. This protocol is ap-
plicable to circulating tumor cells analysis of peripheral blood and expands the pos-

sibility of utilizing molecular profiling of cancers.
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1 | INTRODUCTION

Aliquid biopsy refers to blood-based cancer testing and involves detailed
molecular analysis. Human blood samples contain several sources of
cancer-derived materials, such as circulating tumor cells (CTCs), circulat-
ing tumor DNA (ctDNA), and exosomes. Analyses of these components
enable clinicians to repeatedly and noninvasively evaluate the current
status of primary tumors and their metastatic regions in cancer patients.?

CTCs in lung cancer can be detected using CTC-isolating technolo-
gies such as the CELLSEARCH system (Silicon Biosystems, Bologna, Italy)
and filtration techniques.® The amount of CTCs in peripheral blood has
been shown to be of prognostic value and to change depending on treat-
ment response.® The DEPArray system (Silicon Biosystems) is a semi-
automatic microfluidics apparatus that allows the isolation of rare cells,
such as CTCs,” that may be subjected to further molecular profiling.®

In addition to liquid biopsy of blood, other body fluids, such as
pleural effusion, urine, and saliva, may contain genomic materials
from tumors as well.>!° Malignant pleural effusion is a devastating
complication of lung cancer, and sometimes the only source avail-
able for genetic profiling analysis. However, comprehensive mo-
lecular profiling of floating tumor cells (FTCs) in malignant pleural
effusion has not been fully investigated.!!

Although the clinical utility of ctDNA analyses has been recently

reported in lung cancer,'?'3

a clinical platform for DNA sequencing
using CTCs has not yet been developed. In this study, we applied
DEPArray technology to detect and sort tumor cells from malignant

pleural effusion and established a protocol for molecular profiling.

2 | MATERIALS AND METHODS
2.1 | Patients and sample collection

As a pilot cohort study, we enrolled 2 patients with lung adenocar-
cinoma from the Department of Respiratory Medicine at Juntendo
University Hospital in Tokyo. As an additional cohort, we enrolled 9
patients with either lung adenocarcinoma or another thoracic ma-
lignancy from the Department of Respiratory Medicine at Juntendo
University Hospital in Tokyo or the Department of Thoracic
Oncology at National Cancer Center Hospital in Tokyo. All study par-
ticipants gave written informed consent. The study was approved by
the Ethics Committee of National Cancer Center Research Institute
(No. 2015-202) and Juntendo University School of Medicine (No.
2014176). The malignant pleural effusion samples were collected by
clinicians and stored on ice during sample processing. The enrich-

ment process was initiated within 2 h after specimen collection.
2.2 | Tumor cell enrichment with
ferromagnetic beads

The collected samples were centrifuged at 400 x g for 10 min to

separate blood cells, including FTCs, from the fluid. Following
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centrifugation, the supernatant was carefully removed, and the
remaining cells were incubated with anti-CD45 antibody ferro-
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) for
15 min at 4°C. Afterward, CD45-negative cells were selected by
immunomagnetic separation using an autoMACS Pro Separator
(Miltenyi Biotec) in accordance with the manufacturer's protocol.
The negative fractions were collected and proceeded to cell lysis by
incubation with RBC Lysis Buffer (Tonbo Biosciences, San Diego, CA)
for 15 min at room temperature. The CD45-negative cells were then
incubated with anti-CD235a (glycophorin A) antibody conjugated to
phycoerythrin (PE) (BioLegend, San Diego, CA) followed by incuba-
tion with anti-PE ferromagnetic beads (Miltenyi Biotec, Cologne,
Germany) for 10 min at 4°C, respectively. Selection of CD235a-
negative cells was performed using magnetic-activated cell sorting
on an autoMACS. The number of enriched cells was counted using
a Countess Il FL Automated Cell Counter (Thermo Fisher Scientific,
Waltham, MA).

2.3 | Immunocytochemistry

The cells were fixed with 4% paraformaldehyde for 20 min at room
temperature and stained with anti-CD45 antibody conjugated to
allophycocyanin (APC) (Miltenyi Biotec) for 30 min at room tem-
perature. Then, the cells underwent permeabilization using an Inside
Stain Kit (Miltenyi Biotec). Intracellular staining was carried out for
10 min at 4°C using anti-pan cytokeratin (CK) antibody conjugated
to PE (BioLegend). Nuclear staining was performed using Hoechst

staining solution for 5 min at room temperature.

2.4 | Single-cell isolation using DEPArray

The immunolabeled cells were washed twice with SB115 buffer
(Silicon Biosystems) and loaded onto a DEPArray cartridge (Silicon
Biosystems). Chip scanning was performed using an automated fluo-
rescence microscope to generate an image gallery on the DEPArray
system. FTCs were selected in accordance with their morphology
and staining pattern (Hoechst positive, CK positive, and CD45 nega-
tive) and automatically recovered into 200 uL tubes. All samples
were washed in phosphate-buffered saline (PBS) and then preserved
at -80°C with 1 uL PBS.

2.5 | Whole-genome amplification

Single cells underwent whole-genome amplification (WGA) using a
SMARTer PicoPLEX WGA Kit (TaKaRa Bio Inc, Shiga, Japan) in ac-
cordance with the manufacturer's instructions, and the amplified
products were purified with a MinElute polymerase chain reaction
(PCR) Purification Kit (QIAGEN, Hilden, Germany). The DNA con-
centration was measured with a NanoDrop One UV-Vis spectropho-

tometer (Thermo Fisher Scientific).
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2.6 | Library preparation for next-
generation sequencing

The DNA samples were prepared for analysis using 3 platforms:
the AmpliSeq for Illumina Comprehensive Cancer Panel, the Todai
OncoPanel (TOP),** and whole-genome sequencing (WGS). AmpliSeq
is an amplicon-based cancer panel designed to detect somatic vari-
ants from whole exons of 409 genes associated with cancer. Library
preparation was conducted following the manufacturer's instruc-
tions except for the number of PCR cycles, which was optimized
for single-cell sequencing. The TOP DNA panel is a hybridization
capture-based panel developed to detect single nucleotide variations
(SNVs) and insertions/deletions of 464 genes. Library preparation of
TOP was conducted as previously described.'* WGS samples were
prepared using a NEBNext Ultra DNA Library Prep Kit for Illumina
(New England Biolabs, Ipswich, MA). Library concentration was
measured using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).
Library quality was considered to be sufficient if a single peak around
250-350 bp was detected using the Agilent 2200 TapeStation sys-
tem (Thermo Fisher Scientific). Sequencing analysis was performed
on an lllumina HiSeq 2500 system (lllumina, San Diego, CA).

2.7 | DNA extraction from leukocyte and formalin-
fixed paraffin-embedded tissues

The CD45-positive fractions isolated with autoMACS were analyzed
as paired normal leukocytes. Genomic DNA was then extracted
using a QlAamp DNA Mini Kit (QIAGEN). Genomic DNA of pri-
mary tumors was extracted from formalin-fixed paraffin-embedded
(FFPE) tissues with a GeneRead DNA FFPE Kit (QIAGEN). Extracted
DNA from the FFPE samples was analyzed using the TOP panel.
FFPE specimen of Case 1 was a cell block of pleural effusion. FFPE
specimen of Case 2 was collected from mediastinal lymph nodes.

Both specimens were provided as treatment naive cancer.

2.8 | Sanger sequencing for EGFR exon 19 deletion

For capillary sequencing with a 3130x| Genetic Analyzer (Thermo
Fisher Scientific), 10 ng of template DNA were used to amplify EGFR
exon 19 with GoTag G2 Hot Start Green Master Mix (Promega,
Madison, WI) in accordance with the manufacturer's instructions.
The primers used were 5-CATGTGGCACCATCTCACA-3' and
5'-CCACACAGCAAAGCAGAAAC-3".

2.9 | Identification of EML4-ALK breakpoint

Next-generation sequencing (NGS) reads spanning the EML4-ALK
fusion points were obtained by WGS, and to confirm the fusion
point, 3 forward primers (f1, f2, and f3) at EML4 intron 6 and three

reverse primers (rl, r2, and r3) at ALK intron 19 were designed.

PCR analysis was performed in 2 FTC groups (each group con-
sisted of whole-genome amplified DNA from 10 single FTCs)
with 5 primer sets: f1 and r1 (primer set 1), f1 and r2 (primer set
2), f1 and r3 (primer set 3), f2 and r3 (primer set 4), and f3 and r3
(primer set 5). The PCR products were analyzed by Sanger se-
quencing to identify the fusion sequence of EML4-ALK. The
primer sequences were: f1: 5-TAAATCCTGTGCCACGTCCC-3/, f2:
5-GCTTTTTAAACTTTGGTGAAC-3', f3: 5-TAATATAGTGAGCA
CCTG-3/, r1: 5-AGCTTCCGTTTTGGCTTGG-3', r2: 5-TGAGGTG
CAGAATCAGGG-3', and r3: 5-TTCACCATCGTGATGGACAC-3".

2.10 | Data analysis

The paired-end reads were independently aligned to the human ref-
erence genome (hg38) using the Burrows-Wheeler Alignment tool, '
Bowtie 2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml),
and NovoAlign (http://www.novocraft.com/products/novoalign/).
Somatic mutations were called using MuTect (http://www.broadinsti
tute.org/cancer/cga/mutect), SomaticIndelDetector, and VarScan
(http://varscan.sourceforge.net). Mutations were discarded if: (a) the
read depth was <20 or the variant allele frequency (VAF) was <0.3,
(b) they were present in paired leukocytes and whole-genome am-
plified leukocyte DNA, or (c) they were present in normal human
genomes in either the 1000 Genomes Project dataset (http://www.
internationalgenome.org/) or our in-house database. Gene muta-
tions were annotated by SnpEff (http://snpeff.sourceforge.net).

2.11 | Accurate single-cell mutation detector
(ASMD) pipeline

To accurately detect somatic mutations from FTCs by removing the
WGA errors, we developed a four-step analytical pipeline. First, the
somatic mutations of single-cell FTCs and leukocytes were identified
and compared with those detected in bulk leukocytes from the same
individual. Second, mutations were discarded if: (a) the read depth
was <100, (b) the variant was not annotated as pathogenic by the
ClinVar database and its VAF was <0.3, (c) the variant was annotated
as pathogenic by the ClinVar database and its VAF was <.05, and (d)
they were present in whole-genome amplified DNA of non-paired
single-cell leukocytes isolated with DEPArray. Third, mutations that
were detected in only 1 of the FTCs from the same individual were
excluded. Non-pathogenic mutations detected in more than 1 case
were also removed.

3 | RESULTS
3.1 | Patient profiles of the 2 pilot cases

The 2 lung adenocarcinoma patients enrolled in this study were

admitted to the Department of Respiratory Medicine at Juntendo
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University Hospital in Tokyo. Case 1 was a 35-y-old woman diag-
nosed with lung adenocarcinoma with EGFR exon 19 deletion. Before
commencing first-line chemotherapy, 10 mL of pleural effusion was
obtained. Case 2 was a 79-y-old male diagnosed with lung adenocar-
cinoma with EML4-ALK fusion. Crizotinib, an anaplastic lymphoma
kinase (ALK) and ROS1 kinase inhibitor, were administered for 7 mo.
Then, due to disease progression, the drug was changed to alectinib,
another ALK inhibitor. At 7 mo later, the patient relapsed with mas-
sive pleural effusion, 15 mL of which was obtained for this study
(Figure 1A).

3.2 | Isolation and sequencing of FTCs from
malignant pleural effusion

Malignant pleural effusion was collected and centrifuged to separate
the cellular components (Figure 1B, Step 1). Blood cell depletion was
carried out using CD45-microbeads and CD235a-microbeads using
autoMACS (Figure 1B, Step 2-1). The CD45 antigen is expressed on
all cells of hematopoietic origin except erythrocytes, platelets, and
their precursor cells, and the CD235a antigen, a single-pass trans-
membrane glycoprotein, is expressed on mature erythrocytes and
erythroid precursor cells. Red blood cell lysis was performed using
RBC Lysis Buffer. Then, the remaining cells were fixed and stained
with anti-CD45 antibody-APC, anti-pan-CK antibody-PE, and
Hoechst stain solution (Figure 1B, Step 2-2). Subsequently, the sam-
ples were loaded onto a DEPArray cartridge, and chip scanning was
performed (Figure 1B, Step 2-3). FTCs were sorted based on their
morphology and staining pattern and recovered with 10 uL of elution
buffer into 200 L tubes (Figure 1B, Step 2-4).
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WGA was performed on single FTCs using PicoPLEX (Figure 1B,
Step 3). The amplified DNA was subjected to Sanger sequencing,
NGS analyses with lllumina Comprehensive Cancer Panel, TOP
panel, and WGS (Figure 1B, Step 4).

3.3 | Analysis of DEPArray and genotyping using
Sanger sequencing

After FTC enrichment using autoMACS, 1812 and 7350 cells in
Cases 1 and 2, respectively, were isolated with the dielectrophoretic
cage. CD45-negative and CK-positive cells were further selected as
FTCs; the FTC counts in Case 1 and 2 were 114 and 3787 cells, re-
spectively (Figure 2). In total, 51 cells (the maximum capacity for the
DEPArray system) from each case were collected into 200 uL tubes.
Leukocytes from Case 1 (CD45-positive, CK-negative, and Hoechst-
positive cells) were also isolated as a negative control for the subse-
quent NGS analysis (Figure 2B).

WGA of 20 single FTCs from each patient was performed using
PicoPLEX. The genomes of 19 and 20 FTCs for Cases 1 and 2, re-
spectively, were successfully amplified up to 2 ug. EGFR del L747_
A750 was confirmed in 12/19 (63.2%) samples from Case 1 using
Sanger sequencing (Figure 2A).

3.4 | Whole-genome sequencing
Because the 12 EGFR mutation-positive samples from Case 1 were

identified as tumor cells, they were subjected to further investiga-
tion using WGS. All 20 samples from Case 2 proceeded to WGS

(A)
Lung EGFR
1 35 E : \Y, Pre treatment
adenocarcinoma del L747_A750
Lung EML4-ALK Crizotinib and
2 79 M A \% ; L
adenocarcinoma fusion alectinib
(B) (" step214 Y step22 )
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FIGURE 1 Patient profile and overview of FTC analysis. A, Patient general information, somatic mutation, and treatment history of the

2 pilot cases. B, Schematic of FTC isolation from malignant pleural effusion and sequencing. The pleural effusion specimen was collected,
and cellular components were separated by centrifugation (Step 1). Using CD45 microbeads and CD235a microbeads, leukocytes and
erythrocytes were removed using autoMACS. Then, the cells were fixed and stained with anti-CD45 antibody-APC, anti-pan-CK antibody-
PE, and Hoechst. FTC-enriched samples were loaded onto a DEPArray cartridge, and chip scanning was performed. The immunolabeled cells
were selected by their morphology and staining pattern and recovered into 200 pL tubes (Step 2). WGA was performed on single FTCs using
PicoPLEX (Step 3). The amplified genome was analyzed by Sanger sequencing, AmpliSeq, the TOP, and WGS (Step 4). F, female; M, male
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FIGURE 2 Enumeration and image analysis of FTCs on DEPArray. A, The number of cells enriched using autoMACS and captured by
dielectrophoretic cages was counted. CD45-negative and CK-positive cells were selected as FTCs and recovered (51 was the maximum
capacity for the DEPArray system). Twenty single FTCs from each case underwent WGA, and genomic DNA of 19 and 20 cells from Cases

1 and 2, respectively, were successfully amplified. EGFR exon 19 of FTCs from Case 1 was analyzed by Sanger sequencing, which detected
EGFR exon 19 deletion in 12 cells. FTCs from Case 2 were analyzed with EML4-ALK fusion breakpoint sequencing, which detected EML4-ALK
fusion in 17 cells. B, Representative images of leukocytes (CD45 positive, CK negative, and Hoechst positive) are shown in the upper row,
and images of FTCs (CD45 negative, CK positive, and Hoechst positive) are in the lower row. CK, cytokeratin; FTC, floating tumor cell
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Identification of the EML4-ALK breakpoint sequence in FTCs. A, WGS of Case 2 indicated a span read of EML4-ALK fusion. To

determine the breakpoint, 3 forward primers (f1, f2, and f3) and 3 reverse primers (r1, r2, and r3) were prepared. B, PCR was performed for
each FTC group, which consisted of the amplified genome of 10 single FTCs. The results of electrophoresis of the PCR products are shown.
The following 5 primer sets were used: primer set 1 (f1 and r1), primer set 2 (f1 and r2), primer set 3 (f1 and r3), primer set 4 (f2 and r3), and
primer set 5 (f3 and r3). C, The breakpoint sequence of EML4 intron 6 to ALK intron 19 was identified using Sanger sequencing

because no SNV information was available for Case 2. Library
preparation for WGS was conducted for each single-cell DNA
sample individually.

Approximately 5-20 million NGS reads were obtained from
each single-cell DNA sample (Figure S1A, B). However, because
of uneven amplification of the genome, the mean coverage of

each cell was extremely low (Figure S1B). The concentration of

whole-genome amplified single cells was approximately 100 ng/
uL while that of the negative control (water) was less than 10 ng/
pl, suggesting that the genome amplification was performed
without contamination from environmental bacteria. The low
mapped reads ratio was due to the low quality of base call as
our analytical pipeline discarded the reads containing multiple

masked bases.
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(A) Case 1 FIGURE 4 SNV distribution among
. each FTC set for Cases 1 and 2. A,
Ampllseq TOP Number of identified mutations in each
T1 T2 T1 T2 FTC set of Case 1 analyzed by AmpliSeq
and TOP. B, Number of identified
mutations in each FTC set of Case 2
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ALK G1202R

Merging the NGS data of the single cells from the same case
improved the coverage, suggesting that the amplified regions in
the genome were random among the samples (Figure S1C, D).
Amplification bias and coverage uniformity of merged data were
assessed by Lorenz curves and Gini's coefficient. The Gini's coeffi-
cients were 0.21 (case 1) and 0.17 (case 2) (Figure S1E), which sug-
gested that merging the data of multiple FTCs may be a reasonable
approach to make the coverage uniform. Uneven WGA was also ob-
served in a single-cell analysis of H2228 lung cancer cells (Figure S2),
suggesting that amplification bias is due to WGA and not acquired in
the process of clinical sample preparation.

EGFR del L747_A750 was not detected using WGS in Case 1, be-
cause no reads were obtained around the EGFR exon 19 locus. In
contrast, span reads of the EML4-ALK fusion from merged NGS data
of Case 2 were detected, despite the low number of mapped reads.
To determine the genomic breakpoint of the fusion gene, we per-
formed PCR using a primer set specific to the EML4-ALK breakpoint
(Figure 3A). The expected size of the PCR products was observed
with primer sets 2 and 3 (Figure 3B), and the breakpoint sequence
of EML4-ALK was confirmed using Sanger sequencing (Figure 3C).
EML4-ALK fusion was further confirmed by PCR amplification in
17/20 (85%) isolated single cells from Case 2.

ALK G1202R

3.5 | Target sequencing by hybridization capture-
based and amplicon-based methods

We merged 5 or 6 WGA samples to establish 2 or 3 sets of pooled
DNAs (T1 and T2 for Case 1, and T1-T3 for Case 2, respectively)
for target sequencing. Target sequencing with a hybridization
capture-based method (TOP panel) and an amplicon-based method
(AmpliSeq) was performed on all pooled DNA sets (Table 1).

The TOP panel analyses yielded a mean sequence coverage of
20x for 70% of the captured regions in the FTCs, while the same
analyses in bulk white blood cells covered >99% of the target regions
(Table 1 and Figure S3). The PCR cycles of AmpliSeq were optimized
to increase the detection frequency of low amplification regions in
WGA. We compared the sequencing coverage among samples pre-
pared with 12, 16, 23, and 30 PCR cycles. The 20x coverage area
was widest (>80%) after 23 cycles (Figure S4).

To eliminate WGA errors, sequence reads of bulk leukocytes and
single leukocytes from the same individuals were compared. The mu-
tations identified specifically in single leukocytes were regarded as
WGA errors. The VAF of mutations only identified in single leuko-
cytes was <0.3 (Figure S5). Therefore, mutations only found in single

leukocytes were removed from mutation analyses for FTCs (Figure 4).
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EGFR exon 19 deletion was detected in T1 and T2 of Case 1
by both AmpliSeq and TOP (Figures 4A and S6A), whereas >200
sample-specific or panel-specific mutations were also identified.
ALK p.G1202R, a known alectinib-resistant mutation, was the only
mutation identified throughout multiple samples from Case 2 by
both panels (Figures 4B and S6B, and Table S1).

3.6 | Development of the ASMD pipeline and
validation in 9 cases

Considering the number of WGA-associated errors and the low
uniformity of the WGA product, it is preferable to sequence single
CTCs individually. An analytical pipeline, ASMD was constructed to
identify somatic mutations of CTCs, which were supported by mul-
tiple reads of different clones (Figure 5A). The FTC sequences of

9 additional cases were conducted to evaluate the utility of ASMD
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> 50
=
B
& 25
»n
B Somatic mutation 0

[J WGA-associated error

(C) Case 3 Case 4

EGFR p.E746_A750del

KMT2D p.G3822G KMT2C p.G3322D, TP53 p.M237K
Case 8 Case 9
12 B8 2 4 0 4

BRCA2 p.L709L, HAX1 p.V172I,
RICTOR p.S1020R, SDHAF2 p.N110K,
SMO p.K575M, TRAF3 p.15301

Cancer Science NI e

(Tables 2 and S2). For each case, except for Case 5, 5 FTCs were
sequenced, which were performed using WGA and analyzed with
TOP panels individually. The coverage was improved by merging the
data of multiple FTCs (Figure 5B and Table S3). The large numbers
of WGA-associated errors were cleaned up, and the somatic muta-
tions detected in FTCs by ASMD were concordant with those found
in FFPE specimens, although some additional or depleted mutations
were observed in FTCs, suggesting clonal evolution of the tumors
during metastasis (Figure 5C and Table 3).

4 | DISCUSSION

This study is the first study to perform NGS of single cells in pleu-
ral effusions of multiple cases. The combination of autoMACS and
DEPArray was applied to detect and enrich FTCs in pleural effusion.

The enrichment method for only 10 mL of pleural effusion enables

EGFR p.E746_A750del, EGFR p.T751T,

(B) 100
80
=
o 60
®
— N=5 )
40
— N=10 3
— N =100 x
< 20
2 0 7S 100 ’ Single  Merged
Clonality of variant 9 9
Case 5 Case 7
1 0 D
\
TP53 p.A83fs
Case 10
Tissue
14 = 4
\ FTCs
MPL p.T374A
SPEN p.T8191
TRAF7 p.K53E

FIGURE 5 Precise analysis of somatic mutations in FTCs using the ASMD pipeline. A, The schema on the left shows the overview of the
accurate single-cell mutation detector (ASMD) pipeline. The ASMD identifies somatic mutations of FTCs, which are supported by multiple
reads of different clones. The unique mutation identified in 1 sample and mutations with low VAF were discarded as WGA-associated errors.
The figure on the right shows that the sensitivity of the ASMD is dependent on the clonality of the variant (the ratio of the clone harboring
the variant in the tumor) and the number (N) of FTC sequences. B, The average 20x cover ratio of single-cell FTCs or the merged data of
FTCs is shown. The coverage was improved by merging the data of multiple FTCs. C, The number of somatic mutations identified in tissue
specimens or FTCs are indicated. The variants detected in both specimens are revealed in the Venn diagrams
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TABLE 2 Patient profiles of 9 additional cases
Case Genomic aberration at Current
no. Age Sex Cancer type diagnosis Analysis Treatment status
3 81 M LUAD EGFR ex19 del Cobas EGFR Mutation ~ Op PD
Test v2
4 41 M LUAD EGFR ex19 del Cobas EGFR Mutation  Afatinib; CDDP + PEM; PD
Test v2 Clinical trial
5 36 M NUT midline BRD4-NUT IHC, FISH Pre-treatment Pre-treatment
carcinoma
6 68 M LUAD EGFR E709K/G719A Oncomine Afatinib PD
7 77 F LUAD EGFR L858R Cobas EGFR Mutation ~ Op; Osimertinib PD
Test v2
8 50 F MPM ETVé6 deletion, NF2 448- FoundationOne CDx CDDP + PEM; Nivolumab; PD
1G > C, BAP1 D408fs*17, RT
SF3B1Y623C, PERM1
R921fs*87
9 60 M LUAD EGFR (-), ALK (-),ROS1 (-), Cobas EGFR Mutation Pembro; RT; CDDP + PEM PD
PD-L1 50% Testv2
10 69 F LUAD ROS1 (+) Cobas EGFR Mutation Pre-treatment Pre-treatment
Test v2, OncoGuide
AmoyDx
11 67 F LUAD EGFR (=), ALK (-),ROS1 (=) NA CBDCA + PEM+Bey; PD

Docetaxel; TS-1;
Atezolizumab

Note: Patient general information, genomic aberrations and analysis, treatment history, and current status of each case.

Abbreviations: Bev, bevacizumab; CDDP, cisplatin; F, female; FISH, fluorescence in situ hybridization; ICH, immunohistochemistry; LUAD, lung
adenocarcinoma; M, male; MPM, malignant pleural mesothelioma; Op, operation; PD, progressive disease; PEM, pemetrexed; RT, radiation therapy.

the diagnosis of carcinomatous pleuritis and the performance of
comprehensive molecular profiling. In contrast with this method, the
conventional techniques require a considerable amount of pleural
effusion specimen for diagnosis.'

The ALK p.G1202R mutation identified in Case 2 is located
at the solvent front of the ALK domain and is recognized as an
acquired mutation following ALK-tyrosine kinase inhibitor (TKI)
therapy.®!” Lorlatinib is known as effective against this muta-
tion.'®? Therefore, if clinicians had chosen lorlatinib as the third-
line treatment, they might have controlled disease progression
in Case 2. Unfortunately, the patient could not receive loratinib
because his performance status was too poor due to the accumu-
lation of pleural effusion.

Notably, in this study, targetable EGFR driver mutations were
identified in 4 cases. Furthermore, potentially targetable variants,
such as BRCA1 truncating mutation (case #9) and RAF1 oncogenic
mutation (case #11) were identified. These may be acquired muta-
tions that arose in response to treatment.

Genomic mutations in peripheral blood CTCs were first detected
in non-small-cell lung cancer (NSCLC) patients in 2008 using the
CTC-Chip.*82° This study revealed EGFR TKl-resistant mutations in
some patients who experienced a faster progression compared with
those without these mutations. Several other groups also detected
EGFR mutations in CTCs.?

NGS of single CTCs remains challenging because single cells

do not contain a sufficient quantity of DNA for molecular analysis.

Therefore, WGA is required for NGS analysis of CTCs, although
the analyses of the first 2 cases indicated that the DNA amplifica-
tion process is often error prone. Because the VAF of WGA error
was <0.3, library construction was performed individually in single
FTCs of the additional 9 cases to keep the VAF of somatic mutation
in each cell high.

CTCs are highly heterogeneous, even within the same individ-
uals.?? Therefore, multiple single FTC sequencing should be per-
formed to evaluate intratumor heterogeneity. Such data would
provide insight into the origin of tumors and the molecular mech-
anism of disease progression and resistance acquisition.?® It is esti-
mated that ASMD analysis of 5 FTCs per case is capable of detecting
mutations, which 68% of tumor cells harbor, at 90% sensitivity.
Sequencing more clones can improve the sensitivity of the ASMD
method, and the sample indexing technique before pooling for cap-
ture might be an efficient way to reduce the cost for capture probes.

Other issues to be overcome in the sequencing of WGA sam-
ples include a high allelic drop-out rate, artifacts, and uneven ge-
nome amplification. Methods have been developed to minimize
WGA amplification bias by reducing the limiting volume for multiple
displacement amplification to avoid exponential preferential ampli-
fication®*?° or looping of the amplicons to induce quasi-linear am-
plification (MALBAC).?® Despite these advances, WGA remains far
from uniform.

There are several studies that compare the methods for WGA.2”-3°

Optimization of library preparation using samples that have undergone
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WGA to ensure sufficient coverage of the target regions is required
for the reliable molecular profiling of single cells. The ASMD pipeline
improved the cover ratio by mutually compensating the regions that
frequently dropped out. The concept of an ASMD pipeline is similar
to ‘census-based variant detection’ developed by Zhang et al.3! There
are 2 significant differences in ASMD from that method. First, ASMD
uses sequence data from single-cell and bulk leukocytes from the
same individual to call somatic mutations. In particular, mutation iden-
tified non-paired single-cell leukocytes were used to exclude false-
positive mutations, which are errors that arise during WGA. Second,
ASMD uses information on allele frequency combined with clinical
annotation of variants to accurately call true-positive mutations.

The CTC-Chip was the first specific microfluidic device for CTC
isolation. However, it captured many false-positive results from the
blood of healthy individuals.®? Using a filtration technique and fluo-
rescence in situ hybridization, Pailler et al detected ALK rearrange-
ments in CTCs from NSCLC patients.33 However, false-positive
results were also obtained due to contamination by normal endo-
thelial cells and rare hematologic cells such as megakaryocytes.34
Potential limitations of this study are as follows:

(1) The utility of single-cell compared with bulk sequencing of
pleural fluid is insufficiently well confirmed in this study. FTCs were
concentrated at least 15 times in Case 1 through the sequential en-
richment, considering that 114 candidate FTCs were sorted from
1812 captured cells on DEPArray after CD45 negative selection. In
contrast, because the ratio of FTCs to blood cells in Case 2 was rel-
atively high (approximately half of the captured cells were CK posi-
tive), the bulk analysis without enrichment might have also identified
the ALK mutations. The actual utility of this enrichment technology
depends on the FTC concentration in pleural effusion. The enrich-
ment method must ensure that tumor cells can be efficiently recov-
ered, even from a pleural effusion with a few tumor cells.

(2) The TOP panel basically cannot detect fusion genes as the
panel does not include probes for fusion genes. Capture probes tar-
geting the intronic region of fusions should be added to the TOP
panel to cover fusion genes to strengthen the clinical utility of this
method.

To capture tumor cells efficiently, further optimization with ad-
ditional immunostaining may be necessary. Lustgarten et al reported
that large numbers of epithelial cells were observed in benign ef-
fusions, and selection with an antibody to Claudin-4 was required
for epithelial cell adhesion molecule-based CTC detection with the
CELLSEARCH system.*

An advantage of DNA sequencing for single tumor cells over
ctDNA assay might be that it is not affected by patient-related fac-
tors such as inflammatory conditions and autoimmune disorders that
might contribute to the release of cell-free DNA and could be con-
founding factors in ctDNA assays.36 Furthermore, because ctDNA
is often detected at very low VAF even in patients with advanced

cancer,740

sequencing of tumor cells in body fluids might be com-
plementary to ctDNA assays.
It is notable that deep-sequencing of EGFR using ctDNA from Case

1 could not detect the EGFR exon 19 deletion and that WGS with ctDNA

from Case 2 could not identify the supporting reads for EML4-ALK fu-
sion (data not shown). A large-scale study comparing the concordance
among assays using tissues, ctDNA, FTCs, and CTCs is necessary to
establish the clinical validity of molecular profiling for FTCs and CTCs.

Overall, we established an effective enrichment method of
tumor cells from pleural effusion specimens using the autoMACS
system and DEPArray. The optimized protocol is the first report
of EML4-ALK fusion detection from a single FTC. Furthermore, the
novel ASMD pipeline dramatically improved the accuracy of the de-
tection of mutations of FTCs and might also be applied to CTC anal-
ysis of peripheral blood.

We believe that this method expands the possibility of utilizing
molecular profiling in primary and metastatic tumors, aids clinicians
in their choice of appropriate drugs, and provides patients with more

opportunities for personalized medicine.
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