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W —RXThHD, ERFBICEAL T, BEAIK
B 5 X vz Telomelysinid U /\JRICHE > TRTE Y
VONEITEBICIRE L, UM TEIRAYIC ISR T
DI ENRIES 7. (Kishimoto et al, Nature Ned.,
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WAHERETH Y 1HITE 55 E D) (partial response;
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Telomelysin D FEEEER AT 72POC  (proof of concept)
& LCiE, TelomelysiniZ & 5 fifEAEIZ IZmicroRNA-
7 (miR-7) 2N Liz4— 77 PV—REELTE
D (Tazawa et al, Int. J. Cancer, 2012) . (KEEERIE
THhTERT Y & & — & — DIE AL THEN ISR
BELZEZTIEEZHEOLNIL TS (Hashimoto
etal, PLoS One, 2012) ., F£7=, 71 X7 —BEHEN
K\ valternative lengthening of telomere (ALT) #éf&
b OWEMITYH, 77/ UANVADEIAEHE
MhTERT ' v £ — & —Z2EML L, B2 UL
ZHEFEN K0 ARESEAFEE & D (Sasaki et al, Clin.
Cancer Res., 2011) .
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3 BEISREICIH T 370X T — M EEEIEEBE D 1 /LR & F U /-8 AR

hTERT-p E1A IRES E1B

hTERT-p E1A IRES E1B CMV-p GFP pA
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AE1 AE3

1. FOXA - EHRAHERNEERET T/ 7 1V AOBER

T A NVACESFEOICTEENEZRBIEL ). FAbSRECHRETREE L OBHIC X 5H
MHAEDHRDIREESN TS, LELEERD 56%TT 1 A5 —PEEINME L S5 FHRE
HIFE 2i1C B0 5 OBP-301 OHESEAFRIIAHTH - 72720, OBP-301 OBEKEAIEICH T 5
PUESE AR & Bt L7z 9,
1. OBP-301 O%E

OBP301 77/ A4 VA SR ZEARMEEE L, 74 VAHBEICHED El BzF25H
AF—¥ - TUE—F—THIHITLLIWE SN A NVABETH DR 1), 7HAT—F
. ELDTEHEL DENEE TZOFEED LAPHL 2R TH Y, BRHEEIETT 512
ONTEDHEHRHEA LR LT 9% EFMBICBWTIET O X T —EiEEMEzDY
A NABEFEHIHZ SN D25 TR T —EEROBVEREEME CIEERENCYA VA
AYEFE L. cytopathic effect (CPE) % 53 LAESEIZE {,
2. BEHRFAEICXT 5 OBP-301 DiIEENE

%9 in vitro T b B EKERAEM IRtk 14 #3126 L T OBP-301 OHUEREIR %, XTT-
assay X IVTHRE L7z 14BEO S B 12 BEICB WV TREB X CHERFEE ICHRREED
& T %80 72(H 2a), —H, & N EEISESMINHLE)IC 34 Tld OBP-301 i< X % Miais
HEDETIERD % d o729, OBP-301 DGR & 72 HHflE 1 CAR (coxsackie and ade-
novirus receptor) DEHEE 7 U —H 4 + X M —THlE L7z & & A.0BP-301 ® ID50 (50%
inhibitory dose)& CAR OFEHEiZEME 2R L. OBP-301 OFEERF I CAR OFIHICK
HFLTWwRdDLEZ BN Y, F72 OBP-301 E¥ef% 12 hTERT mRNA DFIH % 2w A2l
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ORIGINAL ARTICLE

Fluorescence virus-guided capturing system of
human colorectal circulating tumour cells for
non-invasive companion diagnostics

Kunitoshi Shigeyasu,' Hiroshi Tazawa, " Yuuri Hashimoto," Yoshiko Mori,"
Masahiko Nishizaki,' Hiroyuki Kishimoto,' Takeshi Nagasaka,' Shinji Kuroda,’
Yasuo Urata,® Ajay Goel,* Shunsuke Kagawa," Toshiyoshi Fujiwara’

ABSTRACT

Background Molecular-based companion diagnostic
tests are being used with increasing frequency to predict
their clinical response to various drugs, particularly for
molecularly targeted drugs. However, invasive procedures
are typically required to obtain tissues for this analysis.
Circulating tumour cells (CTCs) are novel biomarkers that
can be used for the prediction of disease progression and
are also important surrogate sources of cancer cells.
Because current CTC detection strategies mainly depend
on epithelial cell-surface markers, the presence of
heterogeneous populations of CTCs with epithelial and/or
mesenchymal characteristics may pose obstacles to the
detection of CTCs.

Methods We developed a new approach to capture live
CTCs among millions of peripheral blood leukocytes using
a green fluorescent protein (GFP)-expressing attenuated
adenovirus, in which the telomerase promoter regulates
viral replication (OBP-401, TelomeScan).

Results Our biological capturing system can image
epithelial and mesenchymal tumour cells with telomerase
activities as GFP-positive cells. After sorting, direct
sequencing or mutation-specific PCR can precisely detect
different mutations in KRAS, BRAF and KIT genes in
epithelial, mesenchymal or epithelial-mesenchymal
transition-induced CTCs, and in clinical blood samples
from patients with colorectal cancer.

Conclusions This fluorescence virus-guided viable CTC
capturing method provides a non-invasive alternative to
tissue biopsy or surgical resection of primary tumours for
companion diagnostics.

INTRODUCTION

The rapid evolution of genetic and genomic tech-
nologies in regards to predictive pharmacogenetic
biomarkers for molecularly targeted therapies (eg,
monoclonal antibodies and small-molecule tyrosine
kinase inhibitors) have resulted in tremendous
advances in personalised oncologic treatment.! The
current commonly used biomarkers include human
epidermal growth factor receptor 2 (HER2) for the
use of trastuzumab in breast and gastric cancer,? 3
KRAS for the use of cetuximab and panitumumab
in colorectal cancer,* echinoderm microtubule asso-
ciated protein like 4-anaplastic lymphoma kinase
(EML4-ALK) for the use of crizotinib, and epider-
mal growth factor receptor (EGFR) for the use of

Significance of this study

What is already known about this subject?

» The molecular characterisation of circulating
tumour cells (CTCs) based on genetic
alterations facilitates the administration of
molecular targeted drugs for preventing
metastatic progression in individual patients
with cancer.

» Heterogeneous populations of CTCs with
epithelial and/or mesenchymal characteristics
make it difficult to detect the entire CTC
population because CTC detection mainly
depends on epithelial cell surface markers.

What are the new findings?

» Our fluorescence virus OBP-401 selectively
labelled human CTCs with green fluorescent
protein (GFP) among millions of peripheral
blood leukocytes.

» Our hiological capturing system can image both
epithelial and mesenchymal tumour cells with
telomerase activities as GFP-positive cells.

How might it impact on clinical practice in

the foreseeable future?

» Because current CTC detection strategies mainly
depend on epithelial cell surface markers, the
presence of heterogeneous populations of CTCs
with epithelial and/or mesenchymal
characteristics may pose obstacles to the
detection of CTCs.

» The fluorescence virus-based biological capture
system is a promising tool for monitoring
genetic alterations in epithelial and
mesenchymal types of CTCs.

erlotinib and gefitinib, in non-small cell lung
cancer,” ® and BCR-ABL for the use of tyrosine
kinase inhibitors in chronic myeloid leukaemia.”
Companion diagnostic assays are designed to
accompany specific therapies and help guide selec-
tion of patients according to expected drug
responses. While the use of these assays has led to
a shift in paradigms from disease-based therapeutic
regimens to molecular target-based protocols,® °
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many of these molecular diagnostic modalities have onerous
requirements to obtain specimen, such as needle core biopsies
or surgical sampling of tumour tissues that can be invasive.

Circulating tumour cells (CTCs), first described in 1869 by
Ashworth,'? are often present in the peripheral blood of patients
with advanced cancers. However, as CTCs are very rare within
the bloodstream, detection of CTCs can be difficult. The most
commonly used CTC detection method is the CellSearch
system,'! ** which can enrich CTCs using magnetised antibodies
that target the major epithelial cell surface marker, epithelial cell
adhesion molecule (EpCAM). More recently, genetic analysis of
the EGFR gene using the EpCAM-dependent CTC-chip detec-
tion system has been described for the surveillance of CTCs in
patients with lung cancers.”® CTCs are thought to contain the
metastasis-initiating tumour cells that form metastatic colonies at
distant organs,'* * but recent studies have suggested that there
are heterogeneous populations that include CTCs with both epi-
thelial and mesenchymal characteristics,'® which are associated
with the epithelial-mesenchymal transition (EMT).!” Recently,
EpCAM-positive and EpCAM-negative CTCs from patients with
breast cancer have been shown to exhibit high potential to metas-
tasise to the lung and brain, respectively, in nude mice.'® * In
patients with colorectal cancer, not only captured cytokeratin
(CK)-positive CTCs, but also co-captured CK-negative cells have
been shown to possess complex aneuploidy.>’ Moreover, it has
been reported that plastin3 (PLS3), which is a novel marker for
EMT, was detected in EpCAM-positive and EpCAM-negative
CTCs in patients with colorectal cancer with distant metastasis.**
These findings indicate the presence of CTCs without epithelial
markers in patients with colorectal cancer. Therefore, develop-
ment of a CTC capture system that functions independent of the
epithelial cell marker is required to precisely assess the sensitivity
of highly metastatic tumour cells to molecularly targeted drugs.

Epithelial and mesenchymal types of malignant tumour cells
possess high telomerase activity to maintain the length of telo-
mere during aberrant cell proliferation, suggesting the potential
of telomerase activity as a general tumour marker** and thera-
peutic target.”> We previously developed a green fluorescent
protein  (GFP)-expressing telomerase-specific  replication-
competent adenovirus (OBP-401, TelomeScan) that drives the
adenoviral E1A and E1B genes under the h/TERT gene promoter
for telomerase-dependent virus replication. OBP-401 enables the
visualisation of viable epithelial and mesenchymal types of
human tumour cells with telomerase activity as GFP-positive
cells.** 2 OBP-401-mediated GFP labelling is a useful method to
detect viable CTCs in patients with gastrointestinal cancers® *’
and ovarian cancers.”® The present study extends our previous
work by exploring the potential of an OBP-401-based biological
CTC capture system for the surveillance of genetic mutations in
viable CTCs as a novel non-invasive companion diagnostic
strategy.

MATERIALS AND METHODS

Cell lines

The human colorectal cancer cell lines, SW480, HCT116 and
HT29; the human pancreatic cancer cell line, Pancl; the human
lung cancer cell line, A549 and H1299; the human gastrointes-
tinal stromal tumour (GIST) cell line, GIST882; and the human
normal oesophageal fibroblasts, FEF3, were purchased from the
American Type Culture Collection. All cell lines were cultured
according to the manufacturer’s specifications. There are four
types of KRAS gene mutations (G12D, G12'V, G12S, G13D) in
Pancl, SW480, A549 and HCT116 cells, respectively. HT29
cells have one mutation (V600E) in the BRAF gene, whereas

GIST882 cells harbour one mutation (K642E) in the KIT gene.
Normal FEF3 cells have no mutations in the KRAS, BRAF or
KIT genes.

To obtain the EMT-induced human cancer cells, A549 cells
were treated with transforming growth factor B (TGF-B) (10 ng/
mL) for 72 h. EMT induction was defined as a morphological
change to spindle type and a change in the EMT-related marker
expression, including downregulation of epithelial markers
(EpCAM and E-cadherin) and upregulation of the mesenchymal
marker (N-cadherin).

Recombinant adenovirus

OBP-401 is a telomerase-specific replication-competent adeno-
virus variant, in which the ATERT gene promoter drives the
expression of EIA and EIB genes that are linked to an internal
ribosome entry site and in which the GFP gene is inserted into
the E3 region under a cytomegalovirus (CMV) promoter
(figure 1A).**2 OBP-401 was purified by ultracentrifugation
using CsCl step gradients. Viral titres were determined by a
plaque-forming assay using 293 cells, and the virus was stored
at —80°C.

Immunocytochemical staining

The cells seeded on tissue culture chamber slides were fixed in
4% paraformaldehyde for 15 min on ice. The slides were subse-
quently incubated with the PE-conjugated mouse anti-EpCAM
antibody (BioLegend, San Diego, California, USA) for 1 h on
ice. Then the slides were analysed using an inverted fluorescence
microscope (Olympus; Tokyo, Japan).

Flow cytometry

The cells (1x10° cells) were labelled with primary mouse anti-
bodies for EpCAM, E-cadherin, N-cadherin (BioLegend) and
coxsackievirus and adenovirus receptor (CAR) for 30 min on ice
and were analysed using flow cytometry (FACS Array; Becton
Dickinson, Mountain View, California, USA).

CTC model

CTC models were established by incubation with tumour cell
lines (SW480, HCT116, HT29, Pancl, EMT-induced A549 and
GIST882 cells) in S mL of blood (containing approximately
3.5%107 white blood cells) from a healthy volunteer.

DNA extraction from CTC models and clinical samples

The protocol for DNA extraction from the CTC models or clin-
ical samples is shown in figure 2A and online supplementary
figure S1. Approximately 5 mL of blood was incubated with
lysis buffer containing ammonium chloride to remove the red
blood cells (RBCs). These cancer cells were then infected with
OBP-401 at 1x10° plaque-forming units (PFU) and incubated
for 24 h. Thereafter, the cell pellets were labelled with
anti-CD45 antibody conjugated with PE and sequentially sorted
by FACS Aria (Becton Dickinson, San Jose, California, USA).
We set the P1 gate to obtain viable cells, the P2 gate to detect
GFP-positive cells without intrinsic fluorescence and the P3 gate
to detect only GFP-positive tumour cells without the haemato-
poietic CD45 marker. Cells in the P2 or P3 gates were collected
and stored temporarily at —30°C. DNA was extracted from cap-
tured cells using a QiaAMP DNA Mini kit (Qiagen, Valencia,
California, USA). The DNA solution was mixed with DNA
polymerase, and each primer was subjected to PCR analysis.
Five-millilitre blood samples were collected with consent from
patients with colorectal cancer, according to a protocol
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OBP-401-mediated green fluorescent protein (GFP) expression in human cancer cells with different levels of EpCAM expression. (A)

Schematic DNA structure of OBP-401 (TelomeScan). OBP-401 is a telomerase-specific replication-competent adenovirus variant in which the hTERT
promoter element drives expression of the E7A and E1B genes linked with internal ribosome entry sites (IRES). The GFP gene is inserted under the
cytomegalovirus (CMV) promoter into the E3 region. (B) Immunofluorescence staining of epithelial cell adhesion molecule (EpCAM) in four human
cancer cell lines (Panc1, SW480, HCT116, and HT29 cells). EpCAM expression under fluorescence microscopy (top panels) and phase-contrast
microscopy (bottom panels). Original magnification: x100. (C) Flow cytometric analysis of EpCAM expression in four human cancer cell lines. Cells
are incubated with anti-EpCAM antibody. An isotype-matched normal mouse IgG1 is used as a control. (D) Cells re-infected with OBP-401 at
multiplicity of infection (MOI) of 10, 100 or 1000 plaque-forming units per cell and assessed for GFP expression under fluorescence microscopy 24 h
after infection. (E) Expression of CAR is analysed using flow cytometry in four human cancer cell lines.

approved by the institutional review board at Okayama
University Graduate School (Receipt No. 1537).

Gene mutation analysis by direct sequencing

Taq polymerase, forward primer and reverse primer were mixed
with eluted DNA solution, and DNA was amplified using the
PCR Thermal Cycler. Primer sequences and PCR settings are
shown in online supplementary table S1. Using the PCR pro-
ducts, the sequence of each gene was analysed with an ABI
PRISM 3100 Genetic Analyzer (Life Technologies, Carlsbad,
California, USA).

Gene mutation analysis by ASB-PCR

ASB-PCR for the KRAS and BRAF genes was performed with a
primer set of a TagMan Mutation Detection Assays (Applied
Biosystems, Foster City, California, USA), as described in a pre-
vious report.”” This assay amplifies only mutant alleles with
mutant-specific primers and prevents the amplification of wild-
type alleles using blocking oligonucleotides. Genetic mutations
of target genes were analysed with the StepOnePlus real-time
PCR system (Applied Biosystems). Genotyping Master mix and
Mutation Detection Assay were mixed with two sets of eluted
DNA solution, and this mixture was applied to real-time PCR
analysis. The mutation detection method was customised as
follows. The PCR cycle number was set to 70 for the efficient
amplification of small copy numbers of target genes. A total cell
count was restricted to less than 50 cells/well to prevent non-
specific amplification of wild-type alleles. The sensitivity and

specificity were analysed using a mixture of KRAS/BRAF wild-
type and mutant cells. Genetic mutation was recognised as posi-
tive when the amplification for mutant alleles using a specific
primer was detected.

RESULTS

Fluorescence imaging of human cancer cells with

differential EpCAM expression

OBP-401 (TelomeScan) was previously constructed by inserting
the GFP gene under the control of the CMV promoter at the
deleted E3 region of the telomerase-specific replication-selective
type S adenovirus OBP-301 (Telomelysin) (figure 1A). To assess
the potential of OBP-401-mediated biological imaging, we used
four epithelial types of human cancer cell lines (Panc1, SW480,
HCT116 and HT29) that differentially express EpCAM in
immunocytochemistry (figure 1B) and fluorescence-activated
cell sorting (FACS) analysis (figure 1C). All cell lines could be
visualised by OBP-401-induced GFP expression in a dose-
dependent manner, independently of EpCAM expression (figure
1D). The expression level of CAR, which is associated with
adenovirus infectivity, was similar among all cell lines
(figure 1E). These results suggest that OBP-401-mediated bio-
logical imaging is a useful method to detect human cancer cells
regardless of high or low EpCAM expression.

Fluorescence-guided isolation of CTCs with multi-laser FACS
We used OBP-401 to establish a simple ex vivo method to
capture viable human CTCs in the peripheral blood for genetic
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Figure 2 A simple fluorescence virus-guided capturing system of circulating tumour cells (CTCs). (A) Cell isolation steps in the OBP-401-based CTC
capturing system. CTC models containing spiked human cancer cells in 5 mL of blood sample or clinical blood samples obtained from patients with
cancer are incubated with red blood cell (RBC) lysis buffer for 6 min. After centrifugation, cell pellets are then infected with OBP-401 at 1x10°
plaque-forming units and incubated for 24 h. Thereafter, cells are incubated with anti-CD45 antibody, and the cell pellet is sorted by
fluorescence-activated cell sorting (FACS). DNA extracted from FACS-sorted green fluorescent protein (GFP)-positive cells is subjected to direct
sequencing or allele-specific blocker PCR (ASB-PCR) analysis. (B) Each gate is set to capture the GFP-positive CTCs by FACS analysis. After isolating
only viable cells at the P1 gate, the P2 and P3 gates are set to exclude the intrinsic fluorescence-positive cells and CD45-positive normal blood cells,
respectively. (C) Representative image of GFP-positive CTCs in blood sample containing SW480 cells after infection with OBP-401. Original

magnification: x200.

analysis. By spiking a certain number of human cancer cells that
have different types of genetic mutations in the KRAS or BRAF
gene in 5 mL of blood from healthy volunteers, we made CTC
models with different types of genetic mutations. As illustrated
in figure 2A and online supplementary figure S1, following the
lysis of RBCs in § mL aliquots of CTC models or whole blood
samples obtained from patients, the cell pellets were subse-
quently incubated with OBP-401 at 1x10°PFU for 24 h,
labelled with anti-CD435 antibody conjugated with phycoeryth-
rin (PE), and sequentially sorted by FACS. In preliminary experi-
ments using CTC models, we found suitable conditions for
sorting only GFP-positive CTCs by excluding auto-fluorescent
allophycocyanin-positive cells at the P2 gate and haematopoietic
CD45-positive cells at the P3 gate (figure 2B). The GFP-positive
cells could be detected in the CTC model under a fluorescence
microscope (figure 2C).

Genetic analysis of OBP-401-labelled GFP-positive cells

using direct sequencing

FACS-isolated GFP-positive CTCs at the P3 gate were analysed
genetically by direct sequencing (see online supplementary table
1). The expected genetic mutations in the KRAS or BRAF gene
were precisely detected in all CTC models comprising four
human cancer cell lines by direct sequencing (figure 3A and see
online supplementary figure S2), indicating that the
OBP-401-based biological capture system is effective for the

collection of CTCs expressing various levels of the EpCAM
marker. Recent studies have demonstrated that a heterogeneous
population of CTCs is present within individual patients with
cancer and that these CTCs have epithelial and mesenchymal
markers, suggesting the diverse genetic variations with wild-type
and mutant-type genes in the populations of CTCs. To evaluate
the minimum purity limitation of mutant-type CTCs for genetic
analysis using direct sequencing, SW480 cells (KRAS G12V
mutant) were mixed with H1299 cells (KRAS wild-type) at a
50%, 40%, 30%, 20% or 10% purity ratio. KRAS gene muta-
tions could be detected by direct sequencing only in samples
containing more than a 30% purity ratio of SW480 cells
(figure 3B). Thus, high purity of mutant-type CTCs in heteroge-
neous populations is necessary for detection of genetic altera-
tions by direct sequencing.

Genetic analysis of OBP-401-labelled GFP-positive cells

using ASB-PCR

To further increase the sensitivity to detect genetic alterations in
heterogeneous populations of CTCs, we next evaluated the
potential of the Allele-Specific Blocker (ASB)-PCR method using
four types of mutation-specific primers for the KRAS or BRAF
genes. Before analysing the human cancer cells, we confirmed
that there was no amplification of PCR products in human
normal fibroblasts with wild-type KRAS and BRAF genes or in
blood obtained from normal healthy volunteers by ASB-PCR
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