Citation: Molecular Therapy — Methods & Clinical Development (2016) 3, 16001; doi:10.1038/mtm.2016.1
Official journal of the American Society of Gene & Cell Therapy All rights reserved 2329-0501/16

.@

www.nature.com/mtm

ARTICLE

Efficient detection of human circulating tumor cells without
significant production of false-positive cells by a novel
conditionally replicating adenovirus

Fuminori Sakurai'?, Nobuhiro Narii', Kyoko Tomita', Shinsaku Togo®, Kazuhisa Takahashi®, Mitsuhiro Machitani', Masashi Tachibana’,
Masaaki Ouchi* Nobuyoshi Katagiri*, Yasuo Urata*, Toshiyoshi Fujiwara® and Hiroyuki Mizuguchi'¢7#

Circulating tumor cells (CTCs) are promising biomarkers in several cancers, and thus methods and apparatuses for their detection
and quantification in the blood have been actively pursued. A novel CTC detection system using a green fluorescence protein
(GFP)-expressing conditionally replicating adenovirus (Ad) (rAd-GFP) was recently developed; however, there is concern about the
production of false-positive cells (GFP-positive normal blood cells) when using rAd-GFP, particularly at high titers. In addition, CTCs
lacking or expressing low levels of coxsackievirus—adenovirus receptor (CAR) cannot be detected by rAd-GFP, because rAd-GFP is
constructed based on Ad serotype 5, which recognizes CAR. In order to suppress the production of false-positive cells, sequences
perfectly complementary to blood cell-specific microRNA, miR-142-3p, were incorporated into the 3’-untranslated region of the
E1B and GFP genes. In addition, the fiber protein was replaced with that of Ad serotype 35, which recognizes human CD46, creating
rAdF35-142T-GFP. rAdF35-142T-GFP efficiently labeled not only CAR-positive tumor cells but also CAR-negative tumor cells with
GFP.The numbers of false-positive cells were dramatically lower for rAdF35-142T-GFP than for rAd-GFP. CTCs in the blood of cancer
patients were detected by rAdF35-142T-GFP with a large reduction in false-positive cells.
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INTRODUCTION

Recently, much attention has been focused on circulating tumor
cells (CTCs), which are defined as tumor cells shed from either the
primary tumor or its metastases and circulating in the peripheral
blood of cancer patients, as a prognostic factor and/or a surro-
gate biomarker, because it is becoming clear that the number and
change in the number of CTCs can be used to evaluate the action of
drugs on tumors and is prognostic for progression-free and overall
survival in several types of cancer.'? Characterization of CTCs is also
expected to enhance understanding of the biology of metastasis.>*
However, CTCs are rare, with numbers as low as one CTC in 10°-107
leukocytes. Although several methods and apparatuses for detec-
tion of CTCs have been developed,*¢ there are several problems
with the conventional CTC detection methods. For example, in the
CellSearch™ system, which was approved by the US Food and Drug
Administration in 2004, CTCs are concentrated using anti-CD45 anti-
body and anti-epithelial cell adhesion molecule (EpCAM) antibody

and are detected by immunostaining using anti-cytokeratin (CK)-
8, anti-CK-9, and anti-CK-19 antibodies; however, these antigens
are also expressed on normal epithelial cells. In addition, several
types of tumor cells are negative for EpCAM or these CK molecules.
Previous studies demonstrated that EpCAM expression levels on
CTCs were highly variable and that CTCs expressing low or negli-
gible levels of EpCAM were found in the blood of cancer patients.”?

In order to efficiently and accurately detect and quantify the
CTCs in blood, a novel CTC detection method using a green fluo-
rescence protein (GFP)-expressing conditionally replicating ade-
novirus (Ad) (rAd-GFP; TelomeScan) has been developed.’®' rAd-
GFP possesses a human telomerase reverse transcriptase (hTERT)
promoter-driven E1 gene expression cassette and a GFP expres-
sion cassette in the E1- and E3-deleted region of the Ad genome,
respectively.'? Incubation of rAd-GFP with blood cells contain-
ing CTCs results in efficient labeling of CTCs with GFP, because
rAd-GFP efficiently replicates in an hTERT-positive cell-specific
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manner, leading to efficient expression of GFP in CTCs. Expression
levels of hTERT are upregulated in most tumor cells. This method
detected the tumor cells spiked in the blood more sensitively
than real-time RT-PCR-based method. In order to correctly and
efficiently detect CTCs by rAd-GFP, combinational use of infec-
tion with rAd-GFP and immunostaining with antibodies, includ-
ing anti-CD45 antibody, is preferable. Although, ideally, high titers
of rAd-GFP would be used to efficiently detect CTCs, large num-
bers of false-positive cells (GFP-expressing normal blood cells)
are observed following infection with high titers of rAd-GFP. In
addition, although immunostaining with anti-CD45 antibody is a
promising method to rule out GFP-expressing normal blood cells,
perfect immunostaining of all of the normal blood cells in sam-
ples might not be possible due to the extremely large numbers
of blood cells in the samples, which would increase the chances
for the production of false-positive cells. In order to efficiently
detect CTCs but prevent the production of false-positive cells as
much as possible when using conditionally replicating Ads, we
incorporated four copies of a sequence perfectly complementary
to blood cell-specific microRNA (miRNA), miR-142-3p," into the
3’-untranslated region (3’-UTR) of both the E1 and GFP genes.
While most CTCs would express extremely low or undetectable
levels of miR-142-3p, blood cells express miR-142-3p at high lev-
els. A previous study demonstrated that miR-142-3p expression
in the CTCs of breast cancer patients was much lower than that in
normal leukocytes." We hypothesized that expression of the E1
and GFP genes is efficiently suppressed at the post-transcriptional
level in a blood cell-specific manner by incorporation of miR-
142-3p complementary sequences in the 3’-UTR of these genes,
leading to the reduction in the number of false-positive cells.

There is another drawback to the CTC detection method using
rAd-GFP. CTCs lacking or expressing low levels of coxsackievirus—
adenovirus receptor (CAR) cannot be efficiently detected by
rAd-GFP. rAd-GFP is constructed based on Ad serotype 5 (Ad5),
which recognizes CAR as an infection receptor. CAR-positive CTCs
are efficiently labeled with GFP by rAd-GFP; however, rAd-GFP is
not able to efficiently mediate GFP expression in CAR-negative
CTCs. Unfortunately, it is expected that CAR expression on CTCs
will often be low because malignant metastatic tumor cells and
tumor cells undergoing epithelial-mesenchymal transition (EMT)
often show low or negligible levels of CAR expression.''® CTCs
are well correlated with tumor metastasis and are often undergo-
ing EMT." Therefore, in order to overcome the problem described
above, the fiber protein of rAd-GFP was substituted with that of
Ad serotype 35 (Ad35). Ad35 recognizes human CD46,'® which
is ubiquitously expressed on almost all human cells, including
CAR-negative tumor cells, as an infection receptor. Moreover,
CD46 expression has been demonstrated to be upregulated on
malignant tumor cells.’** CAR-negative CTCs would be efficiently
infected with a conditionally replicating Ad possessing Ad35 fiber
protein.

In this study, we developed a novel conditionally replicating Ad
(rAdF35-142T-GFP) for detection of both CAR-positive and CAR-
negative CTCs without production of false-positive cells. rAdF35-
142T-GFP possesses the fiber protein of Ad35. miR-142-3p comple-
mentary sequences were inserted into the 3-UTR of the E1 and GFP
genes in the Ad genome. The number of false-positive cells was
dramatically reduced by use of rAdF35-142T-GFP, compared with
rAd-GFP. rAdF35-142T-GFP efficiently mediated GFP expression in
both CAR-positive and CAR-negative tumor cells. CTCs in the blood
of cancer patients were detected by rAdF35-142T-GFP without sig-
nificant production of false-positive cells.
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RESULTS
Development of a conditionally replicating Ad containing Ad35 fiber
protein and the miR-142-3p-regulated gene expression system

In order to suppress the production of false-positive cells and
to efficiently detect both CAR-positive and CAR-negative CTCs,
the following modifications were introduced into rAd-GFP, pro-
ducing rAdF35-142T-GFP (Figure 1, Supplementary Table S1).
First, the fiber proteins of rAd-GFP were replaced with those
derived from Ad35. We previously demonstrated that a replica-
tion-incompetent Ad vector possessing fiber protein of Ad35
efficiently transduces not only CAR-positive cells but also CAR-
negative cells,?* indicating that both CAR-positive and CAR-
negative CTCs are susceptible to a conditionally replicating Ad
possessing Ad35 fiber protein. Second, four copies of sequences
perfectly complementary to miR-142-3p, which is specifically
expressed in blood cells, were incorporated into the 3’-UTR of
both the E1B and GFP genes. We hypothesized that incorpora-
tion of miR-142-3p-targeted sequences into the 3’-UTR of the
E1B and GFP genes resulted in the suppression of the E1 and
GFP gene expression in a blood cell-specific manner, leading
to a reduction in the production of false-positive cells. rAdF35-
142T-GFP was produced using H1299 cells, which is a human
non-small-cell lung carcinoma cell line highly susceptible to
oncolytic Ads,? as a packaging cell, instead of 293 cells, in order
to avoid homologous between the genome of the conditionally
replicating Ad genome and the Ad gene in the 293 cell genome.
We also created rAdF35-GFP, in which fiber protein of Ad35, not
miR-142-3p-targeted sequences, was introduced into rAd-GFP,
as a control conditionally replicating Ad.
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Figure1 Schematic diagram of conditionally replicating Ads used in this
study. (a) rAd-GFP, (b) rAdF35-GFP, and (c) rAdF35-142T-GFP. rAdF35-GFP
was developed by replacing the fiber protein of rAd-GFP with Ad35 fiber
protein. rAdF35-142T-GFP was developed by inserting miR-142-3p-
targeted sequences into the 3’-UTR of both the E1 gene and GFP gene
of rAdF35-GFP. CMV, cytomegalovirus; GFP, green fluorescence protein;
hTERT, human telomerase reverse transcriptase; IRES, internal ribosomal
entry site; ITR, internal terminal repeat; pA, bovine growth hormone
polyadenylation signal; UTR, untranslated region.
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Expression levels of CAR, CD46, hTERT, and miR-142-3p in cultured
tumor cell lines and PBMCs

Next, in order to examine the expression levels of CAR and CD46
on the cultured tumor cells and peripheral blood mononuclear
cells (PBMCs), flow cytometric analysis was performed. Although
most of the tumor cell lines examined were CAR positive, the CAR
expression levels were extremely low or were not detectable on
T24,LNZ308, LN444, and K562 cells (Figure 2a). MCF7, MDA-MB-231,

Efficient detection of CTCs using a novel recombinant Ad
F Sakurai et al.

and PANC-1 cells expressed intermediate levels of CAR. On the other
hand, all of the human tumor cell lines examined, except for SF295
cells, highly expressed human CD46. CD46 was not detectable on
SF295 cells. We previously demonstrated that human PBMCs highly
expressed CD46.%

miR-142-3p and hTERT expression levels were evaluated by real-
time RT-PCR analysis. PBMCs and K562 cells expressed approxi-
mately 100-fold higher levels of miR-142-3p than the other adherent
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Figure2 Expression levels of coxsackievirus—adenovirus receptor (CAR), CD46, miR-142-3p, and human telomerase reverse transcriptase (hTERT) in the
human cancer cell lines. (a) Surface expression levels of CAR and CD46 were assessed by flow cytometry. Open histograms represent isotype control
staining. Filled histograms represent specific staining with anti-CAR antibody or anti-CD46 antibody. The data shown are representative of multiple
measurements. (b) Expression levels of miR-142-3p were determined by real-time RT-PCR. The ratios of miR-142-3p to RNU6B levels were determined.
The ratio of K562 cells was normalized to 1. (c) mRNA levels of hTERT were determined by real-time RT-PCR. The ratios of hTERT to GAPDH levels were
determined. The ratio of H1299 cells was normalized to 1. Data are expressed as the mean + SD (n = 3). ND, not detected.
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tumor cell lines except for HepG2 cells (Figure 2b). All tumor cell
lines examined, except for SF295 cells, exhibited detectable levels
of hTERT mRNA expression, while hTERT expression was not detect-
able on primary normal cells, including PBMCs (Figure 2c). These
results suggest that rAdF35-142T-GFP-mediated GFP expression
would be disturbed by miR-142-3p in blood cells. With respect to
the adherent tumor cell lines, HepG2 cells expressed more than
10-fold higher levels of miR-142-3p than the other adherent tumor
cell lines.

rAdF35-142T-GFP-mediated GFP expression in cultured tumor cells
Next, in order to examine whether rAdF35-142T-GFP efficiently medi-
ates GFP expression in both CAR-positive and CAR-negative tumor

cells, more than 10 human tumor cell lines were transduced with the
conditionally replicating Ads. rAd-GFP, rAdF35-GFP, and rAdF35-142T-
GFP efficiently mediated GFP expression in most of the CAR-positive
tumor cell lines (Figure 3a). More than 60% of the tumor cells were GFP
positive at an multiplicity of infection (MOI) of 10. Time course profiles
of the GFP expression were also comparable for these Ads in CAR-
positive H1299 cells (Figure 3b). On the other hand, GFP expression
was relatively low in MCF7, MDA-MB-231, and MKN45 cells following
infection with rAd-GFP. In addition, CAR-negative tumor cells, including
T24,LNZ308, and LN444 cells, were resistant to rAd-GFP. Less than 20%
of the CAR-negative tumor cells were GFP positive. In contrast, rAdF35-
GFP and rAdF35-142T-GFP produced more than 80% GFP-positive cells
atan MOl of 10 in the CAR-negative tumor cells. rAdF35-142T-GFP also
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Figure3 Green fluorescence protein (GFP) expression levels in the tumor cell lines following infection with the conditionally replicating Ads. (a) The
cell suspensions were incubated with the conditionally replicating Ads at MOls of 1 and 10. Following a 24-hour incubation, the GFP expression levels
were determined by flow cytometry. Data are expressed as the mean + SD (n = 3). *P < 0.001 in comparison with rAd-GFP. P < 0.001 in comparison with
rAdF35-GFP by one-way analysis of variance followed by Shapiro-Wilk’s analysis. Time-lapse images of (b) coxsackievirus—adenovirus receptor (CAR)-
positive and (c) CAR-negative tumor cells following infection with the conditionally replicating Ads. (b) H1299 cells and (c) T24 cells were infected atan
MOI of 10. Selected images taken at the indicated time points show cell morphology by phase-contrast microscopy (right panels) and GFP expression

under fluorescence microscopy (left panels). Bar = 100 pm.
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efficiently mediated GFP expression in the other CAR-negative cell lines
(Supplementary Figure S1A). Even in the CAR-positive tumor cells other
than HepG2 cells, rAdF35-GFP and rAdF35-142T-GFP mediated almost
comparable or higher levels of GFP expression, compared with rAd-
GFP.HepG2 cells expressed lower levels of GFP following infection with
rAdF35-142T-GFP than rAd-GFP and rAdF35-GFP, probably due to miR-
142-3p expression. Comparison between the GFP expression levels in
rAdF35-GFP-infected and rAdF35-142T-GFP-infected tumor cells indi-
cated that insertion of the miR-142-3p-targeted sequences into the
E1 and GFP expression cassettes did not disturb the GFP expression in
tumor cells. Time course profiles of the GFP expression were also com-
parable for rAdF35-142T-GFP and rAdF35-GFP, although GFP-positive
cells were almost undetectable for rAd-GFP in CAR-negative T24 cells
(Figure 3c). Not only rAd-GFP but also rAdF35-142T-GFP mediated effi-
cient GFP expression in EpCAM-negative tumor cell lines, which the
CellSearch™ system would not detect (Supplementary Figure S1B).
These results indicate that substitution with Ad35 fiber protein made it
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possible to efficiently label CAR-positive and CAR-negative tumor cells
with GFP.

rAdF35-142T-GFP-mediated GFP expression in tumor cells
undergoing EMT and breast cancer stem cell-like CD24~"v

CDA44* cells

Next, in order to examine whether tumor cells undergoing EMT
could be efficiently detected by rAdF35-142T-GFP, PANC-1 cells were
cultured in the presence of transforming growth factor (TGF)-B for
induction of EMT and were subsequently infected with the con-
ditionally replicating Ads. EMT is often associated with CTCs.2-%
Following a 6-day culture in the presence of TGF-f3, the morphology
of PANC-1 cells changed from a cobblestone-like epithelial pheno-
type to a spindle-like cell shape (Figure 4a). The expression levels
of EMT marker genes, including Snail and Slug, were significantly
upregulated by more than 100-fold (Figure 4b). On the other hand,
the expressions of E-cadherin and EpCAM were significantly reduced.
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Figure4 Green fluorescence protein (GFP) expression following infection with the conditionally replicating Ads in the tumor cells undergoing
TGF-B-induced epithelial-mesenchymal transition (EMT). (a) Cell morphology images of PANC-1 cells cultured in the presence of transforming
growth factor (TGF)-f for 6 days were taken using a phase-contrast microscope. The images shown are representative of multiple experiments. Bar
=75 um. (b) mRNA levels of EMT marker genes in PANC-1 cells undergoing EMT. The ratios of EMT marker genes to GAPDH were determined. The
ratios in PANC-1 cells without TGF-f treatment were normalized to 1. Data are expressed as the mean + SD (n = 3). (c) Surface expression levels of
coxsackievirus—adenovirus receptor (CAR) and CD46 on PANC-1 cells undergoing EMT. The data shown are representative of multiple experiments.
(d) GFP expression levels in PANC-1 cells undergoing EMT following infection with the conditionally replicating Ads. PANC-1 cells were infected with
the conditionally replicating Ads at MOls of 1 and 10. GFP expression levels were determined by flow cytometry 24 hours after infection. The data
are expressed as the mean + SD (n = 3).

Officialjournalofthe AmericanSocietyof Gene&CellTherapy Molecular Therapy — Methods & Clinical Development (2016) 16001

1%,



Efficient detection of CTCs using a novel recombinant Ad
F Sakurai et al.

L

100 +

0.1

GFP-positive cells (%)

0.01

0.001

1 MOI 10 MOI

[] rad-GFP

[ rAdF35-GFP

[(] rAdF35-142TX-GFP
BB rAdF3s-142TY-GFP

M rAdF35-142TGFP rAdF35-142TZ-GFP

Figure5 Green fluorescence protein (GFP) expression levels in cells of
the human myelogenous leukemia cell line K562 following infection with
the conditionally replicating Ad derivatives containing different copy
numbers of miR-142-3p-targeted sequences (see Supplementary Table
S1). K562 cells were infected with the Ads at the indicated MOlIs for 24
hours. GFP expression levels were determined by flow cytometry. Data
are expressed as the mean £ SD (n = 3).

These results indicate that a 6-day culture in the presence of TGF-3
successfully induced EMT in PANC-1 cells. CAR expression was largely
reduced on PANC-1 cells undergoing EMT (Figure 4c). The percent-
age of CAR-positive cells decreased from 80% to 24%, while no
apparent changes in CD46 expression were found. rAdF35-142T-GFP
and rAdF35-GFP efficiently mediated GFP expression (more than
90% GFP-positive cells at an MOI of 10) in both parental PANC-1 and
PANC-1 cells undergoing EMT, although rAd-GFP-mediated GFP-
positive cells were less than 40% in PANC-1 undergoing EMT, prob-
ably due to a decline in CAR expression (Figure 4d). These results
indicate that CTCs which undergo EMT and exhibit a reduction in
CAR expression are efficiently detected by rAdF35-142T-GFP and
rAdF35-GFP, not rAd-GFP.

In order to examine whether cancer stem cell (CSC)-like cells
could be detected by rAdF35-142T-GFP, CD24~°" CD44* MCF7 cells
were infected with the conditionally replicating Ads. Several stud-
ies have reported that CSC-like cells are often included in CTCs.28-%
The CD24°v CD44* fraction was sorted from adriamycin (ADR)-
resistant MCF7 (MCF7-ADR) cells, which is a human breast cancer
cell line (Supplementary Figure S2A). CSC-like cells among breast
cancer cells have been demonstrated to be rich in CD24~°" CD44*
fraction.>' MCF7-ADR cells efficiently expressed both CAR and CD46
(Supplementary Figure S2B). When CD24~"° CD44* MCF7-ADR cells
were infected with the Ads, more than 70% GFP-positive cells were
obtained by rAd-GFP, rAdF35-142T-GFP, and rAdF35-GFP at an MOI
of 10; however, slightly but significantly higher percentages of GFP-
positive cells were found by rAdF35-142T-GFP and rAdF35-GFP
than by rAd-GFP at an MOI of 10 (Supplementary Figure S2C). These
results indicate that rAdF35-142T-GFP and rAdF35-GFP efficiently
mediate GFP expression in CSC-like cells, leading to efficient detec-
tion of CSC-like cells in CTCs.

Significant reduction in false-positive PBMCs by incorporation of
miR-142-3p-targeted sequences

In order to examine whether incorporation of miR-142-3p-targeted
sequences into the 3’-UTR of the E1B and GFP genes results in
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Figure 6 Green fluorescence protein (GFP) expression in peripheral
blood mononuclear cells (PBMCs) from healthy donors following
infection with the conditionally replicating Ads. (a) Flow cytometric
analysis of GFP expression in PBMCs following infection with the
conditionally replicating Ads. PBMCs were infected with the Ads at
MOIs of 0.1, 1, and 10 for 24 hours. Data are expressed as the mean + SD
(n=3). (b) Detection of GFP-positive PBMCs by fluorescence microscopy
following infection with the Ads. PBMCs from healthy donors were
infected with the indicated amounts of Ads for 24 hours. Numbers of
GFP-positive cells were counted by fluorescence microscopy.

reduction in false (GFP)-positive PBMCs following infection, GFP
expression in the blood cells was determined following infection.
First, in order to examine the effects of copy numbers of miR-142-
3p-targeted sequences in the 3’-UTR of the E1B and GFP genes on
the suppression levels of GFP expression in blood cells, cells of a
human myelogenous leukemia cell line, K562, were infected with
rAdF35-142T-GFP derivatives containing the various copy numbers
of miR-142-3p-targeted sequences (Supplementary Table S1). Flow
cytometric analysis demonstrated that rAdF35-142T-GFP, which
contains four copies of miR-142-3p-targeted sequences in the
3’-UTR of both the E1B and GFP genes, exhibited lower GFP expres-
sion in K562 cells than the other types of Ads (Figure 5), indicating
that four copies of miR-142-3p-targeted sequences in the 3"-UTR of
both the E1B and GFP genes are necessary to efficiently suppress
the GFP expression in the blood cells.

Next, PBMCs were infected with the conditionally replicating Ads.
rAd-GFP mediated 0.011% and 0.034% GFP-positive cells at MOls
of 1 and 10, respectively (Figure 6a). On the other hand, infection
with rAdF35-GFP resulted in 0.62% and 0.98% GFP-positive cells at
MOIs of 1 and 10, respectively; however, GFP-positive PBMCs were
dramatically reduced for rAdF35-142T-GFP. Infection with rAdF35-
142T-GFP at MOlIs of 1 and 10 resulted in 0.014% and 0.027% GFP-
positive cells, respectively. These results indicate that substitution
with Ad35 fiber protein increases GFP-positive PBMCs; however,
incorporation of miR-142-3p-targeted sequences into the 3’-UTR of
the E1B and GFP genes largely suppresses GFP expression in PBMCs.
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Figure7 Detection of human cancer cells spiked into peripheral blood mononuclear cells (PBMCs) by the conditionally replicating Ads. H1299 and
T24 cells stably expressing red fluorescent protein (RFP) were spiked into PBMCs. The cells were then infected with the Ads for 24 hours. Fluorescence
images of (a) H1299 and (b) T24 cells following infection with the Ads. RFP-expressing H1299 and T24 cells (1 x 10° cells) were spiked into 5 x 10° PBMCs.
The cells suspended in 1 ml of RPMI1640 medium were incubated with 2 x 107 IFU of the Ads for 24 hours. The expression of green fluorescence protein
(GFP) and RFP was observed under a fluorescence microscope. White arrowheads indicate uninfected tumor cells. The images shown are representative
of multiple experiments. Bar = 50 um. (c) Efficiencies of GFP labeling of human cancer cells spiked into PBMCs. RFP-expressing H1299 and T24 cells
were spiked into 2 X 10¢ PBMCs. The cells suspended in 1 ml of RPMI1640 medium were infected with 2 x 107 IFU of the Ads for 24 hours. Measurement
of GFP and RFP expression in the cells was carried out by flow cytometry. Data are shown as the mean + SD (n = 3).

In the experiments described above, incorporation of miR-142-
3p-targeted sequences into the 3’-UTR of the E1B and GFP genes
largely reduced GFP-positive PBMCs; however, detectable levels
of GFP expression were still found by flow cytometry following
infection with rAdF35-142T-GFP, because flow cytometry can sen-
sitively detect a much low level of GFP expression (Supplementary
Figure S3). In order to examine whether GFP-positive PBMCs could
still be detected following infection with rAdF35-142T-GFP by the
fluorescence microscopy system used for GFP-positive CTC detec-
tion in the previous study,’® GFP expression was observed under a
fluorescence microscope. When PBMCs recovered from the 7.5ml
blood samples of healthy volunteers (approximately 1-2x 107 cells)
were incubated with 1x10° I[FU and 3 x 10° IFU of rAd-GFP, 20.5 and
132 GFP-positive PBMCs were found on average (Figure 6b). On
the other hand, no or much low numbers of GFP-positive PBMCs
was detected by rAdF35-142T-GFP. These results indicate that false-
positive PBMCs can be significantly reduced by rAdF35-142T-GFP,
making it possible to accurately detect CTCs without producing
false-positive cells.

Detection of tumor cells spiked into PBMCs

In order to examine whether CAR-positive and CAR-negative tumor
cells in the blood were efficiently labeled with GFP by rAdF35-
142T-GFP, CAR-positive H1299 cells and CAR-negative T24 cells
expressing red fluorescent protein (RFP) were spiked into PBMCs
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and incubated with either rAd-GFP or rAdF35-142T-GFP. More than
80% of the spiked tumor cells (RFP-positive cells) were recovered for
assessment of GFP expression. H1299 cells were efficiently labeled
with GFP by all types of conditionally replicating Ads (Figure 7a,c).
More than 60% of GFP-positive H1299 cells were labeled with GFP.
On the other hand, less than 30% of CAR-negative T24 cells were
labeled with GFP by rAd-GFP (Figure 7b,c); however, incubation with
rAdF35-GFP and rAdF35-142T-GFP efficiently mediated more than
75% GFP-positive T24 cells. More than 70% of CAR-positive A549
cells were labeled with GFP by both rAd-GFP and rAdF35-142T-
GFP when 100 A549 cells were spiked into 7.5ml blood of healthy
volunteers (Supplementary Figure S4.). These results indicate that
rAdF35-142T-GFP efficiently detects both CAR-positive and CAR-
negative CTCs, while rAd-GFP detected only CAR-positive CTCs.

Detection of CTCs in the blood isolated from cancer patients

Next, in order to examine the CTC detection profiles in the blood iso-
lated from cancer patients by the conditionally replicating Ads, rAd-
GFP and rAdF35-142T-GFP were added to the blood isolated from
non-small-cell lung cancer (NSCLC) patients, followed by immunos-
taining with anti-CD45 antibody. Immunostaining with anti-CD45
antibody is an effective method to distinguish GFP signals between
tumor cells and blood cells." Previous studies reported that CTCs
are a promising biomarker even in NSCLC patients.>?** In this experi-
ment, 2.3x 108 virus particles (VP) of rAd-GFP was added to the
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samples because higher titers of rAd-GFP were expected to produce
large numbers of false-positive cells. On the other hand, 1x10° VP
of rAdF35-142T-GFP was used due to the low levels of production of
false-positive cells, as shown in Figure 5. In addition, we considered
that high titers of rAdF35-142T-GFP were necessary to efficiently
mediate GFP expression in CTCs, because we considered that effi-
cient binding of rAdF35-142T-GFP to PBMCs via CD46 might prevent
rAdF35-142T-GFP from infecting CTCs. CTCs and false-positive cells
were defined as GFP*/CD45~ and GFP*/CD45* cells, respectively.
We successfully detected CTCs in the blood samples isolated
from NSCLC patients by both rAdF35-142T-GFP and rAd-GFP
(Table 1). Following treatment with rAd-GFP, 2.3 CTCs per sample
were detected on average in 11 of 15 samples (73.3% of the samples
tested). The number of CTCs detected in 7.5 ml samples by rAd-GFP
ranged from 0 to 8; however, more than 70 false-positive cells (528
false-positive cells per sample on average, with a range from 73 to
2902 cells) were produced per sample by rAd-GFP. The percentage
of false-positive cells (false-positive rate) was 99.0%. On the other
hand, 17 of 40 samples were CTC positive following treatment with
rAdF35-142T-GFP (42.5% of the samples tested) (0.9 CTCs per sam-
ple on average, with a range from 0 to 7 CTCs). The percentages of
false-positive cells were 49.7% (1.8 false-positive cells per sample
on average, with a range from 0 to 12 cells) for rAdF35-142T-GFP.
When rAd-GFP or rAdF35-142T-GFP was added to blood samples
isolated from the same patients (J-317, J-318, J-335, J-337~J-340),
rAdF35-142T-GFP detected no CTCs in these patients, although
rAd-GFP detected CTCs in four of seven patients. Among the CTC-
positive samples, the percentages of CTC/total GFP-expressing
cells, which are considered to represent the true-positive rate, by
rAd-GFP and rAdF35-142T-GFP were 1.4% and 71.1%, respectively
(Supplementary Figure S5). These results indicate that while most of
the rAd-GFP-mediated GFP-positive cells were false-positive cells,
rAdF35-142T-GFP exhibited more accurate detection of CTCs than
rAd-GFP under these experimental condition. These data suggest
that a rAdF35-142T-GFP-based assay system can more efficiently
and accurately detect CTCs than a rAd-GFP-based assay system.

DISCUSSION

The aim of this study was to develop an efficient CTC detection
system that exhibits both suppression of the production of false-
positive cells and detection of both CAR-positive and CAR-negative
CTCs by using a novel conditionally replicating Ad. For this purpose,
target sequences of miR-142-3p were incorporated into the 3’-UTR
of the E1B and GFP genes to inhibit the expression of these genes
in blood cells. In addition, the Ad fiber proteins were replaced with
fiber proteins of Ad35 in order to infect CTCs via binding to CD46 as
a receptor.

In this study, blood cells were incubated with larger amounts
of the conditionally replicating Ads than were used in the previ-
ous study. Kojima et al. reported that 1x10* plaque forming unit
of rAd-GFP were incubated with blood cells isolated from 5ml of
blood,” while in the present study the blood cells recovered from
7.5ml of blood (approximately 1-2x 10" cells) were infected with
1x10° VP of rAdF35-142T-GFP (Table 1). We considered that the
amounts of rAdF35-142T-GFP required to efficiently infect CTCs
would be larger than the amounts of rAd-GFP required to achieve
the same goal since efficient binding of rAdF35-142T-GFP to not
only CTCs but also PBMCs would occur due to CD46 expression
on both CTCs and PBMCs, leading to sequestration of rAdF35-
142T-GFP by PBMCs. However, the data in Figure 7 indicate that
the sequestration of rAdF35-142T-GFP by PBMCs would have only
minimal influence on the GFP expression levels on CTCs. Even at
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high titers of rAdF35-142T-GFP, few false-positive cells were found
in this study, permitting accurate counting of CTCs. Increases in
the titers of rAdF35-142T-GFP added to the samples also led to effi-
cient labeling of CTCs with GFP. On the other hand, high titers of
rAd-GFP cannot be used because large numbers of false-positive
cells were produced by high titers of rAd-GFP. More than 70 false-
positive cells were found even at 3x10° IFU of rAd-GFP, although
the levels of false-positive cells produced by 1x 108 IFU of rAdF35-
142T-GFP in these patients were almost negligible (Table 1). Blood
cells in cancer patients might be more susceptible to Ads than
those in healthy donors. The median number of GFP-positive blood
cells was 132 following infection with rAd-GFP in the transduc-
tion experiment using PBMCs from healthy donors (Figure 5b),
while the median number of GFP-positive blood cells (false-posi-
tive cells) in the cancer patients was 401 following rAd-GFP infec-
tion (Table 1). Previous studies demonstrated that a conventional
Ad vector transduced blood cells via the interaction between
o, -integrins on the cell surface and the RGD (arginine-glycine-
aspartic acid) motif in the penton base due to the lack of CAR
expression on blood cells3**> Granulocyte macrophage-colony
stimulating factor (GM-CSF) and macrophage-colony stimulating
factor (M-CSF) elevated the o, -integrin expression on blood cells,
leading to upregulation in Ad vector-mediated transduction.?* In
other studies, blood concentrations of GM-CSF and M-CSF were
reported to be elevated in cancer patients compared with those
in healthy donors.3%*” GFP-positive normal blood cells were dis-
tinguished from CTCs via immunostaining with anti-human CD45
antibody. Staining with anti-CD45 antibody was highly efficient;
however, not all of the CD45* cells would have been detected by
the treatment with anti-CD45 antibody. It might be possible that
GFP*/CD45- cells, which were defined as CTCs in this study, con-
tained normal blood cells due to a failure of immunostaining with
anti-CD45 antibody. Therefore, GFP expression in normal blood cells
should be suppressed as much as possible to reduce the numbers
of false-positive cells. miR-142-3p-mediated suppression of GFP
expression in normal blood cells is a highly promising strategy for
such reduction of false-positive cells. >3

Human CD46 was utilized as an infection receptor of a condition-
ally replicating Ad by replacing with Ad35 fiber protein in order to
mediate GFP expression in CAR-negative CTCs in this study. Several
strategies of recombinant Ad modifications have been adopted to
confer GFP expression in CAR-negative cells. For example, fiber-
substituting recombinant Ads containing fiber protein derived from
Ad serotypes 3, 7, 11, and 14 can infect cells via desmoglein-2%;
however, expression of desmoglein-2 is also downregulated under
EMT.*' Genetic incorporation of poly-lysines and Arg-Gly-Asp (RGD)
peptides into the fiber knob makes it possible for a recombinant
Ad to infect via heparan sulfate and o -integrins, respectively***;
however, downregulation of heparin sulfate was reported in several
types of tumors.*# Although fiber-modified conditionally replicat-
ing Ads containing RGD peptides in the fiber knob infect CTCs via
interaction with o -integrins, CD46 is an infection receptor suitable
for infection of CTCs with conditionally replicating Ads because
CD46 was upregulated in malignant tumor cells.”®?° In addition,
CD46 was not downregulated under TGF-B-induced EMT (Figure 4).
It has not been reported whether CAR expression on CTCs is down-
regulated. A previous study demonstrated that detectable levels
of CAR were found in CTCs by microarray analysis, although CTCs
were recovered by the CellSearch system, which is difficult to detect
EpCAM-negative CTCs*; however, CAR expression is often reduced
in malignant tumor cells, including tumor cells undergoing EMT.'>1
A conditionally replicating Ad should infect CTCs via a receptor
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Table 1. Detection of CTCs in the patients with non-small-cell

lung cancer
Cell number Rate

Case number True- False-

of cancer Total GFP* False-posi-  positive  positive

patients cells CTCs tivecells  cells (%) cells (%)

rAd-GFP (n=15)
J-101 86 0 86 0.00 100.00
J-102 73 3 70 4.10 95.90
J-104 181 5 176 2.80 97.20
J-105 644 1 643 0.20 99.80
J-106 89 2 87 2.20 97.80
J-107 275 8 267 2.90 97.10
J-109 489 2 487 0.40 99.60
J-110 154 1 153 0.60 99.40
J-317 500 0 500 0.00 100.00
J-318 2,902 3 2,899 0.10 99.90
J-335 892 4 888 0.40 99.60
J-337 423 0 423 0.00 100.00
J-338 403 2 401 0.50 99.50
J-339 440 0 440 0.00 100.00
J-340 403 3 400 0.70 99.30
Total 7,954 34 7,920 — —
Average 530.3 23 528 1.00 99.00
SD 694.5 2.2 694.4 1.30 1.30
Median 403 2 401 — —

rAdF35-142T-GFP (n = 40)
J-201 7 2 5 28.60 71.40
J-203 4 2 2 50.00 50.00
J-204 0 0 0 — —
J-205 1 1 0 100.00 0.00
J-206 2 2 0 100.00 0.00
J-207 1 1 0 100.00 0.00
J-208 0 0 0 — —
J-210 2 0 2 0.00 100.00
J-211 1 0 1 0.00 100.00
J-212 8 2 6 25.00 75.00
J-213 7 1 6 14.30 85.70
J-214 13 1 12 7.70 92.30
J-216 0 0 0 — —
J-217 2 2 0 100.00 0.00
J-218 0 0 0 — —
J-221 4 0 4 0.00 100.00
J-222 0 0 0 — —
J-223 1 0 1 0.00 100.00
J-301 1 1 0 100.00 0.00
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Table1. Continued
Cell number Rate

Case number True- False-

of cancer Total GFP* False-posi-  positive  positive

patients cells CTCs tivecells  cells (%) cells (%)
J-302 2 1 1 50.00 50.00
J-303 1 1 0 100.00 0.00
J-304 1 1 0 100.00 0.00
J-305 1 0 1 0.00 100.00
J-306 0 0 0 — —
J-307 0 0 0 — —
J-308 1 0 1 0.00 100.00
J-309 7 5 2 71.40 28.60
J-310 1 0 1 0.00 100.00
J-312 9 7 2 77.80 22.20
J-313 0 0 0 — —
J-317 0 0 0 — —
J-318 0 0 0 — —
J-334 0 0 0 — —
J-335 0 0 0 — —
J-336 6 5 1 83.30 16.70
J-337 4 0 4 0.00 100.00
J-338 7 0 7 0.00 100.00
J-339 1 0 1 0.00 100.00
J-340 2 0 2 0.00 100.00
J-341 1 1 0 100.00 0.00
Total 108 36 72 — —
Average 2.7 0.9 1.8 43.10 56.9
SD 34 1.6 3 44.20 49.2
Median 1 0 0.5 — —

CTC, GFP*CD45- cells; false-positive cells, GFP*CD45* cells.

True-positive rate, CTC/total GFP* cells; false-positive rate, false-positive cells/

total GFP* cells.

CTC, circulating tumor cell; GFP, green fluorescence protein.

different from CAR in order to efficiently detect both CAR-positive
and CAR-negative CTCs.

miR-142-3p was utilized to suppress the expression of the E1 and
GFP genesinblood cells in this study. Previous studies demonstrated
that miR-142-3p is highly and specifically expressed in various types
of blood cells, including T cells, B cells, and granulocytes'*# and that
incorporation of miR-142-3p-targeted sequences into the 3"-UTR of
the transgene efficiently and specifically suppressed the transgene
expression in blood cells.**° On the other hand, CTCs of breast can-
cer patients expressed much lower levels of miR-142-3p than nor-
mal leukocytes.' The data in both this study and previous studies
suggest that miR-142-3p is the most suitable for suppression of
transgene expression via an miRNA-regulated transgene expression
system in blood cells; however, miR-142-3p expression is relatively
low in several types of blood cells. For example, regulatory T cells
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expressed lower levels of miR-142-3p than conventional T cells.”!
miR-142-3p expression in CD4* T cells of systemic lupus erythema-
tosus patients was lower than that in the CD4* T cells of healthy con-
trols.>2 On the other hand, miR-142-3p expression was upregulated
by triptolide and quercetin in pancreatic ductal adenocarcinoma
cells.>* We should pay attention to miR-142-3p expression levels in
normal blood cells as well as tumor cells to correctly detect CTCs.

rAdF35-142T-GFP efficiently labeled both CAR-positive and
CAR-negative tumor cells spiked into PBMCs (Figure 7); however,
when rAd-GFP and rAdF35-GFP were added to blood samples from
the same patients, CTCs were not detected by rAdF35-142T-GFP
in these samples, in spite of the rAd-GFP-mediated production
of GFP-positive CTCs in four of the seven patients (Table 1). It is
unclear why rAdF35-142T-GFP failed to mediate GFP expression in
the CTCs of these patients. As described above, some of the GFP-
expressing blood cells might not have been stained with the anti-
CD45 antibody. Alternatively, it is unlikely but nonetheless possible
that a subpopulation of CTCs is more permissive to rAd-GFP than
rAdF35-142T-GFP.

In summary, we developed a novel conditionally replicating Ad
expressing GFP, rAdF35-142T-GFP, for efficient detection of CTCs
without significant production of false-positive cells. The CTC
detection method using rAdF35-142T-GFP would contribute to the
progression of CTC-based diagnosis as well as the characterization
of CTCs.

MATERIALS AND METHODS
Cell culture

Various types of human cultured tumor cell lines (Supplementary Table S2)
and primary cells were cultured in a humidified atmosphere of 5% CO, at 37
°C according to the specifications supplied by the vender. HepG2 cells and
Huh7 cells were obtained from the JCRB Cell Bank (Tokyo, Japan). Human
glioma cell lines, SF295, LN444, LN319, and LNZ308 cells were kindly pro-
vided from Dr. M. Tada (Hokkaido University, Hokkaido, Japan). The other cell
lines were obtained from ATCC. Cell master stocks were prepared, and cells
for experiments were passaged for less than 6 months.

Conditionally replicating Ads

rAd-GFP, which is a telomerase-specific replication-competent Ad pos-
sessing an hTERT promoter-driven E1 gene expression cassette in the
E1-deleted region and a cytomegalovirus (CMV) promoter-driven GFP
expression cassette in the E3-deleted region, and which is identical to
OBP-401, was prepared as previously described.' A fiber-substituted rAd-
GFP, named rAdF35-GFP, was produced by substituting the fiber protein
of rAd-GFP with that of Ad35. An Ad plasmid for rAdF35-GFP was con-
structed by using pAdHM49,?' pSh-hAIB,>* and pHM11-EGFP-N2."2 rAdF35-
142T-GFP, which is a derivative of rAdF35-GFP possessing four copies of
a sequence perfectly complementary to miR-142-3p in the 3’-UTR of the
E1 gene and the GFP gene, was prepared as described below. Briefly,
oligonucleotides encoding miR-142-3p complementary sequences
(Supplementary Table S3) were cloned into pHMCMV5,* resulting in
pHMCMV5-142-3pT. A fragment containing an hTERT promoter-driven E1
gene expression cassette was inserted into the upstream region of miR-
142-3p complementary sequences in pHMCMV5-142-3pT, creating pHM5-
hAIB-142-3pT. For construction of a GFP expression cassette containing
miR-142-3p complementary sequences, oligonucleotides encoding miR-
142-3p complementary sequences were inserted into the 3’-UTR of the
GFP gene in pHMCMV-GFP1,% resulting in pHMCMV-GFP1-142-3pT. A GFP
expression cassette containing miR-142-3p complementary sequences
was recovered from pHMCMV-GFP1-142-3pT and cloned into pHM13,%”
creating pHM13-GFP-142-3pT.The E1 gene expression cassette was cloned
into the E1-deleted region of pAdHM49, resulting in pAdHM49-hAIB-142-
3pT. The GFP expression cassette was recovered from pHM13-GFP-142-
3pT and inserted into the E3-deleted region of pAdHM49-hAIB-142-3pT,
resulting in pAdHM49-hAIB-GFP-142-3pT. Further information on the
plasmid construction is available on request. Recombinant Ads were pro-
duced by transfection of the Pacl-digested Ad plasmids into H1299 cells.
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All Ads were propagated in H1299 cells, purified by two rounds of cesium
chloride-gradient ultracentrifugation, dialyzed, and stored at —80 °C. The
VP titers were determined using a spectrophotometric method, and bio-
logical titers were measured using an Adeno-X-rapid titer kit (Clontech,
Mountain View, CA).

Expression analysis of CAR, CD46, hTERT, and miR-142-3p

Expression levels of human CAR and CD46 on the cell surface were mea-
sured by flow cytometry as previously described.”® Copy numbers of miR-
142-3p and hTERT mRNA were determined by real-time RT-PCR as previously
described.'?*°

Analysis of GFP expression in human tumor cell lines

Human tumor cells were recovered from the culture dish and re-sus-
pended to prepare tumor cell suspensions of 5x 10* cells/ml. Five hundred
microliters of each cell suspension was mixed with 50 pl of 5x10° and
5x10° infectious units (IFU)/ml of Ad suspensions in one well of a 24-well
plate. Following a 24-hour incubation, the tumor cells were recovered,
washed, and subjected to flow cytometric analysis for measurement of
GFP expression.

Induction of EMT

PANC-1 cells (a human pancreatic cancer cell line) were cultured in the pres-
ence of 10ng/ml of TGF-B (PeproTech, Rocky Hill, NJ) for induction of EMT.
Following a 6-day culture, the mRNA levels of EMT marker genes were evalu-
ated by real-time RT-PCR. Primers for the EMT maker genes are shown in
Supplementary Table S4. CAR and CD46 expression levels on the cells under-
going EMT were examined by flow cytometry.

Analysis of GFP expression in normal blood cells

Generation of GFP-positive normal blood cells (false-positive cells) by the
Ads was evaluated as follows; briefly, blood samples isolated from healthy
volunteers were incubated with red blood cell lysis buffer to remove eryth-
rocytes. Following washing and centrifugation, 1x10° cells of peripheral
blood mononuclear cells (PBMCs) were incubated with the conditionally
replicating Ads at the indicated MOlIs in a 1 ml mixture at 37 °C. Following
a 24-hour incubation, the percentage of GFP-positive cells was measured
using flow cytometry. For the evaluation of false-positive cells by fluo-
rescence microscopy, PBMCs recovered from the 7.5ml blood samples of
healthy volunteers were incubated with rAd-GFP and rAdF35-142T-GFP.
Following a 24-hour incubation, the numbers of GFP-positive cells were
counted under a fluorescence microscope as previously described.!
PBMCs obtained from LONZA (Basel, Switzerland) were also used in this
experiment. The study protocols described above were approved by
the ethics committee of Osaka University and Kenshokai Fukushima
Healthcare Center, which is the affiliated institution of Oncolys Biopharma.
All volunteers provided written informed consent.

Detection of tumor cells spiked into human PBMCs

Variable numbers of H1299 and T24 cells stably expressing RFP were spiked
into 2x10° or 5x 10° cells of PBMCs. The cell suspensions were mixed with
2x 107 IFU of the Ads and were incubated at room temperature for 24 hours.
GFP and RFP expression in the cells was analyzed by flow cytometry or fluo-
rescence microscopy.

Detection of CTCs in the blood samples of cancer patients

CTCs in the peripheral blood samples of cancer patients were detected
as previously described with slight modifications.’ Briefly, cells recovered
from the 7.5ml blood samples of patients with NSCLC were incubated
with 2.3x 108 VP of rAd-GFP and 1x10° VP of rAdF35-142T-GFP at 37 °C.
Following a 24-hour incubation, the cells were washed and stained with
anti-human CD45 antibody (clone HI30; Biolegend, San Diego, CA), then
observed by fluorescence microscopy. CTCs and false-positive cells were
defined as GFP*/CD45~ and GFP*/CD45" cells, respectively. The proce-
dures for obtaining peripheral blood from patients with lung cancer were
approved by the Institutional Review Board at the Juntendo University
School of Medicine (No. 2013067). All patients provided written informed
consent.
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Statistical analysis

Data are shown as means + SD. For comparisons between two groups, sig-
nificant differences were determined by the one-way analysis of variance fol-
lowed by Shapiro-Wilk’s analysis. In the experiments using blood samples of
cancer patients, the numbers of GFP-positive cells were compared between
groups using the Mann-Whitney U test. Comparisons were considered sta-
tistically significant at P < 0.05. All statistical analyses were performed with
GraphPad prism software for Macintosh (GraphPad Software, La Jolla, CA).
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