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Oncolytic adenoviruses (OAds) are among the most promising
oncolytic viruses. Almost all oncolytic adenoviruses are
composed of human adenovirus serotype 5 (Ad5) (OAd5).
However, expression of the primary infection receptor for
Ad5, coxsackievirus-adenovirus receptor (CAR), often declines
on malignant tumor cells, resulting in inefficient infection in
CAR-negative tumor cells. In addition, at least 80% of adults
have neutralizing antibodies against Ad5. In this study, we
developed a novel OAd fully composed of OAd35. OAd35 rec-
ognizes CD46, which is ubiquitously expressed on almost all
human cells and is often upregulated on malignant tumor cells,
as an infection receptor. Moreover, 20% or fewer adults have
neutralizing antibodies against Ad35. OAd35 mediated effi-
cient cell lysis activities at levels similar to OAd5 in CAR-pos-
itive tumor cells, while OAd35 showed higher levels of cell lysis
activities than OAd5 in CAR-negative tumor cells. Anti-Ad5
serum significantly inhibited in vitro tumor cell lysis activities
of OAd5, whereas OAd35 exhibited comparable levels of
in vitro tumor cell lysis activities in the presence of anti-Ad5
and naive serum. OAd35 significantly suppressed growth of
the subcutaneous CAR-positive and CAR-negative tumors
following intratumoral administration. These results indicated
that OAd35 is a promising alternative oncolytic virus for
OAd5.

INTRODUCTION
Oncolytic viruses are attractingmuch attention as a novel cancer ther-
apeutic agent. Oncolytic viruses specifically replicate in and kill tumor
cells without apparent toxicity to normal cells. Currently, more than
10 types of oncolytic viruses have been tested in clinical trials against
various types of tumors and have shown promising results.1,2 Among
these oncolytic viruses, the oncolytic adenoviruses (OAds) are one of
the most promising. Almost all OAds are composed of human adeno-
virus (Ad) serotype 5 (Ad5), which belongs to species C. Ad5 has
various advantages as a framework for oncolytic viruses. For example,
Ad5 can be grown to high titers, and efficiently infects a variety of
cells. In addition, transgenes of relatively large size can be incorpo-
rated into the Ad5 genome by genetic recombination technology.
Molecular
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However, the OAd composed of Ad5 (OAd5) recognizes coxsackievi-
rus-adenovirus receptor (CAR) as an infection receptor. Ad5
efficiently infects CAR-positive cells but does not readily infect
CAR-negative cells. CAR expression is often reduced on malignant
tumor cells, leading to inefficient infection with OAd5.3–5 In addition,
more than 80% of adults have neutralizing antibodies against Ad5 due
to natural infection with Ad5 during childhood.6–9 Neutralizing anti-
Ad5 antibodies might inhibit antitumor effects of an OAd5, especially
when high titers of neutralizing anti-Ad5 antibody titers were
produced.

In this study, in order to overcome these drawbacks of OAd5, we
developed a novel OAd35, which belongs to species B2. Ad35 has su-
perior properties as a framework for an oncolytic virus. First, Ad35
recognizes human CD46 as an infection receptor.10,11 CD46, which
is a complement regulatory protein, is ubiquitously expressed on all
human cells except erythrocytes.12–14 Moreover, CD46 is often upre-
gulated on malignant tumor cells.15,16 Second, 20% or fewer adults
have neutralizing antibodies against Ad35.6,17 Several groups,
including us, developed a replication-incompetent Ad35 vector and
demonstrated that an Ad35 vector showed efficient transduction,
especially in CAR-negative human cells.17–19 In addition, a previous
study demonstrated the efficient tumor-killing activities of wild-
type Ad35 on several human tumor cell lines.20 These findings led
us to hypothesize that an OAd35 became a promising oncolytic agent.
We demonstrated that OAd35 efficiently killed not only CAR-posi-
tive but also CAR-negative tumor cells. Intratumoral administration
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Figure 1. Construction strategy for an OAd35 plasmid, pAdMS2-hTERT-E1

pAd35-hTERT-E1 and pAdMS2 were digested by SalI and SwaI, respectively. pAdMS2-hTERT-E1 was produced via homologous recombination in Escherichia coli BJ5183

using these fragments. mE1, mutated E1 gene; ITR, inverted terminal repeat.
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of OAd35 resulted in significant growth suppression of the subcu-
taneous CAR-positive and CAR-negative tumors.

RESULTS
Construction of an OAd fully composed of an Ad35

In order to produce an OAd35, an OAd35 plasmid, pAdMS2-hTERT-
E1, was created using the Ad35 vector plasmid pAdMS2.21 pAdMS2-
hTERT-E1 contains an expression cassette of the mutated Ad35 E1
gene (Ad35 genome, bp 569-3400, referred to GenBank 56160914)
under the control of the human telomerase reverse transcriptase
(hTERT) promoter (Figure 1). The Ad35 E1B gene (Ad35 genome,
bp 1611-3400) was controlled by the native viral promoter in the
Ad35 genome. OAd35 exhibited a cytopathic effect (CPE) in
HEK293 cells when administered by a conventional method using a
recombinant Ad vector preparation within 21 days after the transfec-
tion of pAdMS2-hTERT-E1. Propagation of OAd35 in HEK293 cells
was lower than that of OAd5 in H1299 cells. The physical titers
of OAd35 were approximately 10-fold lower than those of OAd5
(Table 1). The ratio of biological titers to physical titers of OAd35
was 1:8.5, which was comparable to that for OAd5.

CAR and CD46 expression on human tumor cells

In order to examine the expression levels of the OAd infection recep-
tors, CAR and CD46, on the five human tumor cell lines, flow cyto-
400 Molecular Therapy: Oncolytics Vol. 20 March 2021
metric analysis was performed (Figure 2). More than 90% of
HepG2 cells, A549 cells, and H1299 cells expressed CAR, whereas
23.2% of MCF-7 cells and only 1.51% of T24 cells expressed CAR.
Despite these differing levels of CAR expression among the cell lines,
CD46 was highly expressed on all tumor cell lines. Indeed, almost
100% of the cells were CD46 positive. Therefore, in the following ex-
periments, HepG2, A549, and H1299 cells were used as CAR-positive
tumor cells, and T24 and MCF-7 cells were used as CAR-negative tu-
mor cells.

Tumor cell lysis activities and safety profiles of OAd35

In order to examine the tumor cell lysis activities of OAds, crystal vi-
olet staining was performed following a 5-day incubation after virus
infection (Figure 3A). Both OAds showed efficient and comparable
tumor cell lysis activities on HepG2 and A549 cells, both of which
were CAR-positive. OAd35 killed H1299 cells less efficiently than
OAd5. OAd35 achieved 100% lysis of H1299 cells at 300 virus particle
(VP)/cell, whereas 100% lysis of H1299 cells was observed at 100 VP/
cell of OAd5. On the other hand, in T24 and MCF-7 cells, which are
CAR-negative, OAd5 did not show apparent tumor cell lysis activities
at less than 1,000 VP/cell, whereas OAd35 mediated efficient tumor
cell lysis activities in these CAR-negative tumor cells. Approximately
100% tumor cell lysis was achieved by 100 and 10 VP/cell of OAd35 in
T24 andMCF-7 cells, respectively. When we compared the tumor cell



Table 1. Virus titers

Virus Physical titer (VP/mL) Biological titer (PFU/mL) VP/PFU ratio

OAd5 1.95 � 1012 3.0 � 1011 6.5

OAd35 2.89 � 1011 3.4 � 1010 8.5

PFU, plaque forming unit.
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lysis activities of OAds to those of wild-type Ads, OAd5 mediated less
efficient tumor cell lysis activities than wild-type Ad5 in A549, H1299,
and MCF-7 cells. On the other hand, OAd35 showed comparable or
higher levels of tumor cell lysis activities in all tumor cells except for
A549 cells when compared to wild-type Ad35. These data indicated
that the use of the hTERT promoter for the E1A gene expression
reduced the tumor cell lysis activities of OAd5, while the tumor cell
lysis activities of OAd35 were enhanced by insertion of the hTERT
promoter.

We also examined the safety profiles of OAd5 and OAd35 on normal
human cells by crystal violet staining assay. Both OAd5 and OAd35
induced cell lysis in NHLF and MRC5 cells less efficiently than the
corresponding wild-type Ads (Figure 3B), indicating that insertion
of the hTERT promoter significantly enhanced the safety profiles of
OAd5 and OAd35.

Next, the tumor cell lysis activities of OAdswere evaluated by water sol-
uble tetrazolium salts (WST) -8 assay (Fig 3C). In CAR-positive tumor
cells, efficient OAd35- and OAd5-mediated tumor cell lysis (less than
50% of cells remaining viable) was observed at 3 and 5 days after virus
infection. In CAR-negative cells, almost 100% of the cells survived after
a 5-day incubation with OAd5, while more than 90% of CAR-negative
cells were killed after a 5-day incubation with OAd35. As shown in the
crystal violet staining assay, the viabilities of MRC-5 cells and NHLF
following infection with OAd5 and OAd35 were comparable to or
higher than those of wild-type Ad5 and Ad35 in theWST-8 assay (Fig-
ure 3D). These data of crystal violet staining and WST-8 assay indi-
cated that OAd35 exhibited efficient tumor cell lysis activities in a
wide variety of tumor cells, irrespective of the CAR expression levels,
with superior safety profiles in normal human cells.

E1A gene expression by OAd5 and OAd35

Next, in order to examine the E1A gene expression levels of OAds and
wild-type Ads, real-time RT-PCR analysis was performed (Figures 4A
and 4B). The results showed that OAd5-mediated E1A gene expres-
sion was comparable to or lower than that mediated by wild-type
Ad5 in both tumor cells and normal cells. In particular, the E1A
gene expressions by OAd5 in MRC-5 cells and NHLF were 3-fold
lower than those by the wild-type Ad5. On the other hand, the
OAd35-mediated E1A gene-expression levels differed among the tu-
mor cells. OAd35 mediated comparable or lower levels of the E1A
gene expression than wild-type Ad35 in HepG2, A549, and MCF-7
cells, while the E1A gene expressions by OAd35 in T24 and H1299
cells were 4- and 15-fold higher than that by wild-type Ad35, respec-
tively. The finding that OAd35 mediated higher levels of E1A gene
expression in T24 and H1299 cells than wild-type Ad35 agreed with
the result that the tumor cell lysis activities by OAd35 were higher
than those by the wild-type Ad35 in these tumor cells. Similar to
OAd5, OAd35 induced more than 10-fold lower levels of E1A gene
expression thanwild-typeAd35 in the normal cells. These results indi-
cated that the hTERT promoter-regulated expression of the E1A gene
led to the tumor cell-specific lysis activities of OAd5 and OAd35.

Virus genome replication of OAd35 in tumor cells

In order to examine whether the OAd35 genome efficiently replicated
in tumor cells, we measured the Ad genome copy numbers in the tu-
mor cells 24 and 72 h after virus infection (Figure 5A). The OAd35
genome copy numbers were similar to or higher than the OAd5
genome copy numbers in CAR-positive HepG2 cells and A549 cells,
respectively. At 72 h after infection, the genome copy numbers of
OAd35 were 2-fold and 27-fold higher than those of OAd5 in
HepG2 and A549 cells, respectively, whereas in H1299 cells the
genome copy numbers of OAd35 were 11-fold lower than those of
OAd5. On the other hand, the OAd35 genome more efficiently repli-
cated in the CAR-negative cells than the OAd5 genome. In T24 cells,
the OAd5 genome copy numbers increased by approximately 30-fold
from 24 h to 72 h, whereas the OAd35 genome exhibited a more than
300-fold increase in replication efficiency over this period. In MCF-7
cells, the OAd5 genome copy numbers increased by approximately
670-fold, while the OAd35 genome copy numbers increased by
more than 1,800-fold.

In order to examine the virus-spread-based oncolytic activities of
OAds, plaque-forming assay was performed following infection of
HepG2 cells at 0.001 VP/cell (Figure 5B). Both OAds formed similar
sizes of plaques in HepG2 cells after an 8-day incubation. These data
indicated that the OAd35 genome efficiently replicated and produced
progeny virus in tumor cells and showed tumor cell killing activities
by spread of infection to adjacent tumor cells.

Tumor cell lysis activities of OAd35 in the presence of anti-Ad5

neutralizing antibodies

Next, in order to examine the in vitro tumor cell lysis activities of
OAds in the presence of anti-Ad5 neutralizing antibodies, OAds
were pre-incubated with anti-Ad5 serum recovered from the pre-
immunized mice and were added to the tumor cells. OAd5-mediated
lysis of HepG2 cells was significantly inhibited in the presence of 400-
and 800-fold diluted anti-Ad5 serum (Figure 6A). The cell viabilities
following OAd5 infection in the presence of naive serum were less
than 12%, while approximately 90% of HepG2 cells were alive
following OAd5 infection in the presence of 400- and 800-fold diluted
anti-Ad5 serum. In contrast, OAd35-mediated tumor cell lysis activ-
ities were not inhibited by anti-Ad5 serum. The viabilities of HepG2
cells following OAd35 infection were 5% or less under all the anti-
Ad5 serum concentrations used. OAd35 also exhibited similar levels
of cell lysis activities in T24 cells in the presence of naive and anti-Ad5
serum (Figure 6B). These results indicated that OAd35 efficiently
killed human tumor cells in vitro in the presence of anti-Ad5 neutral-
izing antibodies.
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Figure 2. Flow cytometric analysis of CAR and CD46 expression on human tumor cells

Cells were labeled with mouse anti-CARmonoclonal antibody and PE-conjugated goat anti-mouse IgG secondary antibody or PE-conjugated mouse anti-CD46monoclonal

antibody. The data were analyzed by using FlowJo flow cytometry data analysis software. Light gray histogram, isotype control; gray histogram, anti-CAR or anti-CD46

antibody.
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OAd35-mediated growth suppression of subcutaneous tumors

following intratumoral administration

In order to examine the in vivo antitumor effects ofOAd35,OAdswere
intratumorally administered in themice bearing subcutaneous H1299
and T24 tumors (Figures 7A and 7B). H1299 and T24 cells were CAR-
positive and -negative, respectively (Figure 2). Growth of the
subcutaneous H1299 tumors was significantly suppressed following
intratumoral administration of OAd5 and OAd35 (Figure 7A).
Although the in vitro tumor cell lysis activities of OAd5 were higher
than those of OAd35 in H1299 cells (Figure 3A), there were no statis-
tically significant differences in the tumor growth-suppression effects
of OAd5 and OAd35. OAd35 mediated significant growth inhibition
of the CAR-negative T24 tumors (Figure 7B). Although OAd5 tended
to inhibit the growth of T24 tumors, statistically significant differences
between the tumor growth of PBS-treated and OAd5-treated T24 tu-
mors were not found. These results indicated that OAd35 mediated
efficient in vivo antitumor effects on both CAR-positive and -negative
tumors following intratumoral administration.

DISCUSSION
OAd5 has shown significant antitumor effects in not only preclinical
studies but also clinical trials; however, low infection efficiencies in
CAR-negative tumor cells havebeen reported.3–9 Furthermore, neutral-
izing anti-Ad5 antibodies might inhibit antitumor effects of OAd5. In
order to overcome these problems, we developed OAd35 in this study.
OAd35 recognizes CD46 as an infection receptor. CD46 is ubiquitously
expressed on all human cells except erythrocytes. CD46 is a comple-
ment regulatory protein and plays a role in protecting cells from cell
damage caused by the complement system.Malignant tumor cells often
express high levels of CD46 to evade the immune system,16,22 suggest-
ing that CD46 is a suitable target for virotherapy against tumors. A pre-
vious study demonstrated that the tumor cell lysis efficiencies of onco-
lytic measles virus, which infects via CD46, were correlated with CD46
expression levels on the tumor cells.23,24 CD46 expression levels on
tumor cells would be a predictive biomarker of antitumor effects of
OAd35. Moreover, our group reported that Ad35 downregulated
CD46 expression from the cell surface following infection.25 This
402 Molecular Therapy: Oncolytics Vol. 20 March 2021
finding suggested that OAd35 also downregulated CD46 expression
on tumor cells following infection, leading to additional antitumor
effects by activation of complement-mediated antitumor immunity.

The physical titers of OAd35 were approximately 10-fold lower than
those of OAd5 (Table 1), although OAd35 efficiently replicated in
all the tumor cell lines used in this study at levels similar toOAd5 (Fig-
ure 5A). A replication-incompetent Ad35 vector has been reported to
have a lower titer than an Ad5 vector.26 The Ad5 genome encodes
adenovirus death protein (ADP), which is located in the E3 region.
ADP is known to play an important role in virus growth, cell lysis,
and the spread of Ad.27,28However, the Ad35 genome does not encode
ADP. The absence of ADP in OAd35 might have been partly respon-
sible for the finding that the titers of OAd35 were lower than those of
OAd5. Alternatively, HEK293 cells might thus be less suitable as a
packaging cell line for OAd35. Since OAd35 efficiently replicates in
various types of tumor cell lines, other cell lines can be used as pack-
aging cells. Optimization of virus production, including the packaging
cells, will be a crucial issue in the clinical development of OAd35.

We found approximately 10- to 100-fold lower levels of the OAd5
genome in T24 cells than in the CAR-positive tumor cells, indicating
that OAd5 less efficiently infected T24 cells due to the lack of CAR
expression on T24 cells. On the other hand, the levels of OAd5
genome copy numbers in MCF-7 cells were similar to those in
CAR-positive tumor cells, although the OAd5-mediated cytotoxicity
levels in MCF-7 cells were much lower than those in CAR-positive
cells. The discrepancy in MCF-7 cells remained unclear. MCF-7 cells
might be more resistant to OAd5-induced cell death than the CAR-
positive tumor cells used in this study.

It is controversial whether anti-Ad5 antibodies inhibit the antitumor
effects of OAd5. The inhibitory effects of anti-Ad5 antibodies on the
antitumor effects of OAd5 have differed substantially among studies
due to the different experimental conditions used, including the virus
doses, titers of anti-Ad5 antibodies, and administration routes of
OAd5.29–33 There is a possibility that the antitumor effects of OAd5
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Figure 3. Tumor cell lysis activities and safety profiles of OAd35

(A and B) Viabilities of (A) human tumor cell lines and (B) normal cells were assessed by crystal violet staining assay. Cells were infected with OAds and wild-type Ads at the

indicated VP/cell. Cells were stained with crystal violet following a 5-day incubation after infection. The representative images from at least 2 independent experiments were

shown. (C and D) Viabilities of (C) human tumor cells and (D) normal cells were also evaluated by WST-8 assay. Cell lines were infected with OAds and wild-type Ads at 300

VP/cell. At the indicated time points, cell viabilities were determined by WST-8 assay. The viability in the mock-infected group was normalized to 100%. These data are

expressed as the means ± SD (n = 4).
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are inhibited by neutralizing anti-Ad5 antibodies, especially when the
neutralizing anti-Ad5 antibody titers are high or when the antibodies
can easily access the OAd5 before attachment to tumor cells. OAd35
can circumvent neutralizing anti-Ad5 antibodies even under such
conditions, which is an advantage of OAd35.

Several studies have reported that various fiber modifications,
including replacement of the Ad5 fibers with the fiber proteins of
other serotypes and insertion of the Arg-Gly-Asp (RGD) peptide
motif or polylysine into fibers, significantly improved the potent anti-
tumor effects of OAds, especially on CAR-negative tumor cells.34–36

However, such fiber modifications cannot evade the anti-Ad5
neutralizing antibodies that recognize the hexon, although it is
controversial whether antitumor effects of OAd5 are significantly in-
hibited by neutralizing anti-Ad5 antibodies.29–33 Anti-Ad5 neutral-
izing antibodies mainly recognized the hexon proteins,37,38 which
are major outer capsid proteins of Ad, leading to inhibition of Ad5
infection. Anti-Ad5 neutralizing antibodies are one of the concerns
for OAd5-mediated virotherapy, especially when neutralizing anti-
Ad5 antibodies easily access to OAd5, as discussed above. A previous
study from our group demonstrated that when an Ad5 vector was in-
tratumorally injected into mice pre-immunized with an Ad5 vector,
the transduction efficiencies in the tumors of pre-immunized mice
were significantly lower than those in the tumors of non-immunized
mice.39 Vaccination effects of intramuscularly injected Ad5 vector
were inhibited by anti-Ad5 neutralizing antibodies.40 Hence, avoiding
anti-Ad5 neutralizing antibodies might enhance the antitumor effects
of OAds. For this purpose, several groups developed OAds fully
composed of serotypes other than Ad5, such as Ad3 or Ad6.41,42

These OAds exhibited high-level anti-tumor effects in the presence
Molecular Therapy: Oncolytics Vol. 20 March 2021 403
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Figure 4. The E1A gene expression following infection with OAds and wild-type Ads

(A and B) Human tumor (A) and normal (B) cells were infected with OAds and wild-type Ads at 100 VP/cell. Total RNA was recovered at 72 h after infection, followed by

real-time RT-PCR analysis of the E1A genes. The values were normalized by the mRNA levels of a housekeeping gene, human GAPDH. The E1A gene expression levels of

wild-type Ads were normalized to 1. These data are expressed as the means ± SD (n = 4).
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of anti-Ad5 neutralizing antibodies. However, the seroprevalences of
Ad3 and Ad6 in adults were higher than that of Ad35,43 indicating
that infections with OAds composed of Ad3 or Ad6 are more likely
to be inhibited by pre-existing neutralizing antibodies, compared
with infection with OAd35. Moreover, a previous study has reported
that titers of anti-Ad35 neutralizing antibodies remained lower after
repeated administration of an Ad35 vector, than after repeated
administration of an Ad5 vector,44 suggesting that OAd35 mediates
efficient antitumor effects following repeated administration. An
OAd based on Ad11, which belongs to species B2,45,46 also uses
CD46 as an infection receptor. However, the transduction efficiencies
of a fiber-substituted Ad5 vector bearing the fiber protein of Ad35
were higher than those of a fiber-substituted Ad5 vector bearing the
fiber protein of Ad11, suggesting that the affinity of Ad35 fiber pro-
tein to CD46 would be higher than that of Ad11 fiber protein.47,48

These findings suggest that OAd35 might show a higher level of anti-
tumor effects than OAd11.
404 Molecular Therapy: Oncolytics Vol. 20 March 2021
In conclusion, we developed a novel OAd fully composed of Ad35 in
this study. OAd35 showed high tumor cell lysis activities in not only
CAR-positive but also CAR-negative tumor cells without apparent
toxicity to normal cells. The in vitro tumor cell lysis activities of
OAd35 were not inhibited by anti-Ad5 antibodies. Moreover, OAd35
showed significant antitumor effects on both CAR-positive and -nega-
tive tumors following intratumoral administration. These results indi-
cated that OAd35 can become a promising alternative oncolytic virus.

MATERIALS AND METHODS
Cells

HEK293 cells (a transformed human embryonic kidney cell line)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 1 mM L-glucose,
100 mg/mL streptomycin, and 100 U/mL penicillin. A549 (a human
lung epithelial cell line), HepG2 (a human hepatocellular carcinoma
cell line), T24 (a human urinary bladder carcinoma cell line), normal
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Figure 5. OAd35 genome copy numbers in tumor cells

(A) Human tumor cell lines were infected with OAds at 100 VP/cell. Total DNA was recovered at the indicated time points, followed by real-time PCR analysis of viral genome

copy numbers. These data are expressed as the means ± SD (n = 3). (B) HepG2 cells were infected with OAds at 0.001 VP/cell. Following an 8-day incubation after infection,

phase-contrast photomicrographs were obtained. Scale bar, 100 mm.
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human lung fibroblast (NHLF; Lonza, CC-2512), and MRC-5
(a normal fetal human diploid lung fibroblast) cells were cultured
in DMEM supplemented with 10% FBS, 100 mg/mL streptomycin,
and 100 U/mL penicillin. H1299 (a non-small cell lung carcinoma
cell line) and MCF-7 (a human breast carcinoma cell line)
cells were cultured in RPMI1640 supplemented with 10% FBS,
100 mg/mL streptomycin, and 100 U/mL penicillin.

Plasmids

An OAd5 plasmid, pAdHM3-hTERT-E1, was constructed as fol-
lows. pHM5-hTERT-E1, which includes the hTERT promoter and
the Ad5 E1 gene (Ad5 genome, bp 560-3509), and an E1-deleted
Ad5 vector plasmid, pAdHM3,49 were digested with I-CeuI/PI-SceI
and then ligated, resulting in pAdHM3-hTERT-E1. An OAd35
plasmid, pAdMS2-hTERT-E1, was constructed as follows. pAd35-
hTERT-E1, which includes the hTERT promoter, the mutant
Ad35 E1 gene (Ad35 genome, bp 569-3400), and the homology
arm (Ad35 genome, bp 1-455, bp 3401-4603), was digested with
SalI. The sequence of 50-TTGCACTGCTATGAA-30 (Ad35 genome,
bp 921-935) in the Ad35 E1 gene was changed to 50-GTGCACTCC-
TATGAT-30 by reference to the previous studies to circumvent the
binding between the E1A protein and STING (stimulation of inter-
feron genes), which are involved in innate immune responses.50–53

The binding between the E1A protein and STING caused competi-
tive inhibition of STING, resulting in suppression of anti-tumor
immunity. pAdMS2-hTERT-E1 was produced by homologous
recombination of the SalI-digested pAd35-hTERT-E1 with the
SwaI-digested E1-deleted Ad35 vector genome plasmid, pAdMS2,21

in Escherichia coli BJ5183. Further details on the construction
methods are available upon request.

Viruses

PacI-digested pAdHM3-hTERT-E1 and SbfI-digested pAdMS2-
hTERT-E1 were transfected into HEK293 cells using Lipofectamine
Molecular Therapy: Oncolytics Vol. 20 March 2021 405
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Figure 6. Tumor cell lysis activities of OAd35 in the

presence of anti-Ad5 serum

(A and B) HepG2 (A) and T24 (B) cells were infected with

OAds at 300 VP/cell in the presence or absence of mouse

anti-Ad5 serum. As a control, serum collected from naive

mice was used. Cell viabilities were determined by WST-8

assay following a 5-day incubation. The viability in the

mock-infected group was normalized to 100%. These data

are expressed as the means ± SD (n = 4).
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2000 (Thermo Fisher Scientific, San Jose, CA, USA), producing OAd5
and OAd35, respectively. OAd5 was propagated in H1299 cells, while
OAd35 was propagated in HEK293 cells. These OAds were purified
by two rounds of cesium chloride gradient ultracentrifugation, dia-
lyzed, and stored at �80�C. The determination of VP titers was
accomplished according to Maizel et al.54 Biological titers of OAds
were determined by a 50% tissue culture infectious dose (TCID50)
assay using HEK293 cells.

Flow cytometric analysis

For the measurement of human CAR expression on tumor cells,
cells (5 � 105 cells) were labeled with mouse anti-CAR monoclonal
antibody (RmcB; Merck Millipore, Darmstadt, Germany) and then
incubated with phycoerythrin (PE)-conjugated goat anti-mouse
immunoglobulin G (IgG) secondary antibody (BD PharMingen,
San Diego, CA, USA). For the measurement of human CD46
expression on tumor cells, cells were labeled with PE-conjugated
mouse anti-CD46 monoclonal antibody (8E2; Thermo Fisher Scien-
tific). Mouse IgG1, kappa isotype control antibody (BD PharMin-
gen) was used as a negative control. Flow cytometric analysis was
performed using a MACS Quant Analyzer (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). The data were analyzed using FlowJo
flow cytometry data analysis software (TreeStar, San Carlos, CA,
USA).

Evaluation of cell lysis activities of OAds

In the crystal violet staining assay, cells were seeded on a 24-well
plate at a density of 2–5 � 104 cells/well. On the following day, cells
406 Molecular Therapy: Oncolytics Vol. 20 March 2021
were infected with OAds and wild-type Ads
at the indicated multiplicities of infection
(MOIs). After a 5-day incubation, the medium
was removed. Cells were then fixed with 4%
paraformaldehyde phosphate buffer solution
(FUJIFILM Wako Pure Chemical, Osaka, Japan)
for 1 h at room temperature and then treated
with 1 mL of 2% crystal violet in 100% meth-
anol. The plates were washed, dried, and
observed.

In the WST-8 assay, cells were seeded on a
96-well plate at a density of 0.5–1 � 104 cells/
well. On the following day, cells were infected
with OAds and wild-type Ads at 300 VP/cell.
Cell viabilities were determined using a cell counting kit-8 (Dojindo
Laboratories, Kumamoto, Japan) on the indicated days.

Real-time RT-PCR analysis

Cells were seeded on a 12-well plate at a density of 0.4–1 � 105 cells/
well. On the following day, cells were infected with OAds and wild-
type Ads at 100 VP/cell. Total RNA was then recovered using
ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufac-
turer’s instructions at 72 h after infection. cDNA was synthesized
using a Superscript VILO cDNA synthesis kit (Thermo Fisher Scien-
tific). Real-time RT-PCR was performed using a StepOnePlus System
(Thermo Fisher Scientific) and THUNDERBIRD SYBR qPCRMix re-
agents (TOYOBO, Osaka, Japan). The values were normalized by the
mRNA levels of a housekeeping gene, human glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). The sequences of the primers are
described in Table S1.

Determination of Ad genome copy numbers

Cells were seeded on a 12-well plate at a density of 0.5–1 � 105

cells/well. On the following day, cells were infected with OAds at
100 VP/cell. Total DNA, including Ad genomic DNA, was isolated
by using DNAzol (Molecular Research Center, Cincinnati, OH,
USA) at 24 and 72 h after infection. The Ad genome copy numbers
were quantified by real-time PCR analysis using the primers for
the Ad5 E4 and the Ad35 E1A genes, a StepOnePlus System
(Thermo Fisher Scientific), and THUNDERBIRD SYBR qPCR
Mix reagents (TOYOBO). The sequences of the primers are
described in Table S1.



A B Figure 7. Tumor growth following intratumoral

administration of OAd35

(A and B) OAds were intratumorally injected into (A) H1299

and (B) T24 tumor-bearing mice at a dose of 2.4 � 109 VP/

mouse. Arrows indicate the number of days after virus in-

jection (days 0 and 3). Tumor volume is expressed as the

mean tumor volume ± SE. *p < 0.05 (versus PBS; H1299

tumor; n = 7, T24 tumor; n = 6).
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Plaque-forming assay

HepG2 cells were seeded on a collagen-coated 12-well plate at a den-
sity of 1� 105 cells/well. On the following day, cells were infected with
OAds at 0.001 VP/cell. After 2 h from infection, culture medium con-
taining virus was removed, followed by addition of Temin’s Modified
Eagle Medium (MEM) supplemented with 10% FBS, 0.5% agarose,
100 mg/mL streptomycin, and 100 U/mL penicillin to the wells. After
an 8-day incubation, plaques were observed by phase-contrast micro-
scopy (BIOREVO BZ-9000, KEYENCE, Osaka, Japan)

Immunization with an Ad5 vector

An E1-deleted replication-incompetent Ad5 vector, Ad-L2,49 was
intravenously administered to C57BL/6 mice at a dose of 1.0 �
1010 VP/mouse. Blood samples were collected via retro-orbital
bleeding 19 days after administration. Blood samples were allowed
to clot for 30 min at room temperature. After incubation overnight
at 4�C, samples were centrifuged at 3,000 rpm for 5 min. The super-
natants were collected as anti-Ad5 serum.

In vivo animal experiments

H1299 cells (3 � 106 cells per mouse) and T24 cells (approximately
1–2 mm3 pieces of tumor tissue) were subcutaneously injected into
the right flank of 5-week-old female BALB/c nu/nu mice (Nippon
SLC, Hamamatsu, Japan) with 50% Matrigel (Corning, Corning,
NY, USA). T24 tumor tissues were obtained by subcutaneous trans-
plantation of T24 cells (5� 106 cells permouse), which were normally
cultured in vitro, into nude mice. When the tumors grew to approx-
imately 5 to 6 mm in diameter, mice were randomly assigned into
three groups. PBS, OAd5, and OAd35 were intratumorally injected
to each group at a dose of 2.4 � 109 VP/mouse, followed by reinjec-
tion 3 days after the first administration. The tumors were measured
every 3 days using vernier calipers. Tumor volume was calculated by
the following formula: tumor volume (mm3) = 1/2 � a � b2, where a
is the longest dimension and b is the shortest.55 These experiments
were approved by the Animal Experiment Committee of Osaka
University.

Statistical analyses

Student’s t test and one way-ANOVA with Dunnett’s post hoc test
were used for statistical analyses. These analyses were done with
Graph Pad Prism (GraphPad Software, San Diego, CA, USA). Data
are presented as means ± SD or SE.
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