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ABSTRACT: Theoretically, adenovirus (Ad) genes should not be expressed
following transduction with a replication-incompetent Ad vector because
the E1A gene, which is essential for the expression of other viral gene, is
deleted in a replication-incompetent Ad vector. However, leaky expres-
sion of viral genes is known to occur following transduction with an E1-
deleted Ad vector, leading to an induction of cellular immunity against
Ad proteins. To date, no detailed analysis of the leaky expression profiles
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of Ad genes has been performed. In this study, we systematically

examined the expression profiles of Ad genes in cells following transduction with a replication-incompetent Ad vector (Ad-L2)
at multiplicities of infection (MOIs) of 10 and 100 using real-time RT-PCR. Significant expression was found for the E4 and pIX
genes following transduction with Ad-L2 in cultured cells. The expression levels of the E4 and pIX genes were approximately 30- to
600-fold lower than those of the transgene (firefly luciferase), and SO- to S000-fold lower than those of the E4 and pIX genes
following transduction at the same MOI with the wild-type Ad. Unexpectedly, expression levels of the major capsid proteins were
approximately the same as, or even slightly above, the background levels (Ad gene expression levels in mock-transduced cells). This
study provides valuable information for the design of a safe and efficient replication-incompetent Ad vector.
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B INTRODUCTION

Replication-incompetent adenovirus (Ad) vectors are widely
used in basic research and gene therapy studies because they are
beneficial as a gene delivery vehicle enabling high-titer produc-
tion and highly efficient gene transfer into a wide spectrum of
dividing and nondividing cells in vitro and in vivo. In a replication-
incompetent first-generation Ad vector, the E1A gene, which
encodes an essential transactivator of the other viral genes, is
deleted, in addition to the E1B gene. Therefore, theoretically, no
other viral genes should be expressed following transduction;
however, viral genes from the vector genome, including the E2A
and E4 genes, are indeed expressed, which leads to an induction
of cellular immunitg against Ad proteins as well as to Ad protein-
induced toxicity.'~” Such Ad protein-induced cellular immunity
and toxicity frequently cause both an elimination of Ad vector-
transduced cells and tissue damage, leading to short-lived transgene
expression.' >¥*®° The administration of immunosuppressive
agents has been shown to prolong Ad vector-mediated transgene
expression, supporting the notion that cellular immunity against
Ad proteins is largely involved in this type of short-lived transgene
expression.'® However, little is known about the leaky expression
profiles of Ad genes in cells following transduction with a
replication-incompetent Ad vector. Although the leaky expres-
sion of the Ad genes (e.g., E2A [DNA-binding protein], E4 gene,
hexon, penton base, and fiber proteins) following transduction
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with a replication-incompetent Ad vector has been demonstrated,"*~”

Ad gene expression has been evaluated by Northern or Western
blot analyses, both of which are less sensitive and quantitative
than quantitative RT-PCR analysis. In addition, high titers of Ad
vectors (=500 MOI) were added to the cells in most previous
studies,*® while no systematic analysis of leaky expression has
been performed. Quantitative analyses of the leaky expression of
Ad genes following transduction will be crucial for designing an
improved Ad vector that expresses prolonged transgene expres-
sion with minimal immunogenicity and toxicity.

In the present study, the expression profiles of Ad genes
(i.e., E2A, E2B, E4, hexon, penton base, fiber proteins, and
pIX) in cells following transduction with a firefly luciferase-
expressing Ad vector were examined by real-time RT-PCR
analysis, which enables sensitive quantification of mRINA expres-
sion levels. Following transduction with a replication-incompe-
tent Ad vector in the cultured cells, it was found that E4 and pIX
were mainly expressed, whereas the expression levels of the major
capsid proteins (e.g, hexon, penton base, and fiber proteins)
were quite low.
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B EXPERIMENTAL SECTION

A Replication-Incompetent Ad Vector and Wild-Type Ad.
An El- and E3-deleted first-generation replication-incompetent
Ad vector, Ad-L2, which possesses a cytomegalovirus (CMV)
promoter-driven firefly luciferase expression cassette in the E1-
deleted region in the reverse orientation, was previously prepared."’
We confirmed by PCR analysis that none of the viral stocks used in
this study contained detectable replication-competent virus."> A
wild-type Ad was obtained from American Type Culture Collec-
tion (ATCC). Determination of infectious units (ifu) was accom-
plished using an Adeno-X Rapid Titer Kit (Clontech, Mountain
View, CA).

Transduction with an Ad Vector and Wild-Type Ad. WI38
and SK HEP-1 cells were seeded at 0.6 x 10° and 1 x 10° cells
per well, respectively, in a 12-well plate. On the following day,
cells were transduced with Ad-L2 at MOIs of 10 and 100, or with
a wild-type Ad at MOIs of 1 and 10 for 1 h. The medium was
removed after 1 h incubation, and fresh medium was added to the
culture. Cells were harvested at 2, 6, 12, 24, 48, 72, and 96 h after
transduction.

Real-Time RT-PCR Analysis. After harvesting the cells, total
RNA were extracted from the cells. The Ad gene mRNA levels
were determined by real-time RT-PCR and normalized by
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
levels. Thermal cycling conditions were subjected to 20 s at
95°C,and 40 cycles of 1 sat 95 °C and 20 s at 63 °C. The plasmid
encoding the Ad genome was used as a standard. The sequences
of the primers and probes used in this study were as follows: E1IA
forward, S'“TCC GGT CCT TCT AAC ACA CCT C-3; E1A
reverse, S'-ACG GCA ACT GGT TTA ATG GG-3'; E1A probe,
FAM-TGA GAT ACA CCC GGT GGT CCC GC-TAMRA;
E1A amplicon, 71 bp; E1B forward, $-GAC AGG GCC TCT
CAG ATG CT-3'; E1B reverse, S-TGG CTA CGT GAA TGG
TCT TCA G-3'; E1B probe, FAM-ACC TGC TCG GAC GGC
AAC TGT CA-TAMRA; E1B amplicon, 70 bp; E2A forward,
§'-CAC TAC GGT GCG AGT GCA A-3'; E2A reverse, S'-GGT
AGC TGC CTT CCC AAA AAG-3'; E2A probe, FAM-TCA
AAG CCT GGG CAC GCG C-TAMRA; E2A amplicon, 61 bp;
E2B forward, 5-ACG CGC TAC CCG TAG AAA AG-3'; E2B
reverse, S-CGG TAA GAG CCT AGC ATG TAG AAC T-3/;
E2B probe, FAM-TGC GCC TAC CAG GCC GTC AAC-
TAMRA; E2B amplicon, 73 bp; E4 forward, $'-GGG ATC GTC
TAC CTC CTT TTG A-3; E4 reverse, 5'-GGG CAG CAG
CGG ATG AT-3'; E4 probe, FAM-ACA GAA ACC CGC GCT
ACC ATA CTG GAG-TAMRA (note that these E4 primer and
probe are complementary to E4 orf6 and orf6/7 genes); E4
amplicon, 68 bp; hexon forward, $-ACG ATG ACA ACG AAG
ACG AAG TAG-3'; hexon reverse, 5-GGC GCC TGC CCA
AAT AC-3’; hexon probe, FAM-CGA GCA AGC TGA GCA
GCA AAA AAC TCA-TAMRA; hexon amplicon, 70 bp; penton
base forward, 5-GGC CGT CTA CTC CCA ACT CA-3/;
penton base reverse, S-TCT CGG GAA AGC GAT TGA AC-
3'; penton base probe, FAM-CCG CCA GTT TAC CTC TCT
GAC CCA CG-TAMRA; penton base amplicon, 68 bp; fiber
forward, 5'-GCG CCT ATC CGA ACC TCT AGT-3; fiber
reverse, S-AGA GGC CGT TGC CCA TTT-3'; fiber probe,
FAM- ACC TCC AAT GGC ATG CTT GCG C-TAMRA,; fiber
amplicon, 65 bp; pIX forward, $-GCC CGC GGG ATT GTG-
3’; pIX reverse, 5'-CGG GAA GCT GCA CTG CTT-3’; pIX
probe, FAM-CTG ACT TTG CTT TCC TGA GCC CGC TT-
TAMRA; pIX amplicon, 62 bp; luciferase forward, $-TCC TAT

GAT TAT GTC CGG TTA TGT AAA-3'; luciferase reverse,
5'“TGT AGC CAT CCATCC TTG TCA A-3; luciferase probe,
FAM-AAT CCG GAA GCG ACC AAC GCC-TAMRA,; lucifer-
ase amplicon, 75 bp; GAPDH forward, 5'-GGT GGT CTC CTC
TGA CTT CAA CA-3'; GAPDH reverse, 5'-GTG GTC GTT
GAG GGC AAT G-3'; GAPDH probe, FAM-CAC TCC TCC
ACC TTT GAC GCT GGG-TAMRA; GAPDH amplicon, 79
bp. We confirmed that the amplification efficiencies of the real-
time RT-PCR reaction were close to 100%.

B RESULTS AND DISCUSSION

In order to systematically examine the expression profiles of
the Ad genes in cells following transduction with a replication-
incompetent Ad vector, a firefly luciferase-expressing Ad vector,
Ad-L2,"* transduced WI38 and SK HEP-1 cells at multiplicities of
infection (MOI) of 10 and 100. Subsequently, mRNA levels of
the Ad genes, including the E2A, E2B, E4, hexon, penton base,
fiber, and pIX genes, were determined by real-time RT-PCR
analysis 2, 6, 12, 24, 48, 72, and 96 h after transduction. WI38
cells, which are a normal human lung diploid fibroblast, and SK
HEP-1 cells, which are a human liver endothelial cell line, were
used in this study in order to minimize the influence of Ad vector
genome replication, which is often found in tumor cells,"* on the
leaky expression profiles of the Ad genes. Significant replication
of the Ad vector genome was not found in SK HEP-1 cells.'”> A
wild-type Ad was also added to the cells to compare the Ad gene
expression profiles of a replication-incompetent Ad vector and a
wild-type Ad.

In WI38 cells, apparent expression was found for the E4 and
pIX genes following transduction with Ad-L2 (Figures 1a, 2a).
Expression levels of the E4 and pIX genes were similar. Sig-
nificant expression of the pIX gene was detectable from 12 and 24
h after transduction with 100 MOI and 10 MOI Ad-L2, respec-
tively. The pIX expression levels obtained with 10 MOI Ad-L2 at
the peaks (72 and 96 h after transduction) were more than 2500-
fold lower than those obtained with the 10 MOI wild-type Ad.
Moreover, E4 gene expression was first detected 12 and 24 h after
transduction with 100 MOI and 10 MOI Ad-L2, respectively,
whereby levels gradually increased, and reached a plateau 24 h
after transduction. The E4 gene expression levels obtained with
10 MOI Ad-L2 at the peaks (48, 72, and 96 h after transduction)
were 100-fold lower than those seen with the wild-type Ad at a
MOI of 10. Expression levels of the E4 and pIX genes were
approximately 60- to 600-fold lower than those of the luciferase
gene, which was driven by the CMV promoter. Statistically
significant expression of the E2A gene was detected starting 12 h
after transduction with 100 MOI Ad-L2; however, the expres-
sion levels of the E2A were much lower than those of the pIX
and E4 genes. Ad-L2 at a MOI of 10 did not exhibit any
significant E2A expression. In addition, Ad-L2 at a MOI of 100
exhibited levels of E2A expression that were 3 orders of
magnitude lower than those of the 10 MOI wild-type Ad at
48,72, and 96 h after transduction. Expression levels of E2B and
the major capsid proteins, including hexon, penton base, and
fiber proteins, were almost the same as background levels in
WI38 cells, although robust expression of the E2B and major
capsid proteins was found for the wild-type Ad. E1A and E1B
gene expression was detected starting at 12 or 24 h, respectively,
in the case of the wild-type Ad.

The expression patterns of the Ad genes following transduc-
tion with Ad-L2 in SK HEP-1 cells were similar to those in WI38
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Figure 1. Time course profiles of Ad gene expression in WI38 and SK HEP-1 cells following transduction with a replication-incompetent Ad vector.
WI38 (a) and SK HEP-1 (b) cells were transduced with Ad-L2 at MOIs of 10 (O) and 100 (@), with a wild-type Ad at MOIs of 1 (O0) and 10 (M), or
mock-transduced (@) for 1 h, and the Ad gene expression levels were determined 2, 6, 12, 24, 72, and 96 h after transduction as described in the
Experimental Section. The gray shaded boxes mean mRNA levels with no significant differences between gene expression in cells transduced with Ad-L2
and mock-transduced cells (p > 0.05). Expression of E1B and luciferase gene was undetectable by real-time RT-PCR analysis in mock-transduced cells.

The data are expressed as the mean values & SD (n = 3—4).

cells although the Ad gene expression levels in SK HEP-1 cells
were higher than those in WI38 cells (Figure 1b, 2b). High levels
of the leaky expression of Ad genes in SK HEP-1 cells were
probably due to the greater efficiency of transduction with the Ad
vectors in SK HEP-1 cells than in WI38 cells. Compared to WI38
cells, SK HEP-1 cells expressed a higher level of coxsackievirus
and adenovirus receptor (CAR; data not shown). Significant

expression of the E2A, E4, and pIX genes was detected in SK
HEP-1 cells. Expression of the E2A gene was detected starting at
12 and 24 h following transduction with 100 MOI and 10 MOI
Ad-L12, respectively. Expression levels of the E2A gene by 10 MOI
Ad-L2 were more than 1500-fold lower than those observed with 10
MOI wild-type Ad 48, 72, and 96 h after transduction. The
expression of the E4 and pIX genes was detectable starting at

1432 dx.doi.org/10.1021/mp200121z [Mol. Pharmaceutics 2011, 8, 14301435



Molecular Pharmaceutics

BRIEF ARTICLE

(@)
12h

Ad gene mRNA levels (Ad gene/GAPDH)
s s 3 o
& ES & 9
—

S —

——H

. j—
I

Nl N ¥ > S & ©
¢ ¢ & ¢ ¢ &F & S

T

o 24h

2 1

<

g * * * c

2 101 *

=) * ol

P N

< 1029 . *

0

o % %

3 10°

EJ

€ 104

€

2 105

o T T T T T

o 'l ™ o o

3 AR S N R

Ad gene mRNA levels (Ad gene/GAPDH)

o wild-type Ad MOI 10
= Ad-L2 MOI 10
O mock

(b)

12h

Ad gene mRNA levels (Ad gene/GAPDH)

ES

105

. .
.
1017 = . d .
102
109 . C
10 ﬂ
T T T T T T T T
Py Py o
<

Ad gene mRNA levels (Ad gene/GAPDH)

<
& L e & & & &

Ad gene mRNA levels (Ad gene/GAPDH)

& ®
o wild-type Ad MOI 10
= Ad-L2 MOI 10

@ mock

Figure 2. Comparison of Ad gene expression levels between a replication-incompetent Ad vector and a wild-type Ad at MOI 10. WI38 (a) and SK HEP-1 cells
(b) were transduced with Ad-L2 (closed bar), the wild-type Ad at a MOI of 10 (open bar), or mock (gray bar), and the Ad gene expression levels were
determined 12, 24, and 72 h after transduction as described in the Experimental Section. Significant difference, *p < 0.05 compared with mock-
transduced cells. The data are expressed as the mean values & SD (n = 3—4).

6 h after transduction in the case of 100 MOI, and 12 h after
transduction in the case of 10 MOL A difference of approximately
200-fold in E4 expression by 10 MOI Ad-L2 and a 1000-fold
difference in pIX expression levels by wild-type Ad were found 48
and 72 h after transduction. In SK HEP-1 cells, statistically
significant expression of the fiber protein was seen 72 and 96 h
after transduction with 100 MOI Ad-L2, although expression of
the hexon and penton base remained at almost background levels
at all time points examined.

In this study, we systematically examined the leaky expression
profiles of Ad genes following transduction with a replication-
incompetent Ad vector (Ad-L2) and a wild-type Ad. Among the
Ad genes examined, the pIX gene was mainly expressed after
transduction with Ad-L2. The pIX is a minor capsid protein
crucial for the stability of Ad viral particles, especially thermo-
stability, by associating with the hexons that make up the facets of
the icosahedrons."*™"® The promoter of the pIX gene contains
an SP1 binding site and a TATA box and is remarkably similar to
the E1B promoter.'” Nakai et al. also demonstrated leaky expression
of the pIX gene following transduction with a replication-incompetent
Ad vector."® They also reported observing a higher amount of
pIX was expressed when the transgene expression cassette was

inserted into the E1-deleted region in the forward orientation, as
opposed to in the reverse orientation. The Ad-L2 possessed used
in that study a luciferase expression cassette in the reverse
orientation; however, expression levels of the pIX gene were still
the highest among those of Ad genes following transduction with
Ad-L2. The pIX protein could be recognized as a main immune
antigen of Ad proteins following in vivo transduction with a
replication-incompetent Ad vector, even when the transgene
expression cassette was inserted in the reverse orientation.
Previous studies have demonstrated leaky expression of the Ad
major capsid proteins following transduction with a replication-
incompetent Ad vector.* ® On the other hand, following trans-
duction with 100 MOI Ad-L2, expression levels of the major
capsid proteins (including the hexon, penton base, and fiber
proteins) were similar to or slightly above those in the mock-
transduced cells in this study. This discrepancy was probably
due to differences in the Ad vector titers. In a previous study
demonstrating leaky expression of the major capsid proteins, the
cells were transduced with Ad vectors at an MOI of 500,° whereas
in the present study, Ad-L2 transduced the cells at MOlIs of 10
and 100. Moreover, previous reports have also noted the leaky
expression of major capsid proteins (hexon, penton base, and
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fiber protein) in AS49 cells.*® AS49 cells have been demon-
strated to possess E1A-like transactivating activity that supports
the vector genome replication of E1-deleted adenovirus vectors."?
In contrast, SK HEP-1 cells, in which the vector genome DNA
did not replicate,"* were used in this study. Thus difference
between cells in terms of replication levels of the vector genome
might lead to differences in levels of leaky expression of the Ad
major capsid proteins.

The E4 gene encodes the products of open reading frame
(ORF)1, ORF2, ORF3, ORF3/4, ORF4, ORF6, and ORE/7,
which share the common §'- and 3'-terminal sequences. The E4
gene products have several pleiotropic functions involved in
transcription, apoptosis, cell cycle, DNA replication, and viral late
mRNA accumulation.®*° The E4 promoter region includes the
binding sites for ATFs (the activating transcription factors) and
E4F.*' Improved replication-incompetent Ad vectors in which
the E4 genes were deleted from the genome have been developed
to remove E4 gene expressions.”®® El- and E4-deleted Ad
vectors exhibited reduced host cellular immune responses and
prolonged transgene expression.”*>** In this study, the E4 genes
were clearly expressed after transduction with Ad-L2, suggesting
that the deletion of E4 genes from the vector genome would be a
reasonable strategy for improving El-deleted Ad vectors. In
addition to the E4-deleted replication-incompetent Ad vectors,
pIX-deleted Ad vectors have also been developed.** In these
previous studies, the pIX gene was deleted to increase the
insertion capacity for the transgene. It remains unclear whether
deletion of the pIX gene improves cellular immunity against Ad
proteins following Ad vector transduction; however, cellular
immunity against Ad proteins might be reduced by deletion of
the pIX gene. This study demonstrated significant leaky expres-
sion of the pIX gene following transduction, suggesting that
cellular immunity against pIX might be induced in the manner
described above.

The Ad vectors in which not only the E1 genes but also the E4
genes and/or the pIX gene are deleted have been developed by
using packaging cell lines expressing the E4 genes and/or the 2pIX
gene; however, it is difficult to make these packaging cells.*****
Furthermore, the total viral yields of the E1/E4-, the E1/pIX-,
and the E1/pIX/E4-deleted Ad vectors were reduced compared
those obtained with the El-deleted first-generation Ad vectors.**
The helper-dependent Ad (HD-Ad) vectors (also known as
high-capacity, “gutless” or “gutted” vectors), which lack all
viral coding sequences, have been developed. HD-Ad vectors
show reduced inflammation and cellular infiltration, and persis-
tent transgene expression.”® However, the preparation of HD-Ad
vectors suffers from low yield, especially when large amounts of
HD-Ad vectors are required, partly due to the inefficiency of
physical separation required for purification of the vector from
the helper virus,”” in spite of develoment of improved methods
for HD-Ad vector production.”® A simple and easy preparation
system for Ad vectors exhibiting safer transduction properties
would be necessary, and the profile of the leaky expression of Ad
genes shown in this study provides important clues to prepare
safer Ad vector easily.

In summary, we quantitatively analyzed the leaky expression
profiles of Ad genes using real-time RT-PCR following transduc-
tion with a replication-incompetent Ad vector. The pIX and E4
genes were the most highly expressed among the Ad genes
examined, and their expression levels were 1/50 to 1/5000 of the
expression levels observed with the same MOI of the wild-type
Ad. On the other hand, the expression levels of E2B and major

capsid proteins (including the hexon, penton base, and fiber
proteins) were almost the same as, or even slightly above, those
observed in mock-transduced cells. These findings are expected
to be quite useful for the design of safe and efficient Ad vectors for
successful gene therapies. Based on the findings in this study,
development of a novel Ad vector suppressing the leaky expres-
sion of Ad genes is currently underway.
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