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INTRODUCTION
Replication-incompetent adenovirus (Ad) vectors are widely used in 
not only clinical gene therapy but also basic researches. Theoretically, 
Ad genes should not be expressed following transduction with a 
replication-incompetent Ad vector because the E1A gene, which is 
crucial for the transcription of other Ad genes, is deleted from the 
Ad genome. However, Ad genes are indeed expressed from the vec-
tor genome, resulting in an induction of cellular immunity against 
Ad proteins as well as Ad protein-induced toxicity. Such Ad protein-
induced cellular immunity and toxicity frequently cause tissue dam-
ages and/or an elimination of Ad vector-transduced cells, leading 
to short-lived transgene expression.1,2 The Leaky expression of Ad 
genes have been observed for E2A,1,3–5 E4,5 pIX,5,6 hexon,3 and fiber.3,4

In order to suppress the leaky expression of Ad genes, various 
types of replication-incompetent Ad vectors have been developed. 
Ad vectors in which not only E1 genes but also E2A and/or E4 genes 
were deleted2–4,7–10 have also been developed. The E2A- and/or 
E4-deleted Ad vectors showed significant reduction in the leaky 
expression of viral proteins,2–4 resulting in a decreased cytotoxic 

T  lymphocyte (CTL) response,2 diminished hepatotoxicity,2,9,10 and 
increased in vivo transgene expression persistence.2 pIX gene-
deleted Ad vectors have also been developed.11 The E2A-, E4-, 
and/or pIX-deleted Ad vectors are highly valuable and promising; 
however, special packaging cell lines complementing not only E1 
gene products but also the E2A, E4, and/or pIX gene products are 
necessary for the production of these Ad vectors. It is relatively dif-
ficult to generate special packaging cells expressing these Ad genes 
at levels high enough for high titer production of E2A-, E4-, and/or 
pIX-deleted Ad vectors. The titers of these Ad vectors using these 
packaging cells were often lower than that of a conventional Ad 
vector.4,7,10 A helper-dependent Ad (HD-Ad) vector that lacks all viral 
coding regions has also been developed. The HD-Ad vector shows 
reduced inflammation in the organs, and persistent transgene 
expression following intravenous administration.12,13 However, the 
production systems of HD-Ad vectors are constrained by technical 
complexity and are limited to the production of low titers of HD-Ad 
vectors. In addition, the complete removal of helper virus contami-
nation is a difficult and complicated procedure. The development 
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Leaky expression of adenovirus (Ad) genes occurs following transduction with a conventional replication-incompetent Ad vector, 
leading to an induction of cellular immunity against Ad proteins and Ad protein-induced toxicity, especially in the late phase 
following administration. To suppress the leaky expression of Ad genes, we developed novel Ad vectors by incorporating four 
tandem copies of sequences with perfect complementarity to miR-122a or miR-142-3p into the 3′-untranslated region (UTR) of the 
E2A, E4, or pIX gene, which were mainly expressed from the Ad vector genome after transduction. These Ad vectors easily grew to 
high titers comparable to those of a conventional Ad vector in conventional 293 cells. The leaky expression of these Ad genes in 
mouse organs was significantly suppressed by 2- to 100-fold, compared with a conventional Ad vector, by insertion of the miRNA-
targeted sequences. Notably, the Ad vector carrying the miR-122a–targeted sequences into the 3′-UTR of the E4 gene expressed 
higher and longer-term transgene expression and more than 20-fold lower levels of all the Ad early and late genes examined in the 
liver than a conventional Ad vector. miR-122a–mediated suppression of the E4 gene expression in the liver significantly reduced 
the hepatotoxicity which an Ad vector causes via both adaptive and non-adaptive immune responses.
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of safe and efficient Ad vectors that can be easily produced at high 
titers by a conventional method using normal 293 cells is necessary 
for gene therapy and, even more, for basic researches.

In order to develop a replication-incompetent Ad vector of the 
type described above, a microRNA (miRNA)-regulated gene expres-
sion system was utilized to suppress the leaky expression of Ad 
genes in this study. Several groups, including our own, have dem-
onstrated that insertion of miRNA-targeted sequences into the 
3′-untranslated region (UTR) of a transgene reduced the expres-
sion levels of the transgene in the cells, with the extent of reduc-
tion being dependent on the cellular expression levels of the cor-
responding miRNA.14–18 Thus we hypothesized that incorporation of 
the complementary sequences for miR-122a or miR-142-3p, which 
respectively exhibit liver- or spleen-specific expression,14,19,20 into 
the 3′-UTR of the E2A, E4, or pIX genes suppressed the leaky expres-
sion of Ad genes in an miRNA-dependent manner and that high 
titer production of an Ad vector was achieved using conventional 
293 cells.

RESULTS
Construction of a replication-incompetent Ad vector carrying the 
miRNA-targeted sequences for suppression of the leaky expression 
of Ad genes
In order to suppress the leaky expression of Ad genes, four tandem 
copies of sequences with perfect complementarity to miR-122a 
or miR-142-3p, which respectively exhibit liver- or spleen-specific 
expression but almost undetectable levels of expression in 293 
cells, were inserted into the 3′-UTR of the E2A, E4, or pIX gene of 
the replication-incompetent Ad vector genome (Figure 1). The 
liver is the main organ where intravenously administered Ad vec-
tors accumulate. The spleen is largely involved in the innate and 
acquired immune responses following Ad vector administration. 
The insertion sites of miRNA-targeted sequences were behind the 
stop codon in the 3′-UTR of each gene; at bp 4032 in the pIX gene, 
bp 22442 in the E2A gene, and bp 32913 in the E4 gene. The E4 gene 
is composed of at least six open reading frames (ORFs), all of which 
share the common 3′-terminal sequences.21 The miRNA-targeted 
sequences were inserted into the common 3′-terminal sequences 
of the E4 gene and upstream of the poly A signal sequences in order 
that expression of all the E4 ORFs would be suppressed by miRNA. 
The Ad vectors carrying the miRNA-targeted sequences were nor-
mally propagated in conventional 293 cells and exhibited titer pro-
ductions comparable to those of a conventional Ad vector, Ad-L2,22 
which is a conventional E1-deleted Ad vector (Table 1). Real-time 
RT-PCR analysis demonstrated that the Ct values for miR-122a and 
miR-142-3p in 293 cells were above 34 (data not shown). Rapid 
amplification of 3′-cDNA ends (3′-RACE) analysis confirmed that 
four tandem copies of sequences with perfect complementarity to 
miR-122a or miR-142-3p were inserted into the 3′-UTR of the E2A, E4 
(including all the E4 ORFs) or pIX genes (data not shown). No muta-
tions were found in the miRNA-targeted sequences.

miRNA-mediated suppression of the leaky expression of the Ad 
genes in vitro
In order to examine whether leaky expression of the Ad genes 
was suppressed by insertion of the miRNA-targeted sequences in 
an miRNA-dependent manner, HuH-7 cells, which highly express 
miR-122a,23 were transduced with the luciferase-expressing Ad vec-
tors, and the Ad gene expression levels were determined 12 hours 
after transduction. All the Ad vectors examined exhibited similar 
levels of luciferase production in HuH-7 cells (data not shown). 

Ad-E2A-122aT-L2 mediated 2.2-fold lower E2A gene expression 
than did Ad-L2 (Figure 2a). Ad-E4-122aT-L2 and Ad-pIX-122aT-L2 
exhibited 4- and 6.5-fold lower E4 and pIX gene expression levels, 
respectively, than did Ad-L2. Insertion of the miR-142-3p–targeted 
sequences in the 3′-UTR also reduced the expression levels of the 
E4 and pIX genes in spite of the undetectable levels of miR-142-3p 
expression in HuH-7 cells, probably due to non-specific suppression 
via the insertion of miRNA-targeted sequences; however, the levels 
of suppression of the E4 and pIX genes realized by insertion of the 
miR-142-3p–targeted sequences were significantly lower than those 
by insertion of the miR-122a–targeted sequences. A reduction in E4 
gene expression was also found for Ad-pIX-122aT-L2. It was unclear 
why the E4 gene expression was reduced for Ad-pIX-122aT-L2. The 
expression levels of Ad genes other than those described above 
were not significantly reduced in HuH-7 cells. The E2A, E4, and pIX 
gene expressions were also significantly suppressed in K562 cells, 
which is a human chronic myelogenous leukemia cell line highly 
expressing miR-142-3p,24 by insertion of the miR-142-3p–targeted 
sequences in the 3′-UTR of these Ad genes (Supplementary Figure 
S1). Note that all the E4 ORFs can be detected by the primers for the 
E4 gene used in this study. The E4 mRNA levels in the graph repre-
sent the sum of each E4 ORF mRNA level.

In order to examine whether the suppression of the leaky expres-
sion of Ad genes by insertion of the miRNA-targeted sequences was 
miRNA-dependent, miR-122a was inhibited by pre-treatment with 
a locked nucleic acid (LNA)-modified antisense oligonucleotides 
(ASO) against miR-122a. The average expression levels of the E2A, 
E4, and pIX genes by Ad-L2 were elevated by transfection with the 
LNA-modified ASO against miR-122a via an unknown mechanism 
(Figure 2b). By contrast, more than threefold elevation in the expres-
sion of the E2A, E4, and pIX genes was found by the LNA-modified 
ASO against miR-122a in the cells treated with the Ad vectors 
containing the miR-122a–targeted sequences. The control LNA-
modified ASO failed to restore the miR-122a–mediated suppression 
of these Ad genes. These results indicate that the reduction in the 
leaky expression levels of these Ad genes by insertion of the miR-
122a–targeted sequences was miRNA-dependent.

Suppression of the leaky expression of Ad genes in mouse organs 
following intravenous administration
Next, to examine whether in vivo leaky expression of Ad genes in 
the organs was suppressed by incorporation of the miRNA-targeted 
sequences, Ad gene expression levels in the liver and spleen were 
determined by real-time RT-PCR following intravenous administra-
tion of Ad vectors. Among the Ad genes examined (E2A, E4, pIX, 
hexon, penton base, and fiber genes), the pIX gene exhibited the 
highest level of expression in the liver following intravenous admin-
istration of Ad-L2 (Supplementary Figure S2a). The pIX gene expres-
sion levels were approximately 40-fold lower than the expression 
level of a cytomegalovirus (CMV) promoter-driven luciferase gene 
in the E1-deleted region of the Ad vector genome. The expression 
levels of the other Ad genes were similar.

Insertion of the miR-122a–targeted sequences into the 3′-UTR 
of the Ad genes reduced the leaky expression of the correspond-
ing Ad genes in the liver (Figure 2c). The expressions of the E2A, E4, 
and pIX genes by Ad-E2A-122aT-L2, Ad-E4-122aT-L2, and Ad-pIX-
122aT-L2, respectively, in the liver were significantly suppressed 
by 20- to 30-fold, compared with the corresponding expressions 
by Ad-L2. The expression of the Ad late genes (hexon, penton 
base, and fiber genes), which did not possess miR-122a–targeted 
sequences in the 3′-UTR, was also decreased in the livers of mice 
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treated with Ad-E2A-122aT-L2 and Ad-E4-122aT-L2. In particular, 
the livers of mice treated with Ad-E4-122aT-L2 exhibited larger 
reductions—more than 20-fold in the expression of not only the E4 
gene but also all the other Ad genes examined compared with liv-
ers treated with the other Ad vectors (Figure 2c). It is well known 
that the E4 gene products are required to express the E2A and late 
genes.3,21,25 The E2A gene product also regulates the expression of 
the viral late genes.4 We consider that miRNA-mediated suppression 
of the E2A or E4 gene expression resulted in a reduction of the Ad 
late gene expression in the liver. The livers treated with Ad-E4-142-
3pT-L2 and Ad-pIX-142-3pT-L2 showed a reduction in the expres-
sion of the Ad late genes in spite of the almost undetectable levels 
of miR-142-3p expression in the liver. Ad-E4-142-3pT-L2 and Ad-pIX-
142-3pT-L2 induced a reduction in the average E2A mRNA levels in 
the liver, although the reductions in the E2A mRNA levels were not 
statistically significant. A non-specific reduction in the E2A mRNA 

expression by Ad-E4-142-3pT-L2 or Ad-pIX-142-3pT-L2 could have 
caused the reduction in the Ad late gene mRNA levels in the liver.

The leaky expression levels of the Ad genes in the spleen were 
50- to 5,000-fold lower than those in the liver (Supplementary 
Figure S2b). The highest level of leaky expression in the spleen was 
found for the E4 gene, followed by the E2A, pIX, and fiber genes, 
following intravenous administration of Ad-L2. Ad-E4-142-3pT-L2 
and Ad-pIX-142-3pT-L2 mediated approximately twofold lower 
levels of the E4 gene and pIX gene, respectively, than did Ad-L2 in 
the spleen (Figure 2d). Ad-E2A-142-3pT-L2 administration failed to 
suppress the E2A gene expression in the spleen. It is unclear why 
the E2A gene expression was not reduced in the spleens of mice 
treated with Ad-E2A-142-3pT-L2. Overall, the levels of miR-142-3p–
mediated suppression of the leaky expression of Ad genes in the 
spleen were lower than the corresponding levels of miR-122a–
mediated suppression in the liver, probably due to the lower levels 

Figure 1   Schematic diagrams of replication-incompetent Ad vectors used in this study. A luciferase expression cassette was inserted into the E1-deleted 
region in Ad-L2, Ad-E2A-122aT-L2, Ad-E4-122aT-L2, Ad-pIX-122aT-L2, Ad-E2A-142-3pT-L2, Ad-E4-142-3pT-L2, and Ad-pIX-142-3pT-L2. A murine secreted 
embryo alkaline phosphatase (mSEAP) expression cassette was inserted into the E1-deleted region in Ad-AHASEAP and Ad-E4-122aT-AHASEAP. AHA, a 
synthetic promoter composed of apolipoprotein E enhancer, the hepatocyte control region, and human α1-antitrypsin promoter; CMV, cytomegalovirus 
promoter; ITR, inverted terminal repeat; 122aT, miR-122a–targeted sequences; 142-3pT, miR-142-3p–targeted sequences.
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of miR-142-3p expression in the spleen, compared with miR-122a 
expression in the liver. Alternatively, the Ad vectors might transduce 
not only blood cells but also non-blood cells, which have negli-
gible levels of miR-142-3p expression, in the spleen. The expres-
sions of most of the Ad genes examined were also reduced in the 
spleen when miR-122a–targeted sequences were inserted in the 
3′-UTR, although the spleen exhibited undetectable level of miR-
122a expression. We confirmed that miR-142-3p did not suppress 
the expression of renilla luciferase gene possessing the miR-122a–
targeted sequences in the 3′-UTR in the in vitro reporter gene assay 
(data not shown). It remains unclear why insertion of the miR-
122a–targeted sequences in the 3′-UTR led to the reduction in the 
expressions of the Ad genes in the spleen. The 3′-UTR of an mRNA 
plays an important role in the stability of mRNA.26 Insertion of the 
miR-122a–targeted sequences might affect the stability of mRNA 
for Ad genes in the spleen in an miRNA-independent manner.

Reduction in Ad vector-induced hepatotoxicity by incorporation of 
the miR-122a–targeted sequences into the 3′-UTR of the E4 gene

In order to examine whether a reduction in the leaky expression 
of Ad genes by incorporation of miRNA-targeted sequences leads 
to the suppression of hepatotoxicity associated with replication-
incompetent Ad vectors after intravenous administration, serum 
alanine aminotransferase (ALT) levels, enzymatic biomarkers of 
hepatotoxicity, were measured after intravenous administration of 
Ad vectors (Figure 3a). The profiles of serum ALT levels contained 
two peaks, as previously reported.13,27 The first peak was found on 
day 2. Serum ALT levels were significantly elevated on day 2 in the 
mice treated with Ad-L2, Ad-E2A-122aT-L2, Ad-E2A-142-3pT-L2, and 
Ad-pIX-142-3pT-L2. On the other hand, Ad-E4-122aT-L2, Ad-E4-142-
3pT-L2, and Ad-pIX-122aT-L2 exhibited significantly lower ALT levels 
than Ad-L2 on day 2. The serum ALT levels reached the second peak 
on day 10. The serum ALT levels were elevated by all the Ad vec-
tors examined, but among the Ad vectors tested, Ad-E4-122aT-L2 
induced the lowest levels of serum ALT; the levels were approxi-
mately twofold lower than those by Ad-L2. On the other hand, 
Ad-pIX-122aT-L2 and Ad-pIX-142-3pT-L2 induced statistically signif-
icant elevations in the serum ALT levels 10 days after administration, 
compared with Ad-L2. The reason for the elevation of serum ALT 
levels by Ad-pIX-122aT-L2 and Ad-pIX-142-3pT-L2 remains unclear. 
Previous studies have demonstrated that pIX has various other 
functions in addition to its role as a capsid cement.28 For example, 
pIX acts as a transcriptional activator in the nucleus, and pIX might 
be involved in Ad vector-induced hepatotoxicity. Lower ALT lev-
els were induced by Ad-E4-122aT-L2 than by Ad-L2 at the dose of 
2 × 109 infectious unit (IFU)/mouse (data not shown). Other hepato-
toxicity parameters, i.e., serum alkaline phosphatase (ALP), lactate 
dehydrogenase (LDH), and leucine aminopeptidase (LAP) levels, 
were also significantly higher in mice treated with Ad-L2, compared 
with the mice receiving Ad-E4-122aT-L2 (Figure 3b).

Next, in order to compare the hepatotoxicity profiles of Ad-L2 and 
Ad-E4-122aT-L2, histopathological examination of the liver sections 
was performed 10 days after Ad vector administration (Figure 3c). 
Many vacuolated cells were observed in the livers of mice treated 
with Ad-L2. Moreover, there were several necrotic areas in the sec-
tions. On the other hand, the livers of Ad-E4-122aT-L2-treated mice 
exhibited a much lower level of vacuolation than those of Ad-L2-
treated mice.

To examine the influence of Ad vector-mediated hepatotoxicity 
on the expression of liver-specific genes, albumin mRNA levels in the 
liver were quantified by real-time RT-PCR (Figure 3d). Albumin, which 

plays an important role in the maintenance of oncotic pressure and 
transport of small molecules such as calcium, unconjugated bilirubin, 
free fatty acids, and cortisol, is abundantly expressed in hepatocytes. 
The mice treated with Ad-L2 showed 53% and 37% reductions in albu-
min mRNA in the liver on days 10 and 15, respectively, compared with 
those of PBS-treated mice. On the other hand, the albumin mRNA 
expression levels in the livers of mice treated with Ad-E4-122aT-L2 
were comparable to those of PBS-treated mice. These results indicate 
that administration of a replication-incompetent Ad vector possess-
ing the miR-122a–targeted sequences into the 3′-UTR of the E4 gene 
resulted in significantly lower hepatotoxicity than treatment with a 
conventional Ad vector. A reduction in the hepatotoxicity induced by 
Ad-E4-122aT-L2 would lead to the higher copy numbers of Ad vector 
genome remaining in the liver. We found that the genome copy num-
ber of Ad-E4-122aT-L2 was approximately threefold higher than those 
of the other Ad vectors 15 days following administration (Figure 3e).

Immune responses against Ad proteins following Ad vector 
administration
In order to determine whether suppression of the E4 gene expres-
sion by incorporation of the miR-122a–targeted sequences in 
the 3′-UTR of the E4 gene would lead to a low level of cellular 
immune responses against Ad protein, the numbers of CTLs 
against the hexon, which is one of the major capsid proteins and 
the dominant epitope of Ad vector,29 in the splenocytes were 
determined 15 days following administration by an intracellular 
cytokine staining assay. All the Ad vectors induced elevation in 
the numbers of hexon-specific CD8+ T cells producing IFN-γ, but 
these cell numbers were not significantly different between the 
Ad vectors examined (Figure 4a).

Table 1  Ad vectors used in this study

Vector 
name

Promoter Transgene miRNA-
targeted 
sequences

Virus 
particle

Infectious 
unit

Ad-L2 CMV Luciferase – 2.2 × 1012 3.2 × 1011

Ad- 
AHASEAP

AHA mSEAP – 2.2 × 1012 3.4 × 1011

Ad-E2A-
122aT-L2

CMV Luciferase miR-122a 2.7 × 1012 4.0 × 1011

Ad-E4-
122aT-L2

CMV Luciferase miR-122a 2.8 × 1012 4.2 × 1011

Ad-E4-
122aT-
AHASEAP

AHA mSEAP miR-122a 1.7 × 1012 2.6 × 1011

Ad-pIX-
122aT-L2

CMV Luciferase miR-122a 2.9 × 1012 4.3 × 1011

Ad-E2A-
142-3pT-L2

CMV Luciferase miR-142-
3p

4.3 × 1012 5.8 × 1011

Ad-E4-142-
3pT-L2

CMV Luciferase miR-142-
3p

3.8 × 1012 5.5 × 1011

Ad-pIX-
142-3pT-L2

CMV Luciferase miR-142-
3p

3.7 × 1012 5.3 × 1011

Total amount of titers recovered from 20 plates of 150-mm dishes.
AHA, a synthetic promoter composed of apolipoprotein E enhancer, the 
hepatocyte control region, and human α1-antitrypsin promoter; CMV, 
cytomegalovirus promoter; mSEAP, murine secreted embryonic alkaline 
phosphatase; –, Ad vector does not contain the corresponding sequences.
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We next examined the infiltration of lymphocytes into the liver 10 
days following administration of Ad-L2 and Ad-E4-122aT-L2 (Figure 
4b). Dramatic increases in the numbers of CD4+ and CD8+ T cells in 
the liver were found following administration of Ad-L2 and Ad-E4-
122aT-L2. However, the numbers of CD4+ and CD8+ cells infiltrated 
into the liver were comparable between the mice treated with Ad-L2 
and those treated with Ad-E4-122aT-L2. Furthermore, there were no 
significant differences in the mRNA levels of IFN-γ or chemokines, 
including CCL3, CXCL2, and CXCL10, in the livers of mice injected with 
Ad-L2 and Ad-E4-122aT-L2 on day 10, although administration of 
both Ad vectors significantly elevated the expression of IFN-γ and all 
the chemokines examined in the liver (Figure 4c). The liver mRNA lev-
els of other chemokines, including CCL2, CCL4, CCL5, and CX3CL were 
also comparable between mice receiving Ad-L2 and Ad-E4-122aT-L2 
(Supplementary Figure S3). There were no significant differences in 
anti-Ad antibody levels in the serum for all the Ad vectors tested on 
day 14 (Figure 4d) and day 28 (data not shown).

Next, we hypothesized that the liver hepatocytes transduced 
with Ad-E4-122aT-L2 might be less susceptible to Ad-specific CTL 
attack, due to the lower levels of Ad antigen presentation, com-
pared with the hepatocytes transduced with Ad-L2, even though 
the levels of Ad-specific CTL induction in the spleen and infiltration 
of Ad-specific CTL in the liver were comparable between the mice 
receiving Ad-L2 and those receiving Ad-E4-122aT-L2. In order to 
examine this hypothesis, primary mouse hepatocytes transduced 
with Ad-L2 or Ad-E4-122aT were incubated with splenocytes iso-
lated from the mice receiving a conventional Ad vector (Ad-null). 
Significant LDH releases were found in both the hepatocytes trans-
duced with Ad-L2 and the hepatocytes transduced with Ad-E4-
122aT; however, the hepatocytes transduced with Ad-L2 showed a 
1.8- to 3.2-fold higher LDH release than the hepatocytes transduced 
with Ad-E4-122aT (Figure 4e). These results indicate that the hepa-
tocytes transduced with Ad-L2 were more susceptible to Ad-specific 
CTL attack than the hepatocytes transduced with Ad-E4-122aT.
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Hepatotoxicity profile of Ad-E4-122aT-L2 in immune-incompetent 
mice
In order to examine whether suppression of the E4 gene expres-
sion in the liver by insertion of the miR-122a–targeted sequences 
would result in a reduction in immune-independent hepatotoxicity 
induced by replication-incompetent Ad vectors, serum ALT levels 
were measured following intravenous administration into Rag2/
Il2rγ double-knockout mice, which have global defects in both cel-
lular and humoral immunity due to the lack of T, B, and natural killer 
(NK) cells.30,31 Rag2/Il2rγ double-knockout mice exhibited significant 
elevation in serum ALT levels following intravenous administration 
of Ad-L2 (Figure 5). On the other hand, no increases in the serum 
ALT levels were found in Ad-E4-122aT-L2-treated mice. These results 
indicate that the Ad vector-induced hepatotoxicity via a non-adap-
tive immune response was almost completely eradicated by miR-
122a–mediated suppression of the E4 gene expression, and further 
that E4 gene expression in the liver is one of the main causes of 
replication-incompetent Ad vector-mediated hepatotoxicity.

In vivo transgene expression by the Ad vectors containing miRNA-
targeted sequences in the 3′-UTR of Ad genes
In order to evaluate the in vivo transgene expression levels 
induced by the Ad vectors carrying miRNA-targeted sequences, 
luciferase expression in the liver was examined 2 days follow-
ing administration (Figure 6a). The luciferase expression levels 
in the liver induced by the Ad vectors carrying miRNA-targeted 
sequences, with the exceptions of Ad-E2A-122aT-L2 and Ad-E4-
122aT-L2, were comparable to those by Ad-L2. Ad-E4-122aT-
L2–mediated luciferase expression in the liver was 15-fold lower 
than that mediated by Ad-L2. The lower luciferase expression 
levels of Ad-E4-122aT-L2 in the liver were probably due to the 

significant suppression of E4 gene expression. Previous studies 
demonstrated that the E4 gene products, especially the E4 ORF3 
gene product, enhanced the transcriptional activity of a CMV 
promoter.9,10,32

To circumvent the influence of suppressing the E4 gene expres-
sion on the CMV promoter activity, the liver-specific synthetic pro-
moter composed of apolipoprotein E enhancer, the hepatocyte 
control region, and human α1-antitrypsin (AHA) promoter was 
used for transgene expression. The transcriptional silencing was not 
observed in the AHA promoter, which made it possible to properly 
evaluate the influence of Ad vector-mediated hepatotoxicity on the 
transgene expression profile. In order to exclude the influence of 
immune responses to transgene products on the transgene expres-
sion profile and to examine whether the suppression of hepatotox-
icity by insertion of the miR-122a–targeted sequences in the 3′-UTR 
of the E4 gene improves the transgene expression profiles, the 
murine secreted embryonic alkaline phosphatase (mSEAP) gene 
was inserted into the Ad vector genome as a reporter gene. mSEAP 
is a secreted form of murine embryonic alkaline phosphatase, which 
is an endogenous protein in mice. Ad-AHASEAP and Ad-E4-122aT-
AHASEAP exhibited the comparable mSEAP expression on day 2, 
indicating that the E4 gene expression did not affect the AHA pro-
moter activity (Figure 6b). Ad-AHASEAP–mediated mSEAP expres-
sion levels were gradually increased, and they reached a plateau at 
10 days after administration. Subsequently, the mSEAP expression 
levels induced by Ad-AHASEAP gradually declined. On the other 
hand, the serum mSEAP levels induced by Ad-E4-122aT-AHASEAP 
were maintained for at least 149 days. In addition, the mSEAP 
expression levels by Ad-E4-122aT-AHASEAP were 1.5- to 34.1-fold 
higher than those by Ad-AHASEAP. These results indicate that sup-
pression of the E4 gene expression in the liver led to the higher and 
longer-term transgene expression.

Figure 2  Suppression of the leaky expression of Ad genes in culture cells and mouse organs by insertion of the miRNA-targeted sequences. (a) HuH-7 
cells were transduced with Ad vectors at an MOI of 10 for 1 hour and harvested at 12 hours after transduction. (b) Restoration of the leaky expression 
of Ad genes in HuH-7 cells by LNA-modified ASO complementary to miR-122a. HuH-7 cells were transfection with LNA-modified ASO complementary 
to miR-122a or an LNA control at 10 nmol/l. Twenty-four hours after transduction, HuH-7 cells were transduced with Ad vectors at an MOI of 10 for 1 
hour, and harvested at 12 hours after transduction. The Ad gene expression levels in the cells transduced with Ad vectors were determined by real-time 
RT-PCR. (c,d) C57BL/6 mice were intravenously administered Ad vectors at 1 × 1010 IFU/mouse. Two days after administration, (c) the livers and (d) the 
spleens were harvested. The Ad gene expression levels in the cells and mice transduced with Ad vectors were determined by real-time RT-PCR. The data 
are expressed as the mean values ± SD (a,b: n = 4; c,d: n = 5–6). *P < 0.05 in comparison with (a,c,d) Ad-L2 or the (b) LNA control.
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Figure 3  Suppression of Ad vector-mediated hepatotoxicity by incorporation of miR-122a–targeted sequences into the 3′-UTR of the E4 gene. The 
serum (a) ALT, (b) ALP, LDH, LAP levels in mice after intravenous injection of Ad vectors. C57BL/6 mice were intravenously administered Ad vectors at 
1 × 1010 IFU/mouse. Blood samples were collected via retro-orbital bleeding at the indicated number of days after administration. The bar graph shows 
the serum ALT levels 10 days after administration. The data are expressed as the mean values ± SD (n = 6). *P < 0.05 in comparison with Ad-L2. Statistically 
significant differences in the serum ALT levels relative to Ad-L2 were found at 2, 6, 8, 10, 12 days after Ad-E4-122aT-L2 administration. (c) Liver sections 
of mice following intravenous administration of Ad-L2 (left), Ad-E4-122aT-L2 (middle), or PBS (right). C57BL/6 mice were intravenously administered Ad 
vectors at 1 × 1010 IFU/mouse. Ten days after administration, the livers were isolated, and histological analysis was performed using hematoxylin and 
eosin staining. The scale bar = 50 µm. (d) The albumin mRNA levels in mice after intravenous injection of Ad vectors. C57BL/6 mice were treated with 
Ad vectors at 1 × 1010 IFU/mouse. The livers were harvested from the mice 2, 10, and 15 days after administration. The data are expressed as the mean 
values ± SD (n = 4–6). *P < 0.05 in comparison with PBS. (e) Ad genome copy numbers in the liver. C57BL/6 mice were intravenously administered Ad 
vectors at 1 × 1010 IFU/mouse. Fifteen days after administration, the Ad genome copy numbers in the mouse liver were determined by real-time PCR. 
The data are expressed as the mean values ± SD (n = 5–6). *P < 0.05 in comparison with Ad-L2.
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Figure 4  Ad vector-induced immune responses following intravenous administration of Ad vectors into mice. (a) Hexon-specific IFN-γ+ CD8+ T cells 
in the splenocytes. C57BL/6 mice were intravenously administered Ad vectors at 1 × 1010 IFU/mouse. Fifteen days after the injection, the splenocytes 
were harvested. The splenocytes were incubated with hexon peptide for 6 hours. (b) Infiltration of lymphocytes into the liver following Ad vector 
administration. C57BL/6 mice were intravenously administered Ad vectors at 1 × 1010 IFU/mouse. Ten days after administration, liver mononuclear 
cells were isolated and analyzed for cells expressing CD3, CD4, and CD8 by fluorocytometry. The data are expressed as the mean values ± SD (n = 6). 
N. S., not significant. (c) IFN-γ and chemokine mRNA levels in the liver after administration of Ad-L2 and Ad-E4-122aT-L2. C57BL/6 mice were treated 
with Ad vectors at 1 × 1010 IFU/mouse. Ten days after administration, IFN-γ and chemokine mRNA levels in the liver were determined by real-time 
RT-PCR. The data are expressed as the mean values ± SD (n = 3–6). (d) Anti-Ad antibody levels in the serum following intravenous administration of Ad 
vectors. C57BL/6 mice were intravenously administered as described above. Anti-Ad antibody levels in the serum were determined by ELISA 14 days 
after administration. The data are expressed as the mean values ± SD (n = 6). (e) Ad-specific CTL-mediated lysis of the hepatocytes transduced with 
Ad vectors. C57BL/6 mice were intravenously administered Ad-null at a dose of 1 × 1010 IFU/mouse. Ten days after the injection, the splenocytes were 
harvested and incubated with Ad-null at an MOI of 10 for 4 days. Primary mouse hepatocytes were transduced with Ad-L2 or Ad-E4-122aT-L2 at an MOI 
of 10 for 24 hours and were incubated with the splenocytes at 37 °C. LDH levels in the medium were measured 4 hours after incubation. The data are 
expressed as the mean values ± SD (n = 4). *P < 0.05 in comparison with Ad-L2.
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DISCUSSION
The aim of this study was to develop a replication-incompetent 
Ad vector that exhibits an improved safety profile by suppress-
ing the leaky expression of Ad genes, but that can be easily pro-
duced at high titers using conventional 293 cells. For this purpose, 
four tandem copies of sequences with perfect complementarity to 
miR-122a or miR-142-3p were incorporated into the 3′-UTR of the 
E2A, E4, or pIX genes. All Ad vectors developed in this study were 
efficiently produced at high titers comparable to a conventional Ad 
vector using normal 293 cells. Among the Ad vectors developed, 
an Ad vector containing the miR-122a–targeted sequences in the 
3′-UTR of the E4 gene exhibited lower levels of hepatotoxicity and 
higher and longer-term transgene expression than a conventional 
Ad vector. This study also indicates that expression of the E4 gene 
in the liver is one of the main causes of replication-incompetent Ad 
vector-induced hepatotoxicity.

Previous studies have developed several types of replication-
incompetent Ad vectors lacking the E2A, E4, and/or pIX genes to 

eliminate the leaky expression of Ad genes and to increase the trans-
gene insertion capacity.2,10,11 However, the yields of these Ad vectors 
were frequently much lower than that of a conventional Ad vector. 
The preparation of HD-Ad vectors also suffers from low yield and 
a contamination of helper virus.33 In contrast, the Ad vectors carry-
ing the miRNA-targeted sequences in the 3′-UTR of Ad genes easily 
grew to high titers comparable to those of a conventional Ad vec-
tor via a conventional Ad vector preparation method using normal 
293 cells without any trouble. High titers of these Ad vectors can be 
prepared by anyone without much experience in Ad vector prepa-
ration. This property is highly crucial not only for studies on poten-
tial gene therapies but also for gene function analyses. In particular, 
an Ad vector with miR-122a–targeted sequences in the 3′-UTR of 
the E4 gene, which exhibits lower hepatotoxicity and higher and 
longer-term transgene expression than a conventional Ad vector, 
would be suitable for gene function analysis in the liver, especially 
when Ad vector-mediated hepatotoxicity or Ad gene products 
affect the function of genes of interest. We are currently performing 
an analysis of gene function in the liver using this Ad vector.

Another advantage of an Ad vector containing the miRNA-tar-
geted sequences in the 3′-UTR of the E4 gene is that the expres-
sion of all E4 ORFs is suppressed by miRNA. The miRNA-targeted 
sequences were inserted into the common terminal sequence, 
which is shared by all E4 ORFs, in the 3′-UTR.21 We confirmed that 
all E4 ORF mRNAs possessed the miRNA-targeted sequences in the 
3′-UTR without mutations. In addition, all of the RT-PCR products of 
E4 gene transcripts by 4 different pairs of primers, each of which can 
detect several different E4 ORFs, were reduced, indicating that all of 
the E4 ORF mRNA levels were reduced by insertion of the miRNA-
targeted sequences in the common terminal sequence in the 3′-
UTR (data not shown). It is highly difficult to produce high titers of 
an Ad vector in which the E4 ORFs are completely deleted. There 
have been only two studies demonstrating the in vivo transduction 
properties of Ad vectors with deletion of all E4 ORFs,8,34 although 
various types of Ad vectors containing mutations in the E4 gene 
have been developed.2,3,10 As described below, the E4 gene products 
have inhibitory effects on various cellular functions, suggesting that 

Figure 5  The serum ALT levels in the serum in Rag2/Il2rγ double-
knockout mice after intravenous administration of Ad vectors. Rag2/
Il2rγ double-knockout mice were intravenously administered Ad vectors 
at 1 × 1010 IFU/mouse. Blood samples were collected via retro-orbital 
bleeding on the indicated number of days after administration. The data 
are expressed as the mean values ± SD (n = 3). *P < 0.05 in comparison 
with Ad-L2.
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the suppression of all E4 ORF expression is crucial in order to reduce 
Ad vector-mediated hepatotoxicity.

In addition to the E4 gene-deleted Ad vectors, the E2A gene-
deleted Ad vectors were developed and exhibited the reduction 
in expression of not only the E2A gene but also Ad late genes in 
the cultured cells.4 In this study, insertion of the miR-122a–targeted 
sequences in the 3′-UTR of the E2A gene resulted in a 2-log order 
reduction in the expression of the E2A gene in the liver, compared 
with Ad-L2. Ad-E2A-122aT-L2 also exhibited a 2-log order reduction 
in the expression of the Ad late genes in the liver because the E2A 
gene product is essential for viral genome replication;4 however, 
serum ALT levels following administration of Ad-E2A-122aT-L2 were 
comparable to those by Ad-L2 and higher than those by Ad-E4-
122aT-L2. These results suggest that the E4 gene expression in the 
liver plays a crucial role in Ad vector-induced hepatotoxicity. Christ 
et al. also demonstrated that deletion of the E4 gene resulted in 
much greater suppression of the hepatotoxicity than deletion of 
the E2A gene.4

miR-122a, which is a liver-specific miRNA, is a very effective choice 
of miRNA for the regulation of the Ad vector-mediated expression 
of both the transgene and Ad genes, because Ad vectors have 
strong hepatotropism. In addition, a very high copy number of miR-
122a is expressed in the liver hepatocytes. miR-122a accounts for 
approximately 70% of the miRNAs expressed in the hepatocytes.20 
We previously reported that Ad vector-mediated transgene expres-
sion in the liver and replication of oncolytic adenoviruses contain-
ing a tumor-specific promoter in the hepatocytes were efficiently 
suppressed by insertion of miR-122a–targeted sequences into the 
3′-UTR of transgene.15,16 Ylösmaki et al. reported that the insertion 
of miR-122a–targeted sequences into the E1A gene in replication-
competent Ad reduced hepatotoxicity.35

At the beginning of this study, we hypothesized that leaky 
expression in the spleen, which is considered to play a crucial role 
in induction of CTLs, should be suppressed in order to suppress 
the induction of Ad protein-specific CTLs, and that the insertion 
of miR-142-3p–targeted sequences into the 3′-UTR of Ad genes 
would reduce the leaky expression of Ad genes in the spleen. 
However, the leaky expression levels of Ad genes in the spleen 
were 50- to 5,000-fold lower than those in the liver following intra-
venous administration of Ad-L2. In particular, the expression levels 
of the Ad late genes by all Ad vectors in the spleen were extremely 
low and slightly above the detection limit of real-time RT-PCR 
analysis. Hexon-specific CTL induction was not suppressed by 
miRNA-mediated inhibition of Ad gene expression in the spleen, 
although all the Ad vectors except for Ad-E2A-142-3pT-L2 and 
Ad-pIX-142-3pT-L2 exhibited significantly lower leaky expression 
levels of Ad genes in the spleen, compared with Ad-L2. In addi-
tion, the numbers of lymphocytes infused into the liver and IFN-γ 
mRNA levels in the liver were comparable between mice receiv-
ing Ad-L2 and those treated with Ad-E4-122aT-L2. These results 
suggest that Ad protein-specific CTLs might be mainly induced 
by Ad input proteins taken up by spleen antigen-presenting cells. 
Several studies have demonstrated the contribution of Ad input 
proteins to Ad protein-specific CTL responses.36,37 Significant lev-
els of CTLs were detected by HD-Ad vectors and UV-inactivated 
Ad vectors following intravenous administration into mice.36,38 A 
previous study reported a significant reduction in the CTL levels 
following administration of an Ad vector with deletion of the E2A 
or E4 gene;2 however, a CTL against the transgene product might 
have been measured in that study. Although Ad vector-mediated 
CTL induction in the spleen and infiltration of lymphocytes in 
the liver were comparable between Ad-L2 and Ad-E4-122aT-L2, 

the CTL-mediated damages in the hepatocytes transduced with 
Ad-E4-122aT-L2 were significantly lower than those in the cells 
treated with Ad-L2. This is probably because the leaky expression 
of Ad genes in the liver was greatly reduced in the case of Ad-E4-
122aT-L2 transduction, leading to a reduction in Ad antigen pre-
sentation on the hepatocytes.

This study demonstrated that miR-122a–mediated suppression of 
the E4 gene expression in the liver significantly reduced the hepa-
totoxicity that was caused by a replication-incompetent Ad vector 
via not only an adaptive immune response but also a non-adaptive 
immune response, indicating that the E4 gene products expressed in 
the liver directly induced hepatotoxicity via a non-adaptive immune 
response. Several studies have also reported that E4 gene products 
caused hepatotoxicity even in immune-incompetent mice follow-
ing systemic administration.2,39 The E4 gene products have various 
functions. For example, the E4 ORF3 and E4 ORF6 augment viral DNA 
replication, late viral protein synthesis, and shut-off of host protein 
synthesis, and the E4 ORF4 has been demonstrated to be involved in 
apoptosis.21,25 However, the detailed mechanism of the E4 gene prod-
uct-mediated hepatotoxicity following Ad vectors administration 
remains to be elucidated. Christ et al. prepared a series of Ad vectors 
containing various combinations of the E4 ORFs, and examined the 
hepatotoxicity profiles of these Ad vectors. They demonstrated that 
liver injury was markedly reduced with vectors containing either the 
E4 ORF3 alone or the ORF3+ ORF4, while vectors containing the ORF4 
alone, the ORF6+ ORF6/7, or ORF3+ ORF6+ ORF6/7 still displayed ele-
vated hepatotoxicity.9 Other groups also reported the hepatotoxicity 
profiles of the Ad vectors containing various patterns of deletion in 
the E4 genes.2,10 Taken together, these results indicate that the mech-
anism of the E4 ORF-induced hepatotoxicity is highly complex, and it 
has remained unclear which E4 ORF is crucial for Ad vector-mediated 
hepatotoxicity. Therefore, suppression of the expression of all E4 gene 
products from the Ad vector genome is crucial to suppress the Ad 
vector-mediated hepatotoxicity, as described above.

In summary, replication-incompetent Ad vectors exhibiting 
miRNA-mediated suppression of the leaky expression of Ad genes 
were developed in this study. All Ad vectors developed were easily 
produced at high titers comparable to a conventional Ad vector using 
normal 293 cells. Among the Ad vectors developed, an Ad vector con-
taining miR-122a–targeted sequences into the 3′-UTR of the E4 gene 
exhibited lower levels of liver damage and higher transgene expres-
sion profiles, compared with a conventional Ad vector. Furthermore, 
this study indicates that expression of the E4 gene in the liver is one 
of the main causes of Ad vector-induced hepatotoxicity. An Ad vec-
tor with miR-122a–targeted sequences in the 3′-UTR of the E4 genes 
would be a promising framework for safe and effective gene therapy, 
basic research including gene function analysis, and elucidation of 
the mechanisms underlying Ad vector-mediated toxicity.

MATERIALS AND METHODS
Mice and cells
Female C57BL/6 mice aged 5–7 weeks were obtained from Nippon SLC 
(Hamamatsu, Japan). Rag2/Il2rγ double-knockout mice of a C57BL/6 back-
ground, also aged 5–7 weeks, were obtained from Taconic Farms (Hudson, 
NY).31 All animal experimental procedures used in this study were performed 
in accordance with the institutional guidelines for animal experiments at 
Osaka University. HuH-7 cells (a human well-differentiated hepatocellular 
carcinoma cell line) were cultured in Dulbecco’s modified Eagle’s medium  
(Sigma-Aldrich, St Louis, MO) supplemented with 10% fetal calf serum (FCS) 
and antibiotics. A total of 293 cells (a human embryonic kidney cell line) 
were cultured in Dulbecco’s modified Eagle’s medium (Wako Pure Chemical 
Industries, Osaka, Japan) supplemented with 10% FCS, 2 mmol/l glutamine 
(Wako Pure Chemical Industries), and antibiotics. Primary mouse hepatocytes 
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were cultured in Williams’ Medium E (Life Technologies, Carlsbad, CA) supple-
mented with 10% FCS, 10 µg/ml insulin (Sigma-Aldrich), 4 µg/ml dexametha-
sone (Wako Pure Chemical Industries), and antibiotics.

Plasmid and replication-incompetent Ad vectors
Ad vector plasmids containing miRNA-targeted sequences were con-
structed as follows. Briefly, for construction of the plasmid for an Ad vec-
tor incorporating miRNA-targeted sequences into the 3′-UTR of the E2A 
gene, the Ad genome fragment (bp 21562-25204) was cloned into the 
BamHI/SacI sites in pHM5.40 Subsequently, the BstXI site was introduced into 
the DraI site (bp 22444) in the 3′-UTR of the E2A gene by ligation with the 
oligonucleotides encoding the BstXI site (E2A-3′-UTR-F and E2A-3′-UTR-R; 
Supplementary Table S1). Following the introduction of oligonucleotides 
encoding two copies of miR-122a complementary sequences and PacI/SpeI 
sites (E2A-miR-122aT-BstXI-S3 and E2A-miR-122aT-BstXI-AS3) into the BstXI 
site, oligonucleotides encoding two copies of miR-122a complementary 
sequences (E2A-miR-122aT-BstXI-S4 and E2A-miR-122aT-BstXI-AS4) were 
introduced into the PacI/SpeI sites. The fragment containing the miRNA-
targeted sequences was replaced with the corresponding sequences in the 
conventional Ad vector genome in pAdHM440 by homologous recombina-
tion, resulting in pAdHM4-E2A-122aT. For construction of the plasmid for 
an Ad vector incorporating miRNA-targeted sequences into the 3′-UTR of 
the E4 gene, the Ad genome fragment (bp 31993-33283) was cloned into 
pHM3.3, which was constructed based on pHM3.40 Subsequently, the KpnI 
site was introduced into the ApoI/BspMI sites (bp 32835-35943), which 
were located in the 3′-UTR of the E4 gene, by ligation with oligonucleotides 
encoding the KpnI site (E4-3′-UTR-F1 and E4-3′-UTR-R1). Thereafter, the NotI 
site was introduced into the KpnI/BspMI sites (bp 32943), which were located 
in the 3′-UTR of the E4 gene, by ligation with oligonucleotides encoding the 
NotI site (E4-3′-UTR-F2 and E4-3′-UTR-R2). Following the introduction of oli-
gonucleotides encoding two copies of miR-122a complementary sequences 
and the PacI site (E4-miR-122aT-S1 and E4-miR-122aT-AS1) into the KpnI/NotI 
sites, oligonucleotides encoding two copies of miR-122a complementary 
sequences (E4-miR-122aT-S2 and E4-miR-122aT-AS2) were introduced into 
the KpnI/PacI sites. The fragment containing the miRNA-targeted sequences 
was replaced with the conventional Ad vector genome in pAdHM4 by 
homologous recombination, resulting in pAdHM4-E2A-122aT. For construc-
tion of a plasmid for an Ad vector incorporating miRNA-targeted sequences 
into the 3′-UTR of the pIX gene, the KpnI and EcoRI sites were introduced 
into the XbaI site (bp 4030), which is located in the 3′-UTR of the pIX gene, in 
pAd3′-IX5, which was constructed based on pAdHM41.41 Oligonucleotides 
encoding the miR-122a–targeted sequences (pIX-miR-122aT-S1, pIX-
miR-122aT-AS1, pIX-miR-122aT-S2, and pIX-miR-122aT-AS2) were inserted 
into the KpnI and EcoRI sites. The resulting plasmid was then digested with 
PI-SceI/BstZ17I, and ligated with PI-SceI/BstZ171-digested pAdHM4, result-
ing in pAdHM4-pIX-122aT. The sequences of the oligonucleotides are shown 
in Supplementary Table S1. Ad vector plasmids incorporating four tandem 
copies that were perfectly complementary to miR-142-3p were similarly 
constructed using the oligonucleotides encoding miR-142-3p–targeted 
sequences (Supplementary Table S1). The sequences of the miRNA-targeted 
sequences in the Ad vector plasmids were verified by sequence analysis.

Ad vectors were prepared by an improved in vitro ligation method.40,42 
An AHA-driven mSEAP-expressing plasmid, pAHA-mSEAP, was constructed 
using pHMRSV6,42 pBS-ApoEHCR-hAATp-hFIX-Int-bpA,43 and pCpG-mSEAP 
(InvivoGen, SanDiego, CA). pCMVL1,22 which has a CMV promoter-driven 
luciferase expression cassette, and pAHA-mSEAP were digested with I-CeuI/
PI-SceI, and subsequently ligated with I-CeuI/PI-SceI–digested Ad vector 
plasmids. Further details on the construction method of Ad vector plasmids 
are available upon request. Each Ad vector plasmid was digested with PacI 
to release the recombinant viral genome, and was transfected into conven-
tional 293 cells plated on 60-mm dishes. All Ad vectors were propagated in 
293 cells, purified by two rounds of cesium chloride-gradient ultracentrifu-
gation, dialyzed, and stored at −80 °C. The virus particles (VPs) were deter-
mined using a spectrophotometric method,44 and biological titers were 
measured using an Adeno-X-rapid titer kit (Clontech, Mountain View, CA). 
The ratio of the particle-to-biological titer was between 6.5 and 8 for each 
Ad vector used in this study. We confirmed by PCR analysis that none of the 
viral stocks used in this study contained detectable replication-competent 
virus.45 The Ad vectors used in this study are listed in Table 1.

In vitro Ad gene expression analysis
HuH-7 cells were seeded into 12-well plates at 1 × 105 cells/well. On the 
following day, cells were transduced with Ad vectors at a multiplicity of 

infection (MOI) of 10 for 1 hour. The medium containing Ad vectors was 
replaced with fresh medium after a 1-hour incubation. HuH-7 cells were har-
vested 12 hours after transduction, and total RNA was extracted from the 
cells. The mRNA levels of Ad genes and the glyceroaldehyde-3-phosphate-
dehydrogenase (GAPDH) gene were evaluated by real-time PCR analysis as 
previously described.46 In the inhibition experiments using LNA-modified 
ASO complementary to miR-122a (miRCURY LNA Power Inhibitor; Exiqon, 
Vedbaek, Denmark) or an LNA control,47 HuH-7 cells were transfected with 
the ASO at 10 nmol/l using Lipofectamine2000 (Invitrogen, Carlsbad, CA). 
Twenty-four hours after transfection, HuH-7 cells were transduced with Ad 
vectors at MOIs of 10 for 1 hour, and harvested 12 hours after transduction. 
After total RNA isolation, mRNA levels of Ad genes were determined by real-
time RT-PCR as described above.

In vivo Ad gene expression analysis
Ad vectors were intravenously administered into C57BL/6 mice at a dose of 
1 × 1010 IFU/mouse via the tail vein. Total RNA was extracted from the liv-
ers and spleens at the indicated number of days following administration. 
The Ad gene mRNA levels in the organs were determined as previously 
described.46 The sequences of the primers and probe of mouse GAPDH were 
as follows: forward, 5′-CAA TGT GTC CGT CGT GGA TCT-3′; reverse, 5′-GTC 
CTC AGT GTA GCC CAA GAT G-3′; probe, FAM-CGT GCC GCC TGG AGA AAC 
CTG CC-TAMRA.

Analysis of Ad vector-mediated hepatotoxicity following 
intravenous administration
Ad vectors were intravenously administered into C57BL/6 and Rag2/Il2rγ 
double-knockout mice at a dose of 1 × 1010 IFU/mouse. The blood samples 
were collected via retro-orbital bleeding at the indicated days, and the 
serum samples were obtained by centrifugation. The serum ALT levels were 
determined using a transaminase-CII kit (Wako Pure Chemical Industries). 
The serum levels of ALP, LDH, and LAP were analyzed at the Oriental Yeast 
Corporation (Tokyo, Japan). For the histopathological examination of liver 
sections, the livers were recovered from C57BL/6 mice 10 days following Ad 
vector administration. The livers were washed, fixed in 10% buffered forma-
lin (Wako Pure Chemical Industries), embedded in paraffin, and processed 
for histology.

Albumin mRNA levels in the liver following Ad vector administration 
were determined by real-time RT-PCR using THUNDERBIRD SYBR qPCR Mix 
(TOYOBO, Osaka, Japan). The protocol for thermal cycling consisted of 60 
seconds at 95 °C, followed by 40 cycles of 15 seconds at 95 °C and 60 seconds 
at 60 °C. The sequences of the primers were as follows: forward, 5′-TCC AAA 
CCT CCG TGA AAA CTA TG-3′; reverse, 5′-TGT GTT GCA GGA AAC ATT CGT-3′.

Analysis of Ad vector genome copy numbers in the liver
Ad vectors were intravenously administered into C57BL/6 mice at a dose 
of 1 × 1010 IFU/mouse, and liver homogenates were prepared as described 
above at 15 days after administration. Total DNA, including Ad vector 
genome, was extracted from the liver homogenates. Ad genome copy num-
bers in the liver were examined similarly as Ad gene expression analysis.

Analysis of Ad hexon-specific CTLs by intracellular cytokine 
staining assay
Levels of Ad hexon-specific CTLs in the spleen were evaluated 15 days 
after administration of Ad vectors at 1 × 1010 IFU/mouse using a Cytofix/
CytoPerm Plus kit (BD Biosciences, San Diego, CA) as previously described 
with slight modification.48,49 Briefly, the spleen was harvested from the 
mice 15 days after administration, and 2 × 106 splenocytes were incubated 
for 6 hours with Ad hexon peptide (Milteny Biotec, Bergisch Gladbach, 
Germany), costimulatory antibodies (Ab) (CD28 and CD49d, 37.51 and 
R1-2,1 µg/ml; eBioscience, San Diego, CA), and 1 µg/ml of GolgiStop (BD 
Biosciences) in the RPMI1640 (Sigma-Aldrich) medium at 37 °C. After the 
incubation, the cells were washed with PBS and stained for viability (Live/
Dead Fixable Dead Cell Stain Kits; Invitrogen) for 30 minutes at room tem-
perature. The cells were then washed and stained with phycoerythrin (PE)-
Cy7-conjugated anti-mouse CD3ε Ab (145-2C; eBioscience) and allophy-
cocyanin (APC)-Cy7-conjugated anti-mouse CD8 Ab (53-6.7; BioLegend, 
San Diego, CA) for 30 minutes at 4 °C. Following incubation and washing 
with PBS, the cells were incubated with Cytofix/Cytoperm solution for 
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25 minutes at 4 °C for permeabilization, and stained with PE-conjugated 
anti-mouse interferon (IFN)-γ Ab (XMG1.2; eBioscience) after washing with 
Perm/Wash solution (BD Biosciences). Data were analyzed using FlowJo 
software (TreeStar, Ashland, OR).

Evaluation of intrahepatic lymphocytes following Ad vector 
administration
Intrahepatic lymphocytes were recovered from the livers of Ad vector-
treated C57BL/6 mice 10 days after administration as follows. The livers were 
perfused via the portal vein with PBS, cut, and homogenized using a plunger. 
The liver cell suspension was passed through a mesh in PBS containing 5 mg/
ml collagenase and 100 U/ml DNaseI (Roche, Basel, Switzerland). The cell 
suspension was incubated for 45 minutes at 37 °C and centrifuged at 300g 
for 6 minutes at 4 °C. The cell pellet was then resuspended in serum-free 
RPMI1640 medium containing 44% Percoll, added to PBS containing 55% 
Percoll, and centrifuged at 300g for 20 minutes at room temperature. The cell 
fraction was harvested, added to 2% FCS-PBS, centrifuged at 300g, washed 
with 2% FCS-PBS, and resuspended in 1 ml of red blood cell lysis solution 
(1×Ack buffer) for 1 minutes at 4 °C. Cells were then washed twice and 
resuspended in 2% FCS-PBS. For fluorescence activated cell sorting (FACS) 
analysis, total mononuclear cells were stained for viability with fluorescein 
isotiocyanate (FITC)-conjugated anti-mouse CD4 Ab (GK1.5, eBioscience), 
anti-mouse CD3ε Ab, and anti-mouse CD8 Ab, and subsequently subjected 
to FACS analysis. Data were analyzed using FlowJo software (TreeStar).

Expression of IFN-γ and chemokines in the liver after Ad vector 
administration
The Ad vectors were intravenously administered to C57BL/6 mice at a dose 
of 1 × 1010 IFU/mouse. Ten days after administration, total RNA was extracted 
from the livers. The IFN-γ and chemokine production levels were determined 
by real-time RT-PCR using THUNDERBIRD SYBR qPCR Mix (TOYOBO, Osaka, 
Japan) as described above. The sequences of the primers used in this study 
are listed in Supplementary Table S2.

CTL-mediated lysis of Ad vector-transduced primary mouse 
hepatocytes
A C57BL/6 mouse was intravenously administered Ad-null,40 which does not 
possess a transgene expression cassette, at 1 × 1010 IFU/mouse to induce 
Ad-specific CTL. The spleen was harvested from the mouse 10 days after 
administration, and splenocytes were restimulated with Ad-null at an MOI of 
10 for 4 days. Primary hepatocytes were isolated from a naive mouse using 
the hepatic portal perfusion technique via a conventional method.50 Primary 
hepatocytes were seeded into a 96-well round bottom plate at 1 × 104 cells/
well. One day after isolation, primary hepatocytes were transduced with 
Ad-L2 or Ad-E4-122aT-L2 at an MOI of 10. The medium containing Ad vectors 
was replaced with fresh medium after a 24-hour incubation. Subsequently, 
the primary hepatocytes were incubated with the splenocytes isolated as 
described above for 4 hours at 37 °C. The CTL-mediated lysis was measured 
by an LDH assay using a CytoTox 96 Non-Radioactive Cytotoxicity Assay 
(Promega, Madison, WI) as previously described.38,51

Anti-Ad antibody levels in the serum following intravenous 
administration of Ad vectors
C57BL/6 mice were intravenously administered Ad vectors at 1 × 1010 IFU/
mouse. Blood samples were collected via retro-orbital bleeding fourteen 
days after administration. Anti-Ad antibody levels in the serum were deter-
mined by enzyme-linked immunosorbent assay (ELISA). For the ELISA, a 
96-well plate was coated with Ad-null (5 × 105 IFU/well) overnight at 4 °C, 
washed with PBS-0.05% Tween (PBST), and blocked in ImmunoBlock (DS 
Pharma Biomedical, Osaka, Japan) for 1 hour at room temperature. The 
serum samples (diluted 1:500) were added to the antigen-coated plate and 
incubated for 2 hours at 37 °C. The plate was washed with PBST and incu-
bated with biotin-conjugated goat anti-mouse IgG (H+L) (SouthernBiotech, 
Birmingham, AL) for 2 hours at 37 °C. The plates was then washed with 
PBST and incubated with streptavidin-HRP (SouthernBiotech) for 1 hour at 
room temperature. Finally, the plate was washed with PBST and TMB ELISA 
Peroxidase Substrate (Rockland Immunochemicals, Gilbertsville, PA) was 
added. The reaction was stopped by the addition of 0.5 mol/l HCl, and absor-
bance was read at 450 nm on a TriStar LB941 (Berthold Technologies, Bad 
Wildbad, Germany).

In vivo transgene expression analysis
Ad vectors were intravenously administered into C57BL/6 mice at a dose 
of 1 × 1010 IFU/mouse. Two days after administration, the livers were recov-
ered from the mice and homogenized. The luciferase production in the 
homogenates was measured as previously described.52 For determination of 
mSEAP levels in the serum, C57BL/6 mice were administered the Ad vectors 
expressing mSEAP at a dose of 1 × 1010 IFU/mouse. The blood samples were 
collected on the indicated days via retro-orbital bleeding. mSEAP expression 
levels were determined using Great EscAPe SEAP Chemiluminescence Kit, 
version 2.0 (Clontech).

Statistical analysis
Statistical significance (P < 0.05) was determined using Student’s t-test. Data 
are presented as means ± SD.
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