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Figure3 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
1x 10 |FU/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-L.2 (middle), or PBS (right). C57BL/6 mice were intravenously administered Ad
vectors at 1x 10" IFU/mouse. Ten days after administration, the livers were isolated, and histological analysis was performed using hematoxylin and
eosin staining. The scale bar =50 pm. (d) The albumin mRNA levels in mice after intravenous injection of Ad vectors. C57BL/6 mice were treated with
Ad vectors at 1x 10" [FU/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 1x 10" [FU/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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Figure4 Ad vector-induced immune responses following intravenous administration of Ad vectors into mice. (a) Hexon-specific IFN-y* CD8* T cells
in the splenocytes, C57BL/6 mice were intravenously administered Ad vectors at 1x 10" [FU/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 1x 10 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-yand 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 1x 10" [FU/mouse. Ten days after administration, IFN-y 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 1x 10" IFU/mouse. Ten days after the injection, the splenocytes were
harvested and incubated with Ad-null at an MOl 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-L.2,
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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 plX genes to
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Figure 5 The serum ALT levels in the serum in Rag2/ll2ry double-
knockout mice after intravenous administration of Ad vectors. Rag2/
l12ry double-knockout mice were intravenously administered Ad vectors
at 1x10" 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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eliminate the leaky expression of Ad genes and to increase the trans-
gene insertion capacity.'®' 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.® 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.?' 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 ORFs23* although
various types of Ad vectors containing mutations in the E4 gene
have been developed.?*'® As described below, the E4 gene products
have inhibitory effects on various cellular functions, suggesting that

mSEAP production in the serum

50,000 :a. i 3
] g T bubg
1o te OO S ¥
so0d & N el
500-5
50 T T T T T T 1

T
] 20 40 60 80 100 120 140 160

Days after administration
—¢— Ad-AHASEAP ~--O--- Ad-E4-122aT-AHASEAP

Figure6 Ad vector-mediated transgene expression in mice. (a) Luciferase production in the liver following Ad vector administration. C57BL/6 mice
were intravenously administered Ad vectors expressing the luciferase gene under the control of a CMV promoter at 1 x 10 IFU/mouse, and the livers
were harvested and subjected to luciferase expression analysis 2 days after administration. Luciferase production in the liver was determined by
luminescence assay. The data are expressed as the mean values + SD (n = 5-6). *P < 0.05 in comparison with Ad-L2. (b) mSEAP production in the serum
following Ad vector administration. C57BL/6 mice were intravenously administered Ad vectors expressing the mSEAP gene under the control of an
AHA promoterat 1 x 10" [FU/mouse. Blood samples were collected via retro-orbital bleeding on the indicated days after injection. mSEAP production
in the serum was determined by SEAP chemiluminescence assay. The data are expressed as the mean values + SD (n =4). *P < 0.05 in comparison with
Ad-AHASEAP. mSEAP expression in the PBS-treated mice was below the detectable level.
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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.* 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-1.2 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;* however,
serum ALT levels following administration of Ad-E2A-122aT-1L2 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.*

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.®
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.'>'¢ Yldsmaki et al. reported that the insertion
of miR-122a-targeted sequences into the E1A gene in replication-
competent Ad reduced hepatotoxicity.

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-y
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.?®¥ Significant lev-
els of CTLs were detected by HD-Ad vectors and UV-inactivated
Ad vectors following intravenous administration into mice.33 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;? 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,
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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.* 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.2'® 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.® Other groups also reported the hepatotoxicity
profiles of the Ad vectors containing various patterns of deletion in
the E4 genes*'® 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/l12ry double-knockout mice of a C57BL/6 back-
ground, also aged 5-7 weeks, were obtained from Taconic Farms (Hudson,
NY).3' 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 {2 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 (@ 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 pg/ml insulin (Sigma-Aldrich), 4 pg/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
BamH!/Sacl sites in pHM5.%° Subsequently, the BstX] site was introduced into
the Dral site (bp 22444) in the 3"-UTR of the E2A gene by ligation with the
oligonuclectides encoding the BstXl 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 Pacl/Spel
sites (E2A-miR-122aT-BstXI-S3 and E2A-miR-122aT-BstXI-AS3) into the BstX/
site, oligonucleotides encoding two copies of miR-122a complementary
sequences (E2A-miR-122aT-BstXI-54 and E2A-miR-122aT-BstXI-AS4) were
introduced into the Pacl/Spel sites. The fragment containing the miRNA-
targeted sequences was replaced with the corresponding sequences in the
conventional Ad vector genome in pAdHM4* 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.% Subsequently, the Kpnl
site was introduced into the Apol/BspMl sites (bp 32835-35943), which
were located in the 3’-UTR of the E4 gene, by ligation with oligonucleotides
encoding the Kpnl site (E4-3"-UTR-F1 and E4-3-UTR-R1). Thereafter, the Notl
site was introduced into the Kpnl/BspM| sites (bp 32943), which were located
in the 3’-UTR of the E4 gene, by ligation with oligonucleotides encoding the
Notl site (F4-3’-UTR-F2 and E4-3’-UTR-R2). Following the introduction of oli-
gonucleotides encoding two copies of miR-122a complementary sequences
and the Pac! site (E4-miR-122a7-51 and E4-miR-122aT-AS1) into the Kpnl/Notl
sites, oligonuclectides encoding two copies of miR-122a complementary
sequences (E4-miR-122aT-52 and E4-miR-122aT-AS2) were introduced into
the Kpnl/Pacl 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 Kpnl and EcoRl sites were introduced
into the Xbal site (bp 4030), which is located in the 3-UTR of the piX gene, in
pAd3’-IX5, which was constructed based on pAdHM41.*" Oligonucleotides
encoding the miR-122a-targeted sequences (plX-miR-122al-S1, piX-
miR-122aT-AS1, pIX-miR-122aT-S2, and pIX-miR-122aT-AS2) were inserted
into the Kpnl and EcoRl sites. The resulting plasmid was then digested with
PI-Scel/BstZ17), and ligated with PI-Scel/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.*4
An AHA-driven mSEAP-expressing plasmid, pAHA-mSEAP, was constructed
using pHMRSV6,* pBS-ApoEHCR-hAATp-hFIX-Int-bpA,* and pCpG-mSEAP
(InvivoGen, SanDiego, CA). pCMVL1,2 which has a CMV promoter-driven
luciferase expression cassette, and pAHA-mSEAP were digested with I-Ceul/
PI-Scel, and subsequently ligated with I-Ceul/Pl-Scel-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 Pacl
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,* and bioclogical 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.* 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 1x10° cells/well. On the
following day, cells were transduced with Ad vectors at a multiplicity of
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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.® In the inhibition experiments using LNA-modified
ASO complementary to miR-122a (miRCURY LNA Power Inhibitor; Exiqon,
Vedbaek, Denmark) or an LNA control,”” 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% 10" [FU/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.* 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/li2ry
double-knockout mice at a dose of 1x 10 [FU/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-Cll 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 gPCR 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 °Cand 60 seconds
at 60 °C. The sequences of the primers were as follows: forward, 5-TCC AAA
CCT CCG TGA AAA CTATG-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 1x 10" [FU/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 1x 10" [FU/mouse using a Cytofix/
CytoPerm Plus kit (BD Biosciences, San Diego, CA) as previously described
with slight modification.®®** Briefly, the spleen was harvested from the
mice 15 days after administration, and 2 x 10 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 pg/ml; eBioscience, San Diego, CA), and 1 pg/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 CD3e 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 interfaeron (IFN)~y Ab (XMG1.2; eBioscience) after washing with
Perm/Wash solution (BD Biosciences). Data were analyzed using Flowlo
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 100U/mi DNasel (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 1ml of red blood cell lysis solution
(1xAck 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 CD3g Ab, and anti-mouse CD8 Ab, and subsequently subjected
to FACS analysis. Data were analyzed using FlowJo software (TreeStar).

Expression of IFN-yand chemokines in the liver after Ad vector
administration

The Ad vectors were intravenously administered to C57BL/6 mice at a dose
of 1x 10" IFU/mouse. Ten days after administration, total RNA was extracted
from the livers. The IFN-yand chemokine production levels were determined
by real-time RT-PCR using THUNDERBIRD SYBR gPCR 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,” which does not
possess a transgene expression cassette, at 1x 10" [FU/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 MOl of
10 for 4 days. Primary hepatocytes were isolated from a naive mouse using
the hepatic portal perfusion technique via a conventional method.® Primary
hepatocytes were seeded into a 96-well round bottom plate at 1x10* cells/
well. One day after isolation, primary hepatocytes were transduced with
Ad-L2 or Ad-E4-122aT-L.2 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, W1) as previously described '

Anti-Ad antibody levels in the serum following intravenous
administration of Ad vectors

C57BL/6 mice were intravenously administered Ad vectors at 1x10% 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% 10° [FU/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/I HCl, and absor-
bance was read at 450 nm on a TriStar LB941 (Berthold Technologies, Bad
Wildbad, Germany).
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In vivo transgene expression analysis

Ad vectors were intravenously administered into C57BL/6 mice at a dose
of 1x10% 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.> For determination of
mMSEAP levels in the serum, C57BL/6 mice were administered the Ad vectors
expressing mSEAP at a dose of 1x 10" [FU/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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Few of the vaccines in current use can induce antigen- (Ag-) specific immunity in both mucosal and systemic compartments. Hence,
the development of vaccines that realize both mucosal and systemic protection against various pathogens is a high priority in global
health. Recently, it has been reported that intramuscular (i.m.) vaccination of an adenovirus vector (Adv) can induce Ag-specific
cytotoxic T lymphocytes (CTLs) in both systemic and gut mucosal compartments. We previously revealed that type I IFN signaling
is required for the induction of gut mucosal CTLs, not systemic CTLs. However, the molecular mechanism via type I IFN signaling
is largely unknown. Here, we report that type I IFN signaling following i.m. Adv vaccination is required for the expression of type
IIFN in the inguinal lymph nodes (iLNs), which are the draining lymph nodes of the administration site. We also showed that the
type I IFN signaling is indispensable for the early activation of CTLs in iLNs. These data suggested that type I IFN signaling has an
important role in the translation of systemic innate immune response into mucosal adaptive immunity by amplifying the innate

immune signaling and activating CTLs in the iLN.

1. Introduction are important in vaccine development to establish protective

Mucosal membranes have enormous surface areas, through

immune responses at mucosal sites as well as systemic sites

which most pathogens access the body, and therefore, they ~ [1, 2]. Hence, the development of vaccines that realize both



mucosal and systemic protection against various pathogens
is a high priority in global health. However, few of the
vaccines in current use can induce antigen- (Ag-) specific
immunity in both mucosal and systemic compartments [3].
In general, the induction of mucosal immunity by systemic
administration of vaccine has proven to be difficult due to
the unique immunological features of the mucosal immune
system [3].

The replication incompetent recombinant adenovirus
vector (Adv) has several advantages as a gene therapy vector:
it provides the highest gene transduction efficiency among
the currently available vectors, it has low genotoxicity because
it is not integrated into the chromosomal DNA, and it can be
easily prepared in high titers. Moreover, it has been revealed
that Adv can be applied to gene therapy-based vaccines,
and several Adv and vaccine protocols have been used in
preclinical studies [4]. Recently, it has been reported that
intramuscular (im.) immunization with an Adv vaccine-
expressing simian immunodeficiency virus (SIV) gag can
induce functional and sustainable SIV gag-specific cytotoxic
T lymphocytes (CTLs) in the gut mucosal compartments
as well as the systemic compartments in mice and rhesus
macaques [5-7]. Advis expected to become a next generation
mucosal vaccine that combats severe intracellular pathogens
[8].

Innate immune responses have been clearly shown to
be critical for the optimal induction of adaptive immune
responses [9-11]. Moreover, there is accumulating evidence
that the adjuvants which activate innate immunity are effec-
tive for the induction of vaccine effects [12]. Several studies
have revealed that Adv-derived nucleic acids, adenoviral
genomic DNA, and adenoviral noncoding RNA (virus-
associated RNA (VA-RNA)) activate innate immunity and
produce innate immune cytokines. The adenoviral genomic
DNA triggers innate immune responses through several
pattern recognition receptors and adaptor molecules, such as
Toll-like receptor 9 (TLR9)/myeloid differentiation primary-
response protein 88 (MyD88) [13-15], and cGAMP synthase
(cGAS)/stimulator of interferon genes (STING) [16], and
induces the production of type I IFNs and proinflammatory
cytokines. VA-RNA also induces the production of type I
IFN through IFN-f promoter stimulator-1 (IPS-1) [17]. Type
I IFN induced by Adv immunization has been shown to
have an important role in the subsequent systemic adaptive
immunity. It is indicated that not only dendritic cells (DCs),
but also other types of cells, such as stromal cells, produce
IEN-f in vivo and are involved in the induction of adaptive
immunity [17-19]. Thus, determining the role of IFN-f
in vivo is important for vaccine development. Moreover,
the magnitudes of type I IFN correlate with the titers of
Ad-specific neutralizing antibodies, suggesting that type I
IFN signaling controls the efficacy of Adv vaccine [20].
We previously reported that type I IFN signaling following
im. Adv vaccination is required for the induction of Ag-
specific CTLs not in the systemic compartment but in the
gut mucosal compartment [8]. Thus, type I TEN is important
for the positive regulation of the Ag-specific gut mucosal
cellular immune response. However, it is unclear how the
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Adv-induced type I IEN signaling translates innate immune
response into gut mucosal adaptive immunity.

In this study, we report that type I IFN signaling is
indispensable for the expression of IFN-a, IFN-f, cGAS,
and TLRYin the draining lymph nodes (DLNs) in the early
stage following i.m. Adv vaccination. Moreover, we found that
type I IEN signaling is essential for the early activation of
CD8" T cells in the DLNs. These data suggested that type
I IFN signaling has an important role in the translation of
systemic innate immunity into mucosal adaptive immunity.
Our findings should lead to the development of safer and
more efficient mucosal Adv vaccines.

2. Materials and Methods

2.1. Mice. C57BL/6] (wild-type, WT) mice were purchased
from Japan SLC (Hamamatsu, Japan) and IFNAR2 ™" mice
(C57BL/6] background) were established as described pre-
viously [21]. All mice were housed in an animal facility
under specific pathogen-free conditions and used at 7-8
weeks of age. All animal experimental procedures used in this
study were performed in accordance with the institutional
guidelines for animal experiments at Osaka University and
the National Institute of Biomedical Innovation.

2.2. Adv Production and Immunization. The adenovirus
type 5 vector-expressing LacZ (Ad-LacZ) was constructed
as described previously [22]. Briefly, the expression cas-
sette containing the chicken f-actin promoter with the
cytomegalovirus enhancer (CA) driven [23] LacZ gene was
inserted into the El/E3-deleted adenovirus type 5 genome.
This virus was grown in 293 cells using standard techniques.
Ad-LacZ was purified with CsCl, step gradient ultracentrifu-
gation, dialyzed with a solution containing 10 mM Tris (pH
7.5), 1mM MgCl,, and 10% glycerol, and stored in aliquots
at —80°C. Determination of the virus particle (vp) titers
was accomplished spectrophotometrically according to the
methods of Maizel et al. [24]. All mice were injected under
anesthesia in the right and left quadriceps muscles with Ad-
LacZ (5 x 10° vp per muscle; total 10"® vp per mouse).

2.3. Isolation of Mononuclear Cells. 'The inguinal lymph nodes
and mesenteric lymph nodes were dissected and pressed
through a 70 um cell strainer. The cells were washed with
FACS buffer (2% FCS, 0.02% sodium azide in PBS).

2.4. DNA Isolation and gqPCR. Total DNA was isolated
from whole tissues using a DNeasy Blood & Tissue Kit
(QIAGEN). Quantitative PCR was performed with Tag-
man Fast Universal PCR Master Mix (Applied Biosystems)
using an Applied Biosystem StepOnePlus Real-Time PCR
System. Absolute quantities were calculated using standard
curves. The copy numbers of each gene were normalized
with those of GAPDH. The primer sequences in this study
are Gapdh forward, 5'-CAATGTGTCCGTCGTGGATCT-
3'; Gapdh reverse, 5'-GTCCTCAGTGTAGCCCAAGATG-
3'; Ad B4 forward, 5-GGGATCGTCTACCTCCTTTTGA-
3'; Ad B4 reverse, 5'-GGGCAGCAGCGGATGAT-3'.
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F1GURE 1: The tissue distribution of Adv following i.m. Adv vaccina-
tion. At 8 hours after the i.m. vaccination of 10*° vp of Ad-LacZ, the
tissue distribution of Adv was determined by the absolute quantity
of Ad E4 gene in each tissue, normalized by the copy number of
GAPDH. The graphs represent the relative Ad genome copy number
in each tissue normalized by that of the small intestine. Data are
shown as the means + S.EM. (n = 3). iLN, inguinal lymph node;
SP, spleen; MLN, mesenteric lymph node; PP, Peyer’s patch; SI, small
intestine.

2.5. RNA Isolation and RT-PCR. Total RNA was isolated
from mononuclear cells using ISOGEN (Nippon Gene).
cDNA was synthesized using 400 ng of total RNA with a
Superscript VILO ¢DNA Synthesis Kit (Invitrogen) accord-
ing to the manufacturer’s instructions. Quantitative RT-
PCR was performed with THUNDERBIRD gqPCR Mix
(TOYOBO) using an Applied Biosystem StepOnePlus Real-
Time PCR System. Relative expression was calculated using
the AAC; method. The mRNA level of each gene was nor-
malized with that of B-actin. The primer sequences used in
this study are Actb forward 5'-GGCTGTATTCCCCTCCA-
TCG- 3 Actb reverse, 5 -CCAGTTGGTAACAATGCCAT-
GT-3'; ana forward, 5’ CTTCCACAGGATCACTGTGT—
ACCT 3'; Ifna reverse; 5 -TTCTGCTCTGACCACCTCCC-
3 Ifnb forward, 5' CTGGAGCAGCTGAATGGAAAG—
3'; Ifub reverse, 5'-CTTCTCCGTCATCTCCATAGGG- 3';
Mb21d1 forward, 5' AGGAAGCCCTGCTGTAACACTTC—
T-3'; Mb21d1 reverse, 5 -AGCCAGCCTTGAATAGGTAG-
TCCT-3'; Tlr9 forward, 5'-ATGGTTCTCCGTCGAAG-
GACT-3'; Th9 reverse, 5'-GAGGCTTCAGCTCACAGGG-
3'; Ddx41 forward, 5'-AGTCCGCCAAGGAAAAGCAA-3';
Ddx4l reverse, 5'-CTCAGACATGCTCAGGACATAAC-
3'; T1b forward, 5'-GCAGCAGCACATCAACAAG-3'; Ilb
reverse, 5 -CGGGAAAGACACAGGTAGC-3'; Tnfa forward,
5'_CCCTCACACTCAGATCATCTTCT-3'; Tnfa reverse, 5'-
GCTACGACGTGGGCTACAG-3'.

2.6. Flow Cytometry. The antimouse antibodies used in this
study were purchased from eBioscience (PE-Cy7-CD3e (145-
2C11)) and BioLegend (FITC-CD4 (GKL5), APC-Cy7-CD8«
(53-6.7), Pacific Blue-CD69 (HI1.2F3)). Flow cytometry anal-
ysis was performed using a fluorescence-activated cell sorting
(FACS) LSR Fortessa flow cytometer and BD FACSDiva
software (BD Bioscience). Dead cells were excluded by 7-
amino-actinomycin D staining (eBioscience).

2.7 Statistics. All results are shown as the mean * standard
error of the mean. Statistical significance was analyzed by the
One-way ANOVA among groups.

3. Results

3.1. Adv Was Mainly Distributed to the Inguinal Lymph Nodes
following i.m. Adv Vaccination. Innate immune responses are
elicited within several hours after i.m. Adv vaccination. To
reveal the sites where Adv induces the responses, we first
examined Ad genome copy numbers in each tissue at 8 hours
after im. Adv vaccination. Adv was mainly distributed to
the muscles and inguinal lymph nodes (iLNs), the DLNs of
the vaccination site (Figure 1). On the other hand, Adv was
barely distributed to mesenteric lymph node (MLN), which
is important for gut mucosal immunity. The distributions of
Adv in the liver, spleen (SP), Peyer’s patches (PP), and small
intestine (SI) were similar to those in the MLN. These results
suggested that Adv should induce innate immune responses
in the iLNs.

3.2. Type I IFN Signaling Enhances the Expression of Innate
Immune Cytokines and DNA Sensors in the Draining Lymph
Nodes. Next, to reveal the roles of type I IEN signaling in the
induction of gut mucosal CTLs, we examined the expression
of innate immune cytokines and interferon-stimulated genes
(ISGs) in iLNs and MLN by using type I IEN receptor
knockout (IFNAR2 KO) mice, which have defects in immune
responses to viruses and double-stranded DNA. In Adv-
administrated WT mice, the expression of IFN-« and IFN-
B was upregulated in the iLNs, where Adv was mainly
distributed at this time point (Figure 2(a)). Moreover, in
Adv-administrated WT mice, the expression of IL-18 and
TNF-« tended to be upregulated in the iLNs (Figure 2(a)).
On the other hand, the expression of these cytokines was
not upregulated in the MLN, where Adv was barely dis-
tributed. Similarly, the expression of cGAS, a representative
ISG, that is, encoded by Mb2idl [25], was upregulated
in the iLNs (Figure 2(b)). However, in Adv-administrated
IFNAR2 KO mice, the expression of IFN-«, IFN-f, and
cGAS in the iLNs was not upregulated following im. Adv
vaccination. In addition, in Adv-administrated IFNAR2 KO
mice, the expression of IL-13 and TNF-« in the iLNs was
lower than that in the iLNs of Adv-administrated WT
mice.

Since cGAS is one of the DNA sensors detecting Ad
genome [16], we next examined the expression of other DNA
sensors, TLR9 and DDX41, which are widely known for
sensing Ad genome [15, 26]. In Adv-administrated WT mice,
only the expression of TLRY was upregulated in the iLNs
(Figure 2(c)). However, it was not upregulated in the iLNs of
Adv-administrated IFNAR2 KO mice. These data suggested
that type I IFN signaling enhances the expression of IFN-
o, IFN-f3, cGAS, and TLR9 in the iLNs, where much Adv is
distributed from the muscles. It is speculated that the lack
of type I IFN signaling in the innate immune responses at
the iLNs leads to the significant reduction of antigen-specific
CTLs in the gut mucosal compartment.
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FIGURE 2: Relative mRINA expressions in the iLNs and MLN of WT and IFNAR2 KO mice following i.m. Adv vaccination. At 8 hours after the
im. vaccination of 10’ vp of Ad-LacZ, total RNA was extracted from mononuclear cells in the LNs of each mouse. The mRNA expressions
of Ifna, Ifnb, I11b, Tnfa (a), Mb21d1 (b), TIr9, and Ddx41 (c) in the LNs were measured by qRT-PCR, normalized by Actb. The graphs represent
the relative mRNA expression of each gene normalized by that of PBS-administrated WT mice. Data are shown as the means + SEM. (n = 3)
and are representative of two independent experiments. “P < 0.05 compared with other groups except for the MLN of Adv-administrated
WT mice. **P < 0.01 compared with the iLNs of IFNAR2 KO mice. *P < 0.0001 compared with other groups.

3.3. Type I IFN Signaling Is Required for the Early Activation
of CTLs in iLNs. Since type I IEN signaling was not induced
in IFNAR2 KO mice following im. Adv vaccination, we
hypothesized that the early activation of T cells is not elicited
sufficiently in IFNAR2 KO mice. After antigenic stimulation,
T cells express a series of several activation markers, including
CD69, CD44, and CD25, dependent on the developmental
stages from naive to effector. To examine whether the type
I IEN signaling following i.m. Adv vaccination has an effect
on an early activation marker, CD69 [27, 28], on CD8* T
cells, we estimated the frequencies of CD69" cells in CD8*
T cells residing in the DLNs. In Adv-administrated WT
mice, the frequencies of CD69" cells in CD8" T cells in
the iLNs were increased, while those in the MLN were not.
However, in the case of Adv-administrated IFNAR2 KO mice,
the frequencies of CD69" cells in CD8"* T cells in the iLNs
were significantly reduced compared with those of Adv-
administrated WT mice (Figure 3). Thus, these data correlate
with the results shown in Figure 2, in which the type I IFN
response was elicited at the iLNs and diminished in IFNAR2
KO mice. These results indicated that type I IFN signaling
induces the expression of CD69 on CD8" T cells in Adv-
administrated mice. Collectively, these data suggest that the
early activation of CD8" T cells via type I IFN signaling

promotes the induction and/or migration of gut mucosal Ag-
specific CTLs.

4., Discussion

In this study, we demonstrated that type I IFN signaling
following im. Adv vaccination promotes the expression
of IFN-«, IFN-f, and c¢GAS in the iLNs where Adv is
mainly distributed at this time point and strongly induces
the expression of CD69 on CD8" T cells in the iLNs. The
expression of type I IFN is amplified through IFNAR [29, 30].
Therefore, it is reasonable that the expression of type I IFN
is decreased in JFNAR2 KO mice. We observed that IEN-3
expression was more strongly induced by type I TEN signaling
than IFN-« expression. It has been reported that IFN-« is
mainly produced by plasmacytoid dendritic cells (pDCs),

“while IFN- is mainly produced by myeloid DCs (mDCs)

and mouse embryonic fibroblasts (MEFs) [17, 31, 32]. Hence,
it is speculated that type I IFN signaling contributes to IFN-
B production from DCs and fibroblasts in the iLNs, such as
stromal cells, following i.m. Adv vaccination. In addition, we
observed a significant reduction in TLRY expression as well
as cGAS expression in IFNAR2 KO mice. cGAS and TLR9
have been reported to be the DNA sensors responsible for the
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Ficure 3: The frequencies of early activated CD8" T cells in the
iLNs and MLN of WT and IFNAR2 KO mice following im. Adv
vaccination. At 24 hours after the i.m. vaccination of 10™ vp of Ad-
LacZ, the frequencies of CD69* T cells in CD8" T cells in the LNs of
each mouse were measured by flow cytometry. Data are the pools of
three independent experiments and are shown as the means + S E.M.
(n'= 6). *P < 0.001 compared with the iLNs of PBS-administrated
WT mice and MLN of Adv-administrated WT mice. *P < 0.0001
compared with other groups.

recognition of adenoviral DNA leading to the induction of
type I IFN production [15, 16]. It is speculated that type I ITFN
signaling promotes the detection of Adv by cGAS and TLR9
and amplifies their signaling in vivo.

Recently, Weerd et al. revealed that IFN-f binds to the
low-affinity component of IFNAR, IFNAR], in the absence
of IFNAR?2 [33]. Moreover, IFENARI-IFN- 5 complex activates
unique intracellular signaling. However, in our study, we did
not observe such phenomenon in IFNAR2 KO mice. For
example, Weerd et al. showed that in IFNAR2 KO peritoneal
exudate cells (PECs), IL-183 expression was upregulated 13.5-
fold by IFN- 8 compared to nontreated IFNAR2 KO PECs. On
the other hand, in our study, IL-18 expression in the iLNs
of Adv-administrated JFNAR2 KO mice was upregulated
just only 1.42-fold as much as that of PBS-administrated
IFNAR2 KO mice (Figure 2(a)). Thus, it is speculated that
the level of IFN-f in our study would be much lower than
that in their study and the IFN-f signaling in our study
would be transmitted via IFNAR?2, which is the high-affinity
component of TENAR.

‘We observed a significant reduction of CD69 expression
on CD8" T cells in the iLNs of IFNAR2 KO mice following
im. Adv vaccination. Our results are consistent with a
previous report that the expression of CD69 is strongly
induced by type [ IEN [34, 35]. CD69 inhibits egress of T cells
from the spleen and secondary lymphoid tissues during T cell
maturation [35]. It is speculated that the reduction of CD69
expression in IFNAR2 KO mice induces egress of CD8* T
cells from the iLNs in the early stage of T cell maturation.
In consequence, activated CD8¥ T cells in the iLNs fail to

mature sufficiently, and thus, these cells do not acquire a
gut-homing capacity. Moreover, Alari-Pahissa et al. recently
reported that CD69 does not affect CD8" T cell priming
following Ag-expressing vaccinia virus vector immunization
[36]. Considering our previous finding that systemic Ag-
specific CTLs are induced in IFNAR2 KO mice following i.m.
Adv vaccination as similar as WT mice [8], it is likely that
the reduction of CD69 expression on CD8" T cells does not
alter CD8" T cell priming. For these reasons, it is suggested
that type I IFN signaling-induced CD69 expression on CD8"
T cells might regulate Ag-specific CTLs in the gut mucosal
compartment.

In summary, we have shown the molecular mechanism
of the induction of gut mucosal CTLs following im. Adv
vaccination. We found that type I IFN signaling is required
for the production of large amounts of type I IEN and
the upregulation of CD69 on CD8" T cells in the iLNs.
Our findings should contribute to the development of more
efficient and safer mucosal vaccines and adjuvants.
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The design of highly defective herpes simplex virus (HSV) vectors
for transgene expression in nonneuronal cells in the absence of
toxic viral-gene activity has been elusive. Here, we report that
elements of the latency locus protect a nonviral promoter against
silencing in primary human cells in the absence of any viral-gene
expression. We identified a CTCF motif cluster 5’ to the latency
promoter and a known long-term regulatory region as important
elements for vigorous transgene expression from a vector that
is functionally deleted for all five immediate-early genes and the
15-kb internal repeat region. We inserted a 16.5-kb expression
cassette for full-length mouse dystrophin and report robust and
durable expression in dystrophin-deficient muscle cells in vitro.
Given the broad cell tropism of HSV, our design provides a non-
toxic vector that can accommodate large transgene constructs for
transduction of a wide variety of cells without vector integration,
thereby filling an important void in the current arsenal of gene-
therapy vectors.

HSV vector | gene therapy | ICPO | insulator | dystrophin

One of the limitations of promising viral-gene transfer vec-
tors, including lentivirus, adeno-associated virus (AAV),
and adenovirus vectors, is their small genome-packaging capacity
(<8 kb) (1), which precludes the incorporation of large or mul-
tiple therapeutic transgene cassettes (2-4). The large, double-
stranded DNA genome of herpes simplex virus (HSV; ~152 kb)
contains a substantial number of genes that are not required for
infection, and redundant genes located in the repeats flanking
the unique long (Uy) and short (Us) segments of the viral ge-
nome represent additional regions that can be deleted without
significant loss of infectivity. Although HSV is a neurotropic
virus, inasmuch as it establishes natural latency in neurons, it is
capable of infecting a wide range of cells with high efficiency,
suggesting its potential for broad use as a gene-therapy vector.

The goal of this research was to create a vector capable of long-

term persistence and extended transgene expression in non-
dividing, nonneuronal cells without toxicity for the transduced
cell or potential rescue of replicating virus.

HSV-1 initiates a cascade of viral-gene expression that begins
with the expression of five immediate early (IE or o) genes. Two
of these genes, infected cell polypeptide (ICP) 4 and ICP27, are
essential for entry into the lytic-virus replication cycle, and HSV
gene-delivery vectors are therefore typically deleted for one or
both of these genes to mimic the latent state in sensory neurons
without the possibility of reactivation. In addition, the expression
of toxic nonessential IE genes, ICP0 and ICP22, has been down-
regulated by promoter manipulation or blocked by deletion (5
11). The complete elimination of vector toxicity for nonneuronal
cells achieved by silencing all four of these IE genes results in
quiescent intranuclear episomal genomes that are diluted over
time in dividing cells but persist in nondividing cells (12-14).
However, transgene expression is also rapidly extinguished. Qui-
escence is due to global epigenetic silencing of the viral genome

www.pnas.org/cgi/doi/10.1073/pnas. 1423556112

and can be reversed by ectopic expression of ICP0 (15, 16). To
allow foreign gene expression without restoring ICPO0, the trans-
gene must be selectively protected against epigenetic silencing.

Viruses that are deleted for the ICP4 and ICP27 genes can be
grown on complementing cells engineered to produce the cog-
nate essential gene products upon virus infection (7). However,
robust amplification of viruses that are in addition deleted for
the ICPO gene requires further complementation. Stable main-
tenance of cell lines that inducibly express all three IE genes has
been a challenge due to leaky expression of the highly toxic ICP0
protein (10).

In the present study, we used HSV-bacterial artificial chro-
mosome (BAC) recombineering to reconstruct a previous rep-
lication-defective vector that expressed a low level of ICPO, was
capable of robust transient transgene expression, and displayed
minimal disturbance of mouse embryonic stem cell develop-
mental gene expression (17). In agreement with studies by others
(10, 13, 18), we found that complete elimination of ICPO ex-
pression was required to limit vector toxicity for human fibroblasts
and that both viral-gene expression and transgene expression were
essentially abolished in this situation. To facilitate consistent
vector growth, we constructed a cell line that stably and efficiently
complements the multiple IE gene defects in this type of vector.
We show that a heterologous promoter—reporter gene expression
cassette remains transcriptionally active in human dermal fibro-
blasts (HDFs) when located in the latency-associated transcript
(LAT) locus but is silenced on deletion of a neighboring element
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rich in CTCF-binding motifs, designated CTRL [CCCTC binding
protein (CTCF) repeat long (CTRL)] (19), and the enhancer-
like latency active promoter 2 (LAP2 or LATP2) region. Reporter-
gene expression was also observed when the transgene cassette
with LAT elements was moved to other positions in a silent-
vector genome, but omission of the LAT elements abolished
expression. We present evidence that these results are not
unique to HDFs but also apply to other nonneuronal primary
human cells. Lastly, we show that residual cytotoxicity observed
with these vectors is eliminated by deletion of the BAC region,
and we illustrate the potential of our findings by documenting
vector-mediated expression of full-length dystrophin through at
least 7 d. Together, these results hold the promise of significantly
expanding the utility of HSV gene-transfer vectors to include
a wide range of nonneuronal cells.

Results

Vector Engineering and Virus Growth. We used Red-mediated re-
combineering in bacteria (20) to generate an HSV-BAC con-
struct, JANIS, that was deleted for the ICPO, ICP4, and ICP27 IE
genes, the promoter and translation initiation codon of the
ICP47 IE gene as part of a deletion that included the entire in-
ternal repeat (joint) region between the two unique segments
(Ur, Ug) of the viral genome, and the consensus VP16-binding
(TAATGARAT) motifs in the ICP22 IE gene regulatory region
to change the expression kinetics of this gene to that of an early
(E or B) gene (Fig. 14). To convert this BAC construct to in-
fectious virus, we created a novel U20S-based cell line, U20S-
ICP4/27, that permanently expresses ICP4 and produces ICP27
in response to infection with an ICP4/ICP27-deleted virus (Fig.
1B); U20S cells naturally complement ICP0O (21), eliminating
the need to express this toxic protein. We performed a series of
experiments to confirm the anticipated characteristics of JANIS
in comparison with two control viruses, JANI2 and JANI3, that
had been produced as less debilitated predecessors of JANIS.
JANI2 contained the intact coding regions of ICPO and ICP27
under the control of copies of the early HSV thymidine kinase
(TK) promoter (B0/p27) whereas, in JANI3, the ICPO gene was
deleted (Fig. 14). In all three JANI viruses, an mCherry reporter-
gene expression cassette was present at the position of the deleted
ICP4 locus in the Ug terminal repeat, and the glycoprotein B gene
was replaced with a hyperactive allele, gB:N/T' (22), to enhance
virus entry into cells. The genotypes of these virus constructs and
all other HSV vectors generated in this study are summarized in
Table 1. The biological titers in plaque-forming units (pfu) per
milliliter and physical titers in viral genome copies (gc)/mL of the
virus stocks used in this work are listed in Table 2.

BAC transfection and virus-growth curves confirmed the dis-
tinct complementation requirements of the three viruses (Fig.
S1). Also consistent with the genetic differences between these
three viruses, immunoblotting for IE gene products after in-
fection of noncomplementing HDFs detected ICP27 in both
JANI2- and JANI3-infected cells, a low level of ICPO only in
JANI2-infected cells, and no products in JANIS-infected cells
(Fig. 1C). At 2 h postinfection (hpi), viral DNA levels in the
nuclei of HDFs infected with equal gc of the 3 JANI viruses were
similar while infections with equal pfu resulted in dissimilar nu-
clear gc levels (Fig. 1D), validating the use of gc titers to stan-
dardize virus input for comparisons of gene expression between
different viruses in the remainder of this study.

Viral- and Reporter-Gene Expression in Noncomplementing Cells.
Expression analysis by quantitative reverse transcription-
PCR (qRT-PCR) of several IE, E, and late (L or y) genes in
infected HDFs confirmed that the ICPO and ICP27 gene dele-
tions in JANIS5 reduced viral-gene expression dramatically from
the already low levels detected in HDFs infected with JANI2 or
JANI3 at the same gc doses (Fig. S2). Expression of the mCherry
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Fig. 1. Vector genome structures and complementing cells for virus pro-
duction. (A) Schematic representations of the genomes of WT HSV-1 KOS, as
present in KOS-37 BAC (57), and derivatives JANI2, JANI3, and JANI5. Uy,
unique long segment; Us, unique short segment. The Us region in KOS-37
BAC and its derivatives is inverted compared with the standard represen-
tation of the HSV genome. Open boxes, terminal and internal inverted
repeats. Black boxes, deletions (A); the ICP47 promoter and translation ini-
tiation codon are removed as part of the joint deletion. Cross-hatched
horizontal box, the ICP22 IE gene converted to early-expression kinetics by
promoter TAATGARAT deletion (322). All JANI recombinants described in
this study contain the hyper-activating N/T mutations in the gB gene (gB:NT)
(22) and a ubiquitin C promoter (UbCp)-mCherry cassette with the SV40
polyA region in the ICP4 locus. The BAC elements, including a chloram-
phenicol-resistance gene and p-galactosidase expression cassette, are located
between loxP sites in the UL37-UL38 intergenic region (57). (B) Western blot
analysis of U20S-1CP4/27 cells. Uninfected cells and cells infected with JANI5
virus at an MOI of 1 were harvested at 24 hpi, and extracts were prepared
for gel electrophoresis; extracts from uninfected U20S cells were used as
control. Blots were probed with antibodies for ICP4, ICP27, or a-tubulin as
a loading control. (C) Immunoblot analysis of IE gene products in HDFs. Cells
were infected with KOS, QOZHG, or JANI viruses at 1 pfu per cell, and
extracts were prepared at 24 hpi. Blots were probed with antibodies for the
indicated IE gene products or a-tubulin as a loading control. (D) Relative
nuclear viral DNA levels after infection with equal gc or pfu. HDFs were
infected with the indicated JANI vectors at 5,000 gc per cell (Left) or 1 pfu per
cell (Right). At 2 hpi, nuclear DNA was isolated, and relative viral gc numbers
were determined by gPCR for the gD gene normalized to the cellular 185
rRNA genes.

reporter gene from its ectopic promoter was also dramatically
reduced in JANIS-infected HDFs (Fig. S34), ~100-fold by the
ICPO0 gene deletion (Fig. S3B, compare JANI2- and JANI3-infected

Miyagawa et al.



PNAS - = =

Table 1. Selected gene modifications in vector constructs

Vector ICPO ICP4* ICP22  ICP27  ICP47 gBT LAT* uL3/48 UL45/46° UL50/518
KOS + + + + + + -+ — — —
KNTc + + + + + NT + UbC-mCherry — —
QOZHG + A g CMV-GFP B + + — — —
JANI2 B A i} B Ap NT 3'A — — —
JANI3 A A B B Ap NT 3A — — =
JANIS A A B A Ap NT 3A = = —
JANI6GFP A A i A Ap  NT 3A CAG-GFP — —
JANI7GFP A A i A Ap  NIT CAG-GFP — — —
JANI7GFPAC1 A A i A Ap NT  CAG-GFP, AC1 = — —
JANI7GFPAC2 A A i A Ap N/T  CAG-GFP, AC2 — — ——
JANI7GFPALP2 A A B A Ap N CAG-GFP, ALP2 = o —
JANI7GFPAC12 A A B A Ap N/T  CAG-GFP, AC12 — - =
JANI7GFPAC12LP2 A A i A Ap N/T CAG-GFP, AC12LP2 = et LI
JANISGW A A B A Ap N/T A — Gw1 =
JANI9GFP A A i A Ap NT A — CAG-GFP Zn
JANISLAT-GFP A A i A Ap NT A — LAT-CAG-GFP =
JANITOGW A A B A Ap N/T A — ool aw1
JANI10GFP A A i A Ap NIT A £ = CAG-GFP
JANITOLAT-GFP A A B A Ap NIT A — = LAT-CAG-GFP
JANIOLAT-GFPACI2LP2 A A i} A Ap NIT A == e LATAC12LP2-CAG-GFP
JANISAB#1# A A B A Ap NT 3A — s L
JANI5AB#2# A A B A Ap N/T 3'A — e —
JANI7GFPAB* A A B A Ap N/T CAG-GFP — — —
JANI7-GWL1 A A B A Ap NT GWT — - =
JANI7mDMDAB* A A B A Ap N/T CAG-mDMD — 2, e

+, intact WT gene; B, promoter modifications to change expression kinetics from immediate-early (IE) to early (E); A, complete gene deletion; Ap, promoter/
start codon deletion. All JANI constructs are deleted for the internal repeat (joint) region.
*All JANI viruses have the same UbC promoter-mCherry expression cassette in the deleted 1CP4 locus.

TN/T, gB:D285N/A549T allele referred to herein as gB:N/T.

*3'A, deletion in the LAT primary transcript region resulting from deletion of the ICPO promoter and coding region (GenBank JQ673480, positions 1,522—
5,500) or promoter alone (JANI2, GenBank positions 1,522-2,234). Replacement insertions within the remaining portion of the LAT 2-kb intron are specified.

Sinsertions are specified; —, no insertion.
Gw, gateway recombination cassette.
#BAC-deleted viruses.

cells) and another approximately eightfold by the additional
deletion of the ICP27 gene (JANI3- vs. JANIS-infected cells).
These observations confirmed that the residual ICP0 and ICP27
expression from JANI2 is sufficient to prevent global transcrip-
tional silencing of the viral genome whereas deletion of these two
genes essentially eliminated all native and exogenous promoter
activity. Consistent with published studies (13), mCherry expres-
sion could be induced in JANIS-infected HDFs by superinfection
with a replication-defective ICP0™ virus [QOZHG; ICP4/ICP277/
B-ICP22/B-ICP47 (23)] (Fig. S3C). Thus, ICP27 was not re-
quired to derepress the silent JANIS genome, and the small
amount of ICPO expressed in JANI2-infected HDFs was suf-
ficient to support limited transcriptional activity throughout
the viral genome.

The LAT Locus Supports High-Level Transgene Expression from the
Silent JANI5 Genome. Upon infection of neuronal cells, HSV
enters a latent state in which the viral genome is transcriptionally
silent except for the LAT locus. We explored whether the LAT
locus would similarly allow a cellular promoter to remain active
in nonneuronal cells in the context of an otherwise silent viral
genome. To this end, we introduced an expression cassette con-
sisting of the CAG enhancer/promoter and EGFP gene (CAGp-
GFP) into the LAT 2-kb intron region of JANIS, creating a vector
construct referred to as JANI7GFP (Fig. 24). As a control, we
introduced the same CAGp-GFP cassette into the UL3-ULA
intergenic region of JANIS, producing vector JANI6GFP (Fig.
24); the UL3-UL4 intergenic region has been used by others for
nondisruptive insertion of transgene cassettes (24, 25) and is close
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to, but outside, the LAT locus. Infectious viruses were produced
on U20S-ICP4/27 cells, and the gc:PFU ratios of the new virus

Table 2. Virus titers

Virus go/mL (x 10")  pfu/mL (x 108)  gd/pfu

KOS 5.23 130.00 41.02
KNTc 8.15 29.60 275.23
QOZHG 1.55 2.33 663.54
JANI2 3.28 4.00 819.98
JANI3 3.46 3.36 1,028.43
JANI5 11.74 5.00 2,347.65
JANI6GGFP 7.30 2.66 2,744.20
JANI7GFP 3.99 1.86 2,144.88
JANI7GFPACT 1.66 0.50 3,310.18
JANI7GFPAC2 8.42 3.50 2,405.25
JANI7GFPALP2 4.75 1.70 2,796.75
JANI7GFPAC12 5.97 1.86 3.211.54
JANI7GFPAC12LP2 8.03 3.00 2,676.55
JANISGFP 6.70 2.00 3,352.08
JANISLAT-GFP 5.58 2.66 2,097.43
JANIT0GFP 10.50 1.66 6,328.27
JANI10LAT-GFP 2.30 0.93 2,460.11
JANIT10LAT-GFPAC12LP2 2.69 1.23 2,186.17
JANISAB#1 6.50 8.66 750.98
JANI5AB#2 10.18 14.60 697.53
JANI7GFPAB 26.55 14.30 1,856.67
JANI7mDMDAB 7.01 3.66 1,916.53
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Fig. 2. JANI6GFP and JANI7GFP genome structures and reporter-gene ex-
pression. (A) JANI7GFP contains a CAG promoter-EGFP expression cassette
with the rabbit p-globin polyA (pA) region in the 2-kb LAT intron region
between the LATP2 long-term expression/enhancer region and a down-
stream series of CTCF-binding motifs (CTRL2) in the intron. LATP2 extends
from the LAT transcription initiation site to within the 2-kb intron. JANI6GFP
contains the same CAG promoter-EGFP expression cassette between the
UL3 and UL4 genes. (B-D) EGFP and mCherry expression in infected HDFs.
(B) Cells were infected with JANI6GGFP or JANI7GFP virus at different gc per
cell, and fluorescence was visualized at 3 dpi. (C) HDFs were infected with
JANI6GFP or JANI7GFP vector at 12,500 gc per cell and harvested 3 or 5 d
later for mRNA extraction and gRT-PCR analysis for the two reporter genes.
Expression normalized to 18S rRNA is shown relative to JANI6GFP-infected
cells on day 3. (D) HDFs were infected with JANI6GFP or JANI7GFP virus at
25,000 gc per cell, and EGFP fluorescence was photographed at 7, 14, and
28 dpi.

stocks were similar to that of JANI5 (Table 2). Both JANI6GFP
and JANI7GFP produced abundant green and red fluorescence
during amplification in U20S-ICP4/27 cells, confirming the in-
tegrity of their transgene-expression cassettes. To examine the
abilities of these viruses to express the EGFP transgene in non-
complementing cells, HDFs were infected with increasing gc per
cell, and EGFP fluorescence was recorded at 3 dpi (Fig. 2B).
JANI7GFP-infected cells showed abundant, viral dose-dependent
EGFP expression whereas JANI6GFP infection produced limited
expression, even at the highest dose. Although we used a higher
virus input here than in earlier JANI5 infections, mCherry ex-
pression remained minimal. These results were confirmed by
qRT-PCR measurements of EGFP and mCherry mRNA levels at
3 and 5 dpi (Fig. 2C) and were consistent with the suggestion that
the JANI6GFP and JANI7GFP virus genomes, like the JANIS
genome, were silent in infected HDFs whereas the LAT locus
maintained transcriptional activity from a non-HSV promoter.
Because EGFP mRNA levels in JANI7GFP-infected cells were at
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least as high at 5 dpi as at 3 dpi (Fig. 2C), we asked whether ex-
pression could be detected at later times when the cells are fully
contact-inhibited. The results showed that expression could persist
for at least 4 wk in some of the cells (Fig. 2D). Together, these
observations indicated that the LAT locus is a privileged site for
durable transgene expression in nonneuronal cells in the back-
ground of an HSV genome that lacks all IE gene expression.

CTRLs and LATP2 Support Transgene Expression from the LAT Locus. It
has been demonstrated that LAT expression during latency is
controlled by the latency-associated promoters (LAPs) 1 and 2
(26, 27). LAP1 is located upstream of the transcription initiation
site of the ~8.3-kb unstable primary LAT transcript that is pro-
cessed to a stable 2-kb LAT intron whereas LAP2 is located
downstream of LAP1 in the first exon and extending into the
2-kb intron region. A LAP2-containing region extending some-
what further into the intron has been referred to as LATP2 (8).
In addition to acting as a promoter, it has been shown that the
LAP2/LATP2 region can act as a position-independent long-
term expression/enhancer element for transgene expression in
neurons (8, 28). However, it has also been reported that the LAT
locus is protected from global silencing of the viral genome
during latency by regions rich in CTCF-binding sites, termed
CTRLs, one located upstream of LAP1 (CTRL1) and the other
in the 2-kb intron just downstream of LATP2 (CTRL2) (29).
We therefore explored the potential roles of the LATP2 and
CTRL elements in enabling the observed EGFP expression in
JANI7GFP-infected HDFs. We deleted the three elements sepa-
rately and in combination from the JANI7GFP genome (Fig.
34) and examined reporter-gene expression in infected HDFs
(Fig. 3 B and C). Deletion of either CTRL1 (AC1) or LATP2
(ALP2) caused a marked decrease in green fluorescence and
EGFP mRNA levels whereas the deletion of CTRL2 (AC2) had
only a minor effect. Deletion of both CTRLs (AC12) had the
same effect as the deletion of CTRL1 alone whereas deletion
of all three elements (AC12LP2) reduced expression further to
the level observed in JANI6GFP-infected cells. As expected,
mCherry fluorescence was visually undetectable in any of the
infected cells (Fig. 3B), suggesting that the different deletions
did not cause derepression of other sites in the viral genome.
These results indicated that both CTRL1 and the LATP2 region
play significant roles in protecting the linked transgene from
transcriptional silencing in the context of a viral genome that is
functionally devoid of all IE genes.

LAT Locus Protection of Transgene Expression Is Position-Independent.
To determine whether sequences associated with the LAT locus
are sufficient to protect an embedded transgene expression cas-
sette against silencing in the absence of IE gene products, we
inserted a restriction fragment corresponding to the LAT:CAGp-
GFP region of JANI7GFP, including the two CTRLs, LAP1 and
LATP2, at one of two ectopic positions in a JANI5 derivative that
was deleted for the same LAT region to avoid recombination
between the native and new sites. We first engineered a Gateway
(GW) recombination cassette into the intergenic region between
UL45 and UL46 (JANI9OGW) or between ULS0 and UL51
(JANI10OGW) of the LAT-deleted JANI5 genome (JANISAL)
(SI Materials and Methods) and then introduced the LAT:
CAGp-GFP fragment or just CAGp-GFP without LAT
sequences by recombination with the GW cassette (Fig. 44). After
virus production on U20S-ICP4/27 cells (Table 2), the vectors
were tested for reporter-gene expression in infected HDFs. At 3
dpi, the vectors that lacked LAT sequences surrounding the re-
porter cassette (JANIOGFP and JANI10GFP) showed low levels of
EGFP fluorescence (Fig. 4B) and mRNA (Fig. 4C) in infected
cells, similar to the JANI6GFP control vector, suggesting that the
two intergenic insertion sites were transcriptionally repressed, like
the intergenic region between UL3 and UL4 (Fig. 2). However,
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Fig. 3. Effect of LAT locus elements on EGFP expression from JANI7GFP.

(A) Genome representations of JANI7GFP and derivatives deleted for CTRL1
(AC1), CTRL2 (AC2), or LATP2 (ALP2) individually or in combinations.
(B) Reporter-gene expression in infected HDFs. Cells were infected with the
indicated viruses at 12,500 gc per cell, and fluorescence was recorded at
3 dpi. (C) Relative EGFP mRNA levels in HDFs infected with JANI7GFP,
derivatives deleted for LAT elements, or JANI6GFP; viruses are identified by
abbreviated names. Cells were infected at 12,500 gc per cell and processed at
3 dpi for gRT-PCR analysis. Expression levels were normalized to 185 rRNA
and are presented relative to the level in JANI7GFP-infected cells.

when the reporter cassette was flanked at both sides by LAT
sequences (vectors JANIOLAT-GFP and JANI10LAT-GFP), EGFP
expression increased to the level observed in JANI7GEFP-
infected cells (Fig. 4B), indicating that the antisilencing activity
of the LAT-derived regions is functional in a position-independent
manner. To confirm the dependence of this activity on LATP2
and either or both CTRLs, we introduced a LATP2- and CTRL-
deleted version of the LAT:CAGp-GFP fragment by GW re-
combination into the JANI1I0GW genome; the deletions were the
same as those in the LAT region of the earlier JANI7GFPACI12LP2
vector (Fig. 34). We found that the deletions reduced EGFP ex-
pression in infected HDFs, although not fully down to the level
observed with the LAT-free JANI10GFP vector (Fig. 4 C and D); it
is unclear why the ACI2LP2 deletions seemed to have a smaller
effect here (~3.5-fold) than in JANI7GFP (~50-fold) (Fig. 3C).
However, our results clearly demonstrate that a portion of the
LAT locus that includes the two CTRLs, LAP1 and LATP2, can
protect an embedded transgene expression cassette in a position-
independent manner against global silencing of the viral genome in
the absence of IE gene expression and indicate that at least CTRL1
and LATP?2 play a role in this activity. We also determined whether
the effect of the transferred LAT sequences was limited to the
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embedded transgene. We observed moderate increases in the
levels of ICP22, ICP6, and glycoprotein C (gC) mRNA produced
by JANI10LAT-GFP compared with JANI10GFP (Fig. S4), but
these increases were substantially smaller than the increase in
GFP expression (Fig. 4B). Of interest, expression of the three
distal genes was also somewhat higher from JANI10LAT-GFP
than from JANIS (Fig. S4), suggesting that the reach of the LAT
elements may be influenced by their context.

LAT Locus Elements Protect Transgene Expression in Other Cell Types.
To evaluate the applicability of our observations beyond HDFs,
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Fig. 4. Anti-silencing activity of LAT sequences positioned elsewhere in the
viral genome. (A) Construction of JANI9 and JANI10 vectors. A LAT region
spanning CTRL1, LATP2, and CTRL2 was removed from the JANI5 genome
(ALAT), and a GW recombination cassette was introduced between UL45
and UL46 to generate JANISGW or between UL50 and UL51 to produce
JANITOGW (Upper). Xhol restriction sites were used to isolate a CAGp-GFP—
containing LAT fragment from JANI7ZGFP (Lower Left). The Xhol fragment
was cloned into pENTR1A (Lower Right) and transferred into JANISGW or
JANITOGW by attl/attR recombination with the respective GW cassettes (LR
reaction) to produce JANISLAT-GFP and JANI1OLAT-GFP, respectively. As
controls, we also recombined the CAGp-GFP cassette without LAT sequences
via a pENTR1A intermediate into the GW locus of JANIIGW or JANI10GW,
producing JANISGFP and JANI10GFP. (B) Reporter-gene expression in HDFs
infected with JANIS or JANI10 viruses. HDFs were infected with the indicated
viruses at 12,500 gc per cell. EGFP and mCherry fluorescence were recorded
at 3 dpi. (C) EGFP mRNA levels in infected HDFs determined by qRT-PCR as in
earlier figures. Levels are shown relative to JANI9GFP- or JANI10GFP-infected
cells. JANITOAC12LP2-GFP was constructed by transfer of the Xhol LAT
fragment from JANI7AC12LP2-GFP into the GW site of JANI10GW, similar to
the construction of JANI1OLAT-GFP above. (D) Effect of the deletion of both
CTRLs and LATP2 from JANITOLAT-GFP on transgene expression. HDFs were
infected at 12,500 gc per cell, and EGFP and mCherry fluorescence were
recorded at 3 dpi.
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we tested EGFP and mCherry expression from selected vectors
in other cell types. By qRT-PCR, we observed higher EGEFP
mRNA levels in JANI7GFP-infected than in JANI6GFP-infected
human cells at 3 dpi (Fig. 54). The greatest difference was ob-
served in BJ human foreskin fibroblasts (~35-fold), similar to the
difference in HDFs (~30-fold) (Fig. 2C). Human neonatal kera-
tinocytes (hEKs) showed the smallest difference (~4.5-fold), with
intermediate values seen in human muscle-derived stem cells
(hMDSCs) (~10-fold), human preadipocytes (hPADs) (approxi-
mately sevenfold), and human hepatocytes (hHEPs) (~13-fold).
We also compared the two vectors in fetal rat dorsal root ganglion
(rDRG) neurons and found only a ~2.5-fold difference. Fig. 5B
shows representative fluorescence images at 3 dpi from an in-
dependent experiment performed under the same infection con-
ditions. The results were largely consistent with the qRT-PCR
data. Of interest, whereas none of the human cells showed sig-
nificant mCherry fluorescence, abundant mCherry expression was
observed in both the JANI6GFP- and JANI7GFP-infected rat
DRG cultures. It is not yet known whether this observation is
unique to neuronal cells and may be a function of the promoter
driving mCherry-gene expression, the location of the expression
cassette in the viral genome, and/or the rat origin of the cells. We
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Fig. 5. Reporter-gene expression from JANI vectors in other noncom-
plementing cells. (A) The cells listed at the top were infected with JANI6GFP
or JANI7GFP at the gc per cell indicated below the panels of B. EGFP and
mCherry fluorescence were recorded at 3 dpi. (B) EGFP gene expression in
cells infected as in A was measured at 3 dpi by gRT-PCR analysis. Results
normalized to 18S rRNA are shown relative to JANI6GFP-infected cells. (C)
hMDSCs were infected with JANI6GFP or JANI7ZGFP virus at 50,000 gc per cell,
and EGFP fluorescence was photographed at 14 and 28 dpi. (D) qRT-PCR
determination of EGFP mRNA levels in hEK, hPAD, and hHEP cells 3 d after
infection with JANI10GFP or JANITOLAT-GFP at 12,500 gc per cell. Normalized
expression is shown relative to JANI10GFP-infected cells.
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were able to maintain hMDSCs for an extended period, allowing
the monitoring of EGFP expression over time in JANI7GEFP-
infected cells. As shown in Fig. 5C, EGFP remained detectable
for at least 4 wk after infection, similar to our observation with
JANI7GFP-infected HDFs (Fig. 2D). Lastly, we determined for
some of the cells whether CAGp-GFP activity in the UL50/51
intergenic region was enhanced by flanking LAT sequences as in
HDFs. The results in Fig. 5D show a substantial enhancement in
all three cell types that may, for unknown reasons, exceed the
difference between JANI6GFP and JANI7GFP in the same cells.
Overall, these results indicated that the position-independent
antisilencing activity of genetic elements in the LAT locus is not
limited to HDFs but is operative in a variety of nonneuronal hu-
man cell types.

Elimination of Residual Vector Cytotoxicity by BAC Removal. Al-
though JANIS and its derivatives displayed no overt toxicity for
noncomplementing cells, we evaluated this perception by quan-
titative cell viability (MTT) assay. HDFs and Vero cells were
infected with KOS, QOZHG, JANI2, JANI3, or JANIS virus at
25,000 ge per cell, and assays were performed at 5 dpi. Surpris-
ingly, whereas toxicity for Vero cells was significantly reduced
between JANI2 and JANI3 (P < 0.001) and was no longer de-
tectable in JANIS-infected cells, the number of viable cells in
JANI5-infected HDF cultures remained well below the number
in mock-infected cultures and was not dramatically greater than
that in JANI2- or JANI3-infected cultures (Fig. 64); QOZHG,
which overexpresses ICP0, was highly toxic for HDFs, similar
to replication-competent virus (KOS). A significant difference
between JANIS and a fully IE gene-inactivated vector such as
d109 that was previously shown to be devoid of any toxicity for
human fibroblasts (13) is the presence of the loxP-flanked 11-kb
BAC region in the JANI5 genome. To eliminate this region
from our vectors, we used retroviral transduction to produce
a JANIS5-complementing cell line expressing Cre recombinase,
U20S-1CP4/27-Cre cells (Fig. S54 and SI Materials and Methods).
After infection of these cells with JANIS virus, plaques were
screened by staining for LacZ activity expressed from the BAC
cassette, two negative viral clones were purified (JANISAB#1
and JANISAB#2), and accurate excision of the BAC region was
confirmed by PCR and sequencing through the remaining loxP
site (SI Materials and Methods). Cell-viability assays showed un-
impaired growth of JANISAB-infected HDFs compared with
mock-infected HDFs whereas the BAC-positive JANIS5 virus
again inhibited HDF growth (Fig. 6B). We next determined
whether the BAC region affects short- and long-term transgene
expression. We generated a BAC-deleted version of JANI7GFP
(JANI7GFPAB) (Fig. S5B) and recorded EGFP expression over
time in infected HDFs compared with infections with BAC-
positive JANI6GFP and JANI7GFP (Fig. 6C); cytosine arabi-
noside (AraC) was included in the postinfection maintenance
media in this experiment to block cell division to prevent dilution of
vector genomes. No dramatic differences were observed in EGFP
fluorescence levels between JANI7GFPAB- and JANI7GFP-
infected cells through 28 d postinfection. In the same experiment,
gRT-PCR measurements showed a moderately slower decline in
EGFP gene expression in JANI7GFPAB- than in JANI7GFP-
infected HDFs (Fig. 6D). Together, these results indicated that
BAC deletion is advantageous for sustained transgene expression
in nondividing cells whereas the opposite effect may be observed
in dividing cells in vitro due to a higher rate of cell division and
thus faster dilution of viral genomes.

Efficient Transduction of Dystrophin with the JANI5 System. To il-
lustrate the capacity of the JANIS vector system, we chose to
insert the complete 14-kb cDNA encoding the murine version of
dystrophin, the defective protein in Duchenne muscular dystro-
phy (DMD) (30). Currently no helper-independent viral-vector
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Fig. 6. Residual JANI5 cytotoxicity and effects of BAC excision. (4) In vitro
cytotoxicity assay. HDFs and Vero cells were infected at 25,000 gc per cell,
and cell viability in triplicate wells was measured at 5 dpi by MTT assay.
Plotted values represent the mean ratios of virus-infected to mock-infected
cells. Differences between JANI2- and JANI3-infected Vero cells and between
JANI3- and JANI5-infected Vero cells (brackets) were statistically highly sig-
nificant (***P < 0.001). (B) BAC deletion eliminates JANI5 vector toxicity for
HDFs. HDFs (2 x 10%) were infected with KOS, JANI5, or two different
JANI5AB isolates at 25,000 gc per cell, and cell viability in triplicate wells was
measured by MTT assay at the indicated hpi. Plotted values represent the
mean ratios of virus-infected to day-1 mock-infected cells. Statistically sig-
nificant differences between JANI5-infected and both JANISAB#1- and
JANISAB#2-infected cells are indicated by asterisks (**P < 0.01; ***P <
0.001). (C) Effect of BAC excision on JANI7GFP reporter-gene expression.
HDFs were infected with JANI6GGFP, JANI7GFP, or BAC-deleted JANI7GFP
(JANI7GFPAB) at 25,000 gc per cell, and EGFP fluorescence was visualized
at 4, 14, and 28 dpi. To prevent vector dilution by cell division, 1 pM AraC
(Sigma) was included in the postinfection maintenance media. (D) EGFP
mRNA levels in cells infected with JANI6GGFP, JANI7GFP, or JANI7GFPAB
viruses. HDFs were infected at 25,000 gc per cell and harvested on the in-
dicated days postinfection for mRNA extraction and qRT-PCR quantification
of EGFP gene expression. Data were normalized to viral gc numbers de-
termined in the same cultures and is presented relative to the normalized
value of JANI6GFP-infected cells on day 4.

system exists that is capable of vigorous production of full-length
murine or human dystrophin. We modified the JANI5 genome
by insertion of a GW cassette into the LAT region between
LATP2 and CTRL?2, creating JANI7-GWLI1, and then recom-
bined the cassette with the 16.5-kb insert of a pENTR construct
containing the complete mouse dystrophin cDNA between the
CAG promoter and the rabbit p-globin polyadenylation region
(Fig. S6). Including the mCherry expression cassette, the resulting
vector construct, JANI7-mDMD, carried ~20 kb of transgene
sequences in addition to the BAC region. A small virus stock was
generated by transfection of U20S-ICP4/27 cells, the BAC region
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was deleted as described above by passage through U20S-ICP4/
27-Cre cells, and a clonal isolate referred to as JANI7-mDMDAB
was amplified to high titer (Table 2). Dystrophin-deficient mdx
mouse-derived muscle progenitor cells infected with JANI7-
mDMDAB showed the presence of full-length dystrophin at 3 dpi
(Fig. 74) and wide-spread expression in differentiated cultures at
7 dpi (Fig. 7B), supporting the utility of the JANI5 vector back-
bone for efficient transduction of nonneuronal cells with large
genes that cannot be accommodated by current vector systems.

Discussion

HSV offers a number of important features as a gene-therapy
vector, including its ability to infect a wide range of cells and
establish the viral genome as a stable extrachromosomal ele-
ment, efficient low-dose transduction that helps reduce inflam-
mation and the induction of antiviral immunity, and a very large
payload capacity that easily exceeds that of most vectors in
current use. However, whereas delivery of large payloads rep-
resents an important unmet need in the gene-therapy field, it has
not been possible to create HSV vectors that provide robust and
persistent transgene expression in the absence of cytotoxic viral
IE gene expression.

Our study reports the engineering of HSV vectors that are
both noncytotoxic and capable of persistent transgene expres-
sion. We created an HSV backbone that does not produce any
IE proteins in noncomplementing cells and explored the possi-
bility that the latency locus could be exploited to protect an
embedded cellular promoter against global silencing of the viral
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Fig. 7. Efficient JANI-mediated transduction by a large transgene.
(A) Western blot analysis of dystrophin expression in mock-, JANI7GFPAB-,
and JANI7mDMDAB-infected mdx mouse-derived muscle progenitor cells
(25,000 gc per cell) at 3 dpi. (Upper) Anti-dystrophin antibody (aDMD).
(Lower) Anti—a-tubulin antibody (e-tubulin) as loading control. (B) Dystro-
phin immunofluorescence (xDMD) and bright-field (Bright) images of mock-
and JANIZmDMDAB-infected mdx muscle progenitor cells (50,000 gc per cell)
at 7 dpi.

JANI7mDMDAB
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