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patients with CH-C and HCC to monitor the biological
behavior of peretinoin in the liver. Gene expression profiling
during peretinoin administration revealed that HCC recur-
rence within 2 years could be predicted and that PDGF-C
expression was one of the strongest predictors. In addition,
other genes related to angiogenesis, cancer stem cell and
tumor progression were downregulated, whereas expression
of genes related to hepatocyte differentiation and tumor
suppression was upregulated by peretinoin (data not
shown). Moreover, a recent report revealed the emerging
significance of PDGF-C-mediated angiogenic and tumori-
genic properties (7, 8, 36). In this study, we therefore used
the mouse model ol Pdgf-c Tg. which displays the pheno-
types of hepatic fibrosis, steatosis, and HCC development

that resemble human HCC arising from chronic hepatitis
usually associated with advanced hepatic fibrosis.

We showed that peretinoin effectively inhibits the progres-
sion of hepatic fibrosis and tumors in Pdgf-c Tg mice (Figs. 1
and 4). Affymetrix gene chips analysis revealed dynamic
changes in hepatic gene expression (Supplementary Fig. S3),
which were confirmed by IHC staining, RTD-PCR and Western
blotting. Pathway analysis of differentially expressed genes
suggested that the transcriptional regulators Spl and Ap] are
key regulators in the peretinoin inhibition of hepatic fibrosis
and tumor development in Pdgfc Tg mice (Supplementary
Fig. S5).

We clearly showed that peretinoin inhibited PDGF sig-
naling through the inhibition of PDGFRs (Figs. 2 and 3). In
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addition, we showed that PDGFR repression by peretinoin
inhibited primary stellate cell activation (Fig. 5). Interestingly,
this inhibitory effect was more pronounced than the effects
of 9cRA (Fig. 5B). Normal mouse and human hepatocytes
neither express PDGF receptors (J.S. Campbell and N, Fausto.
unpublished data), nor proliferate in response to treatment
with PDGF ligands (7). However, peretinoin inhibited the
expression of PDGFRs, collagens, and their downstream
signaling molecules in cell lines of hepatoma (Huh-7, HepG2,
and HLE), fibroblast (NIH3T3), endothelial cells (HUVEC).
and stellate cells (Lx-2; Supplementary Fig. $6). Furthermore.
Spl but not Apl, might be involved in the repression of
PDGFR-¢t in Huh-7 cells (Supplementary Fig. 6C). The over-
expression of Spl-activated PDGFR-0i promoter activity,
whereas siRNA knockdown of Spl repressed PDGFR-o pro-
moter activity in Huh-7 cells (data not shown), Therefore,
this seems to confirm that Sp1 is involved in the regulation of
PDGFR, as reported previously (37, 38), although these find-
ings should be further investigated in different cell lines. A
recent report showed the involvement of transglutaminase
2, caspase3, and Spl in peretinoin signaling (35).

Peretinoin was shown to inhibit angiogenesis in the liver of
Pdgf-c Tg mice in this study, as shown by the decreased
expression of VEGFR1/2 and Tie 2 (Figs. 2 and 6 and Supple-
mentary Fig. S1). Moreover, peretinoin inhibited the number of
CD31" and CD34™ endothelial cells (CEC) in the blood and
liver (Fig. 6C and D), while also inhibiting the expression of
EGFR, c-kit, PDGFRs, and VEGFR1/2 in Pdgf-c Tg mice (data
not shown). We also showed that peretinoin inhibited the
expression of multiple growth factors such as HGF, IGF,
VEGF, PDGF, and HDGF, which were upregulated from 3- to
10-fold in Pdgfc Tg mice (Supplementary Fig. §3). These
activities collectively might contribute to the antitumor
effect of peretinoin in Pdgf-c Tg mice. The inhibition of both
PDGFRs and VEGFR signaling by peretinoin was previously
shown to have a significant effect on tumor growth (36), and
we confirmed herein that peretinoin inhibited the expres-
sion of VEGFR2 in HUVECs (Supplementary Fig. S6; ref. 39).
Finally, we showed that peretinoin inhibited canonical Wnt/
B-catenin signaling by showing the decreased nuclear accu-
mulation of [-catenin (Fig. 7). These data confirm the
previous hypothesis of transrepression of the B-catenin
promoter by 9cRA in vitro (40).

Although we showed that the PDGF signaling pathway is a
target of peretinoin for preventing the development of hepatic
fibrosis and tumors in mice, retinoid-inducing genes such as
GOS2 (41), TGM2 (35), CEBPA (42), ATF, TP53BP, metallothio-
nein 1H (MT1H), MT2A, and hemopexin (HPX) were upregu-
lated in peretinoin-treated mice (data not shown). These
canonical retinoid pathways are likely to participate in pre-
venting disease progression in conjunction with anti-PDGF
effects.
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The precise mechanism of peretinoin toxicity, in which 5% of
mice treated with 0.06% peretinoin died after 24 weeks of
treatment, is currently under investigation. These mice showed
severe osteopenia and we speculate that the toxicity might be
caused by retinoid-induced osteopenia, as observed in a
hypervitaminosis A rat model (43). However, the toxicity of
prolonged treatment with oral retinoids in humans remains
controversial (44) and severe osteopenia has so far only been
seen in a rodent model.

In summary, we show that peretinoin effectively inhibits
hepatic fibrosis and HCC development in Pdgfc Tg mice.
Further studies are needed to elucidate the detailed molecular
mechanisms of peretinoin action and the effect of peretinoin
on PDGF-C in human HCC. The recently developed multi-
kinase inhibitor Sorafenib (BAY 43-9006, Nexavar) was shown
to improve the prognosis of patients with advanced HCC (45).
Promisingly. a phase II/III trial of peretinoin showed it to be
safe and well tolerated (46). Therefore, combinatorial therapy
that incorporates the use of small molecule inhibitors with
peretinoin may be beneficial to some patients. The application
of peretinoin during pre- or early-fibrosis stage could be
beneficial in preventing the progression of fibrosis and sub-
sequent development of HCC in patients with chronic liver
disease.
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ABSTRACT

Chronic hepatitis C virus (HCV) infection affects approximately 170 million people worldwide. HCV
infection is a major global health problem as it can be complicated with liver cirrhosis and hepatocellular
carcinoma. So far, there is no vaccine available and the non-specific, interferon (IFN)-based treatments
now in use have significant side-effects and are frequently ineffective, as only approximately 50% of
treated patients with genotypes 1 and 4 demonstrate HCV clearance. The lack of suitable in vitro and in
vivo models for the analysis of HCV infection has hampered elucidation of the HCV life cycle and the
development of both protective and therapeutic strategies against HCV infection. The present review
focuses on the progress made towards the establishment of such models.

Key words hepatitis C virus, HuH-7 cell, knockout mice, type | interferon.

Chronic HCV infection is a major cause of mortality and
morbidity throughout the world, infecting approximately
3.1% of the world’s population (1). Only a fraction of
acutely infected individuals are able to clear the infection
spontaneously, whereas approximately 80% of infected
individuals develop a chronic infection (2, 3). Patients
with chronic HCV are at increased risk for developing
liver fibrosis, cirrhosis, and/or hepatocellular carcinoma.
Currently, these long-term complications of chronic HCV
infection are the leading indication for liver transplanta-
tion (4, 5). Because of the high incidence of new infections
by blood transfusions in the 1980s before the discovery of
the virus, and because morbidity associated with chronic
HCV infection generally takes decades to develop, it is ex-
pected that the burden of disease in the near future will
rise dramatically.

Correspondence

HCVisan enveloped flavivirus, with a positive-stranded
RNA genome of approximately 9600 nucleotides. The cod-
ing region is flanked by 5' and 3’ non-coding regions,
which are important for the initiation of translation and
regulation of genomic duplication, respectively. The cod-
ing region itself is composed of a single open reading
frame, which encodes a polyprotein precursor of approx-
imately 3000 amino acids. This polyprotein is cleaved
by host and viral proteases into structural and NS pro-
teins (Fig. 1). Replication of the HCV genome involves
the synthesis of a full-length negative-stranded RNA in-
termediate, which in turn provides a template for the de
novo production of positive-stranded RNA. Both these
synthesis steps are mediated by the viral RNA-dependent
RNA polymerase NS5B (6-8). NS5B lacks proofreading
abilities, and this leads to a high mutation rate and the
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Fig. 1. Genomic structure of HCV. Genomic organization of wild-type HCV. The HCV-RNA genome consists of a major open reading frame, encoding
a single polyprotein, and an alternative reading frame encoding F-proteins with unknown functions. The cleavage of the polyprotein by viral and
host cell proteases gives rise to the mature structural (core, envelope proteins E1 and E2, and p7) and NS viral proteins (NS2 through NSSB). The
putative activities and functions of viral proteins are indicated. The IRES located in the 5’ non-coding region initiates ribosome binding and translation.
Both the 5’ and 3’ non-coding regions are essential for viral RNA replication involving the RNA-dependent RNA polymerase N55B. NTPase, nucleotide

triphosphatase.

generation of numerous quasispecies. HCV isolates can
be classified into seven major genotypes, which vary in
sequence by more than 30%. In addition to the distinct
prevalence and global spread of the virus, the genotype is
an important factor determining disease progression and
responses to antiviral therapy (9).

Currently, the only licensed treatment for HCV is the
combination of (pegylated)-interferon-alpha (IFN-¢) and
ribavirin. Although the success rate of treatment has im-
proved substantially, standard therapy is not effective in all
patients. Moreover, severe adverse effects and high costs
limit the compliance and global application of this treat-
ment. The development of prophylaxis and novel thera-
peutics to treat HCV infection has been hampered by the
lack of suitable in vitro and in vivo culture systems. In this
review, we describe the development of in vitro culture
systems for HCV.

Tissue culture-adapted HCV (sub-)genomic
replicons

Dr Bartenschlager’s group was the first to establish a con-
venient reproducible in vitro cell culture system for the
study of HCV replication (10). They created antibiotic-
resistant HCV genomes to select replication-competent
viral clones by conveying antibiotic resistance to cells.
This was achieved by replacing the structural protein-
coding sequences, as well as p7 of the consensus genome
Conl, by the neomycin resistance gene. In addition, a
second IRES was introduced to promote translation of
the non-structural protein-coding sequences important
for viral replication (Fig. 2). Upon transfection of these
so-called subgenomic replicons in specific cell lines, drug-
resistant cell colonies were isolated in which high levels

of viral replication occurred. Subsequent analysis con-
firmed that these HCV replicons indeed were capable of
self-amplification through synthesis of a negative-strand
replication intermediate, and could be stably propagated
in cell culture for many years (10, 11).

HCYV replication was supported by several cell types
such as HuH6 (12), HepG2 (13), Li23 (14), and 293 cells
(15), with the human hepatoma cell line HuH-7 being the
most permissive (16). Interestingly, removal of replicon
RNA from these cell clones by treatment with type 1 IFN
rendered the cells more permissive to reintroduction of
replicons, resulting in higher replication rates. Examples
of these highly permissive cells are HuH-7.5 and HuH-7-
Lunetcells (16, 17). The efficient replication in the replicon
systems was found to depend on tissue-culture-adaptive
mutations. Introduction of these specific mutations in the
wild-type consensus sequence significantly enhanced vi-
ral replication in vitro (18-22). Mutational hot spots were
found clustered primarily in the NS3, NS4B, and NS5A re-
gions. The mechanisms behind the enhanced replication
caused by these tissue-culture-adaptive mutations are still
largely unknown, and the interesting fact that these mu-
tations are not commonly found in patients suggests that
these may have a toll on the viral fitness.

HCV replicons have proven to be extremely valuable for
studies on the process of HCV replication, as well as for
testing novel antiviral compounds that specifically target
the protease activity of NS3 or the polymerase activity of
NS5 (23).

Cell culture-derived infectious HCV
Studies using HCV replicons have provided detailed

knowledge on the mechanisms of replication of HCV.
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Fig. 2. HCV replicon system. The structural HCV-IRES

sequences (C, E1, E2, and p7) together with NS2
were replaced by a neomycin antibiotic-
resistance gene, and an ECMV-IRES was
introduced to drive translation of the remaining
non-structural proteins. Neomycin selection of
these double cistron (bicistronic) replicons in the
hepatoma cell line Huh7 resulted in high-level
HCV-RNA replication, depending on the gain of
so-called ‘tissue-culture’ adaptive mutations
mostly confined to the NS3, NS4B, and NS5A
regions. '

However, an apparent shortcoming of these models was
that stable cell clones containing self-replicating replicons
and expressing all viral proteins remained unable to re-
lease infectious HCV particles. The inability to secrete
viral particles may be the consequence of adaptive muta-
tions, which are needed to enhance viral replication rates,
but at the same time may block viral assembly. Indeed,
replicons without adaptive mutations show very low repli-
cation rates (16, 24). A different situation emerged when
the first genotype 2a consensus genome was established
(25, 26).

A subgenomic replicon constructed from a clone called
JEH-1, isolated from a Japanese patient with fulminant
hepatitis C, replicated up to 20-fold higher in HuH-7
cells as compared to Conl replicons, and did not re-
quire adaptive mutations for efficient replication in vitro
(26). Transfection of HuH-7 and HuH-7.5.1 cells with the

In vitro synthesized

HCVIFH1 genomic RNA

Core,E1, E2, P7, NS2

Non-Structural

HCV-replicon
RNA-transfection

¥

Neomyein selection

ECMV-IRES l

in vitro-transcribed full-length JFH-1 genome or a recom-
binant chimeric genome with another genotype 2a isolate,
J6, resulted in the secretion of viral particles that were in-
fectious in cultured cells (Fig. 3), in chimeric mice, and in
chimpanzees (27-29).

The infectivity of cells could be neutralized with anti-
bodies against the HCV entry receptor CD81, antibodies
against E2, or immunoglobulins from chronically infected
patients. Importantly, the replication of cell-cultured HCV
in this system was inhibited by IFN-« as well as by sev-
eral HCV-specific antiviral compounds (29). Since 2005,
chimeric JFH-1-based genomes have been constructed of
all seven known HCV genotypes. Similar to the J6-JFH-1
chimera, in these so-called intergenotypic recombinants,
the structural genes (core, E1, and E2), p7, and NS2 of
JFH-1werereplaced by genotype-specific sequences which
often resulted in lower infectious virion production than

Infectious HCV (JFH-1) Production System

{genotype 2a) recombinant HCV
®
- R ® ®
RNA transfection infection
Fig. 3. JFH1 infectious system. Full-length
JFH1-RNA is transcribed in witro, and transfected e Y ———
to HuH-7-derived cell Iungs. JFrﬂ rep.hlcatesl in ' 4 _/__,__,______H_“‘-
these cells, and produce infectious virions in the B . ‘ : e \1
medium. The medium is collected, concentrated, ™-_ ~ AL < 4
2 G # e it . o, S o

and used to infect naive cells. Hence, the entire ) m— sant
HCV life cycle was reproduced for the first time SUb'If"“ of Sub-lines of

HuH-7 cells HuH-7 cells

in vitro.
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wild-type JFH-1 (30-32). Most NS proteins of intergeno-
typic chimeras originate from JFH-1, and therefore these
genomes are unlikely to reflect genotype-specific char-
acteristics of replication. However, these intergenotypic
chimeras may become critically important in the study
of differences in HCV entry or to assess the efficacy of
HCV entry inhibitors. Interestingly, production of infec-
tious genotype la HCV in cells transfected with synthetic
RNA (H77-S) derived from a prototype virus (H77-C)
was also reported (33). H77-S carries adaptive mutations
that promote efficient viral RNA replication in HuH-7.5
cells. These mutations are located within the NS3/4A pro-
tease complex, and the NS5A protein (34) H77-S showed
similar replication efficiency to JFH-1 isolate; however, it
showed lower expression of HCV core protein, and lower
production of infectious HCV particles (33).

Serum-derived HCV infection

The previously mentioned models used to study HCV
infection are based on subclones of HuH-7 cells infected
with JFH1 recombinant virus or its derivatives (27). HuH-
7 cellsand its subclones, however, do not support the entire
life cycle of the bbHCV present in the blood of patients
(35). Moreover, HCV has considerable diversity and vari-
ability. It is generally classified into six major genotypes
and more than 100 subtypes (36). JEH1, however, is a sin-
gle isolate of HCV genotype 2a that was originally derived
from a patient with rare fulminant hepatitis (27). Thus,
usage of HCV particles isolated from patient serum could
be more useful to study authentic HCV infection.

Many researchers have attempted to develop an in vitro
system for bbHCV (37-39). These current systems, how-
ever, are still insufficient due to their low efficiency for
infectivityand replication of bbHCV. Normal human hep-
atocytes are the ideal system in which to study HCV in-
fectivity. When cultured in vitro, however, they prolifer-
ate poorly and divide only a few times (40). Continu-
ous proliferation could be achieved by introducing onco-
genes, the HPV/E6E7 immortalized multiple cell types
that were phenotypically and functionally similar to the
parental cells (41-45). We established a human primary
non-neoplastic hepatocyte cell line transduced with the
HPV18/E6E7 that retained primary hepatocyte character-
istics even after prolonged culture (35). We further im-
proved the susceptibility of HPV18/E6E7-immortalized
hepatocytes (HuS-E/2 cells) to bbHCV infectivity by im-
pairing the innate immune response of these cells through
suppression of interferon regulatory factor-7 (IRF-7) ex-
pression. These cells were useful to assay infectivity of HCV
strains other than JFH-1, HCV replication, innate immune
system engagement of HCV, and screening of anti-HCV
agents. This infection system using non-neoplastic cells

also suggested that IRF-7 plays an important role in elim-
inating HCV infection. Using this system, the suppressive
effect of tamoxifen and mir199 on HCV replication was
reported (46, 47).

Three-dimensional culture

A major limitation of the immortalized hepatocytes in-
fection system was the failure to produce infectious HCV
particles. Because the 3-D cell culture condition more
closely reproduces the in vivo environment of hepatocytes
(48), culturing these cells in this manner may support the
entire HCV life cycle. Similarly, a previous report showed
the production of HCV particles from the FLC4 hepa-
tocyte line transfected with HCV-RNA and cultured in a
3-D radial-flow bioreactor (RFB). The RFB system is com-
posed of a dedicated device containing 1 x 10° FLC4 cells
with a culture area of 2.7 m*. A more convenient, smaller
and easy to use 3-D culture system is required for the study
of the several aspects of bbHCV infection. (49). A hybrid
artificial liver support system was developed using animal
hepatocytes cultured in a 3-D/HFE. This bioartificial liver
showed several characteristic features of liver tissue for
more than 4 months (50-52).

By growing our HuSE/2 cells in a similar 3-D culture
(53) the gene expression profile was improved to more
closely match that of human primary hepatocytes. We
used this small 3-D culture system and showed it to be
ideal for culturing HuS-E/2 cells for the study of bbHCV
infection (Fig. 4) (54). Using this system we observed not
only the enhancement of HCV replication, but also the
production of infectious HCV particles in the medium
using the 3-D/HF system. The cell mass formed by the
3-D culture system, most likely the polar character, was
essential for the life cycle of bbHCV. Using microarray
comparison of gene expression between 2-D and 3-D cul-
tured cells, we found a higher activation of the PPAR-o
signaling pathway which was shown to be important for
the improvement of HCV replication in 3-D culture. Sup-
pression of the PPAR-¢ signaling pathway using its an-
tagonist MK886 markedly suppressed HCV replication in
two different cell lines (53). A recent study showed that
the induction of PPAR-a or PPAR-y led to the suppres-
sion or enhancement of HCV replication, respectively, in
HuH-7 cells (55). Using HuH-7-derived clones, three dif-
ferent independent studies confirmed our data, showing
the suppression of HCV replication by PPAR-a blockers
such as (MK886) (56, 57) or 2-chloro-5-nitro-N-(pyridyl)
benzamide (BA) (58). Furthermore, no effect of PPAR-y
was observed on HCV replication (58).

Delayed production of infectious particles was also ob-
served in cells infected with some HCV strains after pro-
longed culture (54). It is likely that mutation of the HCV
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HuS-Ef2 cells
{2 % 10%cells)

bundle of
6 hollow fibers

Fig. 4. 3-D hollow fiber culture. HuS-£/2
suspension was injected into the lumen of the
hollow fiber system (HF; Toyobo Co., Osaka,
Japan). The bundles were centrifuged to induce
organoid formation. The lower 1.5 ¢cm
containing the organoid formation was then cut
and cultured in 12-well plates (two capillary
bundles per well) with gentle rotation using
serum-free medium (Toyobo Co.) in a CO;
incubator at 37°C. The number of cells was
adjusted to 3 x 10° cells per two-capillary
bundle at the start of each experiment.

genome and/or selection of clones during prolonged cul-
ture improved the productivity of infectious particles. This
lack of production of infectious particles soon after infec-
tion may serve to avoid an early strong response from the
host immune system, and demonstrates a novel mech-
anism of latent infection by HCV. Similarly, fluctuation
in HCV proliferation was observed during the prolonged
culture of 3-D-HuS-E/2 cells infected with bbHCV (54);
this fluctuation was associated with a change in viral qua-
sispecies, suggesting that an HCV strain having a growth
advantage proliferates selectively and dominantly in these
culture conditions. Because the progressive emergence of
each dominant strain was only temporary, it is highly
likely that the infection and proliferation of such an HCV
strain is suppressed by cellular mechanism(s). Our results
showed two cellular mechanisms functioning to do this.
The first is the involvement of the innate immune sys-
tem, as evidenced by the secretion of IFN-« during the
first week of infection. The second mechanism is HCV-
induced apoptosis. Although HCV-induced apoptosis was
not found when HCV-1b was used for infection, it was
found in all cases where HCV-2a was used, suggesting a
higher cytopathic tendency of the HCV-2a genotype.

Mouse cells permissible to HCV infection

The development of prophylaxis and novel therapeutics
to treat HCV infection has been hampered by the lack of
suitable animal models, a deficit resulting from the limited
species tropism of HCV. Chimpanzees are the only avail-
able immunocompetent in vivo experimental system, but
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their use is limited by ethical concerns, restricted avail-
ability and prohibitively high costs (59).

A convenient small-animal model supporting the HCV
life cycle could significantly accelerate the preclinical test-
ing of vaccine and drug candidates, as well as facilitate
in vivo studies of HCV pathogenesis. A murine model
was described in which overexpression of a uPA trans-
gene resulted not only in neonatal bleeding disorders,
but also in severe liver toxicity (60). Importantly, the
diseased liver could be replaced by donor hepatocytes
of murine origin, as well as by hepatocytes from rats,
woodchucks, and humans once the uPA transgenic mice
were backcrossed on an immunodeficient background.
Mice with chimeric human livers that were inoculated
with serum from HCV-positive donors developed pro-
longed HCV infections with high viral titers and evidence
for active replication of the virus in chimeric human liv-
ers (61). At present, the chimeric human liver uPA/SCID
mouse model is physiologically closest to a natural hu-
man infection and therefore represents the most successful
small-animal model for HCV infection. Several short-
comings, however, limit its widespread use and applica-
tion. Most importantly, the immunodeficiency required
to allow successful xenotransplantation precludes stud-
ies on the adaptive immune response, immunopathol-
ogy, and active immunization strategies (vaccine devel-
opment). Second, only a few laboratories have reported
successful generation of these chimeras, because this
model requires high-quality human donor hepatocytes
and the actual transplantation is difficult to carry out in
small animals with a tendency to bleed. Finally, the effi-
cacy of human hepatocyte engraftment is highly variable
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Fig. 5. Induction of interferon response by viral RNA. The cell detects viral RNA through the endosomal RNA sensor TLR3, and the cytoplasmic
RNA sensors RIG-I and MDAS. Both pathways will lead to the activation of TBK-1 and IKK-I kinases, through the TICAM-1 adaptor molecule in the
case of TLR3, or IPS-1 in the case of RIG-l and MDAS. These kinases will induce phosphorilization of interferon regulatory factor (IRF)-3, which will
then dimerize and translocate to the nucleus. IRF-3 will then bind to the IRF response elements (IRF-RE) of IFN-f# and lead to the induction of IFN-#
expression. The IFN-g that is produced and secreted binds to the IFN receptor in an autocrine or paracrine manner to direct Janus Kinase Signal
Transducer and Activator of Transcription (JAK-STAT) signaling and the interferon-stimulated gene factor 3 (ISGF3)-dependent expression of IRF-7 and
other interferon-stimulated genes (ISG). IRF-7 will be phosphorylateﬂ by the activated TBK-1 and IKKe kinases, and form homo, or hetero-dimers with
IRF-3, leading to further induction of IFN-g and -« genes. This signaling serves to amplify the IFN response by increasing the expression af IFN-g, IFN-o

subtypes and ISG in a positive feedback loop.

in these animals, ranging from approximately 2% to 92%
after additional treatment with an antibody to asialo- GM-
1(62).

The successful establishment of the HCV life cycle in
mouse hepatocytes is another tempting alternative to over-
come these problems. In addition to missing or incom-
patible positive regulators of HCV replication, dominant-
negative restriction factors might be present in mouse
hepatocytes. Altered or exacerbated innate antiviral re-
sponses, the inability of HCV proteins to overcome murine
defenses, or mouse-specific restriction factors similar
to those that control retroviral infection, such as Fvl,
TRIMS5a or APOBEC3 cytidine deaminases, could impair
HCYV replication in mouse cells,

In mammalian cells, the host detects and responds to
infection by RNA-viruses, including HCV, by primarily
recognizing viral RNA through several distinct pathogen
recognition receptors (PRR), including the cell surface
and endosomal RNA sensors TLR3 and TLR7, and the
cytoplasmic RNA sensors RIG-I and MDAS (Fig. 5) (63).
The detection of virus infection by these receptors leads to
the induction of IFN and their downstream IFN-inducible
anti-viral genes through distinct signaling pathways (64).

Type I IFN is an important regulator of viral infections
in the innate immune system (65). Another type of IEN,
IFN-lambda, affects the prognosis of HCV infection, and
its response to antiviral therapy (66,67). Variations in the
type or intensity of the antiviral response between hosts
are known to restrict the tropism of certain viruses, such
as myxoma virus, which is only permissive in mouse cells
that have impaired IFN responses. Similarly, we previously
reported that the impairment of IRF-7, and suppression
of the interferon response improved HCV replication in
immortalized primary human hepatocytes. (35)
Mutations impairing the function of the RIG-I gene
and the induction of IFN were essential in establishing
HCYV infectivity in human HuH-7.5 cells (68). Similarly,
the HCV-NS3/4a protease is known to cleave the IPS-1
adaptor molecule, inducing further downstream blocking
of the IFN-inducing signaling pathway (69). These data
clearly demonstrate that the host RIG-I pathway is crucial
for suppressing HCV proliferation in human hepatocytes.
Using a similar strategy, we investigated whether suppress-
ing the antiviral host innate immune system conferred any
advantage on HCV proliferation in mouse hepatocytes
(70). We examined the possibility of HCV replication
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Wild Type

TICAM1-KO

IRF3-KO IPS1-KO
Fig. 6. Establishment of mouse hepatocyte
lines permissive to J6/JFH1.
Immunofluorescence detection of JEJFH1
proteins’ expression 5 days after transfection of
JBJFH1-RNA through electroporation into IRF7-KO IFNAR-KO

wild-type, IRF-3-ko, IRF-7-ko, TICAM1-ko,
IPS-1-ko, and IFNAR-ko, freshly isolated primary
hepatocytes. A highly sensitive polyclonal
antibody extracted from HCV-patient serum
(AbS3) was used for the detection.

in mice lacking the expression of key factors that
modulate the type I IFN-inducing pathways (Fig. 6). Only
genesilencing of IFNAR or IPS-1 was sufficient to establish
spontaneous HCV replication in mouse hepatocytes.

To establish a cell line permissive for HCV replication,
which is required for further in vitro studies of the HCV
life cycle in mouse hepatocytes, we immortalized IFNAR-
and IPS-1-ko mice hepatocytes with SV40 T antigen. Upon
expression of the human (h)CD81 gene, these newly es-
tablished cell lines were able to support HCV infection and
replication for the first time in mouse hepatocytes. Using
these cell lines, we demonstrated that the suppression of
IPS-1 enhances HCV infection and replication in mouse
hepatocytes through the suppression of both IFN induc-
tion and an IFN-independent J6]JFH1-induced cytopathic
effect. We also showed for the first time the importance of
the HCV structural region for viral replication, as JFH1
chimera containing the J6 structure region showed a priv-
ilege for spontaneous replication over full-length JFH1 or
the subgenomic JFH]1 replicon. IRF-3-ko MEF were previ-
ously shown to support HCV replication more efficiently
than wild MEF (71). As the knockout of IPS-1 mainly
suppresses signaling in response to virus RNA detection,
and maintains an intact IFN response and induction to
other stimulants, it may result in minimum interference
to adaptive immune responses as compared to IRF-3 or
IENAR-ko.

Conclusion

We have established an in vitro culture system that can
support the entire life cycle of a variety of HCV isolates
and genotypes. Although this in vitro model system may
not completely reproduce the in vivo situation, we be-
lieve it is the first in vitro system showing HCV strain-
dependent virus/cell interaction including induction of
cellular apoptosis and/or evasion from the cellular innate
immune response, which may make it a good tool for the

(@ 2012 The Societies and Blackwell Publishing Asia Pty Ltd

analysis of virus/host interaction, together with the de-
velopment of new anti-HCV strategies for the different
bbHCV strains. We have also established hepatocyte lines
from IPS-1-ko mice that support HCV replication and
infection. These cell lines will be very useful in identifying
other species’ restriction factors and viral determinants
required for the further establishment of a robust and
efficient HCV life cycle in mouse hepatocytes. Further de-
velopment of hCD81-transgenic IPS-1-ko mice may serve
as a good model for the study of immunological responses
against HCV infection. This mouse model can be used as
a backbone for any further future models supporting ro-
bust HCV infectivity for the study of HCV pathogenesis,
propagation and vaccine development.
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Regulation of immunological balance by sustained interferon-vy
gene transfer for acute phase of atopic dermatitis in mice

K Watcharanurak', M Nishikawa®, Y Takahashi',

K Kabashima? R Takahashi® and Y Takakura'

Interferon (IFN)-y, a potent T helper 1 (Th1) cell cytokine, is suggested to suppress Th2 cell responses. Here, we aimed to investigate
whether pCpG-Muy, a plasmid continuously expressing murine IFN-y, is an effective treatment of atopic dermatitis, a Th2-dominant
skin disease. Nishiki-nezumi Cinnamon/Nagoya (NC/Nga) atopic mice with early dermatitis were transfected with pCpG-Muy by a
hydrodynamic tail vein injection at a dose of 0.05 or 0.2 pmol per mouse. The skin lesions improved only in mice receiving the high
dose of pCpG-Muy. IFN-y gene transfer resulted in a high mRNA expression of IFN-y and interleukin (IL)-12 and regulatory T cell
(Treg) related cytokines, such as IL-10 and transforming growth factor-B, in the spleen, whereas it reduced the IL-4 mRNA '
expression, and serum levels of immunoglobulin (Ig) G1 and IgE. In addition, the gene transfer markedly inhibited the epldermal
thickening; infiltration of inflammatory cells into the skin, the occurrence of dry skin and pruritus. No exacerbating effect on the
Th1-mediated contact dermatitis was observed after IFN-y gene transfer, Taken together, these results indicate that sustained IFN-y.
gene transfer induced polarized Th1 immunity under Th2-dominant condmons in NC/Nga mice, leading to an lmprovement in the

symptoms of acute atopic dermatitis without adverse side effects.

Gene Therahy advance online publication, 23 August 2012; doi:10.1038/gt.2012.69
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INTRODUCTION

Atopic dermatitis is a chronic inflammatory skin disorder
accompanied by particular skin lesions. The main characteristics
of atopic dermatitis are eczematous skin lesions, epidermal
hypertrophy, intense pruritus and infiltration by inflammatory
cells. Increased serum immunoglobulin (Ig) E and an excessive
production of T helper 2 (Th2) cytokines are also frequently
observed in patients with atopic dermatitis. The balance of Th1
and Th2 immune responses, which is maintained by their
immunoregulatory cytokines under healthy conditions, is con-
sidered to be upset in atopic dermatitis. Generally, atopic
dermatitis was classified into two phases, acute and chronic. In
the acute phase of atopic dermatitis, patients often have raised
Th2 cytokines, such as interleukin (IL)-4, IL-5 and IL-13, which
induce the class switching of B cells to IgE secretion, but low levels
of IFN-y or IL-12. In contrast, Th1 cytokines, especnally IFN-y, are
dominant in chronic phase of atopic dermatitis.'™® Therefore, the
administration of interferon (IFN)-y, a typical Th1 cytokine that
shifts the differentiation of naive T cells to the Th1 subtype and
suppresses the production of Th2 cytokines, appears to be an
attractive optlon for the treatment of acute phase of atopic
dermatitis.”

It has recently been shown that regulatory T cells (Tregs), a
subset of T cells, are involved in the modulation of allergic
diseases. For example, Tregs and their related cytokines, IL-10 and
transforming growth factor (TGF)-B, have been reported to
suppress Th2 responses and IgE production.®'! Furthermore,
IFN-y as well as the IL-12-specific receptor subunit B2 has
important roles in the production of Tregs.'*'®

Nishiki-nezumi Cinnamon/Nagoya (NC/Nga) mice is a mouse
model of human atopic dermatitis. These mice spontaneously
develop atopic dermatitis-like skin lesions around the age of 6-8
weeks when raised under conventional conditions but not in
specific pathogen-free conditions. The skin lesions of conventional
NC/Nga mice are characterized by erythema, hemorrhage, edema,
erosion, scaling and dryness of the skin. Hyperproduction of IgE
and Th2-type chemokines have also been reported in these mice.
These clinical features are similar to those of human atopic
dermatitis.™"7

We demonstrated in a previous study'® that sustained
expression of IFN-y is effective in preventing the onset of
symptoms of atopic dermatitis in NC/Nga mice. The severity of
the atopic lesions and other notable symptoms, such as
scratching, dry skin, epidermal thickening, infiltration of
inflammatory cells and the raised expression of Th2 cytokines
and IgE, were markedly inhibited in mice receiving pCpG- Muy,
plasmid expressing murine IFN-y for a long period of time.” To
use IFN-y gene transfer in the treatment of atopic dermatitis
patients, it is important to show that such gene transfer is effective
not only in preventing the onset of the disease but also in
improving the symptoms. IFN-y gene transfer could counteract
the progression of atopic dermatitis through the induction of
Treg cells.

In this study, we investigated whether lFN—y gene transfer was
able to effectively treat dermatitis induced in NC/Nga mice. To do
this, we evaluated the serum levels of IgE and IgG1, the mRNA
expression of Th1 and Treg cytokines, transepidermal water loss
(TEWL), the number of scratching episodes, the epidermal
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thickening and the infiltration of inflammatory cells into the skin.
In addition, the effect of sustained IFN-y gene transfer on contact
dermatitis was also examined to assess the safety of the gene
transfer process.

RESULTS

Time-course and pharmacokinetic parameters of IFN-y after
hydrodynamic injection of pCpG-Muy

Figure 1 shows the time-course of the concentrations of IFN-y in
the serum after hydrodynamic injection of pCpG-Muy. The serum
levels of IFN-y were dependent on the plasmid dose, and the
higher dose of 0.2 pmol resulted in significantly higher concentra-
tions for the first 4 days compared with the lower dose. The
profiles were analyzed to obtain area under the concentration-
time curve and mean residence time values. Table 1 summarizes
the Cmax, area under the concentration-time curve and mean
residence time after IFN-y gene transfer. The Cmax and area under
the concentration-time curve were increased by increasing the
plasmid dose, whereas the mean residence time was hardly
affected by the dose.

Effects of IFN-y gene transfer on the skin lesions of NC/Nga mice

NC/Nga mice at the age of 7-8 weeks, which already developed
atopic dermatitis-like symptoms, were used to assess the severity
of skin lesions. Figure 2 shows the time-course of the clinical skin
score of NC/Nga mice after injection of pCpG-Muy. The score of
mice treated with the lower dose pCpG-Muy increased with time
and was not significantly different from that of the untreated mice
for the first 2 weeks after gene transfer, These results contradicted
those of our previous study, in which the lower dose of pCpG-Muy
(0.05 pmol per mouse) was effective in preventing the onset of
atopic dermatitis.’® In contrast, the clinical skin score of mice
receiving 0.2 pmol pCpG-Muy was significantly lower than those
of the other two groups over the 5-week observation period.
Based on these findings, the dose of the plasmid was set at
0.2 pmol per mouse in the subsequent experiments to study the
therapeutic effects of pCpG-Muy in NC/Nga mice with dermatitis.
To confirm the effects of IFN-y, a control plasmid pCpG-mcs
(Invivogen, San Diego, CA, USA) was administered to NC/Nga
mice. However, the clinical skin score was hardly affected by this
treatment (data not shown).

Serum concentrations of IgG1 and IgE in NC/Nga mice after IFN-y
gene transfer

Figure 3 shows the time-course of the concentration of IgGi1
(Figure 3a) and IgE (Figure 3b) in the serum of NC/Nga mice after
injection of pCpG-Muy. Both the serum levels of IgG1 and IgE of
the pCpG-Muy-treated mice were significantly lower than those of
the untreated mice at several time points, suggesting that the
production of these Th2-mediated Igs in NC/Nga mice was at least
partly inhibited by IFN-y gene transfer.

mRNA expression of Th1, Th2 and Treg cytokines in the spleen of
NC/Nga mice after IFN-y gene transfer

The high concentrations of IFN-y in the serum were expected to
induce the changes in the immunological status of NC/Nga mice.
Therefore, the spleen, a major lymphoid organ, was excised and the
mRNA expression of IFN-y, IL-12, IL-4, IL-10 and TGF-B was
measured. Figure 4 shows the x-fold increase in mRNA expression
by pCpG-Muy-treated mice compared with untreated mice. The
mMRNA expression of IFN-y and IL-12 in the pCpG-Muy-treated mice
was, respectively, 3- and 1.7-fold higher than that in the untreated
mice. In addition, the mRNA expression of IL-10 and TGF-8 was also
significantly higher in the pCpG-Muy-treated group. On the other
hand, the mRNA expression of IL-4, a Th2 cytokine, was reduced to
about half in the pCpG-Muy-treated mice.
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Figure 1. Time-course of the concentration of IFN-y in serum of
NC/Nga mice after hydrodynamic injection of 0.05 or 0.2 pmol
pCpG-Muy. The results are expressed as the mean +s.e.m. of five
mice. * #P<0,05, 0.01, compared with the lower dose group.

Table 1. Cmax, AUC and MRT of serum IFN-y after hydrodynamic
injection of pCpG-Muy into mice
Dose Cmax AUC MRT (day)
(pmol per mouse) (ngml~7) {ng dayml~7)
0.05 21.3*15 713+7.9 467 +£0.78
0.2 54,0+ 107 204 +35° 4.21+£0.70

Abbreviations: AUC, area under the concentration-time curve; IFN,
interferon; MRT, mean residence time. The Cmax values were obtained at
1 day after hydrodynamic injection of pCpG-Muy, and are expressed as the
mean t s.e.m. of five mice. The AUC and MRT were calculated by moment
analysis, and are expressed as the calculated mean +s.e.m. of five mice,
2p<0.05, compared with the lower dose (0.05pmol per mouse) group.
5p<0.01, compared with the lower dose (0.05 pmol per mouse) group.

-3} pCpG-y0.05 pmol
=0~ pCpG-y0.20 pmol
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Clinical skin score

0 1 2 3 4 5
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Figure 2. Time-course of the clinical skin score of NC/Nga mice after
hydrodynamic injection of pCpG-Muy. The results are expressed as
the mean t s.e.m. of five (0.05 pmol and 0.2 pmol pCpG-Muy-treated
groups) and nine mice (the untreated group). * ** **¥p(0.05, 0.01,
0.001, compared with the untreated group; * **P<0.05, 0.1,
compared with the lower dose group.
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Figure 3. Time-course of the concentration of IgG1 (a) and IgE (b) in
serum of NC/Nga mice after hydrodynamic injection of 0.05 or
0.2 pmol pCpG-Muy. The results are expressed as the mean ts.e.m.
of four mice. * ** **¥p-0,05, 0.01, 0.001, compared with the
untreated group.
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Figure 4 mRNA expression of cytokines in spleen cells of NC/Nga
mice. Spleens of untreated mice and pCpG-Muy-treated mice were
excised at day 36 after treatment. mRNA expression was normalized
with that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The results are expressed as the mean £ s.e.m. of three (pCpG-Muy-
treated group) or four mice (the untreated group). *P<0.05
compared with the untreated group.
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Figure 5. Time-course of the TEWL of the dorsal skin (a) and number
of scratching episodes (b) of NC/Nga mice untreated or after
hydrodynamic injection of 0.2pmol pCpG-Muy. The results are
expressed as the meants.em. of four mice. * **P<0.05 0.01,
compared with the untreated group.

TEWL and scratching behavior of NC/Nga mice after IFN-y gene
transfer

To evaluate the severity of skin dryness and itchiness, the TEWL'®
and the number of scratching episodes were measured. Figure 5a
shows the time-course of the TEWL of NC/Nga mice from day 15
to day 35 after injection of pCpG-Muy. The TEWL value of the
pCpG-Muy-treated mice was significantly lower than that of the
untreated mice on days 15, 18, 21 and 35 after gene transfer.
Figure 5b shows the number of scratching episodes during a
30-min period of observation. The number of scratching episodes
exhibited by the mice receiving pCpG-Muy was fewer than that of
the untreated mice at all-time points examined and the difference
was significant on days 15 and 33 after injection of pCpG-Muy.
These results indicate that IFN-y gene transfer relieves the
pruritus, a common symptom of atopic dermatitis that may lead
to destruction of the skin barrier and is related to the increased
TEWL of NC/Nga mice 2%?'

Histopathological examination of skin sections of NC/Nga mice

Figure 6 shows the hematoxylin and eosin sections (Figures 6a
and b) and toluidine blue-stained sections (Figures 6¢c and d) of
the dorsal skin of NC/Nga mice at 36 days after treatment. The
sections of the untreated mice showed obvious thickening of the
epidermis (Figures 6a and c). However, these characteristic

Gene Therapy (2012) 1-7

= 2bT:=

w



IFN-y therapy for atopic dermatitis in NC/Nga mice
K Watcharanurak et al

f-3

Figure 6.

B No trealment @ pCpG-y0.20 pmol

70 4
60 4
50 4
40 4 *
30 -|
20 +
10 -
04

Number of cells per mm section
*

Hematoxylin and eosin (H&E) (a, b) and toluidine blue (¢, d) sections of the dorsal skin of NC/Nga mice untreated (a, €) or pCpG-Muy-

treated (b, d). Numbers of inflammatory cells in skin sections (e). The numbers of cells were expressed as the mean + s.e.m. of three (pCpG-
Muy-treated group) or four mice (the untreated group). *P<0.05 compared with the untreated group.

features of skin inflammation were hardly seen in the sections
from the pCpG-Muy-treated mice (Figures 6b and d). Furthermore,
the numbers of monocytes, granulocytes and mast cells in the skin
sections were counted (Figure 6e). The numbers of these cells
infiltrating into the skin of the pCpG-Muy-treated animals were
about a half those in the untreated mice, and there were
significant differences between the groups with regard to the
number of monocytes and mast cells.

Effect of IFN-y gene transfer on body temperature and liver injury
The body temperature of the mice was measured to monitor the
side effects of the high-dose pCpG-Muy. No significant difference
was observed in body temperature between the treated and
untreated groups (data not shown). In addition, there were no
significant differences in the serum aspartate aminotransferase
and alanine aminotransferase levels between the pCpG-Muy-
treated and the untreated groups (data not shown).

Effect of IFN-y gene transfer on contact dermatitis

There are some concerns that IFN-y gene transfer might increase
the risk of Thi-associated diseases. To clarify this issue, the ear
swelling response in the oxazolone (OX)-induced contact derma-
titis model was used to evaluate the contact hypersensitivity
response in mice. As shown in Figure 7, OX treatment induced ear
swelling but this response was not exacerbated by IFN-y gene
transfer.

DISCUSSION

NC/Nga mice spontaneously develop atopic dermatitis-like skin
lesions around the age of 6-8 weeks when raised under
conventional condition. After that, the severity of the skin lesions
and the parameters reflecting the severity, such as serum IgE level,
increases with age. A previous study reported that the serum IgE
levels of conventional NC/Nga mice increased markedly from 6
weeks of age to around 10 weeks and reached plateau at 17
weeks,'® Thus, the mice with atopic dermatitis at the age of 7-8
weeks, which were used in this study, represent a suitable model
to evaluate the therapeutic effect of IFN-y in the acute phase of
atopic dermatitis. In this study, we demonstrated that pCpG-Muy
is effective not only in preventing the onset of this condition but
also in alleviating the symptoms of the disease, although a higher
dose of pCpG-Muy was required to treat the symptoms of NC/Nga
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Figure 7. Ear swelling response in OX-treated mice. pCpG-Muy was

injected on day 0 or day 5. Mice were sensitized by OX or ethanol on
the shaved abdomen on day 1 and on the right ear on day 6. Ear
thickness was measured 24 h after the last OX application. Data are
expressed as the mean + s.e.m. of four mice.

mice with dermatitis. The mRNA expression of IFN-y and IL-12, Th1
cytokines, in the spleen of mice receiving pCpG-Muy was
increased and accompanied with a reduced expression of IL-4
mMRNA in the spleen and reduced levels of serum IgG1 and IgE
(Figure 3). IFN-y acts in conjunction with IL-12 by mediating a
positive feedback loop to drive the Th1 response and inhibits IL-4
production by Th2 cells, resulting in the suppression of IgE and
IgG1 secretion by B cells.?>2* The mRNA expression of IL-10 and
TGF- B, two representative Treg cytokines, in the spleen of mice
receiving pCpG-Muy were also increased. It has been reported
that Tregs inhibit Th2 cell function in allergic diseases by releasing
IL-10 and TGF-B.""* The development of atopic dermatitis-like
skin lesions in NC/Nga mice was suppressed by IL-10 expressing
plasmid DNA.% It is possible that the increased expression of IFN-y
and IL-12 might induce Treg differentiation''® and partially
contributed to these immunological changes by suppressing Th2
cell response. Taking all these findings into consideration, it is
likely that IFN-y gene transfer stimulates IL-12 production and
these two Th1 cytokines act synergistically to polarize the T-cell
response toward Th1 subset and inhibit IgG1 and IgE production
by suppressing the Th2 pathway. Further investigation is needed
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to prove whether the induction of Treg cytokines is related to
these changes.

Scratching destroys skin barriers and worsens skin lesions,
which is closely linked to an increased TEWL. Histological
examination of the skin sections clearly showed that IFN-y gene
transfer markedly suppressed skin inflammation and the
infiltration of monocytes, granulocytes and mast cells. Mast cells
can be sensitized by IgE and regulate the secretion of cytokines,
such as IL-4, which subsequently mediates the recruitment of
leukocytes,*” so that the reduced infiltration of these inflammatory
cells into the skin could be due to the reduced production of IgE
and IL-4. This suppression will prevent mice from scratching,
which will accelerate skin repair and reduce TEWL. The number of
scratching episodes of mice receiving pCpG-Muy was lower than
that of the untreated mice at all-time points, although it was
fluctuated in the both groups. This could be explained by the
difference in the time for measurement in each day,?® which was
not be controlled in this study.

The use of IFN-y as a therapeutic agent would be a double-
edged sword. The need for a high dose of 0.2 pmol per mouse to
treat, not to prevent, atopic dermatitis symptoms increases the
chance of adverse reactions. The most common adverse events of
IFN-y therapy, which have been evidenced in several clinical trials,
are ‘flu-like’” symptoms, including fever, headache, fatigue and
myalgia. Diarrhea, erythema at the injection site and the elevation
of liver transaminase levels have also been reported in patients
receiving the therapy. These common adverse events are
generally transient and well tolerated.®™* In this study, we
measured the body temperature and the liver transaminase levels
in serum of mice for monitoring the signs of adverse events and
demonstrated that IFN-y gene transfer is safe for use in mice as
long as the dose of the plasmid is 0.2 pmol per mouse or lower.
However, the clinical skin score seems to return to baseline level at
4 weeks after treatment with this dose of plasmid (Figure 2). This
result may be explained by the reduction of IFN-y levels in the
serum of mice with time, thus increasing the dose of pCpG-Muy
within the safety range could be an option to extend the duration
of therapeutic effects. Recently, we have established a plasmid
DNA expressing IFNy in a constant manner with no initial high
concentration of IFN-y that could cause the unwanted effects.®®
This novel IFN-y expressing plasmid would also be useful to
enhance the therapeutic effect of iIFN-y. Another interesting point
is that IFN-y has been reported to be dominant in the skin of
patients with chronic atopic dermatitis.® Further investigation is
required to prove whether IFN-y gene transfer is suitable for the
treatment of chronic phase of atopic dermatitis.

In conclusion, we have demonstrated that sustained transgene
expression of IFN-y is effective in treating the atopic dermatitis in
NC/Nga mice without any apparent adverse effects. These results
raise a possibility that IFN-y gene transfer can be a therapeutic
option for patients with acute-phase atopic dermatitis.

20,21

MATERIALS AND METHODS

Animals

In all, 7- to 8-week-old male NC/Nga mice and 7-week-old female C57BL/6
mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). The mice
were raised and maintained on a standard food and water diet under
conventional housing conditions. The NC/Nga group spontaneously
developing dermatitis was used as a model of atopic dermatitis. The
protocol for the animal experiments was approved by the Animal
Experimentation Committee of the Graduate School of Pharmaceutical
Sciences of Kyoto University.

In vivo gene transfer of [FN-y

The plasmid pCpG-Muy constructed previously®® was used for the
treatment. The naked plasmid pCpG-Muy was dissolved in normal saline
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solution and injected into the tail vein of the mice by the hydrodynamic
injection method®”>® at a dose of 0.05 or 0.2 pmol per mouse on day 0.

Measurement of the concentrations of IFN-y, IgG1 and IgE

Blood samples were obtained from the tail vein at indicated times after
gene transfer, kept at 4 °C for 2 h to allow clotting, and then centrifuged to
obtain serum. The concentration of IFN-y, lgG1 and IgE in the serum was
measured using ELISA kits (Ready-SET-Go! Mouse IFN-y ELISA, eBioscience,
San Diego, CA, USA; Mouse IgG1 ELISA Quantitation Set, Bethyl
Laboratories, Inc, Montgomery, TX, USA; and Mouse IgE ELISA Set,
BD Biosciences, San Diego, CA, USA) according to the manufacturer's
instructions.

Calculation of the pharmacokinetics parameters of IFN-y gene
transfer

The area under the concentration-time curve and the mean residence time
of IFN-y after gene transfer were calculated from the concentrations of
IFN-y in the serum of NC/Nga mice using moment analysis.>®

Real-time PCR analysis of cytokine expression

RNA was extracted from approximately 100 mg of spleen samples using
Sepasol RNA | Super (Nacalai Tesque, Kyoto, Japan). A mixture of
recombinant DNase |-RNase-free (TAKARA, Shiga, Japan) and RNase OUT
recombinant ribonuclease inhibitor (Invitrogen, Carlsbad, CA, USA) was
used for DNase treatment. Reverse transcription was performed using a
ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan). For a quantitative
analysis of mRNA expression, reverse transcribed samples were amplified
by PCR using the primers listed below, and a LightCycler FastStart DNA
Master”™™S SYBR Green | kit (Roche Diagnostics GmbH, Mannheim,
Germany) in a LightCycler instrument (Roche Diagnostics GmbH) accord-
ing to the manufacturer's protocols. The sequences of primers used were
as follows ({forward and reverse, respectively): IFN-y (5'-ATGAACGCTACACA
CTGCATC-3' and 5/-CCATCCTTTTGCCAGTTCCTC-3), IL-12 (5'-CATCGATGAG
CTGATGCAGT-3' and 5'-CAGATAGCCCATCACCCTGT-3'), IL-4 (5’-ACAGGAG
AAGGGACGCCAT-3" and 5'-GAAGCCCTACAGACGAGCTCA-3), IL-10 (5'-CCA
AGCCTTATCGGAAATGA-3' and 5'-TTTTCACAGGGGAGAAATCG-3'), TGF-B
(5’-TTGCTTCAGCTCCACAGAGA-3' and 5-TGGTTGTAGAGGGCAAGGAC-3')
and glyceraldehyde 3-phosphate dehydrogenase (5'-CTGCCAAGTATGATG
ACATCAAGAA-3' and 5-ACCAGGAAATGAGCTTGACA-3'). Individual PCR
products were analyzed by melting curve analysis and the length of the
products was determined by agarose gel electrophoresis. The mRNA
expression of each gene was normalized using the mRNA level of
glyceraldehyde 3-phosphate dehydrogenase.

Scoring skin lesions

Skin lesions were scored at indicated times after gene transfer according to
the criteria previously reported.'® In brief, the scoring was based on (i) the
eczema severity, (i) erosion/excoriation, (iii) scale formation, (iv) erythema/
hemorrhage, (v) inflammation of the face and (iv) inflammation of the ear.
The total clinical skin severity score was defined as the sum of the each of
the six signs (none = 0; mild = 1; moderate = 2; and severe =3).

Measurement of TEWL

TEWL was measured using an evaporimeter (VAPO SCAN, AS-VT 100RS,
Asahi Biomed, Yokohama, Japan) applied to the shaved back of the mice.

Observation of scratching behavior

The scratching behavior was recorded on video for 30 min on days 15
and 21. The videotape was played back at a later time and the number of
scratching episodes was counted manually. A series of scratching
behaviors, starting with the stretching of the hind paws to the head, face
or back and ending with the set-back of the paws, were counted as one
bout of scratching. On days 30, 33 and 35 after gene transfer, the
scratching behavior was monitored using a SCLABA Real (Noveltec inc,
Kobe, Japan), an automated system to analyze the scratching behavior of
small animals. Each mouse was put into an acrylic cage, and its behavior
was recorded for 30min. The number of scratching episodes was
automatically quantified.'®
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Analysis of skin sections

The dorsal skin of the mice was excised, fixed in 4% paraformaldehyde and
embedded in paraffin. Then, 4um-sections were obtained using a
microtome and stained with hematoxylin and eosin for histological
evaluation and quantification of the numbers of monocytes and
granulocytes or with toluidine blue for the detection of mast cells. The
number of monocytes, granulocytes and mast cells were manually counted
under a microscope, and expressed as the number per unit length of the
skin section.

Monitoring of adverse effects of IFN-y gene transfer

The body temperature of the mice was monitored using a digital rectal
thermometer (Physitemp Instruments Inc,, Clifton, NJ, USA). To assess liver
damage, the serum alanine aminotransferase and aspartate aminotrans-
ferase levels of the mice were assayed using commercial test reagents
(Transaminase Cli-Test Wako, Wako Pure Chemical Industries, Osaka,
Japan),

OX-induced contact hypersensitivity

The plasmid pCpG-Muy was injected into the tail vain of C57BL/6 mice
(female, 7-week-old) by the hydrodynamic injection method at a dose of
0.2pmol per mouse on day 0 or day 5. Mice were sensitized by the
application of 100 pl 2% OX in ethanol (elicitation phase group) or ethanol
alone (induction phase-group) to the shaved abdominal skin on day 1,
followed by an application of 10 pl 1% OX to the right ear on day 6. Ethanol
was applied to the left ear. For the untreated group, ethanol was applied
instead of OX to the abdomen and right ear on either day 1 or 6. At 24 h
after the second application, the thickness of both ears was measured
using a digital thickness gauge (Quick Mini, Mitutoyo Co., Kawasaki, Japan).
Ear swelling was calculated from the difference in ear thickness between
the hapten- and vehicle-treated ears.

Statistical analysis

Statistical significance was evaluated by analysis of variance with a
post-hoc Tukey—Kramer test for multiple comparisons (clinical skin scores)
and Student's t-test for comparisons between two given groups. The level
of statistical significance was set at P<0.05.
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