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Table 2. Summary of Mutation Frequencies Detected by Using
Deep Sequencing for NA808- or Telaprevir-Treated
Replicon Cells

Drug Treatment Mutation ~ Region Frequency (%)
Telaprevir 1C50x6, 14 passages V36A NS3 18.1
154V NS3 26.9
A156T NS3 12.9
Q181H NS5A 25.2
P223S NS5A 23.3
S417P NS5A 15.8
NA8S08 ICsox 6, 14 passages Not detected

Nucleotide sequences based on deep sequencing of NS3 to NS5B region
from NA8OS8- or telaprevir-treated replicon cells are compared with un-
treated controls, and amino acid mutations are shown.

intravenously with or without subcutaneous injection of
PEG-IFN for 14 days. In mice infected with HCV genotype
1a, the combination therapy of NA808 with PEG-IEN led
to a rapid decrease in serum HCV-RNA of about 4-log
within 10 days (Figure 3A), and monotherapy with
NA808 and PEG-IEFN achieved about a 2-log and 1-log
decrease, respectively (Figure 4A). The levels of serum
HCV-RNA were also significantly reduced in genotype 2a-
and 4a—infected chimeric mice that received the combi-
nation treatment (Figure 34). Although sensitivities to the
combination treatment varied according to HCV genotype
(1a, 2a, or 4a), the serum HCV-RNA level eventually fell
below the level of detection in all mice treated with the
combination of NA808 and PEG-IFN (Figure 3A); this
result was consistent with the significant reductions in
hepatic HCV-RNA levels at day 14 (Figure 3B).

To determine if NA808 has a synergic effect with
DAAs, we examined combination treatment with NSSB
nucleoside inhibitor, RO-9187,'> NSSB polymerase non-
nucleoside inhibitor, HCV-796, or NS3/4A protease in-
hibitor, telaprevir, in HCV genotype la- or lb-infected
chimeric mice. Oral administration of once-daily 1000
mg/kg RO-9187, 100 mg/kg HCV-796, or 400 mg/kg
telaprevir had only very limited effects or no apparent
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effects on serum HCV-RNA levels during the 14 days of
treatment (Figure 4B, C, and D). However, the combi-
nation therapy of NA808 with RO-9187, HCV-796, or
telaprevir led to decreases in serum HCV-RNA levels of
about 2.6-log, 3.5-log, and 2.5-log, respectively, within
14 days (Figure 4B, C, and D); these reductions were all
in excess of viral load reductions achieved by treatment
with NA808 (5 mg/kg) alone. After 28 days of combi-
nation treatment with NA808 and telaprevir, serum
HCV-RNA levels were reduced by 10%fold (data not
shown). These data suggest that NA808 has synergistic
antiviral effects with HCV enzyme-targeted drugs in vivo,
regardless of the targeted enzyme. The combination
therapy of NA808 with telaprevir and HCV-796 resulted
in up to a 4.7-log reduction of serum HCV-RNA within
14 days (Figure 4D). At the end of the treatment, hepatic
HCV-RNA levels were also reduced, correlating with the
reduction of serum HCV-RNA (Figure 4E).

Pharmacokinetics Data of Chimeric Mice

Treated With NA808

We measured the plasma concentration of NA8OS
in humanized-liver mice at 24 hours after 14 days of treat-
ment. The plasma concentrations of NA80S at trough level
were 0.510 £+ 0.517 nmol/L (1.5 mg/kg), 0.446 + 0.163
nmol/L (3 mg/kg), and 144 £ 1.07 nmol/L (5 mg/kg),
respectively (Table 3). Obvious toxicological findings in gen-
eral conditions were not observed at any doses. We selected
1.4 nmol/L as an effective trough level of NA808 in vivo.

Discussion

The current treatment regimen for HCV infection
is combination therapy with PEG-IFN and RBV; however,
this combination therapy has limited efficacy and is not
well tolerated in many patients due to its systemic side-
effect profile.>* Although the HCV NS3/4A protease in-
hibitors telaprevir and SCH503034 (boceprevir) have been
recently approved for the treatment of chronic HCV
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Figure 3. Antiviral effect of combination treatment of NA808 with PEG-IFN on HCV-infected chimeric mice. (4) Time course of serum HCV-RNA
levels in chimeric mice infected with genotype 1a, 2a, or 4a and treated with a combination of NA808 (5 mg/kg/d, intravenously) and PEG-IFN
(80 pg/kg/twice weekly, subcutaneously). HCV-RNA levels one day before administration are shown in black bars. (B) HCV-RNA levels in the
liver 14 days after the initiation of combination therapy with NA808 and PEG-IFN. Error bars = SD. *P < .05; *P < .01.
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infection, these compounds need to be combined with the
current standard of care.” Therefore, the ultimate goal of
developing a therapy for chronic hepatitis C is likely to
combine HCV enzyme-targeting agents without the use of
IFN or RBV. Currently, combination therapies of DAAs,
such as NS3/4 serine protease inhibirors, NSSB RNA-

Table 3. Plasma Concentration of NA808 in Humanized-Liver
Mice at 24 Hours After Last Dosing

Dose Concentration (nmol/L)®
1.5 mg/kg 0.510 + 0.517
3.0 mg/kg 0.446 + 0.163
5.0 mg/kg 1.44 + 1.07

®Data are indicated as mean + SD.

Days after adminisyation

Days after administration

O
-
+ 4

dependent RNA polymerase inhibitors, and NSSA in-
hibitors, are being tested in clinical trials; however, the
emergence of resistance mutations limits the efficacy of
these therapies.>” In addition, the antiviral activities of
DAAs are reduced for certain HCV genotypes.!' Additional
antiviral agents with high barriers to resistance and potent
antiviral activities against a wide variety of HCV genotypes
are necessary to establish robust and effective antiviral
combination therapies without the use of IFN or RBV.
The infection and replication process of HCV can use not
only NS3, NS4, and NS5 proteins, but also several known
and unknown host protein factors. Drugs that target host
protein factors could provide therapies against HCV with
a high barrier to resistance.
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In the present study, we evaluated the anti-HCV activity
of NA808, a novel host SPT inhibitor in vitro and in vivo.
The inhibitory activity of NA808 is attributed to the in-
hibition of the cellular enzyme SPT, which is necessary for
viral replication. The mode of action of NA2SS5, a lead
compound of NA808, is the disruption of the scaffold
where the HCV replication complex forms on host cellular
lipid rafts.’”” NA808 potently inhibits the de novo
biosynthesis of cellular sphingolipids, such as ceramide
and sphingomyelin, in a dose-dependent manner
(Supplementary Figure 1B). We have recently reported that
NAB808 influences sphingolipid metabolism in host cells
along with its biosynthesis and that sphingomyelin, a
type of sphingolipid, plays a multifaceted role in the HCV
life cycle.'® Additionally, the alteration of sphingolipid
metabolism contributes to virion maturation and infec-
tivity in the JFH-1 culture system.'® These results suggest
that NA80S affects many phases of the life cycle, including
entry, replication, and maturation. It seems that these
diverse working points in the HCV life cycle along with the
differentials of the target site could be a reason for the
enhanced anti-HCV activity of combination treatment
with NA808 and DAAs.

Myriocin, another SPT inhibitor, strongly reduces the
expression of hemagglutinin and neuraminidase of influ-
enza virus glycoproteins and inhibits the release of virus
particles from infected cells.** The mechanism of inhibi-
tion involves the sphingomyelin biosynthetic pathway,
which plays a critical role in the generation of influenza
virus particles. In another report, Miller et al found that
ebola virus particles strongly associate with the
sphingomyelin-rich regions of the cell membrane and that
depletion of sphingomyelin reduces ebola virus infec-
tion®' Lipid rafts, sphingolipid-enriched membrane
microdomains, are involved in the entry, assembly, and
budding of various types of viruses other than HCV,
including several viruses with a serious public health
concern. SPT inhibitors, such as NA80S, have the potential
to affect the life cycle of the other families of viruses and
provide therapeutic options for these difficult-to-treat viral
infections via the inhibition of sphingolipid biosynthesis
and modification of its metabolism, as described here.

Based on the mechanism of action, NA808 could be
anticipated to have antiviral activity against a wide variety
of HCV genotypes as compared with DAAs. To estimate
the effects of NA808 in DAA combination therapy without
the use of IFN or RBV, a combinatorial treatment with
NA808 and NSSB polymerase inhibitors and/or NS3/4A
protease inhibitors was evaluated in chimeric mice with
humanized liver infected with HCV. Both non-nucleoside
inhibitors and nucleoside inhibitors of NSSB are currently
being tested in clinical trials, and the most advanced
protease inhibitors, such as telaprevir, are linear com-
pounds and are currently on the market; several macro-
cyclic compounds are being tested in clinical trials. 12272
Monotherapy with the non-nucleoside polymerase inhib-
itor, HCV-796, showed less than a 0.5 log;e reduction of
serum HCV RNA levels, while a combined treatment with

GASTROENTEROLOGY Vol. 145, No. 4

NAB808 reduced the HCV titer by 1000-fold from the initial
serum levels. This effect was higher than the effect of
NAB808 alone and higher than the sum of NA808 and
HCV-796 monotherapy effects, suggesting synergistic
antiviral efficacy. A similar effect was observed by combi-
nation of NA808 with nucleoside polymerase inhibitor,
RO-9187, as shown in Figure 4B. The maximum re-
ductions in HCV RNA are mediated by triple combina-
torial treatment and the significant in vivo anti-HCV
activity with combination treatment is also observed
when NA808 is combined with PEG-IFN. These observa-
tions suggest that NA808 may have synergistic antiviral
activity with various classes of anti-HCV agents, regardless
of their inhibition mechanism, due to the unique host
enzyme-targeted mechanism of action. In addition, NA80S
could be expected to show a higher barrier to the devel-
opment of resistant clones. Deep-sequencing analysis
showed no evidence for the development of NA8OS resis-
tance after 14 passages in HCV replicon cells, while
telaprevir treatment resulted in the selection of known
protease resistance mutations (V36A, T54V, and A156T)
(Table 2). The full-genome sequence of HCV obtained at
day 14 from HCV-infected humanized-liver mice treated
with NA808 for 14 days also showed no evidence for the
selection of resistance mutations, consistent with the viral
load kinetics (Figure 2B).

Host enzyme inhibition might be associated with
mechanism-related toxicities or side effects. Although more
thorough analyses of toxicity with NA808 are warranted,
NAB808 did not affect host cell viability in vitro under the
assay conditions used (Supplementary Figure 14), and it
was well-tolerated in vivo at the efficacious dose used. The
effective plasma concentration of NA808 at trough level
was approximately 1.4 nmol/L (Table 3), around 100 times
lower than rats that received 40 mg/kg NA80S at 24 hours
after injection (data not shown). No NA808-related
changes, including abnormalities of general conditions,
body weight decreases, and macroscopic or microscopic
changes were observed at this high dose in rats. Homozy-
gous knockout mice for sptlcl and sptlc2, subunits of SPT,
were embryonic lethal, and heterozygous mice showed no
phenotype.®® Mice with conditional sptlc2 knockout
showed necrotic lesions in gastrointestinal cells.”” The
highly selective distribution of NA808 to the liver can
contribute to limit potential systemic toxicities associated
with SPT inhibition by NA808.*®

In conclusion, NA808 mediates potent anti-HCV ac-
tivities in a variety of genotypes with an apparent high
barrier to resistance. Synergistic effects with PEG-IFN,
HCV protease, and/or polymerase inhibitors are ob-
served in chimeric mice with humanized liver infected
with HCV. These findings suggest that NA808 has po-
tential as a novel host-targeted drug in the treatment of
HCV infection. NA808 is considered a promising
candidate for DAA combination treatment without the
use of IFN or RBV to prevent the development of drug
resistance and effectively inhibit a wide spectrum of
HCV genotypes.
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Background. In situ hybridization (ISH) with high sensitivity has been requested to demonstrate hepatitis C virus (HCV) RNA in
formalin-fixed, paraffin-embedded (FFPE) sections of the liver. Methods. ISH employing a locked-nucleic-acid- (LNA-)modified
oligonucleotide probe and biotin-free catalyzed signal amplification system (CSAII) was applied to HCV-RNA detection in the
liver tissue. Nested reverse-transcription polymerase chain reaction (RT-PCR) was performed for HCV genotyping using total
RNA extracted from FFPE sections. The target tissues included FFPE tissue sections of humanized livers in HCV-infected chimeric
mice (HCV genotypes la, 1b, and 2a and noninfected) and of needle-biopsied livers from HCV-infected patients. Results. HCV-RNA
was demonstrated with the ISH technique in HCV-infected liver tissues from both chimeric mice and 9 (82%) of 11 patients with
HCV infection. The HCV signals were sensitive to RNase. Nested RT-PCR confirmed the genotype in 8 (73%) of 11 livers (type 1b:
6 lesions and type 2a: 2 lesions). HCV-RNA was not identified in chronic hepatitis B lesions, fatty liver, autoimmune hepatitis, and
hepatocellular carcinoma. Conclusion. ISH using the LNA-modified oligonucleotide probe and CSAII was applicable to detecting
HCV-RNA in routinely prepared FFPE liver specimens.

1. Introduction therefore simple and reliable histochemical techniques are
needed. Techniques for visualizing HCV localization within
diseased hepatocytes have also been developed. Reports have
described the detection of HCV in human liver tissue by using
immunohistochemistry and in situ hybridization (ISH) [4-
14}, as well as by in sifu RT-PCR [4, 6, 15-20]. At the moment,
HCV detection with immunohistochemistry and ISH is not
yet reproducible enough, we believe. In situ RT-PCR may
demonstrate highly sensitive signals, but with concomitant

Hepatitis C virus (HCV) is a single-stranded RNA virus, a
member of the Flaviviridae family. Since the first identifica-
tion of the HCV genome by Choo et al. [1], HCV study has
progressed mainly in the field of HCV functional analysis
and therapeutic implications. Because of low viral levels in
the serum, the diagnosis of HCV infection has been made
with a branched chain DNA signal amplification assay and
reverse-transcription polymerase chain reaction (RT-PCR)

[2-4]. The sensitivity of HCV detection in the serum thus
became reproducible and clinically relevant.

Pathologists are often requested to detect viral pathogens
within the routinely prepared biopsy tissue samples, and

increase of false positivity. Reliable histochemical techniques
for detecting HCV in formalin-fixed, paraffin-embedded
(FFPE) liver tissues are needed, particularly for routine
diagnostic purpose.



In the present study, we established an ISH technique
using a locked nucleic acid (LNA) probe and biotin-free
tyramide amplification system (CSAII) for detecting HCV-
RNA in FFPE tissue sections of the liver.

2. Materials and Methods

2.1. Samples. As positive controls, we sampled the humanized
liver of HCV-infected chimeric mice {21, 22}, and FFPE tissue
sections were prepared. The chimeric mice were maintained
by M. Kohara, Department of Microbiology and Cell Biology,
Tokyo Metropolitan Institute of Medical Science, Tokyo. A
total of 13 humanized liver specimens from HCV-infected
chimeric mice were used (noninfected 3, genotype la-infect-
ed 3, genotype 1b-infected 4, and genotype 2a-infected 3).

A total of 11 needle biopsy liver specimens of chronic
hepatitis C were culled from the computer file at the Diagnos-
tic Pathology Division of Fujita Health University Hospital,
Toyoake, Japan, and FFPE sections were cut. Needle biopsy
specimens of hepatitis-B-virus- (HBV-)infected chronic hep-
atitis, virus-negative fatty liver and autoimmune hepatitis
(n = 1, resp.), as well as two surgically removed HCC lesions
caused by HCV or HBV infection, were also examined.
The nonneoplastic part of the liver tissue (chronic hepatitis
B) in the HBV-related HCC case was also evaluated. Non-
neoplastic liver tissue was scarcely included in the HCV-
related HCC case. Hematoxylin and eosin (HE) staining was
performed for demonstrating histological features. The activ-
ity of inflammation and the degree of fibrosis were evaluated
according to the New Inuyama Classification (1996) [23].
Serum HCV-RNA levels in the patients were measured using
an RT-PCR assay, the Amplicor HCV Monitor Assay (Roche
Diagnostics), and serum HCV subtypes were determined
with nested RT-PCR (Roche Diagnostics).

2.2. LNA-Modified Oligonucleotide Probe. The sequence of
an HCV-common probe was designed according to the
previous description [15]. The target was within the HCV
5'-untranslated region (FCV-5'UTR), which is a highly
conserved portion in the HCV genome. An LNA-modified
oligonucleotide probe labeled with digoxygenin at the 3'-
end was prepared in Gene Design Inc., Ibaraki, Osaka,
Japan. The nucleotide sequence of the 45-mer probe was
5" AL{TTLgGGLcGTLgCCLcCCLgCGLaGALCTGLCTALg-
CCLgAGLIAGLtGTLtGGLGT-3', in which La, Lt, Lc, and Lg
represent LNA monomers corresponding to the bases A, T,
C, and G, respectively.

2.3. ISH. FFPE sections were dewaxed in xylene and rehy-
drated in graded ethanol. Endogenous peroxidase activity
was quenched with 0.3% hydrogen peroxide in methanol
for 60 minutes at room temperature (RT). After rinsing
thrice in diethyl-pyrocarbonate- (DEPC-)treated water, sec-
tions were digested with 40 ug/mlL proteinase K (Roche
Diagnostics, Tokyo, Japan) at 37°C for 15 minutes, washed
thrice in DEPC-treated water, submerged in 95% ethanol
for 1 minute, and air-dried completely. Then, sections were
heat-treated for 5 minutes at 95°C on a hot plate and
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hybridized with 0.01 ymol/L LNA-modified oligonucleotide
probe diluted with in situ Hybridization Buffer (Enzo Life
Science, Bulter Pike, PA, USA) in an incubation chamber
overnight at 37°C. After rinsing in Ix saline sodium citrate
(SSC) for 30 minutes at 50°C, sections were rinsed twice
in 50 mM Tris-HCl-buffered saline (TBS), pH 7.6, at RT.
A horseradish-peroxidase-labeled antidigoxygenin antibody
(Roche Diagnostics) diluted at 1:100 with 1% bovine serum
albumin in TBS was applied for 60 minutes at RT. For ampli-
fying signals, fluorescein-isothiocyanate- (FITC-)conjugated
tyramide enclosed in CSAII (Dako, Glostrup, Denmark) was
applied to the sections for 15 minutes at RT. Finally, a horse-
radish-peroxidase-labeled anti-FITC antibody equipped in
the CSAII kit was reacted for 30 minutes at RT. Reaction
products were visualized in 50 mM Tris-HCI buffer, pH 76,
containing 20 mg/dL diaminobenzidine tetrahydrochloride
and 0.006% hydrogen peroxidase. The nuclei were lightly
counterstained with Mayer’s hematoxylin.

In order to verify the specificity of the ISH technique
for HCV-RNA detection, we carried out the treatment with
DNase and RNase before the hybridization with the LNA
probe on consecutive sections. Namely, either 10IU/mL
DNase I (Wako, Osaka, Japan) or 100 pg/mL RNase (Sigma-
Aldrich, St. Louis, MO, USA) was incubated for 30 minutes
at37°C.

2.4. Immunostaining Using a Human Specific Cytokeratin 8/18
(CK8/18) Antibody. In order to distinguish mouse hepato-
cytes from chimeric human hepatocytes in HCV-infected
chimeric mice, we utilized a human-specific CK8/18 mono-
clonal antibody (clone: NCL 5D3, MP Biochemicals, Santa
Ana, CA, USA). After blocking endogenous peroxidase activ-
ity, hydrated heat-assisted epitope retrieval was employed
using a pressure pan cooker (Delicio 6L, T-FAL, Clichy,
France) for 10 minutes. Preliminary study revealed that as
a soaking sclution, 1mM ethylenediamine tetraacetic acid
solution, pH 8.0, was optimal to retrieve the antigenicity.
After pressure cooking, sections were left for 30 minutes at RT
for cooling. In order for avoiding nonspecific signals in mouse
hepatocytes, a Mouse Stain kit (Nichirei Bioscience, Tokyo)
was applied before and after the primary antibody incubation.
The human-specific CK8/18 monoclonal antibody at a 1:100
dilution was incubated overnight at RT. After rinsing in
10 mM phosphate-buffered saline (PBS), pH 7.2, the sections
were reacted with a secondary polymer reagent, Novolink
(Novocastra, Newcastle, UK). Reaction products were visu-
alized in the diaminobenzidine-hydrogen perexide solution.
Nuclear counterstaining with hematoxylin followed.

2.5. HCV Genotyping by Nested RT-PCR. Five slices of 5 um
thickness sections were collected in Eppendorf tubes. Total
RNA was extracted from dewaxed sections using RecoverAll
Total Nucleic Acid Isolation kit (Applied Biosytems, Austin,
TX, USA), according to the manufacturer’s protocol, and
stored at —80°C until use. Nested RT-PCR for HCV genotyp-
ing was performed, as described previously [24].
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TasLE I: HCV-RNA demonstration with LNA-based ISH and nested RT-PCR in FFPE human liver tissues.

Bi Di L Serum FFPE liver tissue
Patient iopsy or iagnosis .

surgery New Inuyama Classification =~ HCV-RNA Nested Nested ISH

(KIU/mL) RT-PCR RT-PCR

Case 1 B Chronic hepatitis C, A2F2 51x10° b 1b + Focal/partial
Case 2 B Chronic hepatitis C, AIF1 2,8 x 10 1b b + Focal/partial
Case 3 B Chronic hepatitis C, A2,F1 2,4 x 10% 2a 2a + Diffuse
Case 4 B Chronic hepatitis C, A1F0 1,9 x 10° 2a 2a -
Case 5 B Chronic hepatitis C, A1F1 2,5 % 10° 1b 1b + Focal/partial
Case 6 B Chronic hepatitis C, A2F3 2,7 x 10> 1b - -
Case 7 B Chronic hepatitis C, A2F1 2,2 x 10 2a - + Focal/partial
Case 8 B Chronic hepatitis C, A3F3 5,1 x 10 1b b + Focal/partial
Case 9 B Chronic hepatitis C, A2F1 2,9 x 10* b 1b + Diffuse
Case 10 B Chronic hepatitis C, A2F2 3,1 x 10° 2a - + Focal/partial
Case 11 B Chronic hepatitis C, A2F3 3,3%x10% 1b 1b + Diffuse
Case 12 B Chronic hepatitis B, A3F3 Not detected Not done - -
Case 13 B Fatty liver, AOFO Not detected ~ Not done - -
Case 14 B Autoimmune hepatitis, A3F3  Not detected Not done - -
Case 15 S ggg}‘gi?;f};;iﬁeg’ i;’;z Not detected ~ Not done - :
Case 16 S Hepatitis-C-related HCC Not done - -

New Inuyama Classification (1996).
Activity of inflammation: Al: mild, A2: moderate, and A3: severe.

Fibrosis: F0: none, Fl: portal widening, F2: bridging fibrosis, and F3: bridging fibrosis with lobular distortion.

2.6. Ethical Issue. The present study was approved by the
institutional ethical review board for clinical and epidemi-
ological investigations at Fujita Health University, Toyoake.
The approval number is 12-193. Written informed consent was
obtained from each patient.

3. Results

3.1. HCV-RNA Localization in Humanized Liver of HCV-
Infected Chimeric Mice. In HE-stained sections, mouse
hepatocytes showed densely eosinophilic cytoplasm, while
chimeric human hepatocytes were weakly eosinophilic with
frequent deposition of fat droplets. Immunoreactivity of
human CK8/18 was seen only in human hepatocytes. In all
the 10 HCV-infected livers but not the livers of three HCV
noninfected mice, ISH demonstrated diffuse cytoplasmic
signals in the human hepatocytes. In Figurel employing
consecutive sections, HCV-RNA was visualized with the ISH
technique in human CK8/18-positive chimeric hepatocytes
from chimeric mice infected HCV genotypes Ia, 1b, and 2a
(in Figure 1, dotted lines encircle the mouse hepatocyte area).
No signals were detected in the noninfected chimeric liver
tissue. It is of note that HCV-RNA was demonstrated in
the cytoplasm of almost all chimeric human hepatocytes.
The positive signals remained after DNase treatment but
were completely abolished after RNase treatment. Figure 2
illustrates HCV genotype 1b-infected chimeric mouse liver,
showing HE histology and positive cytoplasmic signals,
which were resistant to DNase but sensitive to RNase.

3.2. HCV-RNA Localization in Needle-Biopsied or Surgically
Removed Human Liver Tissues. Results of the human mate-
rial are summarized in Table 1. Most of the HCV-positive
patients showed high levels of HCV-RNA in the serum.
Exceptionally, a surgical case of HCV-related HCC showed
a low level of HCV-RNA in the serum. Nested RT-PCR
genotyping for HCV using total RNA extracted from FFPE
sections was successful in 8 (73%) of 11 biopsied chronic
hepatitis C lesions, and in all the 8 cases, the genotypes
were comparable with the serum analysis. LNA-based ISH
detected signals in 9 (82%) of 11 chronic hepatitis C lesions,
including three showing diffuse cytoplasmic positivity, and
six showing focal or partial positivity. In three nested RT-
PCR negative lesions, ISH revealed negativity (1 lesion) or
focal/partial positivity (2 lesions). One lesion was nested RT-
PCR-positive and ISH-negative. No HCV-RNA was detected
in HBV-related lesions, fatty liver, autoimmune hepatitis,
and in HCC lesions. Figure 3 demonstrates representative
histochemical findings. Nonspecific binding of the CSAIl
reagent to Kupfler cells or lymphoid cells was occasionally
observed in both the HCV-infected and HCV-unrelated
lesions, as arrows indicate.

4. Discussion

We showed herein that LNA-based ISH for HCV-RNA
yielded clear cytoplasmic reactivity in infected hepatocytes
in FFPE sections. The LNA-modified oligonucleotide probe
we employed represents one of the most sensitive probes for
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F1GUure 1: HCV-RNA localization with LNA-based ISH in the liver of chimeric mice infected with HCV of different genotypes. (a)-(c) HCV
noninfected, (d)~(f) HCV genotype la-infected, (g)-(i) HCV genotype lb-infected, (j)~(I) HCV genotype 2a-infected, ((a), (d), (g), (j)) HE
stain, ((b), (e), (h), (K)) immunostaining for human-specific CK8/18, ((c), (), (i), (1)) LNA-based ISH, (+) mouse hepatocytes, and (##) human
hepatocytes. HCV-RNA is demonstrated diffusely in the cytoplasm of human hepatocytes in the chimeric livers. No signals are seen in the

noninfected liver.

ISH [25-29]. LNA-based ISH has been applied to detecting
cellular microRNA in FFPE tumor tissues [30-32]. The 45-
mer LNA probe was targeted at the HCV-5'UTR containing
a sequence common to the HCV subtypes. Positive signals
for HCV-RNA were clearly demonstrated in HCV la-, 1b-,
and 2a-infected humanized livers of chimeric mice. HCV-
infected chimeric mice with humanized liver thus functioned

as a useful model for histochemically demonstrating the HCV
genome, particularly when immunostaining for human-
specific CK8/18 was combined.

In needle-biopsied human liver specimens, HCV-RNA
was detected in 8 of 11 HCV-infected samples with the nested
RT-PCR analysis and in 9 of 11 with the ISH technique. In
nested RT-PCR negative cases, ISH was negative or partially
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(a) (b)

F1Gure 2: Confirmation of the specificity of LNA-based ISH. (a) HE stain, (b) ISH after DNase treatment, (c) ISH after RNase treatment, (+)
mouse hepatocytes, and (#+) human hepatocytes. The mouse hepatocytes are densely eosinophilic, while the human hepatocytes appear pale
with deposition of fat droplets. HCV-RNA is observed only in the human hepatocytes in the chimeric liver infected with HCV genotype 1b.
The HCV-RNA signals are resistant to DNase treatment but disappear after RNase treatment.

(4

e : o
(e) (f) (2 (h) O] )

FiGuRre 3: HCV-RNA localization with LNA-based ISH in FFPE biopsy or surgical specimens of the liver. ((a), (b)) Case 10 with chronic
hepatitis C, ((c), (d)) case 11 with chronic hepatitis C, ((e), (f)) case 15 with chronic hepatitis B (noncancerous portion of a surgical case for
HCC), ({g), (h)) case 13 with fatty liver, ((1), (j)) case 16 with surgically removed hepatitis-C-related HCC, ((a), (c), (¢), (), (i)) HE stain, and
((b), (d), (f), (h), (j)) LNA-based ISH. In HCV-infected human livers, the HCV-RNA signals are demonstrated in a focal/partial pattern (b)
or in a diffuse pattern (d). Signals are not demonstrated in the hepatocytes of HBV-infected liver (f}, fatty liver (h), and hepatitis-C-related
HCC (j). Nonspecific binding of the reagent to Kupfler cells and lymphoid cells is occasionally observed (arrows in the panels (b), (d), (f),

and (h)).

positive, suggesting that the detection threshold may depend
on the virus load. Diffuse HCV expression pattern in the
hepatocytes was already reported by Nuriya et al. [15], Liang
etal. [33], and Lietal. [34].

In the present ISH study, HCV-RNA was undetectable
in the hepatocytes in HBV-infected livers, nonviral liver
disorders (fatty liver and autoimmune hepatitis), and in
HCV-related HCC. With ISH using a digoxygenin-labeled
c¢DNA probe, Tang et al. reported positivity in 8 (67%) of 12
HCV-related HCC [12]. It has been documented with an in
situ RT-PCR technique that HCV-RNA decreases along with
the progression from liver cirrhosis to HCC [35]. More cases

of HCC need to be analyzed, in relation to the distribution of
the HCV genome in cancerous lesions.

Revie and Salahuddin reviewed that HCV replicated in
macrophages, B and T Iymphocytes, and other nonhepa-
tocellular components [36]. However, we judged the non-
hepatocellular bindings as nonspecific reactions, primarily
because of the staining in non-HCV cases. Under our present
condition, nonspecific binding of the reagents, particularly
CSAIL to Kupffer cells and lymphoid cells was observed.
Further technical improvement is requested for reliable and
reproducible HCV-RNA detection in FFPE specimens.

In conclusion, the ISH technique using the LNA-modified
oligonucleotide probe and CSAII can be applied to detecting



HCV-RNA in liver biopsy specimens, the sensitivity probably
being comparable to in situ RT-PCR. For detecting the HCV
genome in routinely prepared liver biopsy specimens, our
ISH sequence is relatively simple and requires no special
equipment to perform. At the moment, this method seems to
be suitable for demonstrating HCV genome in FFPE sections
and will become a valuable tool for routine histopathological
diagnosis of HCV infection using FFPE liver biopsy speci-
mens.
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Abstract

Background & Aims: The interferon (IFN) system p%ays a cnt:cai roie in mnate antwsral response. We presume that targeted e
induction of IFN in’ human liver shows robust antiviral effec‘cs on hepatms C \nrus (HCV) and hepatltis B; virus (HBV}

Merhods. This study used chimeric mice harbonng humanized livers and. infected with HCV or HBV Thxs mouse model
- permitted simultaneous analysts of immune responses by human and mouse hepatocytes in the same liver and exploration
of the mechamsm of antiviral effect against these viruses. Targeted expression of IFN was induced by treating the animals
with a complex comprising a hepatotroplc cationic liposome and a synthetic doublestranded RNA analog, plC {LIC-pIC).
Viral repiication, IFN gene expression, IFN protein productlon, and IFN antiviral actwity,were,ana yzed ,(for type i and il
IFNS} in the hvers and sera of these humamzed chimeric mlce s S Lo

o Results, Following treatment with LIC-pIC, the humamzed fivers of chcmerrc mice. exhlb:ted mcreased expressron (at the
- mRNA and protein level) of human IFN-Xs, resulting in strong antiviral effect on HBY and HCV. Sm’ular increases were not
 seen for human IFN-c or IFN-B in these animals. Strong induction of IFN-As by LIC-pIC occurred only in human hepatocytes, 3
~and not in mouse hepatocytes nor in human cell lines derived from other (non-hepatic) tissues, LIC-piC-induced IFN-A . :

. production was mediated by the immune sensor adaptor molecules mitochondrial antiviral signaling protein (MAVS) and
Tol/IL-1R domam-contammg adaptor molecule—l T ICAM -1), suggestmg duai recogmtxon of LIC pIC by both sensor adaptor

pathways :

Canclus:ons. These ﬁndmgs demonstrate that the expressmn and functlon of vanous IFNs drffer dependmg on the an:mal, ‘::
species and tissues under investigation. Chimeric mice harboring humamzed hvers demonstrate*that IFN—’AS piay an
) lmportant ro!e in the defense agamst human hepatsc kus mfectlon
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Introduction as type I (IFN-a and IFN-), type II (IFN-y), or type III (IFN-A),
based on receptor complex recognition and protein structure.
Innate immune responses, such as IFN induction, contribute to
defenses against microbial pathogens. Pathogens are recognized by
four types of receptors associated with innate immunity: Toll-like

The interferon (IFN) fanaly of cylokines are important
mediators of the innate immunc rosponse and contribute to the
first line of defense against viral infeution. The IFNs are classified
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receptors (TLRs), Nod-like receptors, retinoic acid-inducible gene-
I (RIG-I) -like receptors and C-type lectins [1]. The initial
recognition of pathogens by these receptors induces inflammatory
reactions at the infected site, and also triggers adaptive immunity
against the pathogens. Thus, activation of the innate immune
response exerts antiviral effects. Immunity-associated receptor
agonists are therefore good candidates for antiviral drugs and
adjuvants [2].

IFN-o and IFN-f are currently employed therapeutically. The
most noteworthy example is in the treatment of chronic hepatitis G
virus (HCV) infection with pegylated IFN-a (PegIFN-o) [3]. These
IFNs also are used against chronic hepatitis B virus (HBV)
infection [4]. Some groups recently have reported that HCV
infection results in expression of IFN-As in primary human
hepatocytes [5] and in the livers of chimpanzees [6]. Additionally,
variation near the IFN-A3 (IL-28B) -encoding gene is strongly
associated with treatment response to pegylated IFN and ribavirin
for chronic HCV infection and spontaneous eradication
[7,8,9,10].

To target induction of the innate immune system of liver
without inducing systemic immune activation, we developed
a complex of cationic liposome (LIC) and the synthetic double-
stranded RINA analog (polyinosinic-polycytidylic acid; plC),
termed LIC-pIC. We have reported that LIC is a safe and
effective delivery tool for oligonucleotides [11,12]. Furthermore,
we have shown, using administration in animal models, that RNA
complexed with LIC can be delivered in large quantities to the
liver (Figure $1). pIC is a well-known inducer of IFN-ot and IFN-
B production, a role mediated through pIC’s recognition by TLR3
[13] or RIG-I-like receptors [14].

In the present study, we demonstrate, using administration of
LIC-pIC, the distinct innate immune responses of human and
mouse hepatocytes in chimeric mice harboring human/mouse
livers infected with HCV or HBV [15,16]. The animals used here
were transgenic severe combined immunodeficient (SCID) mice
that carried additional copies of the urokinase plasminogen
activator-encoding gene, resulting in the apoptosis of endogenous
mouse hepatocytes, which then were replaced with human
hepatocytes. This animal model provided robust HBV or HCV
infection in chimeric mice harboring humanized livers. Because
these rodents were T- and B-cell deficient, the mice were not
appropriate for studies of adaptive immunity. Nonetheless, this
model provided new insights into HCV innate host responses and
therapeutic approaches. Furthermore, these models permitted
analyses of human/mouse hepatocyte immune responses in the
same liver. These analyses indicated that IFN-As play a critical role
in the antiviral response of human hepatocytes, and that IFN-p is
induced in the response of mouse hepatocytes. Analysis of several
cell lines showed that this robust IFN-A induction was limited to
the human hepatocytes. These results suggest that the function of
IFN-As, IFN-a, and IFN-f differ depending on the animal species
and on the tissue under study.

Materials and Methods

Ethics Statement

This study was carried out in strict accordance with both the
Guidelines for Animal Experimentation of the Japanese Association for
Laboratory Animal Science and the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of
Health. All protocols were approved by the ethics committee of
Tokyo Metropolitan Institute of Medical Science. The HCV-
infected patient who served as the source of the serum samples
provided written informed consent prior to blood collection.
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Nucleic Acids and Complexes

pIC and LIC were prepared as previously described [11]. In
brief, the distribution of the chain lengths of polyinosinic and
polycytidylic acids (Yamasa, Chiba, Japan) was adjusted by
heating to give an apparent maximum of 200—400 bases, as
determined by gel filtration high-performance liquid chromatog-
raphy. Liposomes composed of the cationic lipid analogue 2-0-(2-
diethylaminoethyl)-carbamoyl-1,3-O-dioleoylglycerol (synthesized
at Nippon Shinyaku Co., Ltd., Kyoto, Japan) and egg phospha-
tidylcholine (NOF Corp., Tokyo, Japan) were lyophilized and
formulated by Nippon Shinyaku Co., Ltd. A short dsRNA,
a synthetic siRNA against the firefly luciferase gene, was
purchased from Hokkaido System Science (Sapporo, Japan).
The sequence of this dsRNA was 5'-GCUAUGAAAC-
GAUAUGGGC-dTdT-3' (sense) and 5'-GCCCAUAUCGUUU-
CAUAGC-dTdT-3" (antisense). Atelocollagen, a highly purified
type I collagen prepared by pepsin treatment of calf dermis, was
obtained from Koken (Tokyo, Japan). Each nucleic acid complex
with LIC or atelocollagen was freshly prepared for each
experiment.

Generation of Chimeric Mice Infected with HCV or HBV

Chimeric mice infected with HCV or HBV were prepared as
previously described [17,18]. In brief] uPA™*/SCID  mice
transplanted with human hepatocytes were obtained from
PhoenixBio (Hiroshima, Japan) [19]. Six wecks after transplanta-
tion, we injected cach chimeric mouse intravenously (IV) with
HCV (10° copies per dose) -containing serum or HBV-containing
culture supernatant. The serum was obtained from a HCV-
infected patient harboring HCV genotype 1b (HCR6; accession
number AY045702) or la (HCGY; accession number AB520610);
the supernatant was concentrated from a culture containing HBV
genotype C. By the time of the first drug administration, the serum
HCV genomic RNA levels had reached 6.6x10° to 2.7x10
copies/ml (genotype 1b) or 2.9x10° to 2.8x10° copies/ml
(genotype la); the serum HBV genomic DNA levels had reached
2.4x107 to 1.2x10% copies/ml.

Treatment of Chimeric Mice

Virus-infected chimeric mice with humanized livers were
randomly allocated to treatment groups of 3-5 mice each. Starting
on Day 0, the chimeras received once- or three-times-daily IV
injections (via the taill or orbital vein) of saline, LIC-pIC,
atelocollagen-pIC, LIC-short dsRNA, pIC, human IFN-AL,
human IFN-A2, or human IFN-A3 (the human [FN-As were from
R&D Systems, Minneapolis, MN, USA) and once-weekly (Days
0 and 7) IV injections of a-galactosylceramide (KRN7000; Kirin
Brewery, Gunma, Japan); twice-weekly (Days 0, 3, 7 and 10)
subcutaneous (SC) injections of 30 pg/kg PeglFN-a (PeglFNa-2a;
Chugai Pharmaceutical Co., Ltd, Tokyo, Japan); or once-daily
peroral entecavir (ETV) (Bristol-Myers Squibb, New York, NY,
USA). The IV injections were performed under gentle pressure to
avoid non-specific delivery effects. All drugs were administered at
a dosing volume of 5-10 pl/g of body weight.

Quantification of HCV Genomic RNA Levels by gRT-PCR

Total RNA was purified from the serum or liver tissue of
chimeric mice with humanized livers by the acid guanidinium-
phenol-chloroform method. HCV genomic RNA -levels were
quantified by gRT-PCR with an ABI7700 sequence detector
system (Applied Biosystems, Foster City, CA, USA) as previously
described [20].
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Quantification of HBY Genomic DNA by qPCR

DNA extraction from the serum and liver tissue, and
quantification of HBV genomic DNA, were performed as
previously described [21].

Immunofluorescence Analysis

Liver tissues obtained from mice were embedded in OCT
compound. The frozen tissues were cut into thin sections (5-8 pm)
and placed on glass slides. After fixation, mouse liver sections were
probed with an anti-HCV core protein monoclonal antibody (5E3)
labeled with biotin [22] as the primary antibody, followed by
streptavidin Alexa-488 conjugate (Invitrogen Corp., Carlsbad,
CA, USA). To detect human hepatocytes, liver sections were
probed with anti-human hepatocyte monoclonal antibody (Dako,
Glostrup, Denmark), followed by anti-mouse IgG-Alexa 546
(Molecular Probes). The nuclei were stained with 4',6-diami-
dino-2-phenylindole (DAPT).

Cells

HepG2, Huh-7, and HEK293T cells were obtained from the
American Type Culture Collection. MRC-5 (RCB0218) cells were
provided by the RIKEN BioResource Center through the
National Bio-Resource Project of the MEXT, Japan. All cells
were cultured as described [23]. Two types of human hepatoma
HuH-7 cells carrying an HCV sub-genomic replicon (FLR 3-1
(genotype 1b, Con-1) and R6FLR-N (genotype b, strain HCR6
and N)) were used and cultured as described [24], [25].

RNA-mediated Interference

Chemically synthesized 21-nucleotide siRNA, including control
siRNA (siPerfect Negative control), was obtained from Sigma. The
sequences of these RNAs are 5-GCCAUAGACCACUCAG-
CUU-3' (siTICAM-1) and 5'-CCACCUUGAUGCCUGUGAA-
3" (siMAVS) (only the sense strands are shown). Cells were
transfected with 50 nM siRNA in 2.0 pl Lipofectamine RNAi-
MAX (Invitrogen), and then were used 48 h later for further
experiments.

Microarray Analysis

Total RNA was extracted from chimeric mouse livers using
ISOGEN (Nippon Gene, Tokyo, Japan), and was purified using
an RNeasy Mini Kit (QIAGEN, Valencia, CA, USA). RNA
integrity was assessed with a Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). cRNA was prepared and the
microarray (Agilent Technologies) was hybridized and scanned
according to the manufacturer’s instructions. Whole human
genome 4x44 K format microarrays (G4112F; Agilent Tech-
nologies) were used.

Gene Expression Analysis

Total RNA or ¢cDNA, which was synthesized from total RNA
using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems), was used for qR'T-PCR or gPCR performed using
TagMan Gene Expression Assays and the ABI7700 sequence
detector system. The TagMan Gene Expression Assays for IENBI,
Ifnbl, IENA2, Ifna2, IFNG, Ifng, IFNLI (also known as IL29), Ifnl2/3
(also known as [128a/b), IFNARI, Ifnarl, IFNAR2, Ifnar2, IFNLRI
(also known as IL28RA), and Ifalrl (also known as [l28ra) were
obtained from Applied Biosystems. The primers and probes for the
IFNL2 and IFNL3 (also known as IL284 and IL28B, respectively)
genes were obtained from Takara Bio, Inc. (Shiga, Japan). The
primers and probes for the IFNLZ gene consisted of a forward
primer, IL28A-207-S21 (nt 207-227; 5'-GCTGAAGGACTG-

PLOS ONE | www.plosone.org

Antiviral Effect of IFN-A Induction in Human Liver

CAGGTGCCA-3"); a reverse primer, IL28A-378-R20 (nt 359-
378; 5'-GGGCTGGTCCAAGACGTCCA-3"); and a TagMan
probe, IL28A-286-S24FT (nt 286-309; 5'-ATGGCTTTG-
GAGGCTGAGCTGGCC-3"). The primers and probes for the
IFNL3 gene consisted of a forward primer, IL28B-207-S21 (nt
207-227; 5'-GCTGAAGGACTGCAAGTGCCG-3"); a reverse
primer, IL28B-379-R21 (nt 359-379; 5'-GGGGCTGGTCCAA-
GACATCCC-3"); and a TagMan probe, 1L28B-286-R20FT (nt
267-286; 5'-CGGGGCGCTCCCTCACCTGC-3). A reporter
dye, 6-carboxy-fluorescein, was covalently attached to the 5'-end
of the probe sequence and a quencher dye, 6-carboxytetra-
methylrhodamine, was attached to its 3-end.

Calibration curves for quantification of the IFN-o- or IFN--
encoding genes and the IFN-As-encoding genes were prepared by
using a series of ten-fold dilutions of human IFNBI and IFNAZ2
RNAs (synthesized in our laboratory), and human IFNLI, IFNL2,
and [FNL3 cDNA clones (Open Biosystems, Inc., Huntsville, AL,
USA). Each assay specifically detected its own target.

Quantification of IFENARI/2, Ifaarl/2, IFNLRI, and Ifnlrl
mRNA was estimated using the calibration curves for the ZFNLI
cDNA.

IFN-A Neutralization Studies

IFN-A1 to IFN-A3 in the chimeric mice were neutralized by
daily IV injection of 3 mg/kg anti-human IFN-A1 (R&D Systems)
and 1 mg/kg anti-human IFN-A2 (R&D Systems) antibodies.

Statistical Analysis

The data were analyzed with SAS System version 8.2 (SAS
Institute, Inc., Cary, NG, USA). P values of =0.05 were
considered significant.

Results

Antiviral Responses Elicited by LIC-pIC in HCV- or HBV-
infected Chimeric Mice with Humanized Livers

To confirm that HGV and HBV can infect humanized chimeric
mice, we measured HCV RNA or HBV DNA levels in serum
weekly after inoculation with the respective virus (Figure $2A
and 82B). At 3 wecks post-infection, HCV-RNA levels reached
10°-107 copies/mL in the genotype 1b group (Figure S2A); at 9
weeks post-infection, HBV-DNA levels reached 10"-10% copies/
mL (Figure $2B). These results demonstrated that HCV or HBV
can replicate in, and persistently infect, human hepatocytes
transplanted into chimeric mice.

Treatment of HCV genotype lb-infected chimeric mice with
LIC-pIC (0.1 mg/kg; 1 of 3 times/day) led to a dose-dependent
reduction in serum HCV RINA that was greater than the reduction
induced by PeglFN-a treatment (30 pg/kg; twice/week, 20-fold
the typical clinical dose) (Figure 1A). Treatment of HCV
genotype la-infected mice with LIC-pIC (0.01, 0.03 or 0.1 mg/
kg; once/day) had a similar antiviral effect (Figure 1B).
Treatment of these mice with LIC-pIC also reduced liver HCV
RNA levels (Figure 1C) and liver HCV core protein levels
(Figure 1D).

Treatment with LIC-pIC (0.1 mg/kg/day) also reduced serum
HBV DNA levels in HBV-infected mice more effectively than
entecavir (ETV) treatment (17 pg/kg/day; the same as the clinical
dose) by Day 14 (Figure 1E) and additionally reduced liver HBV
DNA levels (Figure 1F). LIC-pIC complex treatment therefore
elicited stronger antiviral responses against both HCV and HBV
than currently used antiviral agents without marked hepatotoxicity

(Figure S3).
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Figure 1. Antiviral responses elicited by LIC-pIC in chimeric mice with humanized livers. (A, B) Serum HCV RNA levels, relative to the
baseline, in HCV genotype 1b-infected (A) or 1a-infected (B) chimeric mice following the indicated treatments, as determined by qRT-PCR (n=3-
5 per group). {C) Liver HCV RNA levels on Day 4 of LIC-pIC treatment (0.1 mg/kg/day), as determined by gRT-PCR. (D) Immunostained liver tissues of
HCV genotype 1b-infected chimeric mice treated with saline (Upper) and LIC-pIC (0.1 mg/kg/day) (Lower) at Day 4. (E) Serum HBV DNA levels relative
to the baseline following the indicated treatments, as determined by qPCR (n =3-4 per group). (F) HBV DNA levels of chimeric mouse livers following
LIC-pIC treatment, as determined by gPCR (n=1 per each time point, the results indicates the mean of two measurements) (G) HCV RNA levels
relative to the baseline following the indicated treatments, as determined by qRT-PCR (n=3-4 per group). In all cases, bars indicate SD. **P<0.01,

treatment vs. saline control by Dunnett's multiple comparison test.
doi:10.1371/journal.pone.0059611.g001

We next analyzed the effect on serum HCV RNA levels of
treatment with pIC alone; with pIC complexed with the non-
hepatotropic carrier atelocollagen (AC) [26]; or with a short
dsRINA complexed with LIC. Significant reductions in serum
HCV RNA levels were observed only following treatment with the
AC-pIC complex (Figure 1G), indicating that the active
ingredient of LIC-pIC was pIC and that the antiviral effects of
plIC were enhanced by complexing with LIC.

Expression of IFN-o, IFN-B and IFN-y Induced by LIC-pIC
in Chimeric Mice with Humanized Livers

pIC induces IFN-o and IFN-B production through recognition
by TLR3 [13] or RIG-I-like receptors [14]. To examine whether
the potent antiviral responses elicited by LIC-plC were caused by
its reported ability to induce IFN-a and IFN-B, we analyzed the
expression levels of these IFNs after administration of 0.1 mg/kg
LIC-pIC to virally infected mice. Administration and sampling
were conducted according to the schedules shown in Figure 2A
(HCV-infected mice) and Figure S4A (HBV-infected mice).
Because the mouse livers used in this study were human-mouse
chimeras (average substitution rate =80%) [19], we measured the
induction levels of both human and mouse IFNs.

The first administration of LIC-pIC (Day 0) induced both
human and mouse IFN-f in the scrum, as well as JENBI (human)
and Ifnbl (mousc) mRNA in the liver (Figure 2B and 2C). The
mRNA induction levels peaked 3 h after the first administration
and decreased to the pretreatment levels within 24 h (data not
shown). On repeated administration, the peak levels of both
protein and mRINA fell gradually in the mouse, whereas induction
of humanized liver-derived IFN products was observed only at the
first administration (Figure 2B and 2C), although the antiviral
responses elicited by LIC-pIC were sustained throughout the
administration period. In addition, we did not observe induction of
human or mouse IFN-o« in the serum, or of [FNA2 or IFNG
(human) or Ifaa2 or Ifng (mouse) mRNA in the liver, at any point
during LIC-pIC administration (Figure 2B and 2C, and Figure
$4B and S4C). The induced mouse IFN- that was still observed
after the fifth administration was not expected to have any
antiviral effect because mouse IFN-B does not suppress HCV
replication in HCV replicon-containing cells (Figure 2D), in-
dicating that mouse IFN-B does not activate signaling by the
human receptor. Thus, the kinetics of IFN-o, IFN-B, and IFN-y
induction by LIC-pIC were inconsistent with the duration of the
antiviral responses that were observed.

Moreover, the maximum serum concentration of human IFN-
B that was induced by LIC-pIC was only 92 pg/ml (Figure 2B),
which was 13-fold lower than the serum level of mouse IFN-,
despite the high human hepatocyte substitution rate in the liver.
This poor induction of human IFN-p by LIC-pIC was in-
dependent of HCV infection (Figure 85). As for IFN-a, no serum
IFN-a could be detected following LIC-pIC treatment, whereas
a constant high concentration of human IFN-a (=20,000 pg/ml)
was observed in the serum of chimeric mice treated with PegIlFN-
o (Figure 2B). Thus, the concentration of IFN-a and IFN-8 in the
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serum of chimeric mice treated with LIC-pIC could not explain
the potency of the LIC-pIC-induced antiviral response.

Although pIC is also known as an activator of natural killer
(NK) or NKT cells [27,28], these cell types were not involved in
the antiviral response elicited by LIC-pIC in the virus-infected
chimeric mice of this study (Figure $6). These cumulative data
indicated that an unknown mechanism was responsible for the
observed antiviral response.

IFN-As Mediate the Antiviral Response of Chimeric Mice

with Humanized Livers to LIC-pIC

To determine the mechanism of the LIC-pIC-induced antiviral
response, we performed comprehensive gene expression analysis to
identify genes whose expression kinetics were consistent with the
duration of this response. DNA microarray analysis of the livers of
chimeric mice infected with HCV and treated, or not, with LIC-
pIC identified type III IFN genes as having suitable expression
kinetics (Figure 3A and 3B). There are three type IIT IFN genes
in humans, IFNLI, IFNL2, and IFNL3 (formerly IL29, IL284, and
1L28B, respectively), which encode IFN-AlL, IFN-A2 and IFN-A3
(also designated IL-29, IL-28A, and IL-28B), respectively [29,30].
The genes that were analyzed included those encoding IFN-o,
IFN-B, IFN-¢g, IFN-x, I[FN-o, IFN-y, and IFN-A. Among these
genes, the three IFN-A-encoding genes were the only ones whose
levels remained up-regulated 3 h after the fifth LIC-pIC admin-
istration to HCV-infected mice on Day 4 (Figure 3B). qRT-PCR
demonstrated that, unlike {FNBI, the mRNA levels of human
IFNLI (IL29), IFNL2 (IL284), and IFNL3 (IL28B) were strongly
induced in the livers of chimeric mice treated with LIC-pIC
(Figure 3C). In addition, expression of human IFNVL1, [FNL2, and
IFNL3 was induced at each LIC-plG administration. Consistent
with these gene expression results, ELISA analysis revealed that
the serum levels of IFN-A1 and IFN-A2 were much higher than the
level of IFN-B (Figure 3D). These results indicated that the
expression of IFN-As was strongly and persistently induced by
LIC-pIC in human hepatocytes transplanted into chimeric mice.

We further investigated whether IFN-As directly affected HCV
or HBV replication. Indeed, recombinant human IFN-A1, IFN-
A2, and IFN-A3, when added to HCV replicon cells, suppressed
virus replication in a concentration-dependent manner (Figure
$7). Furthermore, chimeric mice dosed with IFN-As had (by Day
8) serum HCV RNA levels that were significantly lower than those
of the saline-treated control group (Figure 3E). Treatment with
IFN-A2 also reduced serum HBV DNA levels compared to those
seen in the saline-treated control group by Day 7 (Figure $8).
Furthermore, combination treatments with neutralizing antibodies
against IFN-A1 and IFN-A2 (a treatment that neutralizes all three
IFN-A subtypes due to cross-reactivity (Figure $9)) attenuated the
LIC-pIC-dependent reduction in HCV RINA levels in both serum
and liver (Figure 3F). These results demonstrated that IFN-As
play a critical role in the antiviral response elicited in human
hepatocytes by LIC-pIC.
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Figure 2. Expression of genes encoding IFN-g, IFN-§, and IFN-y following induction by LIC-piIC in chimeric mice with humanized
livers. (A) Experimental schedule in chimeric mice infected with HCV. (B) Serum concentrations (in chimeric mice) of human and mouse IFN-8 and
IFN-0, as determined by ELISA (n=3-5 for no treatment or LIC-piC group; n=6-8 for PeglFN-o group). Bars indicate the mean concentration of
human (red) and mouse (green) IFNs averaged across the entire group. The results indicates the representative of two measurements (C) The liver
mRNA levels of genes encoding IFN-B, IFN-a2 and IFN-y (human genes: IFNB1, IFNA2 and IFNG, respectively; mouse genes: Ifnb1, Ifna2 and Ifng,
respectively), as determined by qRT-PCR (n=3-4 per group). The bars indicate the mean mRNA levels of human (red) and mouse (green) IFN genes
averaged across the entire group. The results indicates the representative of two measurements (D) Effectiveness of recombinant human or mouse
IFN-B against HCV in FLR 3-1 HCV-replicon cells. The bars indicate SD (n=4 per group). **P<0.01, treatments vs. the vehicle by Dunnett’s multiple

comparison test.
doi:10.1371/journal.pone.0059611.g002

The Induction of IFN-As by LIC-pIC and Antiviral Effect in
Humanized Chimeric Mice with Genetic Variants of IFNL3
(1L28B)

Patients with the G-allele of rs8099917, a SNP that is located
near the IFNL3 gene, are less likely to spontancously clear acute
HCV infection and respond to combination therapy with PegIFN-
o and ribavirin [7,8,9,10]. We examined whether this genetic
variation influenced the induction of IFN-As in human hepatocytes
and antiviral response to HCV. In the present study, LIC-pIC
induced IFN-A gene expression and anti-HCV effects to the same
degree, even in chimeric mice harboring human hepatocytes
derived from donors bearing the rs8099917 G-allele (Figure
S10A and 10B). These results indicate that neither induction of
IFN-As by LIC-pIC nor antiviral response was significantly
influenced by this genomic polymorphism.

The Difference in Innate Immunity Induced by LIC-pIC in
Human and Mouse Livers

The present study used chimeric mice with humanized livers,
a model that permitted simultaneous analysis of human and mouse
gene expression in the same liver. With LIC-pIC treatment,
expression of IFN-A-encoding genes was induced to levels greater
than those of IFN-o- and IFN-B-encoding genes in human
hepatocytes, whereas Infb] was induced to levels greater than
expressions of IFN-A-encoding genes in mouse hepatocytes
(Figure S11A). Morcover, gene expression analysis indicated
that the expression patterns of the genes encoding the correspond-
ing IFN receptors differed between the human and mouse
hepatocytes. Specifically, the genes encoding the IFN-o¢ and
IFN-B receptors werec more strongly expressed in mouse
hepatocytes (as ffnarl and Ifnar2, respectively) than in human
hepatocytes (as IJFNARI and IFNAR2, respectively), whereas the
gene encoding the IFN-X receptor was more strongly expressed in
human hepatocytes (as IZENLRI (formerly IL28RA)) than in mouse
hepatocytes (as Jfalrl (formerly /i28ra)) (Figure $§11B, $11C, and
$11D). These results strongly suggest that IFN-As play a critical
role in the immune response by human hepatocytes, while IFN-
o and IFN- are important for the response by mouse hepatocytes.

IFN Expression in Human Cell Lines Following the
Induction of Innate Immunity with Various Stimuli

To provide a comparison with the innate immune response of
human hepatocytes, we investigated the role of IFNs in cell lines
derived from other tissues. For this purpose, we examined the
expression levels of the genes encoding IFN-A and IFN-f following
treatment with LIC-pIC in several human cell lines. In response to
treatment with LIC-pIC, [FNL! mRNA was more strongly
induced in HepG2 cells, a hepatocyte cell line, than in HEK293T
or MRC-5 cells, kidney and fibroblast cell lines, respectively; the
opposite expression pattern was observed for the induction of
IFNBI mRNA (Figure 4A). Indeed, the protein level of IFN-A1 in
cell culture medium was also much higher in HepG2 cells than in
MRC-5 cells (Figure 4B). Interestingly, whereas LIC-pIC
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induction of JFNLI mRINA and IFN-Al protein was weaker in
MRC-5 cells than in HepG2 cells, the levels of ZENLI mRNA and
IFN-A1 protein in MRC-5 cells were almost comparable to those
seen in HepG?2 cells upon infection with Newcastle disease virus
(NDV) or vesicular stomatitis virus (VSV) (Figure 4C and 4D).
These data suggest that the [FNLI/IFN-Al expression profile
induced by LIC-pIC was different from that induced upon viral
infection. Using siRNA technology, we found that the expression
of IFNLI induced by LIC-pIC was mediated by both MAVS (the
adaptor molecule that links RIG-I-like receptor signaling path-
ways) and TICAM-1 (a TLR adaptor molecule) (Figure 4E and
4F). These results suggest that the innate immune response of
human hepatocytes has unique characteristics in terms of IFN
responses, and that LIC-pIC can induce robust production of IFN-
As by human hepatocytes through recognition by two distinct
innate immune molecules (Figure 4G).

Discussion

In this study, we demonstrated that treatment of chimeric mice
(harboring human hepatocytes) with LIC-pIC resulted in the
efficient induction of innate immunity that was associated with
robust production of IFN-As and resulted in the abrogation of
infection by hepatotropic viruses such as HCV and HBV.
Recently, two different groups, Marukian et al. [5] and Thomas
et al. [6], have reported that HCV infection results in production
of IFN-As in primary human hepatocytes and in the livers of
chimpanzees, providing control of HCV replication. In the present
study, we extend those analyses by showing that the activation of
the intrinsic immune system in human hepatocytes induces the
robust production of IFN-As, thereby providing efficient defense
against viral pathogens. Furthermore, we show that neither
induction of IFN-As by LIC-pIC nor associated antiviral cffects
are influenced significantly by a genomic polymorphism near the
IFNL3 gene. In contrast, the efficacy of combination therapy of
PegIFN-o and ribavirin varies with genomic variations at this site.
More recently, Prokunina-Olsson ef al. have demonstrated that
a dinucleotide variant, 5469415590 (I'T or AG), located upstream
of IFNLS is strongly associated with HCV clearance, and that its
frameshift variant ss469413590[AG] creates a new gene, termed
IFNL4 [31]. These findings may provide a new approach to
investigate whether treatment with LIC-pIC induces JFNL4 and
whether the antiviral effects of LIC-pIC are influenced by the
induction of IFNL4.

To date, several mouse studies have indicated that IFN-As play
an important role in host defense against pathogens in vaginal,
intestinal, and tracheal epithelial cells [32,33,34], but that these
IFN molecules do not contribute to innate immunity against
hepatotropic viruses [35]. In the present study, we showed that
LIC-pIC treatment activated the innate immune response of
human hepatocytes in chimeric mouse liver, providing robust
expression of the IFN-A-encoding gene without significantly
inducing expression of the IFN-B-encoding gene. Moreover, we
showed that human hepatocytes expressed the IFN-A receptor-
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Figure 3. IFN expression following induction of innate immunity by LIC-piC. (A) Experimental schedule in the chimeric mice infected with
HCV. (B) Microarray analysis of IFN family gene expression. Log, ratio values of gene expression were calculated with respect to control (untreated
and HCV-infected) chimeric mice. (€) Liver mRNA levels of human IFN genes (n = 3-5 per group), as determined by qRT-PCR. (D) Serum concentration
of human IFN-A1, IFN-A2, IFN-B, and IFN-a (n=3 per group), as determined by ELISA. (E) Serum HCV RNA levels, relative to the baseline, in HCV-
infected chimeric mice treated with human IFN-A, LIC-pIC, or control saline {(n=3-5 per group), as determined by qRT-PCR. (F) The HCV RNA levels in
the serum and liver of HCV genotype 1a-infected chimeric mice collected on Day 4 of LIC-pIC treatment, as determined by qRT-PCR. The mice were
additionally treated with either a control antibody or a neutralizing antibody against IFN-A (n=3 per group). Bars indicate SD. **P<<0.01, treatments
vs. saline controls on the respective day, by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0059611.g003

encoding genes at high levels, while expression of the IFN- from the same livers. Thus, human hepatocytes (in contrast to
B receptor-encoding genes remained low. In contrast, expression mouse hepatocytes) are rich sources of IFN-As, while IFN-a or
of the IFN-A receptor-encoding genes was low and expression of IFN-B are produced at lower levels in these cells. Indeed, the
the IFN-B receptor-encoding genes was high in mouse hepatocytes expression (in humanized livers) of these IFN-A-encoding genes
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