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Table 1

Frequency of sequence patterns of 13 bp nucleotides up-downstream of the target HCV Core a.a.70.
Pattern Sequences (544-556 bp)” Core a.a.70 Core a.a.70-type Frequency
1 5'-ctcge cgg cccga-3’ Arginine Wild-type 45/87,51.71%
2 5'-ctcge cga cccga-3' Arginine Wild-type 8/87;9.20%
3 5’-ctcge cag cccga-3’ Glutamine Mutant-type 25/87;28.74%
4 5'-ctcge caa cccga-3’ Glutamine Mutant-type 6/87;6.90%
5 5'-Ytcgce cgg cccga-3' Arginine Wwild-type 1/87;1.15%
6 5'-ctcgce cgt cccga-3’ Arginine wild-type 1/87;1.15%
7 5'-ctcgc cat ccega-3' Histidine Mutant-type 1/87;1.15%

Direct nucleotide sequence analysis of the 87 patients with HCV was performed to determine mutation patterns. The letters in bold italics indicate the mutation in the target
sequence to the probes, which were substitution to pattern 1 (51.71%; the most major sequence pattern in this study), and the underlines indicate three bases of the core

a.a. 70 codon.

* The nucleotide position (bp) was numbered according to the full-length genome sequence of HCV genotype 1b strain NC1, GenBank accession number AB691953.1. Y:

c+t.

(final concentration, 500 nM each), and 5 p.L of cDNA. Droplets were
generated using the droplet generator (DG) with 70 wL of DG oil per
well with a DG8 cartridge and cartridge holder, 20 p.L of PCR reac-
tion mix, and a DG8 gasket. Droplets were dispensed into each well
of a 96-well PCR plate by aspirating 40 p.L from the DG8 cartridge.
The PCR plate was subsequently heat-sealed with foil and placed in
a PCR thermal cycler Mastercycler® Nexus gradient (Eppendorf AG,
Hamburg, Germany). The cycling conditions were as follows: an ini-
tial denaturation cycle of 10 min at 95 °C, followed by 45 cycles of
denaturation for 30 s at 94 °C, annealing for 2 min at49 °C, extension
for 1 min at 72°C, and a final incubation for 10 min at 98 °C. After
cycling, the droplets were immediately analyzed or stored at 4°C,
and the PCR plates were transferred to the QX100 Droplet Reader
(Bio-Rad). The ddPCR workflow and data analysis were performed
as described previously (Pinheirp et al., 2012). Positive and negative
amplicon-containing droplets (accepted droplets) were discrimi-
nated using the fluorescence amplitude threshold, as determined
with QuantaSoft software (Bio-Rad). The frequency (%) of mutations
in Core a.a.70 was determined by calculating the ratio of mutant
versus wild-type + mutant copies.

2.7. HCV RNA quantitation

HCV RNA values were quantitated using the COBAS TagMan®
HCV Test (Roche Diagnostics).

2.8. Quality control

To avoid generating false positives, general guidelines published
online (Roche-PCR-Chapters, 2009) were applied. The procedure
included the physical separation of areas for extraction, PCR setup
and amplification/detection, and use of filtered tips. To moni-
tor contamination, one sample of PBS for every 32 samples was
processed and extracted. In addition, a template control (water)
was added to the PCR plate. Over the course of the study, no false
positives were detected.

2.9. Statistical analysis

The linear range of the ddPCR assay was determined by plotting
the data and comparing them with a line of the same slope. Pear-
son’s correlation coefficients were calculated using Microsoft Excel
(Microsoft Corp., Redmond, WA, USA), and linear regression analy-
ses were performed and displayed as scatter plots using GraphPad
Prism 6.0 software (GraphPad Software, Inc., San Diego, CA,
USA).

3. Results

3.1. Mutations in Core a.a.70 determined by direct nucleotide
sequencing

Wild-type and mutant sequences were detected in 55 and 32
samples, respectively (Table 1). The elution profiles for five sam-
ples indicated the presence of more than one sequence (Fig, 1).
Even after seven analyses, the samples represented two mutant
strains and two wild-type strains; however, it was difficult to deter-
mine whether sample 1 was a mutant. This sample was eventually
determined as a mutant by direct sequences. UDPS analysis of
the viral genomic region that encodes the HCV Core protein in
clinical samples recently showed a mixture of mutant and wild-
type sequences in Core a.a.70 in 71 of 79 (89.9%) cases, and the
ratio of mixtures increased as liver disease advanced to liver cir-
rhosis and HCC (Miura et al., 2013). Therefore, it was considered
necessary to develop a more sensitive assay for the quantitation
of mutations in Core a.a.70 to predict the progression of liver
disease.

3.2. Optimization of the ddPCR assay

It was essential to determine the optimum annealing tem-
perature for the ddPCR assay to detect mutations in Core a.a.70.
Therefore, plasmid-DNA (100,000 copies/well) was annealed at
the following temperatures: 43.0, 43.5, 44.6, 46.5, 48.9, 51.3, 53.7,
56.1, 58.5, 60.4, 61.5, and 62.0 °C. The amplitudes of FAM (mutant,
figz, 2A) and VIC (wild type, Fig. 2B) signals are displayed as rain
plots. In this example, the chosen annealing temperature was
49°C.

3.3. Specificity

The specificity of the assay was determined using samples
containing wild-type (160,000 copies/well) or mutant plasmids
(160,000 copies/well). Subsequent experiments were conducted at
49°C for 45 cycles (Fig. 2C and D). No positive droplet was detected
when using FAM in the presence of wild type plasmid, and when
using VIC in the presence of mutant plasmid For wild-type and
mutant plasmid (n=4; FAM: Fig. 2C and VIC: Fig. ZD, rain plot).
The rate of false positives was 0% for both mutant and wild-type
plasmids.

3.4. Sensitivity and linearity of detection

The ddPCR assay was used to determine the relative ratios
of mutant and wild-type sequences in mixed infections. Linear-
ity and precision of the ddPCR assay were in agreement over a
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Fig. 1. The direct sequencing results are demonstrated by nucleotide sequence electropherograms. The HCV Core protein gene was amplified using nested PCR and sequenced
using the BigDye Terminator v3.1 Cycle Sequencing Kit. Core a.a.70 substitutions were analyzed as described by Akuia et a1 {2005 ). Samples from 87 patients were analyzed.
The elution profiles for five samples indicated the presence of more than one sequence. Even after repeating the analysis seven times, the samples represented two mutant
sequences and two wild-type sequences; however, it was difficult to distinguish whether sample 1 was mutant.

range of 0-100% of mutant plasmids mixed with wild-type plas-
mids (Pearson’s R2=0.99, p<0.0001) (Fig. 3A). When the mutant
and wild-type plasmids were mixed in various ratios, 0.005% of
the mutants were detected (¥ig. 2B) in the presence of 100,000
copies of wild-type plasmid DNA per assay. The assay was lin-
ear when the proportion of the mutant plasmid was 0.005%-10%
of the entire plasmid population (Pearson’s R%=0.999, p<0.0001,
Fig. 3B). The mutant plasmid was undetectable when present as
less than 0.0025% of the total DNA. The observed and expected
results were correlated using HCV standard plasmids (1.25, 2.5,
5, 10, 100, 1000, 10,000, 100,000, 160,000, and 180,000 copies)
(Fig. 3C and D). The ddPCR results agreed with the calculated
values and were in accordance with acceptance of trueness. The
dashed lines perpendicular to the x- and y-axes indicate con-
centrations below the limit of detection (LOD; 2.5 copies/well)
and the highest number of copies (100,000) tested. Further-
more, the assay was linear (Pearson’s R? =0.999, p<0.0001) above
LOD.

3.5. Repeatability (intra-assay variation) and reproducibility
(inter-assay variation) of ddPCR

The repeatability and reproducibility (Table 2) of the ddPCR
assay was determined by performing replicate measurements of 12
different samples (genotype 1b; 0.05-99.88% mutant DNA). Intra-
and inter-assay variabilities were assessed. Sufficient volume for
three aliquots of each sample was stored at 4°C until use. For
each sample, three replicates were tested in the same assay to
evaluate intra-assay repeatability. Inter-assay reproducibility was
evaluated by testing two additional aliquots, each on a separate
day. The intra-assay averages =+ standard deviation (SD) of the log
number of copies/mL of the mutant, wild type, mutant rare %,
and accepted droplets, respectively, were as follows: 4.36 +£0.03,
5.3240.03, 26.4140.09, and 13,008 & 769. The inter-assay aver-
ages +SD were as follows: 4.364+0.03, 5.32+0.04, 26.43+0.14,
and 11,7254+ 1908, respectively. These results also suggested that
the repeatability (intra-assay) variability of the assay was good, as
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Fig. 2. Fluorescence amplitude plotted against annealing temperature. The assay was conducted across an annealing temperature gradient: 43.0, 43.5, 44.6, 46.5, 48.9, 51.3,
53.7,56.1, 58.5, 60.4, 61.5, and 62.0°C) (A and B). (A) FAM fluorescence amplitude of mutant plasmids (100,000 copies/well). (B) VIC fluorescence amplitude for wild-type
plasmids (100,000 copies/well). (C) FAM fluorescence amplitude for mutant and wild-type plasmids (160,000 copies/each well). (D) VIC fluorescence amplitude for mutant
and wild-type plasmids (160,000 copies/each well). The horizontal line indicates the threshold.

little variation was observed when samples were tested for repro-
ducibility (inter-assay).

3.6. Correlation with the COBAS TagMan® HCV RNA Test

The commercially available COBAS TagMan® HCV RNA Test
was used to confirm the accuracy of the quantitative results
obtained using the ddPCR assay. The data generated by the anal-
ysis of clinical samples using the COBAS TagMan® HCV Test
were closely correlated with those of the ddPCR assay (n=87,
p<0.0001, y=1.017x — 0.3111, Pearson’s R?>=0.9120, Fg. 4A). The
arrows indicate a single point mutation, which was detected in
3 (3.45%) of the 87 samples (pattern 5, CTCGCCATCCCGA; pat-
tern 6, YTCGCCGGCCCGA; and pattern7, CTCGCCGTCCCGA; Tahie 1).
The data for the COBAS TagMan® HCV Test and ddPCR assay
were correlated for all samples, including each of the three sam-
ples. In addition, the results of quantitation of wild-type and
mutant sequences obtained using ddPCR were compared with
those obtained using the COBAS TagMan® HCV Test. However, the
data did not correlate for all quantified data of the mutant and wild-
type sequences (¥ig. 4B, y=0.4594x+3.801, Pearson’s R2=0.4112,
p<0.0001 and Fig. 4C, y=0.4584x+4.076, Pearson’s R?2=0.3673,
p<0.0001, respectively). These data suggested that the novel assay
could not only measure the frequency of mutations in Core a.a.70
but was also useful for the quantitation of mutations in the target
gene in the polymorphic viral genome.

3.7. Correlation with direct sequencing

The results of ddPCR and direct sequencing were compared
(Fig, 8). Direct nucleotide sequencing of the 87 patients with HCV
infection was performed to determine mutation patterns in Core
a.a.70. Wild-type and mutant sequences were found in 55 (63.2%)
and 32 (36.8%) samples by direct sequencing, respectively. How-
ever, the ddPCR assay detected mutations in 85 (97.7%) of the
87 samples. The median frequencies were 0.262% (n=55; range,

0-37.951%) and 99.687% (n=32; range, 52.191-100%) for the wild-
type and mutant sequences, respectively, by direct sequencing.
These data indicated that mutations in Core a.a.70 existed in the
wild-type sequences, although the frequencies were low.

3.8. Correlation with cloning

To address false positives, twenty clones in 32 clinical samples
were picked up and analyzed the frequency of aa70 mutations by
direct sequencing (Supplementary data 1). There are significantly
correlated in the mutations between ddPCR and direct sequenc-
ing (Pearson’s R =0.975, p <0.0001). The three samples (nos. 1-3)
showed less than 1% of the mutants by ddPCR. However, direct
sequencing failed to detect mutant clones because of the differ-
ences in sensitivity and principles between the two methods. The
error rates are thought to be reduced by removing the amplifica-
tion efficiency reliance of qPCR and the data in Tabie 2 confirmed
reproducibility. Further, no mutations were detected in HCV RNA
negative samples from seven healthy patients (Supplementary data
2).

3.9. Validation analysis

Sixty-nine HCV-positive samples were prepared as validation
sets. All mutations detected by direct sequencing were also
detected by the ddPCR assay as first set measurements. To confirm
whether the four patterns (nos. 1-4) of the seven probes in Tabie 1
were common among other HCV samples. The top 1-4 sequence
patterns in Talie 1 were found in 65 (94.2%) of the 69 patients.
Therefore, the four sequences probes were common in HCV and
sufficient to use for ddPCR (Supplementary data 3).

4. Discussion

In this paper, the development of a next-generation ddPCR
assay for high-throughput, sensitive, and accurate quantitative
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Fig. 3. Values are plotted against the estimated frequency (%) of the mutation in Core a.a.70. Error bars denote SD of the mutant ratio determined using ddPCR for each of five
independent gravimetric dilutions. The number of plasmid DNA copies was 100,000 (A and B). (A) Plasmid DNA was mixed to 0, 10, 25, 50, 75, 90, and 100% of mutation (The
square in A shows B). (B) Plasmid DNA was mixed so that the mutant sequence represented 0.0025%, 0.005%, 0.01%, 0.1%, 1.0%, and 10% of the population. The correlation
between observed and expected results using HCV standard plasmids (1.25-180,000 copies/assay) was tested using the ddPCR assay (C and D). The dashed line indicates
concentrations below LOD (2.5 copies/well) up to 100,000 copies (C and D). The assay was linear above LOD. (C) Mutant plasmid. (D) Wild-type plasmid.

detection of mutations in codon 70 of the HCV Core protein gene
was described. This present study is the first to report that ddPCR is
a powerful technique for the ultrasensitive and quantitative detec-
tion of single nucleotide polymorphisms within viral genomes.
Furthermore, an important benefit of the ddPCR assay is that it can
precisely quantitate the total amount of HCV RNA and determine
whether mutations are present around the target point mutation
of probes (Table 1, Fig. 4A).

The correlations between theoretical and experimental values
were determined. To increase sensitivity and reproducibility, the
novel assay employs a high-throughput automated instrument for
preparing nucleic acids (Wenzel et al,, 2010). Likewise, contamina-
tion, sensitivity, and reliability are key factors of any assay designed
to detect mutations. The automated system incorporated an ultra-
violet light decontamination system.

To clarify the effectiveness of the ddPCR assay, 87 clinical
samples from patients with HCV infection were used for design
purposes, and were analyzed for mutations in Core a.a.70 by
direct sequencing and the ddPCR assay. All mutations detected
by direct sequencing were also detected by the ddPCR assay.
Moreover, the ddPCR assay detected mutant sequences present
at extremely low frequencies. In particular, 32 (36.8%) of the 87
samples were identified as mutants for Core a.a. 70 by direct
sequencing, while 85 (97.70%) of the 87 samples were identified

as mutants by the ddPCR assay. Therefore, the ddPCR assay showed
strong potential for highly precise quantitation of mutant HCV
sequences in serum samples (CV%, intra-assay, 0.07-1.76; inter-
assay, 0.04-1.76; Table 2). In intra- and inter-assays, CV% of a
commercial HCV RNA quantitative assay (COBAS TagMan®) ranged
between 2.8% and 47.0% and 6.9-40.0%, respectively (Bossier et al.,
Z311). These results showed that the ddPCR assay is potentially
more precise than the COBAS TagMan® HCV Test, in accordance
with the results of a recent report (Strain et al, 2013).

The HCV Core protein has oncogenic potential in transgenic mice
and modifies the formation of reactive oxygen species (Korenaga
etal, 2005; Morivaetal., 1888). Mutationin Core a.a.70 is animpor-
tant primary factor that influences antiviral treatment efficacy, as
well as the progression of liver disease and hepatocarcinogene-
sis (Okanoue et al, 2009, Akuta er al, 2012 Miura et al, 2013).
However, the functional relevance of amino acid residue substitut-
ions in the pathogenesis of hepatitis C is unknown. Therefore, it
is important to develop more precise quantitative assays for the
identification of mutants in order to understand the role of Core
a.a.70. Currently available techniques, which are direct sequencing
methods, are not sufficiently sensitive to detect mutations. Other
methods, such as the TagMan® amplification refractory mutation
system and the Invader assay, have increased sensitivity to 1%.
However, mutants are often present below this level, and LOD of
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Table 2

Repeatability (intra-assay variation) and reproducibility (inter-assay variation) of ddPCR.

No. Mutant (log copies/mL) Wild (log copies/mL) Mutant (%) Accepted droplets
Average Sp! v %2 Average SD! V%2 Average SD! vV %2 Average SD! vV %2
Intra 1 3.53 0.06 1.76 6.92 0.01 0.16 0.05 0.01 13.02 14,167 866 6.11
2 3.26 0.05 1.48 3.06 0.01 0.12 0.17 0.02 1051 1.1702 486 4.15
3 3.04 0.01 0.47 5.34 0.01 0.09 0.27 0.01 4.39 14,049 1057 7.52
4 3.53 0.05 1.59 5.75 0.07 1.27 0.59 0.02 3.89 14,064 501 3.53
5 3.80 0.05 1.20 5.95 0.02 0.21 0.73 0.06 8.51 13,414 921 6.87
5 3.90 0.01 0.35 5.81 0.16 6.06 1.32 0.03 2.80 13,644 1004 7.33
7 4.71 0.02 0.49 8.08 0.01 0.21 4.42 0.22 5.32 12,776 481 3.76
8 4.49 0.04 0.81 5.79 0.01 0.17 4.90 0.36 6.89 10,749 683 335
9 4.69 0.01 0.16 5.94 0.01 0.12 5.65 0.11 1.73 13,792 925 6.70
10 6.22 0.01 0.21 4.00 0.01 0.14 99.39 0.09 0.09 10,117 1209 1195
11 5.08 0.01 0.20 2.57 0.01 0.11 99.88 0.10 0.10 14,320 677 4.73
12 6.02 0.00 0.07 338 0.05 1.47 9958 0.02 0.02 13,297 424 3.19
Total 4.36 0.03 0.73 5.32 0.03 0.84 26.41 0.09 4.78 13,008 769 6.02
Max 6.22 0.06 1.76 6.92 0.18 6.03 99.88 0.36 13.02 14,320 1209 11.95
Min 3.04 0.00 0.07 2.57 0.01 0.09 0.05 0.01 0.02 10,117 424 3.19
Inter 1 3.53 0.06 1.76 6.87 0.07 1.00 0.05 0.05 6.40 13,676 1820 13.30
2 3.27 0.01 0.42 6.04 0.02 0.41 0.17 0.00 2.24 10,205 2116 20.74
3 3.06 0.03 0.92 5.62 0.02 0.30 027 0.01 2.88 13,409 905 6.75
4 3.52 0.02 0.70 5.75 0.02 0.26 0.59 0.01 1.95 12,041 2862 23.77
5 3.81 0.02 0.60 5.92 0.04 0.60 0.80 0.09 11.90 12,157 1778 14.63
6 3.87 0.04 111 5.79 0.03 0.54 1.18 0.20 16.74 11,509 3019 26.23
7 471 0.00 0.04 6.07 0.02 0.37 4.28 0.22 5.27 10,263 3555 34.64
8 4.51 0.03 0.71 5.78 0.01 0.15 5.08 0.26 521 9985 1081 10.83
9 473 0.05 1.08 5.93 0.01 0.25 5.99 048 7.93 12,460 1884 15.12
10 6.19 0.05 0.77 4.00 0.01 0.26 9955 0.06 0.06 9722 559 5.75
11 5.09 0.01 0.18 2.62 0.08 3.09 99.65 0.07 0.07 13,258 1503 11.33
12 6.06 0.06 1.04 3.50 0.21 5.88 99.70 0.17 0.17 12,013 1816 15.11
Total 4.36 0.03 0.78 5.32 0.04 1.09 2642 0.14 5.05 11,725 1908 16.52
Max 6.19 0.06 1.76 6.87 0.21 5.88 99.70 0.48 16.74 13,373 3555 34.64
Min 3.06 0.00 0.04 232 0.01 0.15 0.05 0.00 0.06 9722 559 5.75

1 Standard deviation.
2 Coefficient of variation.

the ddPCR assay was 200-fold greater than that of the TagMan®
and Invader® assays (Nakamoto et al., 2009: Tadokoro etal, 2013).
Another system, which was mutation-specific PCR, for detecting
variants is not quantitative (Okamoto et ak, 2007). Moreover,
microfluidic chamber-based digital PCR was commercially avail-
able (Whale et al,, 2013), however, it is expensive and the number
of technical replicates that can be analyzed is limited.

UDPS techniques are prone to errors in base calling, alignment,
and sequence data assembly (Nieisen et al., 2311). The error rate
of UDPS techniques introduced by polymerase ranges from 0.01%
to 1% (Noguchi et al,, 2008), depending on the software used (Hoff,
200%), and UDPS has a higher error frequency than direct sequenc-
ing (Shendure and §, 2008). In addition, the sensitivity of the
relative quantitative ddPCR assay was improved by 18.4-fold com-
pared with a previously reported UDPS assay (Miura et al,, 2013).
Therefore, ddPCR was selected for the relative and absolute quan-
titative detection of mutations.

The ddPCR assay is ultrasensitive and offers high-throughput
analysis, and therefore presents a potentially new assay to identify
biomarkers of HCV-induced liver disease. Unfortunately, no report
has yet provided statistical analysis of the relationship between the
progression of liver disease and the rate of mutation in Core a.a.70.
However, a new cut-off frequency of mutants to predict the prog-
nosis of HCV-induced liver disease may be useful in future clinical
studies.

The results of this study indicated that the ddPCR assay can
be used for analysis of HCV mutations, although total quantitation
of hepatitis viral sequences has not been reported. In general, the
ddPCR assay performed well to identify single nucleotide polymor-
phisms in the human genome. The mutation rate of RNA viruses
is higher than that of human genome (Heoliand et al, 1882). The
ddPCR assay was thought to be unsuitable for the quantitation of
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Fig. 4. Correlation between the results of 87 clinical specimens analyzed using the
COBAS TagMan® HCV Test and ddPCR assay combined with sample processing using
a MagNA Pure LC instrument (y =1.017x+0.3111, Pearson’s R2 =0.9120, p<0.0001).
Arrows point to the correlation of the results of the COBAS TagMan® Test and ddPCR
assay of three samples with a single point mutation complementary to the probe.
The italic letters of nucleic acid sequence show the mutations and the underlines
indicate at the codon of Core a.a. Total HCV RNA (mutant + wild-type copies/mL) was
determined using the ddPCR assay (horizontal line) and COBAS TagMan® HCV Test
(vertical line).
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Fig. 5. Comparison between the results of 87 clinical specimens analyzed by direct
sequencing and the ddPCR assay. The ddPCR assay detected all of the mutations
that were detected by direct sequencing (wild type: n=55; median, 0.262%; range,
0-37.951%; mutant: n=32; median, 99.687%: range, 52.191~100%).

single mutations within a highly polymorphic genome, such as HCV
and HIV because many variants in near target sequences and setting
probes affected quantitation. However, Strain ¢ al. (2013 ) reported
that ddPCR could be used for the quantitation of HIV. In addition,
there were fewer mutations in near Core a.a. 70. These data suggest
that ddPCR technology is useful for the quantitation of mutations
in other viruses with highly polymorphic genomes, if there are few
variant sequences in near targets.

Therefore, it was hoped that this new assay could be used for
the quantitation of mutations in other viral genomes, such as of
mutations in HCV resistant to direct-acting antivirals (Aloia et al,
2012 Wong et al, 2013; Conteduca et al., 2014), mutations in
drug-resistant HBV (Mukaide et al,, 2010), and mutations associ-
ated with HBV reactivation (Dai et al.,, 2001; Alexopouloy et al,
2008) in patients receiving chemotherapy.

5. Conclusions

A novel, high-throughput and ultrasensitive assay was devel-
oped to quantitate mutations in HCV codon a.a.70. Therefore, ddPCR
technology should be useful for the relative and absolute quanti-
tation of HCV mutations as well as mutations in the polymorphic
genomes of other viruses.
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Significance of Liver Stiffness Measurement by
Acoustic Radiation Force Impulse (ARFI) Among
Hepatitis C Patients

Ryoko Yamada,! Naoki Hiramatsu,'* Tsugiko Oze,' Naoki Morishita,’ Naoki Harada,'
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The degree of liver fibrosis is strongly associ-
ated with the antiviral effect of interferon on
chronic hepatitis C patients. In this study, the
accuracy of acoustic radiation force impulse
(ARFI) in assessing liver fibrosis and the
association between liver stiffness using ARFI
and antiviral effects were investigated. The
124 patients with chronic hepatitis C enrolled
in this study included 94 with HCV gehotype 1
and 40 (30%) with moderate fibrosis (META-
VIR fibrosis score>F2). Sixty-one patients
received pegylated interferon (peg-IFN) plus
ribavirin combination therapy and the treat-
ment responses were assessed. The shear
wave velocity (Vs value) by ARFI had a strong
correlation with the histological fibrosis stage
(P<0.001). The AUROC of the Vs value, aspar-
tate aminotransferase platelet ratio index and
FIB4 for the diagnoses of moderate fibrosis
(>F2) were 0.890, 0.779, and 0.737, respective-
ly. HCV genotype 1 patients with the TT allele
of IL28B and with a low Vs value (<1.40m/
sec) who were treated with peg-IFN plus
ribavirin therapy achieved a sustained virolog-
ic response at a rate of 79% (15/19), while all
patients with the TG/GG allele of IL28B and a
high Vs value (>1.40 m/sec) experienced a non-
virologic response (6/6). The Vs value mea-
sured by ARFI could not predict the treatment
response for patients with HCV genotype 2. It is
concluded that the combination of ARFI at cut
off of 1.4m/sec and [L28B may be useful for
patients with chronic hepatitis C with genotype
1 treated with peg-IFN/ribavirin combination
therapy. J. Med. Virol. 86:241-247, 2014.
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INTRODUCTION

Interferon (IFN) is capable of eradicating hepatitis
C virus and suppressing the progression of liver
fibrosis and incidence of hepatocellular carcinoma,
thus leading to a better prognosis [Hiramatsu et al.,
1995; Kasahara et al., 1998, 2004; Manns et al,
2001; Fried et al., 2002; Hadziyannis et al., 2004;
Kurokawa et al., 2009]. On the other hand, the
progression of liver fibrosis has been indicated to be
an important predictive factor for the treatment
response to pegylated interferon (peg-IFN) plus riba-
virin combination therapy for chronic hepatitis C
[Hadziyannis et al., 2004; Everson et al., 2006; Oze
et al., 2011]. Generally, the degree of liver fibrosis is
classified histologically into stages according to the
METAVIR and Ishak scoring systems [Ishak et al,
1995; Bedossa and Poynard, 1996]. Although liver
biopsy has remained the gold standard for the most
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accurate assessment of liver fibrosis, this invasive
procedure has its limitations. Biopsies can cause
bleeding, pain, and anxiety, and it is thus difficult to
perform repeatedly. Non-invasive methods for the
assessment of liver fibrosis include biochemical
markers, such as hyaluronic acid and type 4 collagen
78, liver fibrosis formulae combined with hematologi-
cal and biochemical markers, such as aspartate
aminotransferase platelet ratio index (APRI) and
FIB4, and ultrasonic diagnostic methods, such as
Fibroscan® (Echosens, Paris, France) and shear wave
elastography [Wai et al., 2003; Sterling et al., 2006;
Degos et al., 2010]. Recently, acoustic radiation force
impulse (ARFI) (Siemens Medical Solutions, Moun-
tain View, CA) has been developed in clinical practice
as a non-invasive modality for assessing liver fibrosis
[Friedrich-Rust et al., 2009; Toshima et al., 2011].
However, it is not clear whether Vs values by ARFI
can be utilized as predictive factors for the treatment
response to peg-IFN plus ribavirin combination ther-
apy. It is also not clear whether ARFI and IL28B
(rs8099917), which has been known to have a great
impact on treatment response in genotype 1 patients,
have an effect on each other in the prediction of
treatment response [Tanaka et al., 2009].

The present study investigated the accuracy of
ARFI in assessing liver fibrosis and its usefulness for
predicting the treatment response to peg-IFN plus
ribavirin combination therapy in patients with chron-
ic hepatitis C.

PATIENTS AND METHOD

A total of 124 patients with chronic hepatitis C
who were admitted to Osaka University Hospital
between August 2009 and May 2012 were enrolled in
this study. The eligibility criteria for this study
required that the patients did not have decompen-
sated cirrhosis or other forms of liver disease (e.g.,
alcohol liver disease, autoimmune hepatitis) or coin-
fection with hepatitis B or human immunodeficiency
virus. Vs values were measured by ARFI at the start
of treatment. Liver fibrosis was assessed histological-
ly by liver biopsy for all patients, and every ARFI
measurement was performed within 1 week preced-
ing liver biopsy. The histological assessment of liver
fibrosis was ranked from FO to F4 based on the
METAVIR scoring system. The study was conducted
in accordance with the Declaration of Helsinki, as
amended in 2002. Informed consent was obtained
from all study participants.

Of the 124 patients, 68 received peg-IFN plus
ribavirin combination therapy. All patients received
peg-IFN alfa-2a (Pegasys; Roche, Basel, Switzerland)
plus ribavirin (Copegus; Roche), or peg-IFN alfa-2b
(Pegintron; Merck Whitehouse Station, NJ) plus
ribavirin (Rebetol; Merck). The administration dose
was set as follows: peg-IFN alfa-2a, 180 pg/week; peg-
IFN alfa-2b, 1.5 pg/kg/week; ribavirin, body weight
<60kg, 600mg/day; 60-80kg, 800mg/day; >80kg,

J. Med. Virol. DOI 10.1002/jmv
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1,000 mg/day. Of the 68 patients, 6 patients discon-
tinued treatment because of adverse effects, and 1
patient was missing. A total of 61 patients, including
46 with HCV genotype 1 and 15 with genotype 2,
completed the treatment.

The serum HCV RNA levels were analyzed quali-
tatively using the COBAS TagMan HCV test (lower
limit of detection 1.2-7.8logIU/ml; Roche Diagnos-
tics, Branchburg, NdJ). The serum HCV RNA level
for each patient with genotype 1 was measured at
baseline, weeks 4, 12, 24, 36, 48, end of treatment
and week 24 after the treatment. For genotype 2
patients, the HCV RNA levels were measured at
baseline, weeks 4, 12, 24, and week 24 after the
treatment. In patients with HCV genotype 1, a
virologic response was defined as an undetectable
serum HCV RNA level within 24 weeks, and all
other responses were defined as non-virologic re-
sponses. A rapid virologic response was defined as
an undetectable serum HCV RNA level at week 4, a
complete early virologic response was defined as an
undetectable serum HCV RNA level at week 12, and
a late virologic response was defined as a detectable
serum HCV RNA level at week 12 and an undetect-
able level at week 24. A sustained virologic response
was defined as an undetectable serum HCV RNA
level at week 24 after the treatment.

The treatment protocol defined duration as 48-72
weeks for genotype 1 patients, according to response-
guided therapy; patients with a complete early viro-
logic response received treatment for up to 48 weeks,
and those with a late virologic response received
treatment for up to 72 weeks. As a result, 17 patients
with genotype 1 received treatment for 72 weeks. All
of the genotype 2 patients were treated for 24 weeks.

IL28B Genotyping

Human genomic DNA was extracted from a whole
blood sample of each patient. Single nucleotide poly-
morphisms (SNPs) located near the interleukin 28B
(IL.28B) gene (rs8099917) were determined using a
real-time PCR system. Each extracted DNA was used
for PCR with primers and probes from a commercial
kit (Tagman SNP Genotyping Assays, Applied Biosys-
tems, Foster City, CA). The SNP of IL28B was
amplified, and the results were analyzed by real-time
PCR in a thermal cycler (7900 Real-time PCR System,
Applied Biosystems). Because patients with a homozy-
gous TT genotype at this locus had significantly higher
rates of a sustained virologic response than those who
carried the G allele, the patients were stratified into
two groups according to whether they had the TT
allele or the TG/GG allele of the IL28B genotype.

ARFI Imaging

Liver stiffness was evaluated using Acuson S2000
within 1 month before the start of treatment. In this
evaluation, an ARFI is followed by detection pulses
to calculate the Vs value. Tracking beams that are
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sensitive to more than 1/100 the wavelength of
sound are applied adjacent to the push pulse. The
time between the generation of the shear wave and
the passing of the shear wave peak at an adjacent
location is utilized to compute the shear wave
velocity. The degree of tissue stiffness is quantified
by shear wave speed, Vs (m/sec), which increases
with tissue stiffness. The shear wave velocity is
measured within a defined region of interest (ROI) (a
central window of 5 mm axial x 4 mm width). In the
actual examination, the ROI was located in an area
without large blood vessels or bile ducts in the right
lobe of the liver, through the intercostal space and at
a depth of approximately 2cm below the liver
capsule. The mean value of shear wave velocity
calculated from 10 measurements was defined as the
Vs value.

Predictive Formulae of Liver Fibrosis

APRI and FIB4, which are existing formulae for
predicting the progression of liver fibrosis, were used
as a non-invasive method to measure liver fibrosis.
They are defined as follows:

APRI = AST(/ULN) x 100/platelet (x10°/L)
FIB4 = age x AST/(platelet count [x10%/L] x ALT%")

Statistical Analysis

The baseline continuous variables were expressed
as the meansstandard deviation, and categorical
variables were expressed as frequencies. The Pear-
son product—moment correlation coefficient was used
to assess the correlation between two variables. The
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diagnostic accuracies of the non-invasive tests were
estimated by comparison with the histological fibro-
sis stage, which was assessed using the METAVIR
scoring system. The diagnostic performance of ARFI
and serum fibrosis markers for liver fibrosis was
assessed using receiver operating characteristic
(ROC) curves. The ROC curve represented sensitivi-
ty versus (l—specificity) for all possible cut off
values for predicting the different fibrosis stages.
The areas under the curve (AUCs) and the 95%
confidence intervals of the AUC values were calcu-
lated. The difference between the AUCs was tested
by the DeLong test. A paired i-test was used to
analyze the differences between continuous variables
before and after the treatment. Univariate and
multivariate logistic regression analyses were per-
formed to identify the factors associated with a
sustained virologic response. A P-value <0.05 was
considered significant. Statistical analysis was con-
ducted using SPSS version 17.0J (IBM, Armonk, NY)
and MedCalc vesionl2 software (MedCale, Maria-
kerke, Belgium).

RESULTS
Baseline Characteristics of Patients

The overall study population of 124 patients con-
sisted of 56 males (45%) and 94 patients (76%)
infected with HCV genotype 1 (Table I). The mean
age was 57.0412.1 years, and the mean body mass
index (BMI) value was 22.6 + 3.0 kg/m®. The distribu-
tion of METAVIR fibrosis scores, F1, F2, F3, F4 was
84 (68%), 14 (11%), 14 (11%), and 12 (10%), respec-
tively. The mean Vs value according to ARFI meas-
urements was 1.39 4+ 0.52 m/sec.

TABLE I. Characteristics of Enrolled Patients

All patients (n=124)

Treated patients (n=61)

Genotype 1 (n=46) Genotype 2 (n=15)

Gender (male/female) 56/68 17/29 7/8

Age (year) 57.0+12.1 57.0+11.8 52.1+16.5
BMI (kg/mz) 22.64+3.0 22.54+3.6 229+3.4
Previous IFN treatment (naive/experienced) 75/47 34/12 12/3
I1L.28B SNP (rs8099917) (TT/TG/GG) 79/25/2 32/11/2 12/1/0
Liver histology: activity (A0/A1/A2/A3) 0/115/7/1 0/43/2/1 0/14/1/0
Liver histology: fibrosis (FO/F1/F2/F3/F4) 0/84/14/14/11 0/28/8/5/5 0/11/3/1/0
HCV-RNA (log IU/ml) 6.20 +0.97 6.31+£0.82 6.08 £0.65
Platelet (x10%/ul) 16.61+5.10 16.144+4.61 16.88 4+5.27
AST (IU/L) 50.5 £30.0 59.9+31.2 62.7+48.1
ALT (IU/L) 56.0+40.0 65.4+-42.7 T77.7+64.1
Total bilirubin (mg/dl) 0.66 +0.26 0.66+0.19 0.55+0.24
Albumin (g/dl) 4.08+0.41 3.99+0.43 4.07+0.45
PT (%) 91.4+15.0 90.2+15.1 91.5+15.1
Hyaluronic acid (ng/ml) 149.8+218.0 155.3+188.9 100.1+99.9
Type 4 collagen 7S (ng/ml) 5.11+£2.01 5.284+1.96 4.544+0.84
AFP (ng/ml) 9.8+204 14.2+29.4 56+4.2
APRI 0.904+0.76 1.11+£0.94 1.04+0.79
FIB4 2.80+2.00 3.12+2.25 2.93 +2.66
Vs value (m/sec) 1.39+0.52 1.49+0.56 1.35+0.56

J. Med. Virol. DOI 10.1002/jmv

— 282 —



244

Vs value
(m/sec) *p<0.05
4 - % 452 0.001

3.5 -

s .
R ,
25 - : :
« ;
2 JI :

1.5 4
14

— st ¢
bt
R
bt
F,

0.5

0

F1 F2 F3 F4

Fig. 1. Mean Vs values of each METAVIR fibrosis score
P-value between F1 and F2 was 0.084.

Diagnostic Accuracy of ARFI for Liver Fibrosis

To assess the diagnostic accuracy of ARFI, the
correlation between liver fibrosis and the Vs value
by ARFI was evaluated for all 124 patients. The Vs
value increased with the progression of the histo-
logical fibrosis stage, as assessed using the META-
VIR scoring system, and a significant correlation
was found between the two wvariables (Pearson
product-moment correlation coefficient=0.764,
P <0.001) (Fig. 1). There was a significant correla-
tion between the Vs value and the following
variables; platelet counts (Pearson product-mo-
ment correlation coefficient=-0.554, P <0.001),
alanine aminotransferase (ALT) (0.295, P=0.001),
total bilirubin (0.214, P=0.019), albumin (-0.538,
P <0.001), hyaluronic acid (0.526, P <0.001), type 4
collagen 7S (0.719, P<0.001), and alpha-fetopro-
tein (0.556, P <0.001). There was no significant
correlation with the histological activity grade
(0.171, P=0.058) and HCV RNA (-0.039,
P=0.672). Next, the diagnostic ability of the Vs
value for liver fibrosis was compared with the liver
fibrosis formulae, such as APRI and FIB4, using
the ROC values. The AUROCs of the Vs value,
APRI and FIB4 for the diagnoses of moderate
fibrosis (METAVIR fibrosis score >F2) were 0.890,
0.779, and 0.737, respectively (Fig. 2A). There was
a statistically significant difference between the Vs
value and APRI (P=0.011) and the Vs value and
FIB4 (P=0.002), according to the evaluation using
the DeLong method. The cut-off value of the Vs
value for moderate fibrosis was 1.26m/sec (the
sensitivity was 92.5%, the specificity was 76.2%,
the PPV was 64.9%, and NPV was 95.5%, respec-
tively). The diagnoses of severe fibrosis METAVIR
fibrosis score > F3) were 0.943, 0.867, and 0.856 for
Vs, APRI, and FIB4, respectively (Fig. 2B), and
there were statistically significant differences be-
tween the Vs value and APRI (P=0.029) and the
Vs value and FIB4 (P =0.047). Thus, ARFI showed
a significantly higher diagnostic accuracy for liver

J. Med. Virol. DOI 10.1002/jmv
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Fig. 2. Prognostic values of ARFI, APRI, and FIB4 for liver
fibrosis. A: Discrimination ability for values higher than F2.
AUC was 0.890 (95% CI: 0.830-0.949), 0.779 (0.688-0.870), and
0.737 (0.634-0.841), respectively. There was a significant differ-
ence between the Vs value and APRI (P=0.011), and the Vs
value and FIB4 (P =0.002). B: Discrimination ability for values
higher than F3. AUC was 0.943 (0.903-0.983), 0.867 (0.786—
0.948), and 0.856 (0.759-0.953), respectively. There was a
significant difference between the Vs value and APRI
(P =0.029), and the Vs value and FIB4 (P =0.047). —, Vs value;
--- APRI; ——— FIB4.

fibrosis than that of the existing liver fibrosis
formulae APRI and FIB4. The cut off value of
the Vs value for severe fibrosis was 1.46 m/sec (the
sensitivity was 84.6%, the specificity was 87.8%,
the PPV was 64.7%, and NPV was 95.6%,
respectively).
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Association Between Vs Values and Treatment
Response to Peg-IFN Plus Ribavirin
Combination Therapy for Patients With
Chronic Hepatitis C

Treatment response was assessed according to the
HCV genotype among the patients who completed
treatment. The baseline characteristics of these pa-
tients are shown in Table I. In all patients with HCV
genotype 1, a complete early virologic response was
obtained in 33% of the patients (15/46), a late
virologic response in 28% (13/46), a non-virologic
response in 39% (18/46), and a sustained virologic
response in 54% (25/46). Table II shows the predictive
factors affecting a sustained virologic response and a
non-virologic response among genotype 1 patients
elicited by the univariate analysis. In both analyses
for predicting the treatment response, the IL28B
genotype and Vs value showed a very strong impact
on the treatment response (P values=0.014 and
0.005, respectively, in the analysis of a sustained
virologic response and 0.003 and 0.002, respectively,
in the analysis of a mnon-virologic response). To
evaluate the correlation between the Vs value and
the treatment response, HCV genotype 1 patients
were divided into two groups according to the base-
line Vs value, with a mean value of 1.40m/sec
(Fig. 3A), and according to the IL28B genotype
(Fig. 3B). A rapid virologic response was achieved in
15% (4/27) of patients with lower Vs values, but not
in any patients with higher Vs values (0/19). The
virologic response rates at week 12, end of treatment
and at week 24 after the treatment were significantly
higher in patients with relatively low Vs values
compared with those of patients with higher Vs
values (P=0.041, P=0.001, P=0.009). The sustained
virologic response rates were approximately twice as
high in patients with low Vs values compared to
patients with higher Vs values (70% (19/27) vs. 32%
(6/19)). In a stratified analysis of the IL28B genotype,
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patients with the TT allele of IL28B had a signifi-
cantly better treatment response than those with the
TG/GG allele of IL28B (Fig. 3B). Concerning the
IL28B genotype and Vs value, among patients with

TABLE II. Univariate Analysis for Predictive Factors Contributing to a Sustained Virologic Response and
a Non-Virologic Response in Genotype 1

Sustained virologic response

Non-virologic response

Factor Category Odds ratio 95% CI P-value Odds ratio 95% CI P-value
Gender Male/female 0.509 0.148-1.747 0.283 1.294 0.375—4.468 0.683
Age (year) 0.869 0.788-0.959 0.005 1.060 0.992-1.133 0.084
BMI (kg/m?) 1.009 0.855-1.190 0.920 1.044 0.882-1.236 0.617
11.28B SNP (rs8099917) TT/TG/GG 0.157 0.036—-0.692 0.014 10.000 2.19145.639 0.003
Liver histology: fibrosis FO/F1/F2/F3/F4 0.333 0.152-0.732 0.006 2.912 1.397-6.068 0.004
HCV-RNA (104g 1U/ml) 0.642 0.296-1.393 0.262 1.310 0.609-2.821 0.489
Platelet (x10%/ul) 1.254 1.057-1.489 0.010 0.681 0.536-0.865 0.002
AST (IU/L) 0.985 0.966-1.005 0.149 1.023 1.001-1.045 0.038
ALT (QU/L) 0.996 0.982-1.010 0.542 1.009 0.994-1.024 0.222
Total bilirubin (mg/dl) 0.529 0.025-10.985 0.680 3.858 0.171-87.195 0.445
Albumin (g/dl) 1.609 0.402-6.451 0.502 0.248 0.054-1.149 0.075
PT (%) 1.050 1.002-1.101 0.042 0.929 0.877-0.984 0.012
AFP (ng/ml) 0.887 0.769-1.024 0.101 1.210 1.006-1.454 0.043
Baseline Vs value (m/sec) By 0.1 0.778 0.654-0.926 0.005 1.336 1.112-1.604 0.002
Baseline Vs value (m/sec) <1.40/>1.40 0.194 0.054-0.693 0.012 9.533 2.421-37.541  0.001
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the TT allele of IL28B, the rapid virologic response
rate of patients with low Vs values was 16% (3/19),
while that of patients with high Vs values was 0% (0/
13). Furthermore, 54% (7/13) of patients with high Vs
values showed no virologic response. Among patients
with the TG/GG allele of IL28B, all patients with
high Vs values experienced a non-virologic response
during the 24 weeks of the treatment. Figure 4 shows
the assessment of the predictive value of several
metrics for the treatment response to peg-IFN plus
ribavirin combination therapy. Among patients with
the TT allele of IL28B, those with lower Vs values
showed a high sustained virologic response rate
(79%) (Fig. 4A) and had a significantly lower possibil-
ity of a non-virologic response than those with higher
Vs values (5% vs. 54%, P=0.003) (Fig. 4B). Among
patients with the TG/GG allele of IL28B, 43% (3/7) of
the patients with low Vs values achieved a sustained
virologic response (Fig. 4A), whereas all patients (6/6)

M Vs<1.40 79% (15/19)
1.288: 7T ||
66% (21/32)
L Vs2 1.40 46% (6/13)
genotype 1
- Vs <1.40 43% (3/7)
1L288: TG/GG || ‘
23% (3/13)
L] Vs21.40 0% {0/6)
Vs < 1.40 92% (11/12)
genotype 2
Vs21.40 100% (3/3)
1 Vs<1.40 5% (1/19)"
1L28B: TT
25% (8/32)
Lt V52140 54% (7/13)
genotype 1
™ Vs<1.40 57% (4/7)
1L28B: TG/GG |
77% (10/13)
L1 vs=1.40 100% {6/6)
Vs<1.40 0% (0/13)
genotype 2
- Vs 2 1.40 0% (0/3)

Fig. 4. Flowchart showing the possibility of treatment
responses according to HCV genotype, IL28B genotype and Vs
value. A: A sustained virologic response. B: A non-virologic
response. Among genotype 1 patients with the TT allele of
IL28B, those with higher Vs values showed a significantly
higher non-virologic response rate than those with lower Vs
values (P=0.003). Among genotype 2 patients, there were no
significant differences between those with lower and higher Vs
values in both the sustained virologic response rates and the
non-virologic response rates.
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with high Vs values showed a non-virologic response
(Fig. 4B).

In HCV genotype 2 patients, a sustained virologic
response occurred in 93% (14/15) and there was no
significant difference in the sustained virologic re-
sponse rates between patients with low and high Vs
values (92% vs. 100%, P=0.800) (Fig. 4A). Addition-
ally, no patients showed a non-virologic response,
irrespective of the degree of Vs values (Fig. 4B).

DISCUSSION

In the present study, the usefulness of ARFI, which
is a non-invasive method, in the assessment of liver
fibrosis was examined. The Vs value measured using
ARFT had a significant correlation with the histologi-
cal fibrosis stage estimated by the METAVIR fibrosis
score. These values also showed higher diagnostic
accuracy for liver fibrosis compared to the existing
liver fibrosis formulae, such as APRI and FIB4. In
addition to ARFI, Fibroscan® also provides quantita-
tive measurements of tissue stiffness using ultra-
sound, and the AUC of Fibroscan® has been reported
to be 0.76 for the diagnosis of moderate fibrosis
(METAVIR fibrosis score>F2). In this study, the
AUC of ARFI was 0.89 for the diagnosis of moderate
fibrosis. Thus, ARFI offers equivalent or higher
diagnostic accuracy for liver fibrosis compared to
Fibroscan®.

Next, the association between ARFI and treatment
response in patients with chronic hepatitis C who
received peg-IFN plus ribavirin combination therapy
was investigated. For HCV genotype 1, patients with
higher Vs values had low rates of a virologic response
at week 24. This result was consistent with the
prevailing notion that patients with advanced liver
fibrosis are refractory to peg-IFN plus ribavirin
combination therapy. On the other hand, the IL.28B
genotype is known to be a strong predictive factor
contributing to the treatment response to peg-IFN
plus ribavirin combination therapy, and the present
study indicated that the treatment response could be
predicted by determining both the IL28B genotype
and the Vs value more precisely. Among patients
with the TT allele of IL28B, which is the genotype
that is generally recognized as favorable, those with
lower Vs values showed a significantly higher treat-
ment response than those with higher Vs values.
Among patients with the TG/GG allele of IL28B, all
patients (6/6) with higher Vs values exhibited a non-
virologic response. Accordingly, it is important to
consider the background of the patients with the TG/
GG allele of IL28B and higher Vs values, including
the probability of antiviral response, adverse effects
and the risk of carcinogenesis, to judge the imple-
mentation of the present treatment. As new treat-
ments using direct-acting antiviral agents (DAAs) are
developed, it is essential to be able to predict a non-
virologic response of existing antiviral therapies for
patients with chronic hepatitis C.
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In the present study, the Vs value was shown to be
the most significant predictive factor for the antiviral
response of peg-IFN plus ribavirin combination thera-
py. Indeed, although the METAVIR score is widely
accepted as the gold standard to assess liver fibrosis,
ARFI may be more generally applicable than liver
histology because of its safe and uncomplicated
method. In addition, ARFI presents the Vs value as a
continuous variable and is a procedure with favorable
reproducibility. Thus, objective and universal evalua-
tions can be made.

The non-invasive method for assessing liver fibrosis
by Fibroscan®™ is another option. However, a mea-
surement obtained using Fibroscan® cannot indicate
the exact area of the liver because this measurement
is performed under M mode imaging. In contrast, the
ARFI procedure can select the area of the liver using
the ROI under B mode imaging and is rarely affected
by obesity [Ebinuma et al., 2011]. Thus, the ARFI
procedure may offer a higher advantage for diagnos-
ing liver fibrosis than Fibroscan®™.

In the present study, the diagnosis obtained using
a combination of ARFI and IL28B data, both of
which are obtained using non-invasive methods, was
shown to be efficacious in the prediction of the
antiviral response of peg-IFN plus ribavirin combina-
tion therapy for chronic hepatitis C patients with
genotype 1. Patients with the TG/GG allele of IL28B
and high Vs values were considered refractory to
standard therapy.
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Abstract: Hepatitis B virus (HBV) infection is one of the most prevalent infectious
diseases associated with various human liver diseases, including acute, fulminant and
chronic hepatitis; liver cirrhosis; and hepatocellular carcinoma. Despite the availability of
an HBV vaccine and the development of antiviral therapies, there are still more than
350 million chronically infected people worldwide, approximately 5% of the world
population. To understand the virus biology and pathogenesis in HBV-infected patients,
several animal models have been developed to mimic hepatic HBV infection and the
immune response against HBV, but the narrow host range of HBV infection and lack of a
full immune response spectrum in animal models remain significant limitations.
Accumulating evidence obtained from studies using a variety of mouse models that
recapitulate hepatic HBV infection provides several clues for understanding host-virus
immunologic interactions during HBV infection, whereas the determinants of the immune
response required for HBV clearance are poorly defined. Therefore, adequate mouse
models are urgently needed to elucidate the mechanism of HBV elimination and identify
novel targets for antiviral therapies.

Keywords: animal model; transgenic mouse; humanized mouse; immune response
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1. Introduction

Hepatitis B virus (HBV), a member of the Hepadnaviridae family, is an enveloped, circular,
single-stranded, and partially double-stranded DNA virus that causes acute and chronic liver disease
and hepatocellular carcinoma [1,2]. More than 350 million people worldwide, approximately 5% of the
world population, are chronically infected with HBV [3]. Despite our deepening understanding of the
pathophysiology of HBV infection, the precise molecular mechanisms of the viral life cycle,
persistence of infection, and associated carcinogenesis remain unclear. To understand the pathogenesis
caused by HBV infection, adequate animal models that recapitulate HBV-associated liver disease are
required. Establishing animal models of HBV infection is difficult as HBV has a narrow host range
and exclusively infects humans. Chimpanzees and, to a certain extent, tupaia, the Asian tree shrew,
have been used for experimental infection [4,5]. The chimpanzee is the only immunocompetent host
fully susceptible to HBV infection, as demonstrated by the induction of acute hepatitis after injection
of serum from human HBV carriers [6]. Their large size, associated strong ethical constraints, and the
high cost of chimpanzees are increasingly restricting their use for research of human hepatotropic
viruses. Although HBV infects tupaias, it causes only mild and transient infection with low viral titers,
despite viral DNA replication in the liver, HBsAg secretion into the serum, and the production of
antibodies to HBsAg and HBeAg [5]. In addition, tupaias are relatively large animals, difficult to
handle in captivity, and not easily available. They are all of outbred origin and their immune systems
have not been characterized. Thus, due to the various restrictions for using the currently available
models of hepadnavirus infection, and the necessity to work in a well-defined, inbred, and small
animal system, most recent developments have focused on mice. Many researchers have attempted to
develop mouse models of HBV infection of human livers (Table 1). This review focuses on the history
of the currently available mouse models for HBV research to clarify the current status and future directions.

Table 1. Comparison of the currently available animal model systems for HBV infection.

Animal model Advantages Disadvantages

target of infection

An immunocompetent host fully Ethical constraints,
) susceptible to HBV infection, large size,
Chimpanzee .. . . .
similar to human infection high costs,
(including cccDNA) transient infection

Small, inbred animals,
Mouse genetically and immunologically No-infection
well-known
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Table 1. Cont.

Animal model Advantages Disadvantages

p

High replication levels,

No-infection,

Transfected mouse by analysis of mutant strains, . .
. . . transient gene expression,
adeno-associated virus - immunocompetent, ) L
. . . possible vector-driven interferences
relatively long-time gene-expression

2. Mouse Models
2.1. HBV-Transgenic Mouse Models

After extensive effort, Chisari et al. and other groups developed HBV transgenic mice that express
the HBV envelope [7-9], core [10,11], precore [12], or X [13,14] gene products. These mice provide
the opportunity to analyze heretofore undescribed aspects of HBV virology, such as assembly,
transport, secretion, and host immune response to HBV. These models, however, are limited in that
they express only a single viral-encoded protein and thus viral replication is not analyzable. To
overcome this problem, transgenic mice in which HBV replicates in murine hepatocytes were
developed. Araki er al. first developed transgenic mice using a construct capable of transcribing all
viral genes and observed low levels of HBV replication in the liver as well as the production of HBsAg
and HBeAg [15]. Thereafter, transgenic mice with terminally redundant over-length 1.3 HBV-DNA
insertion, which produces viral particles at high levels comparable to those of chronic hepatitis
patients, were developed [16]. The virions produced in these mice are morphologically
indistinguishable from human-derived virions [16] and are infectious when inoculated into
chimpanzees [17]. This model, with its advantage of very-high-level HBV replication, provides the
opportunity to dissect mechanisms of the viral life cycle and HBV immunobiology, and assess the
efficacy of anti-HBV agents (see Figure 1). Although a comprehensive review of the knowledge
gained from research using this series of transgenic mice is not possible in this limited review, we
present representative studies of these model mice.

First, studies using HBV transgenic mice have elucidated that HBV is not directly cytopathic for
hepatocytes and that both disease pathogenesis and viral clearance are mediated by an antiviral
adaptive immune response to HBV [16]. Pathogenic functions of adaptive immunity were
demonstrated by the observation that adoptive transfer of HBV-antigen specific cytotoxic T cells
(CTLs) to HBV transgenic mice causes acute necroinflammatory liver disease in these mice in which
HBYV replication itself shows no cytopathic effect [18]. The most important finding in this disease
model was that antigen-specific CTLs not only cause hepatocellular injury but also noncytopathically
inhibit HBV gene expression and viral replication [18]. Viral clearance is completely blocked by
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antibodies to interferon (IFN)-y, and tumor necrosis factor (TNF)-a, indicating that these cytokines are
responsible for the noncytopathic antiviral effect of CTLs. The importance of CTLs in the disease
pathogenesis and viral clearance was further confirmed by studies of HBV-infected chimpanzees [19].
Antibody-mediated depletion of CTLs delays the onset of viral clearance and liver disease until
HBV-specific CTLs become detectable again with the decreasing antibody titer. Together, these
findings led to the concept that viral clearance during HBV infection is essentially mediated by
noncytolytic mechanisms of CTLs and that liver disease caused by cytolytic mechanisms is an
unfavorable side effect of CTL activation. In addition, further studies on HBV transgenic mice
revealed that the antigen-nonspecific inflammatory cells exacerbate CTL-induced liver
immunopathology and that platelets contribute to both liver disease and viral clearance by facilitating the
accumulation of CTLs in the inflamed liver, uncovering the highly complex but coordinated nature of
host-viral interaction [20-25]. Second, HBV transgenic mice are a powerful tool for evaluating the
impact of antiviral cytokines or anti-HBV drugs. Indeed, HBV replication is inhibited by IFN-a, IFN-f,
or IFN-y induced by innate or adaptive immune cells [26,27] and the efficacy of nucleoside analogs,
lamivudine [28], adefovir dipivoxil [29] and entecavir [30], has been demonstrated in HBV-transgenic
mice. Small interfering RNAs (siRNAs) specifically targeting HBV RNA transcripts suppress HBV
replication in the HBV transgenic mice [31,32]. Furthermore, 5’-triphosphorylated HBV-specific
siRNAs that are capable of activating the retinoid acid-inducible protein I-dependent pathway more
efficiently control HBV by the dual mechanisms of direct suppression of the viral gene expression and
induction of an intrahepatic type I IFN response [33].

Figure 1. Hepatitis B virus (HBV) transgenic mouse model.

Integrated HBV constructs

Advantage:
O Useful for virclogic analysis of HBV infection

Disadvantages:
[} Basically, no immunologic response due to telerance
@ Viral protein is transcribed from the integrated transgene

((*\ and no cccDNA in the hepatocytes

\@} N . .
N~ @ Some models express only a single viral-encoded proteir

HBV particles

Although no one doubts that HBV transgenic mouse model has greatly expanded our knowledge of
hepatitis B, several limitations of this model must be taken into account. First, HBV particles produced
by the transgenic mice do not enter into murine hepatocytes, which lack HBV-specific receptors [34].
Researchers thus cannot study the infection step of the HBV life cycle. Second, covalently closed
circular DNA (cccDNA) is not detected in the liver of HBV transgenic mice. This cannot be dismissed,
because cccDNA, the template of viral transcription in natural infection, could be an important
therapeutic target to achieve complete eradication of HBV [35,36]. Finally, due to the immunotolerant
nature of HBV transgenic mice, the mice do not develop hepatitis per se and only downstream events
after adoptive transfer of in vitro-stimulated HBV-antigen specific CTLs are analyzable, which
prevents comprehensive understanding of the immune response to HBV. This limitation, however, was
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partially overcome by the newly developed HBV transgenic mouse model, where T and B cell
adaptive immune system was ablated by crossing HBV transgenic mice with Rag/-deficient
mice [37,38]. In this model, adoptive transfer of HBV-naive splenocytes to adult but not young
transgenic mice resulted in the spontaneous development of effective immune response to HBV with
concomitant liver disease. With the advantage that naive immune system is primed to viral antigen
originating in the liver, this model is suitable for the analysis of immune-priming event and has
provided the opportunity to dissect the age-dependent immunological differences in HBV clearance
and persistence [37,38]. ‘

2.2. HBV Transfection by Hydrodynamic Injection

Because transgenic mice are immunologically tolerant to the virus, it is difficult to study the host
immune response and the resultant pathophysiology of HBV infection. To overcome this problem,
several researchers applied the transient expression of HBV protein in the liver of adult mice using
hydrodynamic injection techniques (see Figure 2) [39,40]. Hydrodynamic injection techniques involve
rapid injection of a high volume of fluids containing naked DNA encoding partial or full-length HBV
genome sequences into the tail vein of mice. Hydrodynamic injection of a naked plasmid DNA
encoding a supergenomic HBV 1.3-length transgene into inbred mice could induce high levels of HBV
replication in the liver, producing circulating HBV DNA at levels of 8 x 10° copies/mL blood. HBV
replication in the liver, however, is rapidly terminated within 15 days after injection by specific
antiviral antibodies and CTLs if the mice are immunocompetent. In contrast, the virus persists over 80
days after hydrodynamic injection in immunodeficient NOD/scid mice lacking functional B-,
T-lymphocytes, and natural killer cells [39]. This experimental approach using a panel of
immunodeficient mouse strains for the examination of anti-HBV immunologic responses clarified that
hepatic clearance of the input HBV templates requires a variety of effectors, including CD4+ and
CD8+ T cells, natural killer cells, Fas, [IFN-gamma (IFN-y), IFN-alpha/beta receptor (IFN-a/BR1), and
TNF receptor 1 (TNFR1) [41]. On the other hand, B cells and perforin are not essential for clearance
of the HBV transcriptional template from the liver in the hydrodynamically-transfected mouse model.
Based on those findings, CTLs (CD8+ T cells) are thought to be the key cellular effectors mediating
HBV clearance from the liver by a Fas-dependent, but perforin independent, process in which natural
killer cells, IFN-y, TNFR1, and IFN-0/BR play supporting roles, suggesting the existence of redundant
pathways that inhibit HBV replication [41]. Thus, at present, in addition to the adaptive immune
system like CD4+ and CD8&+ T cells, it is thought that the innate immune system also plays an
important role in HBV-induced liver inflammation and disease progression [42].

2.3. HBV Transfection by Adeno-Associated Virus

Recently, another mouse model of HBV replication was newly developed. Dion et al. described a
mouse model that allows the HBV persistence based on the liver-targeted transduction of
adeno-associated virus serotype 2/8 (AAV2/8), which delivered the HBV genome enabling the study
of viral infection for up to one year [43]. In this model, hepatitis B core antigen (HBcAg) expression
was detected in approximately 60% of hepatocytes, contrasting with the 5 to 10% of hepatocytes with
HBcAg expression achieved by the hydrodynamic injection of conventional plasmids encoding HBV
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genome. In addition, AAV allows homogeneous transduction of the liver, whereas not all parts of the
liver are reached after hydrodynamic injection [39]. This mouse model recapitulates virological and
immunological characteristics of chronic HBV infection, and could be useful for the development of
new treatment and immune-based therapies or therapeutic vaccines for chronic HBV infections [43,44].

Figure 2. Hydrodynamic injection model.
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2.4. Chimeric Mouse Models of HBV Infection

As described above, HBV transgenic mouse models have had important roles for clarifying the
pathophysiology of the host immune response to HBV. Because HBV does not infect the murine
hepatocytes, these mice do not recapitulate natural HBV infection. To overcome these problems,
researchers have attempted to transplant human hepatocytes into mice. The development of the trimera
mouse was one result of such an attempt, in which human hepatocytes were transplanted under the
kidney capsule of immunodeficient mice after lethal irradiation [45]. The number of hepatocytes that
could survive on the kidney capsule was small, however, and the normal liver architecture was not
observed. Although 85% of transplanted mice developed HBV viremia, the titer was less than 10° virus
particles or IU/mL and lasted only ~20 days [45].

To establish HBV infection in mice, two human-liver chimeric mouse models were developed. The
first was the urokinase-type plasminogen activator (uPA)/scid mouse, which remains the most widely
model used for infection studies and preclinical drug evaluation. Transgenic mice in which the
urokinase gene expression is driven by the human albumin promoter/enhancer (uPA mice) show
accelerated hepatocyte death with consequent chronic hepatocyte growth stimulation [46].
Transplanted rat hepatocytes proliferate and repopulate in the injured livers of immunodeficient uPA
mice, which are produced by mating uPA transgenic mice with scid mice (uPA/scid mice) [47].
Human hepatocytes transplanted into uPA/scid mice were demonstrated to successfully proliferate and
replace apoptotic murine hepatocytes. [48—50]. The disadvantages of uPA/scid mice are infertility and
susceptibility to fatal hemorrhaging [46,51]. The second model was a Fah_/_RagZ_/—IIng—/' mouse,
deficient in fumarylacetoacetate hydrolase (Fah), recombination activating gene 2 (Rag2), and
gamma-chain of the receptor for IL-2 (I12rg). Fah is the last enzyme in the tyrosine breakdown
pathway, and its deficiency leads to liver failure in mice. Treatment with 2-(2-nitro-4-
trifluoromethylbenzyol)-cyclohexane-1, 3-dione (NTBC) prevents the accumulation of toxic
metabolites and the resultant hepatotoxicity. Induction of liver injury by the withdrawal of NTBC
allows for successful transplantation of human hepatocytes with high rates of chimerism [52,53].
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