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Measurement ranges of these assays were S to 5000 g g
KIU/mL and 1.2 to 7.8 log IU, respectively. s|8 g 5 ;’T
Liver Biopsy v 7
Liver biopsy specimens were evaluated by a pa- - g 3 g 3
thologist at each institution and were scored for the stage 5islsy g § § o¢ a’ 3
of liver fibrosis according to the classification of Desmet § N 4 g ° " s = °
et al.’? Stage of fibrosis was assessed from stage FO (no
fibrosis) to stage F4 (cirrhosis). The patients were divided @ g
into 2 categories: mild fibrosis (FO—1) and severe fibrosis 31§ g 8 ;
(F2—4). o o
:;g: a ITPA Expression g g
'.ﬂ"gﬁ% Total RNA was extracted from white blood cell sl <2
"b::_’:’: E sa'mples of HCV patients using RNeasy Mini.Kit (Qiagen, ? «To'
22T Hilden, Germany) and reverse-transcribed using ReverTra
; _ﬁ% 3 Ace (TOYOBO, Osaka, Japan) with random primers ac- z g T g 7
L) cording to manufacturer’s instructions. We then ampli- sy g 78 8% 78
| fied complementary DNAs by 35 cycles of PCR in a 8 03 s 8
25-mL reaction volume containing 1X KOD-Plus buffer
(0.3 mM each primer, 0.2 mM MgSO,, 1 mL DNA solu- 9 g
tion, and 1 U KOD-Plus [TOYOBO Co.]). The thermal 8 8; §§
profile was initial denaturation at 98°C for 2 minutes, o o
followed by 35 cycles of amplification (denaturation at
98°C for 15 seconds, annealing at 58°C for 15 seconds, 3 g
and extension at 68°C for 60 seconds). Nucleotide se- 3 B§ '0;:
quences of the amplified complementary DNA fragments < S
were confirmed by direct sequencing, Real-time quanti-
tative PCR was performed employing an ABI PRISM ~ ::; I § i
7100 (Applied Biosystems) with the SYBR Green PCR g 5|59 8 2 T3
Master Mix Kit (Applied Biosystems) according to man- ° ¢ 4 $ o
ufacturer’s instructions. The housekeeping gene glyceral- N g =
dehyde-3-phosphate dehydrogenase was used as an inter- ?g § % 7 é
nal standard. = 8|¥5 gg 8 3
© o o E . @
. . R [ 1 e ® <
Statistical Analysis 2 3 = g
After GWAS-1 quality control, a linear regression 2 g 8 g )
model was used to test for an association between SNP g 209 g ® g ,2 ° ?
genotype and Hb decline, where an additive effect of g 5 °© g = 25
genotype was assumed. The inflation factor was esti- » R _ 3 8 Sg
mated by the genomic control method. Multivariate lo- sl T L . % ¥ e E f i
gistic regression analysis with stepwise forward selection Tlz|3|8: X8 &5 I3 2 5 28
was performed with P < .0S as the criteria for model °1” 02 ¢ 2 z 8 %’g
inclusion using the StatFlex 5.0 software package (Artec § R _ g 3 %ﬂ@
Inc, Osaka, Japan). ‘2 - i - 3 g_ f:,,:_ 2 g
S| 8|52 sg g 2<%
Results 3 ‘? § 5 8352
Genome-Wide Association Analysis and ﬁ v _ < _ §§° :i:‘ ; gf
Replication Study MM o g *Eé £33
A rtotal of 510,537 SNPs passed quality-control % ? 5 E § 3 8 § 3 §§ §5§ §§
filters. During the quality-control check, 11 samples sug- £ c2 <2 2 g2 g 250 _(;?; =
gesting kinship or sample duplication were excluded % s s §§’§% ig
from the analysis according to PI_HAT value. The thresh- S S 3 i‘)i 8% »
old for genome-wide significant association was set at o & b SScEQS
P < 9.8 X 1078 (.05/510,537). The genomic distribution 2 g & W3iss g
of SNP associations is shown in Supplementary Figure b i 2 Sag2Es
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1A. The quantile—quantile plot demonstrated that sev-
eral SNPs showed a stronger association than would be
expected by chance, but were not significant (Supplemen-
tary Figure 1B), with a genomic inflation factor of 1.005.
SNPs with 1.6 X 1077 = P < 1.0 < 1075 were considered
suggestive and retained for follow-up in the second stage.
Of 49 SNPs taken forward into GWAS-2, only 1 SNP,
rs6051639, located in the DDRGKI1 gene on chromo-
some 20 (20p13 region), was found to be strongly asso-
ciated with treatment-induced Hb reduction, based on
the Bonferroni threshold by replication method. This
association was validated in Replication—l' (Table 2).

Resequencing and Fine-Mapping

We resequenced the region surrounding the top
SNP rs6051639 associated with treatment-related ane-

mia. A recent study has reported that a missense variant
in the ITPA gene affects ribavirin-induced anemia8 ITPA

ITPA POLYMORPHISM AND ANTI-HCV THERAPY 1193

and DDRGK!1 are adjacent on chromosome 20; therefore,
although the LD block spans about 3 kb (Figure 1), we
resequenced an approximately 37-kb genomic region en-
compassing DDRGK1 and ITPA loci and identified 83
common variants with minor allele frequency >0.05, 6 of
which were novel (Supplementary Table 1). Of these, we
genotyped as many nonredundant SNPs as possible. Four
SNPs, including rs1127354, were significantly associated
with ribavirin-induced anemia and in almost absolute LD
with each other (Figure 1). The combined analyses of the
screening and replication studies demonstrated a highly
significant combined P value for rs1127354 (Table 2). In
contrast to the considerable association found for Hb
decline, baseline Hb level was not correlated with SNP
(Pigure 2). A significantly larger proportion of patients
with the rs1127354 A allele completed treatment without
ribavirin dose reduction compared to those homozygous

-log P
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300 Chromosome 20

Figure 1. Depiction of the haplotype structure around the top locus. P value plots in finear regression analysis in genome-wide association study
(GWAS)-1 stage (middle pane)), fine-mapping using GWAS-1, GWAS-2, and Replication-1 samples (upper panel), and linkage disequilibrium (LD)
map around DDRGK1 and inosine triphosphate pyrophosphatase (ITPA) using HapMap JPT datasets. Dark gray: regions with high r2 values, fight
gray: regions with low 12 values (fower panel). Dashed line and arrow represent the top single nucleotide polymorphism (SNP) rs8051639 identified
by GWAS. The solid line and arrow represent the missense variant rs1127354 in the ITPA gene.
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Figure 2. Inosine triphosphate pyrophosphatase (ITPA) variants and
hemogilobin (Hb) level at baseline and 4-week. All the samples enrolled
in the present study were stratified based on rs1127354 genotype.
Markers represent means and each error bar represents 1 standard
deviation. ’

for the C allele (rs1127354 AA/CA (83%) vs CC (37%); P <
.01), suggesting that the A allele is protective.

ITPA Expression Level and Ribavirin-
Induced Hb Decline

Real-time quantitative PCR assays revealed no cor-
relation between ITPA expression level and ribavirin-in-
duced Hb decline in white blood cells. Even in stratified
analysis based on the missense SNP rs1127354 genotype,
we still found no correlation (Figure 3). Furthermore, we
evaluated the association berween ITPA expression for
each SNP in the block we genotyped and found no SNPs
associated with ITPA expression (data not shown).

Variables Associated With Severe Anemia

To examine the influence of potentially important
prognostic factors on severe anemia (Hb <10 g/dL) ne-
cessitating dose reduction or drug withdrawal, 5 factors
including known risk factors (age, sex, baseline Hb level,
baseline platelet count, and rs1127354) were first exam-
ined individually by univariate logistic regression on each
factor for 893 patients from the GWAS-1, GWAS-2, and
Replication-1 groups. These factors were clearly associ-
ated with severe anemia (Table 3). To assess the indepen-
dence of these factors, stepwise forward multiple logistic
regression analysis was performed. Except for sex, all vari-
ables that were significant under univariate analyses re-
mained significant in the final multivariate model (Table 3).

Variables Associated With Treatment
Outcomes

To evaluate whether the ITPA variant affects treat-
ment outcomes, logistic regression was used to analyze

GASTROENTEROLOGY Vol. 139, No. 4

data from 522 patients who completed the therapy pro-
gram with >75% compliance with prescribed doses of
PEG-IFN and ribavirin. Patients were classified into the
following 2 groups based on treatment outcomes: sus-
tained viral responder and nonresponder. Sustained viral
responders had no evidence of viremia at 24 weeks after
completion of interferon therapy, whereas nonresponders
remained viremic at this stage.

Initially 9 factors, including age, sex, BMI, baseline
Hb level, baseline platelet count, fibrosis, baseline viral
titer, rs1127354, and a recently reported IL-28B variant
(rs8099917) genetic risk factor,'®!* were examined indi-
vidually by univariate logistic regression analysis. Individ-
ually these facrors were each significantly associated with
treatment outcome (Table 4). To identify independent
factors, stepwise forward multiple logistic regression
analysis was performed, and all variables identified by
univariate analyses were retained in the final multivariate
model except for baseline hemoglobin level. ITPA variant
rs1127354 was retained in the final model but showed no
significant association (P = .10) (Table 4).

Discussion

The anemia experienced as a consequence of PEG-
IFN and ribavirin combination therapy is primarily
caused by a ribavirin-induced hemolysis and secondarily
by an interferon-induced bone marrow toxicity. De
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Figure 3. Inosine triphosphate pyrophosphatase (TPA) expression
level and ribavirin-induced anemia. Among genome-wide association
study (GWAS)-1 and GWAS-2 patients, 124 white blood cell samples
were collected and analyzed. The y-axis represents hemoglobin (Hb)
level change at week 4 compared with baseline, and the x-axis repre-
sents relative messenger RNA (mRNA) expression levels of ITPA stan-
dardized by glyceraldehyde-3-phosphate dehydrogenase. The thick
solid line represents the overall least squares best fit line and the other
3 lines represent best fit stratified by missense single-nucleotide poly-
morphism rs1127354 genotypes.
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Table 3. Predictive Factors for Ribavirin-Induced Anemia in Hepatitis C Virus Patients Determined by Multivariate Logistic

Regression Analysis

Variable P (univariate) P (multivariate) OR 95% Cl
rs1127354 (C/A)? 4.6 X 1074 1.3 X 104 0.20¢ 0.092—-0.46
Age .00012 .06 1.039 1.00-1.05
Sex .0065 —

Baseline platelet count 1.0 X 10-8 015 0.92¢ 0.87—-0.97
Baseline Hb level (g/dL) 2.4 X 1014 2.4 x 1071 0.561 0.48-0.67

Cl, confidence interval; Hb, hemoglobin; OR, odds ratio.
3Major/minor) allele.

bpdditive model.

°The per-minor allele OR for ribavirin-induced anemia.
dPer year increase. )

ePer 104 platelet count increase.

Per g/dL hemoglobin increase.

Franceschi et al' proposed that the mechanism of riba-
virin toxicity is that ribavirin phosphate accumulation in
erythrocytes mediates oxidative damage and cell lysis. It
has been reported that anemia is the major reason for
dose reduction.’¢ Various predictive factors for ribavirin-
induced anemia have been proposed,*-7 but it nonethe-
less remains difficult to predict the risk of hemolysis
before administration of the drug. Haptoglobin pheno-
typeé may be recognized as one of the genetic variants
associated with ribavirin-induced hemolysis, although
the underlying molecular mechanisms are still unknown.
Recently, Fellay et al found 2 ITPA functional SNPs
showing strong independent association with treatment-
induced hemoglobin reduction by genome-wide associa-
tion analysis.®2 Our study also identified the same mis-
sense variant in the Japanese population through
genome-wide scanning followed by fine-mapping. In con-
trast to Fellay et al’s findings, however, the splicing vari-
ant SNP rs7270101 was monoallelic in the Japanese pop-

ulation, and there appeared to be no other causal variants
or synthetic associations with ITPA. Similarly, we found
no correlation between ITPA expression and Hb decline,
even after stratifying by missense variant genotypes, al-
though examination of ITPA expression in erythrocytes
or Western blot analysis of protein expression would
provide additional corroborating evidence. Moreover,
none of the SNPs that we genotyped in this locus was
significantly associated with ITPA expression.

On the other hand, our resequencing and fine-map-
ping study revealed that several SNPs were in strong LD
with the missense variant and were significantly associ-
ated with ribavirin-induced anemia, with P values varying
by <1 order of magnitude. Thus, further studies are
needed to identify the causal variant(s) and elucidate its
functional mechanism.

Multivariate analysis demonstrated that age, baseline
Hb, and rs1127354 were independently associated with
severe anemia (Hb <10 g/dL) (Table 3). This finding

Table 4. Predictive Factors for Treatment Outcomes in Hepatitis C Virus Patients Treated With Peginterferon Plus Ribavirin

Variable P (univariate) P (multivariate) OR 95% Cl
rs1127354 (C/A)? .032 b 1.4¢ 0.93-2.09
rs8099917 (T/G)? 4.2 X 10710 4.6 X 10-11b 0.23¢ 0.15-0.36
Age .000041 .004 0.97¢ 0.95-0.99
Sex .018 .03 1.54¢ 1.04-2.27
Body mass index .0026 .034 0.91f 0.86—0.98
Baseline platelet count .000066 017 . 1.058 1.01-1.09
Baseline Hb level (g/dL) .013 —

Viral load (log 1U/mL) .00043 .00012 0.56" 0.42-0.75
Fibrosis (FO-2 vs F3-4) .063 .052 0.63f 0.39-1.01
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Cl, confidence interval; Hb, hemoglobin; OR, odds ratio.
3Major/minor allele.
badditive model.

‘The per-minor allele OR for sustained viral response (rs1127354 AA or CA genotypes relative to CC; rs8099917 TG or GG genotypes relative

to TT).

dPer year increase.

eFor male patients relative to female.

Per unit increase in body mass index.

8Per 104 platelet count increase.

hper log viral load increase.

Relative to patients with mild fibrosis (FO—F2).
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suggests that rs1127354 would be a useful marker for
prediction of ribavirin-induced anemia. Moreover, ge-
netic testing of ITPA variants might be applied to estab-
lish personalized dosages in PEG-IFN and ribavirin com-
bined therapy.

A separate multivariate analysis revealed that rs1127354
was not significantly associated with treatment out-
comes, although the association was marginally signifi-
cant under univariate analysis (Table 4). This might re-
flect decreased treatment efficacy due to dose reduction
of ribavirin in patients showing severe anemia. In con-
trast, Fellay et al did not detect even marginal statistical
significance in a similar analysis.® The reason for this
discrepancy is unclear but may reflect a slightly higher
frequency of the minor (A) (hemolysis protective) allele
in the Japanese population. A similar discrepancy in
the association of the ITPA variant with thiopurine
intolerance between Japanese and white race has been
reported.}”"*? We also found that male patients were
marginally significantly more likely to respond to treat-
ment than female patients, which may reflect the rela-
tively high treatment age and poor response among older
female patients in Japan.?®

ITPA hydrolyses inosine triphosphate to inosine mono-
phosphate. Several allelic variants have been described that
were associated with decreased activity.2*-23 ITPA deficiency
is characterized by strong accumulation of inosine triphos-
phate in erythrocytes?* A possible relationship between
ITPase deficiency and adverse drug reactions to, eg, purine
analogues, are documented,'®?5 although no pathological
phenotypes have been found in those individuals.

Although further molecular genetic studies in relation
to ribavirin-induced anemia are needed, modulation of
ITPA activity might be effective to prevent severe anemia.
Moreover, anti-HCV therapy in combination with an
ITPA antagonist might contribute to increase sus-
tained viral response rates by improving compliance to
the therapy. On the other hand, intolerance to several
therapeutic agents has been reported in patients with
decreased ITPase activity.*?25 Therefore, such combi-
nation programs should proceed but with special at-
tention to concomitant drug administration to avoid
adverse side effects.

In conclusion, we have shown that 4 polymorphisms
located around the ITPA gene, including the recently
reported missense variant, are strongly associated with
HCV treatment-induced anemia in Japanese HCV pa-
tients. The intronic SNP, reported to affect splicing, is
monoallelic in the Japanese population. Hb decline did
not correlate with ITPA expression level, suggesting that
the nonsynonymous SNP rs1127354 is a single causal
variant associated with ribavirin-induced anemia in Jap-
anese HCV patients. The ITPA variant can be considered
to be a predictive factor for ribavirin-induced anemia in
Japanese HCV patients.

GASTROENTEROLOGY Vol. 139, No. 4

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2010.06.071.
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Supplementary Figure 1. Results of the genome-wide association study-1 (GWAS-1). (4) log10 P value plot at the first stage. Each P value was
calculated by linear regression. The /arge dot corresponds to the single nucleotide polymorphism (SNP) with the strongest association, located in the

DDRGK1 gene. (B) Quantile-quantile plot for GWAS-1. Dots represent P values of each SNP that passed the quality control filters. Only one SNP
(large dot) in the DDRGK1 gene attained genome-wide significance after GWAS-2. The inflation factor A was estimated to be 1.004.
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Supplementary Table 1. Results of Resequencing and Fine-Mapping

SNP ID Chr20 Allele 1 Allele 2 MAF%2 P(HWE)? Dre R2c Gene Location Function

— 3117545 — T 37.2 0.3 1.00 0.11
rs74724704 3117729 A G 26.6 0.082 0.37 0.07
rs71724706 3118172 C T 24.4 0.173 0.36 0.07

— 3118992 —_ AG 21.7 0.880 1.00 0.05
r$2295546 3119628 G A 37.0 0.417 1.00 011 DDRGK1 intron9
152295547 3120246 A C 391 0.979 1.00 0.12 DDRGK1 intron7
16051628 3120679 T C 13.3 0.796 1.00 0.03 DDRGK1 intron6
rs11472024 3120771 AT — 47.7 0.555 0.77 0.11 DDRGK1 intron6
rs6051629 3121589 C T 46.7 0.573 0.78 0.13 DDRGK1 intron6
1s76284374 3121740 G A 8.7 0.518 0.66 0.23 DDRGK1 intron6
rs8119219 3121907 T C 37.8 0.789 1.00 0.12 DDRGK1 introng
rs6515773 3122105 (o} T 38.0 0.684 1.00 0.12 DDRGK1 intron6
17274047 3122268 (o} T 38.0 0.681 1.00 0.142 DDRGK1 intron8
152295548 3123260 c T 37.8 0.789 1.00 0.12 DDRGK1 introng
rs2295549 3123556 G Cc 46,7 0.573 0.79 0.13 DDRGK1 intrond
152295550 3123694 G A 37.8 0.789 1.00 0.12 DDRGK1 intron5
rs2295551 3123742 A G 37.8 0.789 1.00 0.12 DDRGK1 intron5
1$2295552 3124009 T c 38.9 0.903 1.00 0.13 DDRGK1 intron4
rs7263489 3124072 Cc T 32.6 0.550 1.00 0.09 DDRGK1 intron4
rs4815575 3124443 T A 34.4 0.663 1.00 0.11 DDRGK1 intron4
rs6051633 3125184 A G 35.9 0.488 0.06 0.00 DDRGK1 intron4
rs6051634 3125188 A G 31.5 0.329 0.48 0.00 DDRGK1 intron4
rs6037495 3125195 C T 29.3 0.147 0.01 0.00 DDRGK1 intron4
rs34868732 3126817 G A 15.2 0.941 1.00 0.03 DDRGK1 intron4
rs6051636 3126949 C A 47.8 0.143 0.80 0.13 DDRGK1 intron4
rs67154167 3127366 C A 19.6 0.246 1.00 0.05 DDRGK1 intron4
rs6051638 3127897 T C 46.7 0.248 0.81 0.13 DDRGK1 intron4
rs8121983 3128226 T C 23.9 0.0004 1.00 0.06 DDRGK1 intron4
rs6051639 3128283 A c 46,7 0.003 0.78 0.10 DDRGK1 intron4
rs41281852 3128973 Cc T 21.3 0.001 1.00 0.06 DDRGK1 intron3
rs6051640 3130893 C T 16.0 0.831 1.00 0.92 DDRGK1 intron2
152326083 3131348 G A 35.9 0.488 1.00 0.10 DDRGK1 intron2
rs4630837 3131364 C T 15.2 0.223 1.00 1.00 DDRGK1 intron2
rs731282 3131404 C T 19.6 0.823 1.00 0.05 DDRGK1 intron2
rs2295553 3132134 T c 46.7 0.573 1.00 0.21 DDRGK1 introni
rs11697186 3133123 A T 15.2 0.223 1.00 1.00 DDRGKL intron1
rs6037498 3133982 o] T 16.3 0.186 1.00 0.92

—_ 3134718 G A 15.6 0.217 1.00 1.00
rs66696167 3135609 G A 30.7 0.543 1.00 0.08
rs6139030 3135733 T C 15.9 0.210 1.00 0.92

— 3136021 T (o} 4.8 0.0003 0.51 0.05
rs6076491 3136521 G A 17.4 0.166 1.00 0.84

—_ 3136833 — T 28.6 0.0001 0.25 0.01
rs6051644 3137043 T c 29.3 0.092 0.15 0.00
rs57534080 3137091 C T 33.7 0.150 1.00 0.09
rs6037500 3137117 A G 16.3 0.202 1.00 0.92
rs6139031 3137982 G A 16.7 0.180 1.00 0.92
rs45620433 3138039 C G 34.4 0.663 1.00 0.10
rs6115814 3138790 G T 20.0 0.852 1.00 0.05 ITPA intrond
rs6051646 3139068 G A 15.6 0.217 0.73 0.54 ITPA intron1
rs6037501 3139205 G T 34.1 0.552 1.00 0.09 TPA intronl
rs2422860 3139464 A G 28.4 0.739 1.00 0.08 ITPA intronl
rs73076878 3139725 GAA —_ 50.0 1.000 1.00 0.19 ITPA intronl
rs59835378 3140881 A G 30.7 0.920 1.00 0.08 ITPA intronl
rs6084304 3141486 ] T 48.9 0.760 1.00 0.18 {TPA intron1
rs6084305 3141508 T A 47.7 0.537 0.68 0.10 ITPA intrond
rs11087570 3141732 G A 17.0 0173 1.00 0.04 ITPA intron1
rs1127354 3141842 Cc A 15.9 0.210 —_— — ITPA exon2 P32T
rs8362 3141978 A G 29.5 0.401 0.24 0.00 ITPA exon3 Q486Q
rs67002563 3142473 G A 15.6 0.217 1.00 1.00 ITPA intron3
rs35991941 3142237 A G 33.3 1.000 1.00 0.09 ITPA intron3
rs76430681 3142997 C A 5.7 0.689 1.00 0.32 ITPA intron3
rs6076494 3143627 G A 27.9 0.622 1.00 0.08 ITPA intron4
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Supplementary Table 1. Continued

SNP ID Chr20 Allele 1 Allele 2 MAF%?2 P(HWE)? Dre R2¢ Gene Location Function
rs11087571 3144253 A G 48.9 0.464 1.00 0.18 ITPA intron5
rs73573878 31456192 c T 17.4 0.532 1.00 0.04 ITPA intronS
rs6139032 3145512 T C 48.9 0.553 0.72 0.11 ITPA intron5
rs6051650 3146442 A T 50.0 0.662 1.00 0.19 ITPA intron5

— 3146575 C T 31.5 0.079 0.13 0.01 ITPA intron5
' rs4815576 3147446 c G 43.5 ~ 0.309 0.61 0.06 ITPA intron6
rs6107257 3148825 c T 27.4 0.509 0.12 0.01 ITPA intron6
rs4813632 3149739 T C 26.1 0.996 0.26 0.00 ITPA intron6
rs6139034 3150069 T C 29.5 0.935 1.00  0.07 ITPA intron6
rs6139035 3150129 C T 30.4 0.898 1.00 0.09 ITPA intron6
rs6139036 3150189 C T 43.5 0.768 0.52 0.04 ITPA intron6
1810537787 3150225 — TGGT 29.3 0.978 1.00 0.08 ITPA intron6
156107258 3150636 G A 19.6 0.823 1.00 0.08 [TPA intron7
rs66724923 3150764 A T 48.9 0.553 1.00 0.19 ITPA intron7
152236206 3151950 A T 30.9 0.719 1.00 0.08 ITPA intron7
rs9101 3152084 A G 40.2 0.377 1.00 0.13 ITPA exon8 E187E
rs13830 3152231 G A 14.9 0.230 1.00 1.00 ITPA exon8 3'UTR
rs4297961 3153008 C T 25.0 0.024 0.00 0.00
1573891130 3153161 C T 19.1 0.794 1.00 0.05
rs6051655 3154068 G A 19.6 0.823 1.00 0.056

aMinor allele frequency.
bHardy-Weinberg P value.
The correlation coefficient with the missense single nucleotide polymorphism in the inosine triphosphate pyrophosphatase gene (rs1127354).
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A small-animal model for hepatitis C virus (HCV) infection was developed using severe combined
immunodeficiency (SCID) mice encoding homozygous urokinase-type plasminogen activator
(uPA) transplanted with human hepatocytes. Currently, limited information is available concerning
the HCV clearance rate in the SCID mouse model and the virion production rate in engrafted
hepatocytes. In this study, several cohorts of uPA™/+/SCID™/* mice with nearly half of their livers
repopulated by human hepatocytes were infected with HCV genotype 1b and used to evaluate
HCV dynamics by pharmacokinetic and pharmacodynamic analyses of a specific NS3-4A
protease inhibitor (telaprevir). A dose-dependent reduction in serum HCV RNA was observed. At
telaprevir exposure equivalent to that in clinical studies, rapid turnover of serum HCV was also
observed in this mouse model and the estimated slopes of virus decline were 0.11-0.17 logso
h™. During the initial phase of treatment, the log1, reduction level of HCV RNA was dependent on
the drug concentration, which was about fourfold higher in the liver than in plasma. HCV RNA
levels in the liver relative to human endogenous gene expression were correlated with serum HCV
RNA levels at the end of treatment for up to 10 days. A mathematical model analysis of viral
kinetics suggested that 1 g of the chimeric human liver could produce at least 108 virions per day,
and this may be comparable to HCV production in the human liver.

INTRODUCTION

Hepatitis C virus (HCV) is a major cause for concern
worldwide. More than 3% of the world’s population is
chronically infected with HCV and 3-4 million people are
newly infected each year (Wasley & Alter, 2000). Chronic
HCV infection is relatively mild and progresses slowly;
however, about 20 % of chronic hepatitis C (CHC) carriers
progress to serious end-stage liver disease (Lauer & Walker,
2001; Liang et al., 2000; Poynard et al., 2003). The current
standard treatment for HCV infection is administration of
pegylated alpha interferon (PEG-IFN) in combination with
ribavirin (RBV) for 48 weeks. The overall cure rates with
this intervention are 40-50 % for patients with genotype 1
and more than 75% for patients with genotypes 2 and 3
(Fried et al., 2002; Manns et al,, 2001). Several compounds
that inhibit specific stages of the virus life cycle have been

clinically evaluated (Manns et al, 2007; Pereira & Jacobson,
2009). Telaprevir is a novel peptidomimetic slow- and
tight-binding inhibitor of HCV NS3-4A protease, which
was discovered using a structure-based drug design
approach (Perni et al, 2006). A rapid decline in viral
RNA was observed in CHC patients treated with telaprevir
(Reesink et al., 2006) and an increased antiviral effect of a
combination of telaprevir and PEG-IEN has been reported
(Forestier et al., 2007). Recent clinical trials of telaprevir in
combination with PEG-IFN and RBV have indicated a
promising material advance in therapy for CHC patients
(Hézode et al.,, 2009; McHutchison et al., 2009). First-
generation HCV-specific agents have been developed
despite the lack of small-animal models for HCV infection.
However, early emergence of resistant variants against
novel antiviral agents is a concern. Thus, the use of two or
more investigation agents is strongly recommended for
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clinical studies in CHC patients (Sherman et al, 2007). To
ensure ethical and safe clinical trials, animal models
continue to be necessary for the mechanistic evaluation of
the ability of specific agents to inhibit the virus life cycle in
vivo and to develop better therapeutic strategies, including
combination regimens (Boonstra et al, 2009). Several
groups have developed a small-animal model for HCV
infection using homozygous urokinase-type plasminogen
activator (uPA)/severe combined immunodeficiency (SCID)
(uPA*'*/SCID*'*) mice transplanted with human hepa-
tocytes (Mercer et al., 2001). These mice are susceptible to
cell culture-grown HCV (HCVcc; Lindenbach et al, 2006)
and have been used to evaluate antiviral agents including
IFN-o, BILN 2061 (an NS3-4A protease inhibitor) and
HCV796 (an NS5B polymerase inhibitor) (Kneteman et al.,
2006, 2009; Vanwolleghem et al., 2007). However, the HCV
clearance rate in the SCID mouse model and the virion
production rate in hepatocytes engrafted in the mouse liver
are not fully understood. We also generated a mouse model
with an almost humanized liver (Tateno et al., 2004). Using
this mouse model, we reported the infection of a genetically
engineered hepatitis B virus (Tsuge et al, 2005) and
developed a reverse genetics system for HCV genotypes la,
1b and 2a after intrahepatic injection of in vitro-transcribed
RNA as well as intravenous injection of HCVce (Hiraga
et al, 2007; Kimura et al, 2008). In this study, we
demonstrated the rapid turnover of serum HCV RNA and
the pharmacokinetics (PK) and pharmacodynamics (PD) of
telaprevir treatment. We concluded after quantitative
estimation and the use of a mathematical model that HCV
production equivalent to that in the human liver is possible
in engrafted hepatocytes in this mouse model.

RESULTS

Preliminary dose-finding study

At the beginning of this study, we attempted to determine
an effective dose regimen for telaprevir in this mouse model.
Nine mice were randomized and treated with telaprevir over
three time periods (Table 1). The lifetime kinetics of serum
HCV RNA and of human serum albumin (HSA) in blood

are represented in Fig. 1. One mouse (A07) exhibited a
rapid reduction in HSA in the blood, which indicated the
instability of human hepatocyte grafts. As a rapid reduction
in HSA levels was not observed in subsequent experiments,
this mouse was excluded from the mean analysis. After
7 days of twice daily (BID) dosing in period 1, the mean
log;o changes in HCV RNA from baseline ( & sem) after the
100 and 10 mg telaprevir kg~ ' doses were —0.49 =+ 0,094
and —0.5310.039, respectively, and no dose-dependent
reduction- was observed. During period 2, the dose
frequency was changed from BID to three times daily
(TID), and the time of serum sampling was also changed
from 1 to 4 h after the last dose. After the 3-day treatment,
the mean log;, changes of HCV RNA in 100 and 10 mg
telaprevir kg™' TID groups were —1.00+0.166 and
—0.28 +0.056, respectively, and the difference between the
two groups was significant. To test the reproducibility of
results, mice were treated with 10 or 100 mg telaprevir kg™!
TID for 10 days and then sacrificed 5h after the
administration of the last dose. The mean log;o changes in
serum HCV RNA were —1.46 +-0.265 and —0.27 4-0.073 in
the 100 and 10 mg kg ™' TID groups, respectively, and the
difference between the means was significant.

Evaluation of HCV turnover in this mouse model

Because of the SCID nature of this mouse model, the virion
clearance mechanism was of interest. Six mice with steady-
state and high viral loads (9.7 x 10°~1.2 x 10® copies ml™})
were administered 200 mg telaprevir kg ™' TID for 4 days,
with 5 h intervals between doses and a 14 h intermission
from drug treatment each day. Because the log;, reduction
in HCV RNA appeared to depend on the time of serum
collection during the day (Fig. 2a), the mean log;o changes
in HCV RNA were plotted against time and fitted to a
linear regression model (Fig. 2b). The estimated slopes (i.e.

log;o HCV reduction per hour) and 95% confidence
intervals (CI) on days 1, 2 and 3 were —0.165 (—0.268 to
0.0616), —0.115 (—0.131 to 0.0990) and —0.153, respect-
ively. These regression lines also suggested that extra-
polated HCV loads at the actual times of the daily first
doses were 0.0530, —0.220 and —0.0948 log; copies m1 ™",
respectively. Therefore, it appeared that the viral load

Table 1. Telaprevir dose-finding experiment

Period" Duration (days) Frequency of dose Dose (mg kg_l) No. of mice Mean log;, P value (t test)
(per day) changes + SEM
1 7 2 100 4 —0.49 4+ 0.094 0.7806
10 3* —0.53+0.039
0 1 ~0.47
2 3 3 100 4% —1.004+0.166 0.0064
10 4 —0.28 +-0.056
3 10 3 100 3 —1.4640.265 0.0125
10 3 —0.27 +0.073

*One mouse was excluded because of instability of human hepatocyte grafts.

http://virsgmjournals.org
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Fig. 1. Lifelong changes in serum HCV RNA and HSA in the
blood of HCV-infected mice in the preliminary dose-finding
experiment. Nine HCV-infected mice (A01-A09) were treated
with telaprevir over three independent periods. The mice were
treated with 10 mg telaprevir kg™, 100 mg telaprevir kg™" or
vehicle BID for 7 days (period 1), TID for 3 days (period 2) and TID
for 10 days (period 3). (a) Kinetics of serum HCV RNA. (b)
Kinetics of HSA level in blood. Because the HSA level indicated
the stability of engrafted human hepatocytes in the mice, mouse
AQ07 was excluded from the summary of the results in Table 1.

reverted back towards baseline levels during the 14 h
intermission from drug treatment.

PK analysis

To assess drug exposure after repeated dosing in this
mouse model, mice were administered 100 or 300 mg
telaprevir kg™ BID for 4 days. The mice receiving 300 mg
kg™! BID for 4 days had a mean 2 logj-fold HCV
reduction, whereas those receiving 100 mg kg™ BID had
up to a 1.5 logy,-fold reduction by day 3 (Fig. 3a). Plasma
telaprevir concentrations after administration of the final
dose are indicated in Fig. 3(b). The estimated half-life of
telaprevir in the 100 and 300 mg kg™ ' groups was 2.4 and
3.8 h, respectively.

PK/PD analysis and the dose-dependent
reduction in HCV RNA

To evaluate the correlation between telaprevir concentra-
tion and HCV reductions in this mouse model, we used
another cohort of 12 HCV-infected mice with high viral
loads (1.6 x 10°-3.9 x 10° copies ml™Y). In this crossover
study, mice were randomized into three groups (n=4
each), each of which underwent two periods of dosing for

log e changes in HCV RNA

5

|
o™
e

i
Py
(53

2k,

1 R?=0.9993
R?=0.0504 P=0.0070

20 & P = 0.0205

Mean lag {¢ change in HCV RNA

2.5

6 12 24 3% 48 60 72 84
Tirne from the first dose (h}

Fig. 2. Estimation of virus clearance rate. Six HCV-infected mice
were treated with 200 mg telaprevir kg™ TID for 4 days. Individual
kinetics of logyo reductions in serum HCV RNA (a) and of mean
log1o changes (& SEM) at each sampling time (b) are represented.
Arrows indicate the times of dosing. The slopes of mean logso
HCV RNA reduction were estimated by linear regression analysis.
P and R? values are indicated on the figure.

5 days separated by a 1-week washout period. Serum and
plasma samples were collected once daily 5 h after dosing.
The mean log;, changes in HCV RNA (+SgM) at different
dose levels were calculated from the combined results of
both periods (Fig. 4a). The mean log;, reductions from
baseline in the 100 and 300 mg kg~' groups were
approximately 1 log;, and 1.5-2 logo, respectively, and
the difference between the two groups was statistically
significant. The means calculated in each period separately
are also shown in Fig. 4(b). The plasma telaprevir
concentration was positively correlated with the log
HCV RNA reduction level in each period (Fig. 4c).

Drug concentrations and HCV levels in blood
correlate with those in the liver

The correlation between telaprevir concentrations in the
plasma and liver was analysed in a double logarithmic plot
5 (dose-finding cohort) or 8 h (PK and PK/PD cohorts)
after the last dose (Fig. 5). The linear regression lines
suggested that telaprevir concentrations in the liver were 5—
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Fig. 3. PK analysis of telaprevir in the HCV-infected mouse model.
Six HCV-infected mice were administered 100 (n=3) or 300
(n=3) mg telaprevir kg~ BID for 4 days and serum samples were
collected once daily to assess antiviral activity. After the last dose,
plasma samples were collected at 1, 4 and 8 h for PK analysis. (a)
Mean logo changes (% SEm) in serum HCV RNA from mice treated
with telaprevir. Arrows indicate the times of dosing. (b) Kinetics of
telaprevir concentrations in plasma after the last dose.

10-fold higher at 5 h and approximately fourfold higher at
8 h than those in plasma. Total cellular RNA samples were
extracted from two, one and four discrete small sections
(approx. 50 mg) of the liver in the preliminary dose-
finding, PK and PK/PD cohorts, respectively. HCV RNA
levels in the total cellular RNA extract were relatively
quantified by duplex real-time RT-PCR analysis using
human f,-microglobulin (hf,m) as an internal standard of
human endogenous gene expression. Neither the threshold
cycle (Ct) of hpf,m (Ctypem) nor the Ct of HCV (Ctycv)
correlated with total RNA from a small section of the
chimeric human livers (data not shown). This result
indicated that occupancy rates of human cells varied
individually and/or among small sections of the chimeric
human liver. Therefore, the mean difference in Ct
(ACt=Ctgcy— Ctygom) in each mouse was calculated and
plotted against the viral load in serum (Fig. 6). After
treatment with telaprevir for up to 10 days, mean ACt
values ranged between 11 (HCV RNA content:
2"'=2x10%-fold lower than hf,m expression) and 17

(1 x 10°-fold lower) among the HCV-infected mice and
correlated linearly with log;q serum HCV RNA levels.

Viral dynamics model analysis

To evaluate time-dependent reductions in HCV with BID
dosing, 12 HCV-infected elderly mice, which maintained
high and steady-state viral loads (1.2 x 10°-8.5 x 10 copies
ml™") for more than 6 months, were treated with 200 mg
telaprevir kg ™! BID for 3 days. The mice were divided into
two groups, and serum samples were collected just before
the second dose and 4 (n=6) or 8 (n=6) h after every two
administrations. The single administration of telaprevir
resulted in a mean 0.8-1.0 log;,-fold reduction in HCV
RNA in both groups. After the second dose, the pattern of
viral kinetics appeared to depend on the time of .serum
collection, and the mean HCV RNA reduction level was
higher in the 8 h group than in the 4h group and
plateaued at approximately a 2 log;,-fold reduction in both
groups after treatment for 3 days (Fig. 7). Finally, we
attempted to estimate parameters of efficacy (e) and virus
clearance (¢) per hour in this mouse model for comparison
with estimates derived from human studies. Because the
mean viral kinetics of the 8 h group was biphasic, the
values in the 8 h group were used together for the
mathematical model analysis. The estimated ¢ and ¢ values
were 0.992 (95 % CI 0.982-1.00) and 0.200 (95 % CI 0.110~
0.291), respectively. :

DISCUSSION

Using a mouse model with a chimeric human liver for
HCV infection, we analysed the PK/PD of telaprevir
treatment and investigated HCV dynamics during the
initial phase of protease inhibitor treatment. All the mice in
this study were expected to have more than half of their
livers repopulated by human hepatocytes (Tateno et al.,
2004), which simulates a human drug metabolism profile
(Katoh et al., 2007, 2008). After the infection with HCV
genotype 1b, high viral loads were maintained in the mice
for more than 6 months. Recent studies have indicated the
utility of a human/mouse chimera model for HCV
infection to evaluate antiviral efficacy (Kneteman et al,
2006, 2009) and preclinical safety (Vanwolleghem et al.,
2007). However, PK/PD studies and estimations of virus
clearance rate have rarely been performed in this mouse
model. HCV production, including intracellular replication
in engrafted hepatocytes, has also not yet been elucidated.
Despite the SCID nature of this mouse model, a 2 log;,-
fold HCV RNA reduction was observed within 0.5 days, as
has been observed previously in CHC patients (Forestier
et al., 2007; Reesink et al., 2006). In this mouse model, the
rapid rebound in HCV load during the intermission from
drug exposure indicated the rapid production and release
of HCV into the circulation. This finding indicates that a
virion-clearing compartment, which does not depend on
T- and B-cell responses, may exist in this mouse model.

http://virsgmjournals.org
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Fig. 4. PK/PD analysis and the dose-dependent reduction in HCV. Twelve HCV-infected mice were randomized into three
groups (n=4 each) and then underwent two periods of telaprevir BID dosing for 5 days, separated by a 1-week washout
period. Before the second period, the mice in the vehicle control group were additionally assigned to active drug groups. During
the second period, mice that received the high or low doses were crossed over 1o the alternative treatment. Serum and plasma
samples were collected once daily 5 h after dosing. Mean logyo changes (4 Sem) in serum HCV RNA were calculated from the
combined results from both periods (a) and each period separately (b). Arrows indicate the times of dosing. *, P<0.05 versus
vehicle control group; #, P<<0.05 versus 100 mg kg™"' group. (c) Correlation between logyo reduction in serum HCV and
telaprevir concentrations in plasma. Linear regressions (solid lines) and 95 % ClI (dashed lines) are indicated.

One possible explanation is that viral kinetics after liver
transplantation in humans may play a role in HCV
clearance under immunosuppressed conditions (Dahari
et al., 2005; Powers et al, 2006; Schiano et al., 2005). This
observation suggests that this mouse model is capable
of evaluating ‘first-phase’ HCV clearance after drug
treatment.

In a clinical trial of telaprevir, CHC patients who exhibited
a continuous decline in viral kinetics had mean plasma
trough levels above 1000 ng ml™'; therefore, a dose of
750 mg TID was selected for further clinical studies
(Sarrazin et al., 2007). When HCV-infected mice were
administered 100 or 300 mg telaprevir kg™, a plasma
concentration above 1000 ng ml™" was maintained beyond
8 h in mice treated with 300 mg kg™' but not in those
treated with 100 mg kg™'. This result suggests that the
extrapolation of telaprevir doses from this mouse model to
human studies depends on body surface area, i.e.
approximately 15th of a dose in this mouse model may
be equivalent to a dose in humans. In another cohort of
mice treated with 100 and 300 mg telaprevir kg™ ' BID, a

dose-dependent reduction in HCV was observed and the
plasma telaprevir concentration correlated significantly
with the HCV reduction level. Therefore, the PK/PD
results in this mouse model may be able to indicate a
targeted dose range in clinical studies.

Whereas a telaprevir concentration in plasma equivalent to
its dosage in clinical trials was achieved in this mouse

" model, the serum HCV RNA level plateaued at a decrease

of approximately 2 logj,-fold within several days of
treatment. A saturated reduction of approximately 2
logjo-fold after treatments with BILN 2061 and IFN was
also reported in an analogous mouse model (Kneteman
et al., 2006; Vanwolleghem et al., 2007). These observations
led us to examine HCV replication in the chimeric human
liver. In the relative quantification of HCV RNA against
human-specific endogenous gene expression, we observed
a correlation between the serum HCV RNA level and the
mean ACt value in the liver, despite no correlation between
the total RNA concentration and each Ct value of two
target genes in the liver RNA extracts. This result can be
interpreted to indicate that HCV replicated only in
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Fig. 5. Correlation between telaprevir concentrations in the liver
and plasma. Telaprevir concentrations in the liver and plasma were
determined at the end of the three different experiments indicated
in Fig. 1 (dose-finding), Fig. 8 (PK) and Fig. 4 (PK/PD). Telaprevir
concentrations in the liver were plotted against those in plasma 5
(a) or 8 (b) h after the last dose. Linear regressions (solid lines) and
959% Cl (dashed lines) are indicated.

engrafted human hepatocytes, and the observed HCV
reduction in serum might reflect virus replication in the
human hepatocyte grafts. Moreover, the relative content of
HCV RNA was 2x10°-1x 10°-fold lower than hg,m
expression, whereas an HCV replicon cell line, which had
approximately 1000 replicon genomes per cell (Quinkert
et al., 2005), contained nearly equal amounts of both genes
(data not shown). HCV replication was much lower in the
engrafted human hepatocytes than in an HCV replicon cell
line, and HCV infected only a small portion of the
engrafted human hepatocytes. It has been reported that 4—
25% of hepatocytes in a CHC patient were positive for
replicative-intermediate RNA, and the mean number of
viral genomes per productively infected hepatocyte ranged
from 7 to 64 molecules (Chang et al, 2003). Also, a more
recent report suggested that the percentage of HCV
antigen-positive hepatocytes in patients varied from 0 to
40 %, and the HCV content in 2000 microdissected HCV-
positive cells ranged from 40 to 1800 international units
using a branched DNA assay (Vona et al., 2004). Therefore,
we suggest that HCV replication efficiency in engrafted
human hepatocytes is equivalent to that in CHC patients.
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Fig. 6. Correlation between HCV content in the liver and serum.
Relative quantification of HCV RNA levels in the liver was
determined by the difference between threshold cycles (ACY) of
HCV RNA and hfym in a duplex real-time RT-PCR analysis. Linear
regressions (solid line) and 95 % ClI (dashed lines) are indicated.

The differences observed between the engrafted human
hepatocytes and the HCV replicon cell line can be
explained by the following assumptions: approximately
10% of engrafted human hepatocytes are productively
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Fig. 7. Viral dynamics under BID telaprevir freatment. Mice were
administered 200 mg telaprevir kg~' BID at the times indicated by
arrows. Serum samples were collected just before the second
dose was administered and 4 (n=6) or 8 (n=6) h after every two
doses were administered. Mean logyo changes (£ SEM) in serum
HGCV RNA are plotted. The solved equation described in Methods
was fitted to the values in the 8 h group (solid line), and the
estimated efficacy and virion clearance rates were 0.992 (95 % ClI
0.982-1.00) and 0.200 (85 % Cl 0.110-0.291), respectively.
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infected and harbour approximately ten HCV genomes per
cell at baseline steady state and a 2 log;o-fold reduction is
achieved with drug treatment.

Mathematical models have proven valuable in understanding
the in vivo dynamics of HCV, and very rapid dynamic
processes occur on timescales of hours to days, and slower
processes occur on timescales of weeks to months (Perelson &
Ribeiro, 2008). In the last experiment, we observed a biphasic
decline in the HCV RNA level after BID dosing for 3 days.
During the first 2 days of the treatment, a discrepancy in viral
kinetics between the serum-sampling time points was noted.
Similarly, fluctuations in viral kinetics during the first-phase
slope were observed in patients who received IFN three times
a week (Pawlotsky et al, 2004). Variable efficacy rate
determined by PK parameters can explain fluctuations during
the first-phase slope in mathematical model analysis (Talal
et al., 2006). However, it is difficult to evaluate the individual
temporal changes in viral and drug kinetics using a mouse
model as only a limited volume of blood is available for
analysis. Therefore, we assumed a constant efficacy rate (¢)
and omitted a turnover rate of hepatocytes because of the
short duration of treatment. The estimated clearance rate (c)
in this study was 4.8 day™~'. Additionally, the mean slope of
0.144 log;, h™' (Fig. 2b) could be transformed to
0.332 h™'=8.0 day™' according to the change of base of a
logarithm. The estimated clearance rates in this mouse model
basically agreed with estimates determined in humans
infected with HCV genotype 1 and undergoing IFN-based
therapies (Herrmann et al, 2003; Neumann et al, 1998;
Pawlotsky et al, 2004) or large-volume plasma apheresis
(Ramratnam et al., 1999). Total virion production during
steady-state viral kinetics in this mouse model was calculated
by multiplying ¢ by the initial viral load (V;) and then
normalizing the extracellular fluid volume. From previous
studies, it was determined that 10"'~10" virions are produced
daily in patients with high HCV loads (Neumann et al., 1998;
Ramratnam et al, 1999). In this mouse model, the volume of
extracellular fluid and weight of the liver were approximately
20 and 9% of the body weight (data not shown), and the
mean log;y Vo (& SEM) among the mice with mean clearance
rates of 4.8 and 8.0 per day were 6.96+0.26 and 7.00 £ 0.33,
respectively. The results of the calculations indicated that 1 g
of the chimeric human liver produced 1 x 10°-2 x 10® virions
per day. The typical weight of the human liver.is 1-2 kg; thus,
the capacity of human hepatocytes to produce HCV in this
mouse model may be equivalent to that in CHC patients. In
conclusion, a mouse model with a chimeric human liver can
simulate HCV replication in human patients quantitatively
and dynamically, and this mouse model may be suitable for
preclinical evaluations of novel HCV-specific agents and
other therapeutic strategies, including combination regimens.

METHODS

Generation of mice with chimeric human livers and HCV
infection. The generation of uPA*/*/SCID*/* mice and trans-
plantation of frozen human hepatocytes was performed at

PhoenixBio. Graft function was monitored on the basis of HSA
levels in blood (Tsuge er al., 2005). All the mice had high HSA levels,
which suggested that nearly half of their livers were repopulated by
human hepatocytes (Tateno et al, 2004). After obtaining written
informed consent, we collected sera periodically from patients who
were chronically infected with HCV genotype 1b and failed to
respond to PEG-IFN and RBV therapy. The mice were inoculated
with the serum samples via the orbital vein after anaesthetization. The
experimental protocol was approved by the Ethics Review Committee
for Animal Experimentation of the Graduate School of Biomedical
Sciences, Hiroshima University.

Compound preparation and experimental designs. The telapre-
vir formulations were kindly provided by Vertex Pharmaceuticals. A
telaprevir suspension was prepared as described previously (Perni et
al., 2006) and used in experiments 1 and 2. In the other experiments,
a telaprevir suspension was prepared daily as in the tablet formulation
(Forestier et al., 2007; Hézode et al., 2009; McHutchison et al, 2009).
A suspension of telaprevir was administered via oral gavage.

Experiment 1: preliminary dose-finding study. Ten out of 11 mice
developed serum HCV loads greater than 10* copies ml™". Nine mice
with high viral loads (>10° copies ml™') were randomized and
administered 10 or 100 mg telaprevir kg™* BID or TID over three
periods. During period 1, the mice were administered 100 (n=4) or
10 (n=4) mg telaprevir kg™' or vehicle (n=1) BID at 18:00 and
10:00 h for 7 days, and serum samples were collected before
treatment and 1 h after administration in the morning on the third
and/or seventh day. During period 2, the mice were administered 100
(n=5) or 10 (n=4) mg telaprevir kg_1 TID for 3 days, and serum
samples were collected before treatment and 4 h after administration
of the last dose. Three mice died between periods 2 and 3. During
period 3, the mice were administered 100 (n=3) or 10 (n=3) mg
telaprevir kg™! TID for 10 days. The mice were sacrificed 5 h after
administration of the last dose, and plasma, serum and liver samples
were collected.

Experiment 2: evaluation of HCV turnover. Eleven mice were
infected with HCV and eight mice survived for more than 15 weeks
with steady-state and high viral loads (10°~10° copies mi™"). Six of
the mice were administered 200 mg telaprevir kg™' TID at 9:00,
14:00 and 19:00 h for 4 days. On day 1, serum samples were
collected before dose administration, 4 h after the first and second
doses were administered, and 2 h after the third dose was
administered (n=2 each). On day 2, serum samples were collected
1 h after each of the three doses was administered (n=2 each). Serum
samples were also collected 4 h after the first and second doses were
administered on day 3 (n=3 each) and 4 h after the second dose was
administered on day 4.

Experiment 3: PK analysis. After a washout period, six mice from
experiment 2 were administered 100 or 300 mg telaprevir kg™ (n=3
each) BID at 19:00 and 9:00 h for 4 days. Serum samples were
collected before dose administration, 4 (n=1) or 8 (n=2) h after
administration of the second dose, and 5 h after every two doses were
administered. After the final dose was administered, plasma for PK
analysis was collected at 1 and 4 h. The mice were sacrificed at 8 h,
and serum, plasma and liver samples were collected.

Experiment 4: dose dependence and PK/PD analysis. Thirty-six
mice were infected with HCV and 13 survived for more than 13
weeks. The median survival time of this cohort was 81 days after
infection. Twelve HCV-infected mice were randomized into three
groups (A-C; n=4 each) and underwent two periods of BID dosing
for 5 days, which were separated by 1-week washout periods. During
the first period, the mice in groups A, B and C were administered
300 mg telaprevir kg™!, 100 mg telaprevir kg™' and vehicle,
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respectively. Because two mice in group A and two mice in group C
died before the second period, two remaining mice in group C and
one back-up mouse were assigned to group A (#=2) and group B
(n=1). During the second period, mice that received high or low
doses were crossed over to the alternative treatment. Serum samples
were collected before the first dose was administered and 5 h after
every two doses were administered. Plasma samples were also
collected at the same time on days 1, 3 and 5 in the first period
and days 1, 3 and 4 in the second period. The mice were sacrificed 8 h
after administration of the final dose, and serum, plasma and liver
samples were collected.

Experiment 5: viral kinetics with BID dosing After infection of 45
mice, 12 HCV-infected mice maintained steady-state and high viral
loads (1.2 x 10°8.5 x 107 copies ml ™) for more than 6 months. The
median survival time of this cohort was 131 days after infection.
These mice were treated with 200 mg telaprevir kg™! BID at 19:00
and 9:00 h for 3 days. The mice were divided into two groups and
serum samples were collected just before the second dose was
administered and 4 (n=6) or 8 (n=6) h after every two doses were
administered.

Serum RNA extraction and HCV RNA quantification. HCV RNA
was isolated from 10 pl serum under denaturing conditions using a
SepaGene RV-R kit (Sanko Junyaku). The dried precipitates were
dissolved in 10 pl diethylpyrocarbonate-treated water. Extracts were
duplicated and assayed by quantitative real-time RT-PCR using
TagMan EZ RT-PCR core reagents (Applied Biosystems). Nucleotide
positions of the probe and primer sets refer to HCV H77 strain
(GenBank accession no. AF009606). The TagMan probe 5'-6-FAM-
CTGCGGAACCGGTGAGTACAC-BHQ-1-3" (nt 148-168) was pur-
chased from Biosearch Technologies, and the forward (5'-
CGGGAGAGCCATAGTGG-3'; nt 130-146) and reverse (5'-
AGTACCACAAGGCCTTTCG-3'; nt 272-290) primers were pur-
chased from Sigma-Aldrich. The 25 pl RT-PCR mixture contained
0.2 nmol forward and reverse primers mi™", 0.3 nmol TaqgMan probe
mi™! and 5 pl extracted RNA, and was monitored using a PRISM
7900HT sequence detection system (Applied Biosystems). The
thermal profile was 2 min at 50 °C, 30 min at 60 °C for reverse
transcription and 5 min at 95 °C, followed by 45 cycles of 20 s at
95 °C and 1 min at 62 °C. The HCV replicon Isgoneo/NS3-3'/5.1
(Lohmann et al, 1999) RNA was transcribed in vitro using a T7
RiboMax Express Large Scale RNA Production System (Promega)
and purified twice using gel filtration. The concentration of this
transcribed RNA was determined by absorbance at 260 nm and
serially diluted 10-fold to prepare a standard curve for each assay.

Liver RNA extraction and HCV RNA quantification. A Wizard SV
total RNA Isolation System (Promega) was used to obtain a DNase I-
treated total RNA sample. The total RNA concentration was
determined by absorbance at 260 nm. Total RNA samples were
assayed by duplex real-time RT-PCR for relative quantification of
HCV RNA using endogenous control gene expression of human f,-
microglobulin (hf,m; GenBank accession no. NM_004048), the
TagMan probe 5'-CAL Fluor Orange 560-AGTGGGATCG-
AGACATGTAAGCAGCATCAT-BHQ-1-3" (nt 401-430), and the
forward and reverse primer set of 5'-TTGTCACAGCCCAA-
GATAGTT-3' (nt 379-399) and 5-TGCGGCATCTITCAAACC-3'
(nt 434-450). To adjust the efficacy of PCR amplification of both
target genes, the reaction condition was modified from the HCV
single-probe assay. The temperature for extension was 60 °C, the
concentration of the HCV probe was 0.24 nmol ml™" and the
reaction mixture contained the TagMan probe/primer set for hf,m:
0.2 nmol primers ml™" and 0.12 nmol TagMan probe ml™". Because
both target genes double after one cycle of PCR, a difference in Ct
between HCV and hf2m (ACt=Ctycy—Ctugom) theoretically indi-

cates a relative quantity of HCV RNA per control gene expression of
5—AAC

Determination of drug concentration. Plasma and liver samples
were analysed using chiral liquid chromatography followed by
tandem mass spectrometry. After reconstitution, sample extracts
were separated by normal-phase chromatography on a 2 x 250 mm
Hypersil CPS-1 column (Thermo Hypersil-Keystone) with a mobile
phase of heptane:acetone: methanol (82:17:1). Analyte concentra-
tions were determined by turbo ion spray liquid chromatography/
tandem mass spectrometry in the positive-ion mode. Analysis was
performed at SRL or Mitsubishi Chemical Medience.

Statistical analysis. The HCV RNA level in serum was normalized
by logarithmic conversion. Statistical analysis was performed with a
mixed linear model using sas (SAS Institute). Mean differences
between two groups were evaluated with Student’s t-test. The
difference compared with vehicle control at each time point was
evaluated by Dunnett’s multiple comparisons test. Linear and non-
linear regression analyses were performed using GraphPad Prism 5
(GraphPad Software).

Viral dynamics model analysis. The basic mathematical model for
the analysis of HCV infection in vivo, which is a system of three
ordinary differential equations for uninfected cells (T), productively
infected cells (I) and free virus (V), has been reviewed elsewhere
(Perelson & Ribeiro, 2008). Briefly, one of the three equations (dV/
dt=pI—cV), where viral particles are produced at rate p per infected
cell and cleared at rate ¢ per virion, was solved. During treatment for
2-3 days, if one assumes that the number of I is approximately
constant and equal to its pre-treatment value and that the viral level
was at its set-point value (Vj), then pI=cV,. Using this relationship in
the equation dV/dt=(1—g)pl-cV, where ¢ is the effectiveness in
blocking virion production, yields dV/dt=(1—¢) Vo —cV, V(0)=V,
with the solution V()=Vy(1—g+zge ). Because the log change of
viral load at time flog AV(#)] equals log V(£)/V;, the solved equation
[log AV(#)=log(1—e+ge~ )] was fitted to the values obtained in this
study via non-linear least-squares regression in order to estimate &
and c
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The non-structural X protein, HBx, of hepatitis B virus (HBV) is assumed to play an important role
in HBV replication. Woodchuck hepatitis virus X protein is indispensable for virus replication, but
the duck hepatitis B virus X protein is not. In this study, we investigated whether the HBx protein is
indispensable for HBV replication in vivo using human hepatocyte chimeric mice. HBx-deficient
(HBx-def) HBV was generated in HepG2 cells by transfection with an overlength HBV genome.
Human hepatocyte chimeric mice were infected with HBx-def HBV with or without hepatic HBx
expression by hydrodynamic injection of HBx expression plasmids. Serum virus levels and HBV
sequences were determined with mice sera. The generated HBx-def HBV peaked in the sucrose
density gradient at points equivalent to the generated HBV wild type and the virus in a patient's

serum. HBx-def HBV-injected mice developed measurable viraemia only in continuously HBx-
expressed liver. HBV DNA in the mouse serum increased up to 9 log;o copies mi™! and the
viraemia persisted for more than 2 months. Strikingly, all revertant viruses had nucleotide
substitutions that enabled the virus to produce the HBx protein. It was concluded that the HBx
protein is indispensable for HBV replication and could be a target for antiviral therapy.

INTRODUCTION

Chronic hepatitis B virus (HBV) infection is associated
with the development of virus-related liver diseases,
including chronic hepatitis, liver cirrhosis and hepatocel-
lular carcinoma (HCC). HBV is a member of the family
Hepadnaviridae, which consists of hepatotropic, small
DNA viruses that infect their respective animal hosts
(Ando et al, 1999; Ganem & Schneider, 2001; Raney &
McLachlan, 1991). HBV particles contain a 3.2 kb partially
double-stranded circular DNA genome encoding four open
reading frames (ORFs). The preS/S, pre-core/core, poly-
merase/reverse transcriptase and non-structural X protein
(HBx) mRNAs are transcribed from each of the four ORFs

The GenBank/EMBL/DDBJ accession number for the nucleotide
sequence of the HBV genome cloned into plasmid pTRE-HB-wt is
AB206817.

(Seeger & Mason, 2000; Tang et al, 2001). Although
previous works have demonstrated that HBx protein is
necessary for maximal HBV replication in cultured cells
(Bouchard et al., 2001; Keasler et al., 2007; Leupin et al,
2005; Tang et al., 2005) and in mouse hepatocytes (Keasler
et al., 2007), the precise function of HBx in the virus life
cycle remains poorly defined in human hepatocytes under
physiological conditions because there is no natural
infection~replication system available. Accordingly, all
previous work has been done using hepatocarcinoma cell
lines with transfection or mouse hepatocytes with hydro-
dynamic injection. Analysis of HBx under physiological
conditions will provide more accurate information for the
function of the HBx protein.

The nucleotide and amino acid sequences of the X genes are
well-conserved among all mammalian hepadnaviruses.
Expression of HBx protein in hepatocytes has been reported
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