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Table 2
Mutation rates during the non-treatment observation period and
during subsequent ribavirin monotherapy

NS5A NS5B

During non-treatment observation period

Total 0.6x 102 — 0.24x 107 =
SVR 1.4x 102 0.46 x 107
:
NR 0.28x 107 * 0.14x 107 t

During subsequent ribavirin monotherapy

Total 29x 10 — 13xt0?* -~
SVR 8.8x 107 22x10?
]§
NR 0.38x 10? 0.96 x 102

Note that the difference in NSSA mutation rate between SVR and NR
patients was greater during ribavirin treatment than that during the non-
treatment observation (control) period (23-fold vs. 5-fold). *P=0.02
(paired ¢ test). TP=0.02 (paired ¢ test). 1P =0.04 (unpaired ¢ test). §P=0.
0005 (unpaired ¢ test),

the same patients (Table 2, P=0.02 for both NS5 regions).
Of all nucleotide mutations, 72.1% in the NS5A region and
85.5% in the NS5B region were transition mutations.
‘Percentages of transition mutations for all mutations are
detailed in Table 3. Mutations from C to T and from G to A
were frequent (Table 3). Synonymous mutations occurred
more frequently than non-synonymous mutations in both
regions, comprising 80.6% of all NS5A mutations and
73.5% of all NS5B mutations. No significant correlation
was found between gene mutation rates and the subject’s
serum ribavirin concentration at the end of four weeks of
ribavirin monotherapy.

Next, the relationship between mutations during ribavirin
therapy and virological response to combination therapy was
evaluated. The sustained viral response rate was 24.9% (10/34)
(Table 1). The proportion of patients who had mutations in

Table 3
Transition mutations during the non-treatment observation period and
during subsequent ribavirin monotherapy

CtoT TtoC GtoA Ato G Others?®

During non-treatment observation period

NS5A (%) 222 333 222 11.1 112

NS5B (%) 28.5 57.1 0 14.3 0
During subsequent ribavirin monotherapy

NS5A (%) 18.6 9.3 25.6 18.6 279

NS5B (%) 385 20.5 10.2 16.3 14.5

Data are expressed as a percentage of all mutations observed in each region.
? Transversion mutations were included in this column.
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the NS5A region during ribavirin monotherapy was signifi-
cantly higher in SVRs than in NRs (8 out of 10 vs. 2 out of 24
patients, respectively, P<0.0001, Fisher’s exact test).
Correspondingly, gene mutation rates in the NS5A region
were significantly higher in SVRs than in NRs: 8.8 X 10~ ¥site/
year vs. 0.38 X107 ¥site/year, respectively (P=0.0005)
(Table 2). In the NS5B region, although statistically significant
differences were not observed, the gene mutation rate tended to
be higher in SVRs than in NRs: 2.2 X 10~ %/site/year vs. 0.96 X
10~ ¥site/year, respectively (Table 2). The proportion of
patients with mutations in the NS5B region did not significantly
differ between SVRs and NRs.

3.3. Non-synonymous mutations and virological response
to IFN/ribavirin combination therapy

In the NS5A region, non-synonymous mutations were
found in 19.4% of all nucleotide mutations observed during
ribavirin monotherapy. Alterations in deduced amino acid
residues by non-synonymous mutations are illustrated in
Fig. 2, which shows all 10 patients who had nucleotide
mutations during ribavirin monotherapy. In a pairwise
comparison between pre- and post-ribavirin monotherapy,
amino acid alterations were found in 5 of these 10 patients,
Non-synonymous mutations were found exclusively in
SVRs. In other words, 5 out of the 8 patients who achieved
SVR status had 1 or 3 non-synonymous mutations; 2 of
these 5 patients had amino acid alterations accompanied
with an increase in the number of amino acid mutations in
the interferon sensitivity determining region (ISDR). In
contrast, all nucleotide mutations detected in NRs were
synonymous mutations. dN/dS tended to be higher in SVRs
than in NRs (P=0.25, Fig. 3).

In the NS5B region, non-synonymous mutations were
detected in 3 out of the 10 SVRs and in 2 out of the 24 NRs.
The proportion of patients with non-synonymous mutations
did not significantly differ between the two response groups.
dN/dS also did not significantly differ between the SVRs
and the NRs (P=0.77, Fig. 3). Of the 9 amino acid
mutations detected in the NS5B region, two were located in
the functional domain of the RdRp, one ‘was located in .
domain C (D310N), and one was located in domain D
(R3458S). As shown by the crystal model of the NS5B-RdRp
in Fig. 4, amino acid mutations were primarily located on
the molecular surface; none occurred in the nucleotide
groove or in the tunnel.

3.4. Genetic changes during the non-treatment
observation period

Gene mutation rates in the NSSA and NS5B regions
during the non-treatment observation period were calculated
as 0.60X 10~ %/site/year and 0.24 X 10~ ¥site/year, respect-
ively, rates which were significantly lower than the mutation
rates observed during ribavirin monotherapy (Table 2).
Next, the relationships between viral mutation rates during
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Fig. 2. Amino acid sequence alignments in the NSSA region obtained pre- and post-ribavirin monotherapy. The figure contains data for all 10 patients
out of 34 with nucleotide mutations eccurring during ribavirin monotherapy. Amino acid residues are indicated by the standard single-letter codes,
and dashes indicate identical amino acid residues, with the consensus sequence and HCV-J shown at the top. Outcomes of combination therapy are
shown on the right side. In a pairwise comparison between pre- and post-ribavirin menotherapy sera, amino acid alterations were found in 5 of 10
patients. Non-synonymous mutations were exelusively found in SVR patients. N

the non-treatment observation period and viral responses to
subsequent IFN/ribavirin therapy were evaluated. Interest-
ingly, gene mutation rates in the NS5A region during the
non-treatment observation period were significantly higher
in SVRs than in NRs: 1.4 X 10~ ¥site/year vs. 0.28 X 10~%/
site/year, respectively (P=0.04). However, it should be
noted that the relative difference in NS5A mutation rates
between SVRs and NRs during ribavirin treatment was
larger than the relative difference between SVRs and NRs
during the non-treatment observation period (23-fold vs.
5-fold, P=0.01).

Similarly, gene mutation rates in the NS5B region were
higher in SVRs (0.46 X 10~ ¥site/year) than in NRs (0.14 X
10~ %/sitefyear), although these differences were not
statistically significant. Seven of the nine patients who had
mutations occurring during the non-treatment observation
period also had mutations during ribavirin monotherapy.
However, 53% (8/15) of the patients with mutations during
ribavirin monotherapy had no gene mutations during the
non-treatment observation period.

4. Discussion

In the present study, we identified HCV gene mutations
occurring during ribavirin monotherapy and found that the
mutation rate was associated with the virological response
to subsequent IFN/ribavirin combination therapy. Since the
mutation rate was significantly higher during ribavirin
monotherapy than during non-treatment observation periods

in the same patients, at least some of the mutations observed
during ribavirin treatment were likely an effect of ribavirin
administration. Therefore, ribavirin appears to act as a
mutagen during clinical treatment, and this mutagenic effect
correlates with improvements in the virological response
rate resulting from the synergistic use of ribavirin with IFN.

Recently, several in vitro and animal studies {9-11,
18,19] have provided evidence that ribavirin has mutagenic

NS5A NS5B
dN/dS 1 dN/dS 1
0.8 08 '
[ ]
06 06 e
04 0.4
@ @
0z| & 02| ©
ee ®
e .. © _ se0
SVR NR SVR NR

Fig. 3. Ratio of dN (nonsynonymous substitution) to dS (synonymous
substitution) distances for the NS5A and NS5B regions. All 10 patients
with nucleotide mutations in the NS5A region and all 8 patients with
nucleotide mutations in the NS5B region during ribavirin monotherapy
are shown in this figure. All pairwise dN/dS ratios were calculated using
MEGA ver. 2.1 for each subject. dN/dS in the NS5A region tended to be
higher in SVR patients than in NR patients (NS5A: P=0.25, NS5B:
P=0.77).

- 274 -



628 Y. Asahina et al. / Journal of Hepatology 43 (2005) 623-629

Single-stranded
HCV-RNA
Double-stranded
HCV-RNA

@svr
@NR
@ SVR and NR

Fig. 4. Crystal structure of HCV NS5B-RNA dependent RNA
polymerase. The molecular model of NS5B was constructed using
1QUYV from the Protein Data Bank. A space-filling representation of
each atom is shown. Graphics were generated using Rasmol 2.7.2.1.
View of a cross section of the RdRp at level of nucleotide tunnels (A)
and the surface (B) are illustrated. Single stranded HCV RNA enters
the enzyme through a groeove at the top of the finger domain, and NTP
(or ribavirin triphosphate; RTP) enters the enzyme through the right
lower NTP tunnel (between the fingers and the thumb). The
substitutions observed in SVR patients only, NR patients only, and
both sets of patients are shown in red, blue, and magenta, respectively.

activity. Other studies have found that ribavirin increases
the mutation rate in a full-length HCV ¢cDNA plasmid [20]
and in an HCV replicon [21]. However, none of these
studies were human studies; no study to date has
documented that ribavirin has mutagenic activity in the
clinical setting. In the absence of clinical data, the
association between the mutagenic activity of ribavirin
and the clinical and virological responses to IFN/ribavirin
combination therapy remains unknown. Detecting gene
mutations induced by ribavirin and analyzing their
association with clinical responses to IFN/ribavirin therapy
are extremely difficult because HCV with error mutations
may be immediately eliminated by the concurrently
administered IFN. Although issues regarding the mutagenic
effects of ribavirin remain controversial, the inclusion of
four weeks of ribavirin monotherapy immediately before
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IFN/ribavirin combination therapy in our protocol enabled
us to clarify the association between gene mutations induced
by ribavirin and the ensuing virological response to the
subsequent IFN/ribavirin therapy.

Interestingly, the correlation between mutation rate and
virological response to therapy was more evident in the
NS5A region, including the ISDR, than in the NS5B region.
From our previous analysis of the full-length HCV genome
[13,22], NS5A sequences were more variable than NS5B
sequences among different clones. Therefore, it seems likely
that the stronger relationship observed between mutation
rates in the NS5A region and SVR status was due to the
relatively greater inherent variability of the NS5A region
compared with the NS5B region. Even in the NS5A region,
however, serial amino acid mutations rarely occur in the
same patients during untreated periods [23]. Hence, our
ribavirin monotherapy results suggest that in some patients,
ribavirin induces non-synonymous mutations which
increase sensitivity to IFN. In turn, this increased
susceptibility to IFN could lead to SVR status. Conversely,
no functionally important mutations were detected in the
NS5B region. Since a ribavirin-induced non-synonymous
mutation at a functionally important site in the NS5B region
is likely to lead to viral death, even without concurrent IFN
administration, the substitutions observed in this critical
region are more probably the results of positive or negative
selection.

The patients who had gene mutations during the non-
treatment observation period were prone to also having
mutations during ribavirin monotherapy as well and were
more likely to achieve SVR status. These correlations
suggest that ribavirin easily induced HCV mutations in such
patients. Although mutations could have occurred in the
absence of ribavirin, the difference in mutation rates
between SVRs and NRs was significantly larger during
ribavirin treatment than during the non-treatment obser-
vation period (23-fold vs. 5-fold, P =0.01). The observation
that in more than half of the patients, mutations occurred
only during ribavirin monotherapy and were not detectable
during the non-treatment observation period suggests that
mutagenic effects of ribavirin synergistically potentiating
the virological response to IFN may play an important role
in achieving SVR status.

Gene mutations in the NS5A and/or NS5B regions during
ribavirin monotherapy did not occur in all patients in the
present study, suggesting that the intensity of the mutagenic
effects of ribavirin differed among individual patients.
Additionally, some patients who did not have gene mutations
in these regions during the non-treatment observation period
or during ribavirin monotherapy nonetheless still achieved
SVR, suggesting that the synergistic efficacy of ribavirin may
not result solely from the mutagenic activity of this agent.
Alternatively, ribavirin may have possibly induced
mutations during the period of IFN/ribavirin combination
therapy in these patients, but as previously discussed, the
concurrent IFN might have eliminated the HCV containing
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these mutations before the mutations were able to be
detected. Additionally, our data did not address the
significance of the impact that mutations in regions other
than NS5 may have had on viral response to therapy.

HCV populations in vivo consist of a quasispecies
nature, Our previous cloning analysis detected small
number of minor clones in specimens, which were
determined as ISDR-wild type by direct sequencing [24].
Hence, it should be noted that our criteria for mutation could
not completely distinguish between de novo mutation and
selection of a minor clone.

In the present study, we found that ribavirin also
expressed antiviral activity by reducing viral load, pre-
sumably because we used a highly quantitative assay for
HCV-RNA measurement [17]. However, contradictory
results have been reported previously [1-3]. Since the
present study identified only a small reduction in viral load,
further investigation is needed to confirm our result.

In conclusion, our data demonstrate that clinical
administration of ribavirin induces mutations in HCV
genes and suggest that, in some patients, mutagenesis may
be one of the mechanisms responsible for the synergistic
efficacy of ribavirin in IFN/ribavirin combination therapy.
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Genetic changes in the interferon sensitivity-determining region of
hepatitis C virus (HCV) during the natural course of infection: an
implication for the gene function in the role of chronic infection

Article on page 43

FAN W, ZHU W, WEIL L, et al.

Nonstructural SA gene variability of hepatitis C virns (HCV) during a 10-year follow up

The interferon sensitivity-determining region (ISDR;
2a2209-2248 of HCV-J) in the nonstructural 5A region
(NS5A) of hepatitis C virus (HCV) was originally
identified as the genomic functional element wherein
missense mutations were closely related to the clinical
efficacy of interferon treatment, as well as to serum viral
loads, in genotype-1b HCV infection.!? After the first
reports of the ISDR, controversy arose as to its predic-
tive value for the outcome of interferon therapy, be-
cause clinical studies in Europe and North America did
* not always support the relevance of ISDR,* although
most studies in Japan, Spain, and Italy supported it
However, recent meta-analyses have clearly supported
the universal correlation between ISDR sequence and
interferon resistance.S It is speculated that the initial
discrepancy of the results might have been caused by
differences in interferon regimens and patient sources.

After identification of ISDR as the key genomic ele-
ment for interferon efficacy and viral replication, the
molecular function of NS5A protein and its relevance to
ISDR structures has been vigorously and intensively
studied using NSSA protein expression in vitro or in
transgenic mice. A variety of putative NS5A functions
were postulated, such as binding to cellular protein
kinase R (PKR),” TRADD,?® Grb-2,° p21,1 hVAP-3311
or other proteins that may influence the pathogenesis of
hepatitis C by antiviral effects, apoptosis, signal trans-
duction, cell cycle regulation, or formation of viral rep-
lication complex. Much attention has been paid to PKR,
because NS5A protein was found to block the antiviral
effect of PKR in an ISDR sequence-dependent manner
by directly binding to PKR through the so-called
PKR-binding domain, which includes the ISDR plus an
additional 26 aa stretch located at the C-terminal
portion (aa2209-2274). The recently developed HCV

Reprint requests to: N. Enomoto

subgenomic replicon system also disclosed the impor--
tance of NS5A proteins in intracellular viral replication,
because specific mutations called “ccll culturc-adaptive
mutations” needed in its genome for efficient replica-
tion in cultured cells clustered in the central region of
NS5A, particularly in the serine cluster region immedi-
ately upstream to the ISDR or the ISDR itself.!2!
Because these mutations possibly affect phosphoryla-
tion of NS5A proteins, the role of phosphorylated
NS5A protein in viral replication and interferon sen-
sitivity has become the recent target of molecular
rescarch.

How does the HCV-ISDR structure change in a host
during the natural course of disease? The answer to this
question should give us important clinical information
about when to start interferon therapy, whether earlier
or later in HCV infection. In the current issue of the
Journal of Gastroenterology, Fan et al.* report the
genetic evolution of the NS5A gene during a 10-year
follow-up of natural HCV infection in 7 patients, focus-
ing on ISDR, PKR-binding domain, scrinc cluster
region, and other functional domains in NS5A4 gene. To
investigate changes of the genetic variability during the
natural course, they performed subcloning analysis. As
a result, serine residues at positions 2194, 2197, 2201,
and 2204 in the serine cluster region, suggested to be
important for hyperphosphorylation of NS5A protein,
were highly conserved in all patients and within the
quasipecies of each patient, suggesting that phospho-
rylation plays the crucial role in NS5A protein func-
tion. Meanwhile, subcloning analysis of the ISDR
quasispecies disclosed that the wild-type ISDR (no aa
substitution relative to HCV-J), or the intermediate-
type ISDR (one to three substitutions) was dominant
and stable throughout the observation periods in all
patients. However, the ISDR quasispecies decreased
over time, and the quasispecies had a tendency gradu-
ally to converge to the wild-type ISDR.

- 277



114

Before the report by Fan et al., several studies al-
ready had been conducted for analyzing the natural
genetic change of the ISDR.!* Although these previ-
ous studies also demonstrated that the wild-type ISDR
or the intermediate-type ISDR was generally stable,
the observation periods were rather short, and the
quasispecies complexity was not investigated in most of
the studies. Importantly, Fan et al. demonstrate that the
ISDR quasispecies finally tended to converge to the
wild-type ISDR with a decrease of the quasispecies
complexity, indicating that sequence motif of the wild-
type ISDR had a crucial role functionally in establishing
chronic HCV infection. Although the mutant-type
ISDR (four or more aa subslilutions) was not included
in the study, the mutant-type ISDR was reported to be
rather unstable, because nonsynonymous mutations
(63%) were higher than synonymous mutations (37%),
indicating that strong selective pressure of the host was
exerted on the mutant-type ISDR.'¢ This finding coin-
cides with the results by Fan et al. that the HCV of wild-
type ISDR ultimately survives in the course of chronic
infection.

If the quasispecies complexity of the ISDR subtypes
finally converges to the wild-type ISDR, it might be
better to start interferon therapy early for chronic HCV
infection. It is not clear why the mutant-type ISDR is
unstable in a host. Part of the mechanism, however,
might be explained by different interaction with cellufar

“proteins, such as PKR induced by endogenous inter-
feron. On the other hand, if the mutant-type ISDR was
unstable and easily defeated by the wild-type ISDR
in chronic infection, this weak subtype might have
disappeared in the world of HCV infection. However,
although thc distribution is rather small, the mutant-
type ISDR is still frequently found in clinical samples. Is
it on the way to disappearing? Or does it have an advan-
tage over the other types in a certain phase of infection
other than the chronic phase? Recent advances in un-
derstanding of the innate immune system have dis-
closed that mammalian cells have two distinct innate
immune pathways protecting cells {from the virus: the
interferon regulatory factor (IRF) system, and the
interferon (IFN)—signal transduction and activator of
transcription (STAT) system. In the phase of chronic
infection, the IFN-STAT system might have a domi-
nant role in viral suppression, and the wild-type ISDR is
supposed to inhibit this pathway, giving a survival ad-
vantage to HCV with the wild-type ISDR. In contrast,
the IRF system might be dominant in the phase of acute
infection. Does the mutant-type ISDR inhibit this IRF
pathway, and give a survival advantage to HCV with the
mutant-type ISDR? The answer to this question re-
quires further study, but these analyses might go far
toward helping understand the mysterious function of
the ISDR.

S. Maekawa and N. Enomoto: ISDR changes in HCV infection
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SUMMARY. In hepatitis C virus (HCV) infection, serum viral
load is important in the prediction of therapeutic efficacy.
However, factors that affect the viral load remain poorly
understood. To identify viral genomic elements responsible
for the viral load, we investigated samples from a popu-
lation of Irish women who were iatrogenically infected
from a single HCV source by administration of HCV 1b-
.contaminated anti-D immune globulin between 1977 and
1978 (Kenny-Walsh, N Engl ] Med 1999; 340: 1228).
About 15 patients were divided into two groups, viral load
increasing group (11 patients) and decreasing group (4
patients). Pairs of sera were collected from each patient at
interval between 1.1 and 5.8 years. Full-length sequences
of HCV genome were determined, and analyzed for chan-

ges in each patient. Sliding window analysis showed that
the decreasing group had significantly higher mutation
rates in a short segment of NSS5B region that may affect
the activity of RNA-dependent RNA polymerase. By com-
paring each coding regions, significantly higher mutation
numbers were accumulated in NS5A region in the
increasing group than the decreasing group (0.92 vs
0.16 nucleotides/site/year, P = 0.021). The mutation in
certain positions of the HCV genome may be determinant
factors of the viral load in a relatively homogeneous
patient population.

Keywords: anti-D immunoglobulin, full genome sequence,
hepatitis C virus.

INTRODUCTION

Hepatitis C virus (HCV) is globally distributed virus that
causes chronic inflammation in liver, and may leads to liver
cirrhosis and hepatocellular carcinoma over the course of
20-30 years [1-3]. Efficacy of anti-viral therapy based on

*Informed consent was obtained from each patient, and the study
protocol conformed to the ethical guidelines of the 1975 Declaration
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Abbreviations: HCV, hepatitis C virus; CH, chronic hepatitis: LC,
liver cirrhosis; HCC hepatocellular carcinoma; ALT, alanine ami-
notransferase; E, envelope; NS, nonstructural; PKR, protein kinase
R; HLA, human histocompatibility leukocyte antigen: RT, reverse
transcription; ISDR, interferon sensitivity determining region; PCR,
polymerase chain reaction.
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pegylated interferon and ribavirin for chronic hepatitis C
ranges between 40 and 80% ({4-6]. Viral load is an
important predictive factor for therapeutic outcome. We
have previously demonstrated a close relationship between
HCV genomic structures with patients’ viral load [7], hepa-
titis activities [8,9], and ALT levels [10]. However, all of
these observations were on the basis of heterogeneous hosts
infected with different viral strains, making the role of the
viral genetic structures ambiguous. A study using homo-
geneous host populations infected with a homogeneous viral
strain would be ideal to clarify the role of viral gene in
determination to the viral load.

There were two outbreaks of HCV infection in the world
through usage of the virus-contaminated blood products
from a single donor. One was in Ireland and one in Germany
[11,12]. In Ireland, from May 1977 to November 1978, 704
women were iatrogenically infected with HCV through
administration of a virus-contaminated anti-D immune
globulin to prevent rhesus isoimmunization [12,13]. All
recipients were female, had same ethnic origin, similar

- 280 -



duration of disease, infected with HCV genotype 1b from a
single donor. In this homogeneous clinical setting, the
amount of serum HCV has been shown to fluctuated [14].
HLA DR locus and DQ locus were shown to be associated
with viral load in this patients group [15]. The HCV genomic
determinants of the viral load set point are ‘currently
unknown. '

The purpose of this study is to clarify the relationships
between viral genetic structures and the serum viral load in
this Irish patient population. We analyzed the full viral
genomic sequences in each patient within the study popu-
lation, and compared those patients whose had increased
viral load with those who had decreased viral load
within the time frame under retrospective investigation of
approximately 20 years.

PATIENTS AND METHODS

Patients

We determined the HCV sequence of donor's preserved
serum (deposited with the DDBJ/Genbank/ENBL data lib-
- raries under accession number AF313916). In total, 15
Irish female patients infected with HCV-contaminated anti-
D immunogobulin were used in this study, all of them have
never been treated before enrolled into this study. About 25
patients were randomly chosen from the anti-D patients,
DNA sequence analysis was attempted on all specimens,
and 15 pairs of sera yielded the full length viral genomic
sequence information. Each patient in the study population

had two sera samples retrospectively analyzed from a bio-

bank of specimens prospectively collected as a part of the
routine clinical management and viral load quantification
in this patient population at Cork University Hospital. The
median temporal separation between samples was
39.2 months (13-72 months). All patients were infected by
HCV genotype 1b from virus-contaminated anti-D immu-
noglobulin injections during the period from May 1977 to
. November 1978. All patients attended the hepatitis C clinic
at Cork University Hospital, Cork, Ireland. Serum HCV-RNA
levels were determined by a polymerase chain reaction
assay (PCR assay; Roche HCV Monitor kit, F. Hoffmann-La
Roche Ltd., Basel, Switzerland). The study design is shown
in Fig. 1. Standard deviations have previously been repor-
ted [16], the 95% confidence interval of the viral load was
+0.032 viral copies/mL. A viral load increase or decrease
over the range 0.062loglO viral copies/mlL, was used as
the criteria for change in viral load. The patients were
classified into two groups. The characteristics of group one
. were as follows: the viral load was increased over time,
n = 11, hence, increasing group (group-I). The second
group of patients had a decreased or remained stable in
viral load over the time investigated, decreasing ‘group
(group-D, n = 4). All patients were seronegative for HBV
markers, had no autoimmune liver disease or competing

HCV genotype 1b sequence 595

17-20 years (median 19) 13-72 months (median 37)
i I} 1

iy .
tr >
Infection to patients Fivst time Second time
fram doneor of blood collection of blood collection
May 1977-Nov 1978 1994-1998 1998-2000

Fig. 1 Study design. A total of 30 sera were acquired from
15 patients. Each patient’s sera were collected as part of the
routine clinical management of chronic hepatitis C at Cork
University Hospital, Ireland. Initial viral load assessment
was approximately 19 years post-infection with HCV 1b
contaminated anti-D immunoglobulin. The second samples
selected for analysis in this study were dated to a further
6 years post-infection. Sequences were analysed by direct
sequence from PCR generated amplicons.

risk factors such as excessive alcohol intake or hepatotoxic
drugs. All patients had liver biopsy performed as part of
their routine clinical assessment. Informed consent was
obtained from each patient for liver biopsy, and the study
protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki. Sera were stored at —80 °C storage
facility.

RNA extraction and RT-PCR analysis

RNA extraction, cDNA synthesis and PCR analysis were
performed as reported by us previously [17]. Briefly, serum
RNA was extracted using ISOGEN (Wako Pure Chemical
Industries, Osaka, Japan). The extracted RNA was reverse-
transcribed by moloney murine leukemia virus reverse
transcriptase (MMLV-RT, GIBCO BRL) using random hexa-
mers (Takara, Kyoto, Japan). The full-length HCV genome
was amplified by the nested PCR with 21 partially overlap-
ping sets of primers using Advantage cDNA Polymerase Mix
(Clontech, California, USA) according to the manufacturer’s
instructions. 3'UTR and X tail were not uniformly amplified
probably because of the condition of storage. Therefore,
these regions were not analyzed in this study.

Sequence determination

Each PCR product was purified and residual primers were
removed with the column (Suprec 02, Takara, Kyoto, Ja-
pan). Thereafter, both strands of the PCR products were
cycle sequenced with the Big Dye Terminator Cycle
Sequencing Ready Reaction Kits (Applied Biosystems, Tokyo,
Japan) using forward and reverse sequencing primers,
respectively. The products were purified by the column
{Quickspin column, Boehringer Mannheim, Indiana, USA)
and sequenced using an automated DNA sequencer (model
373S; Applied Biosystems, Tokyo, Japan). Each sequence

© 2005 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 12, 594-603
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Table 1 Patients’ basic characteristics

Duration from infection (year)

Viral load (logyokcopy/mL)

Rate change of

Interval time viral load
No. 1st 2nd (month) 1st 2nd (logy okcopy/mL/year)
1 22 29 5.62 7.41 0.741
2 22 33 5.48 - 7.28 0.655
3 22 31 4.64 6.27 0.633
4 23 37 6.18 7.59 0.459
5 20 45 4.38 5.94 0.416
6 23 56 5.23 6.88 0.354
7 22 69 5.46 7.15 0.293
8 23 37 4.71 5.15 0.203
9 22 39 4.82 5.38 0.173
10 19 72 5.38 5.91 0.089
11 22 26 4.96 5.04 0.052
12 23 18 5.36 5.36 0.000
13 22 24 5.00 4.89 -0.054
14 22 13 5.86 5.75 -0.099
15 22 59 5.46 4.55 -0.184
Group-I* 18.7 £ 0.3 22.2+£0.2 41.0 + 4.8 5.19 + 0.15 6.28 + 0.27 0.37 + 0.07
Group-D* 190+ 1.1 21.0+1.0 32.0 £13.9 5.44 + 0.25 5.07 £ 0.36 -0.08 £ 0.04
*no. 1-11: group-I, no. 12-15: group-D.
Table 2 Patients’ basic characteristics (continued)
ALT value (microkat/L)
No. 1st 2nd HLA DQB1 locus HLA DRB1 locus DR 51-53
1 0.50 0.44 0201, —02/0501 01/03 53
2 0.98 0.91 0201, —-02/0602, -11 03/15 51/52
3 0.65 0.70 Not typed Not typed Not typed
4 1.43 1.56 Not typed Not typed Not typed
5 0.72 0.51 0201, -02/0602, -11 0701/15 51
6 0.63 0.59 05031/05031 13/14 52
7 1.26 2.29 0201, —-02/0602, ~-11 0701/15 51/53
8 0.72 0.75 0201, -02/03032, -06 03/0701 53
9 0.56 0.57 0201, —02/03032, -06 0701/0701 52
10 1.70 0.98 0201, -02/03011 03/04 Not typed
11 0.54 0.98 0301/0501 01/13 52
12 0.71 0.59 Not typed Not typed Not typed
13 0.32 0.43 Not typed Not typed Not typed
14 0.79 0.67 0301/0301 0701/11 52/53
15 0.69 0.64 0402/0604 08/13 52
Group-It 0.91 £0.12 0.97 £ 0.16
Group-Dt 0.63 £ 0.11 0.58 £ 0.06

Normal range of ALT value was 0.12-0.60 microkat/L.
tno. 1-11: group-1, no. 12-15: group-D.

was confirmed twice with direct sequencing method for
sense and anti-sense strands’. Subcloning study was not
done, therefore HVR were not mentioned in the present

reported [16].

study. HLA profile was available for 11 individuals study
population and was performed as outlined previously

© 2005 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 12, 594-603
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Statistical analyses and phylogenetic analysis

For phylogenetic analysis, the nucleotide and deduced amino
acid sequences of the patients were compared with a se-
quence of HCV-J strain [18] as a reference. The nucleotide
and amino acid sequences were compared longitudinally in
each patient. Amino acid changes were picked up between
the paired samples from each patient. Serum viral load
changes were defined as increasing status when they were
above zero, and defined as decreasing status when equal to
or under than zero. Calculation of amino acid mutation rates
and the phylogenetic analyses were performed by the Mega
software version 2.1 with neighbour-joining method (NJ)
[19], and PHYLIP version 3.62 with maximum likelihood
method (ML) {20]. NJ tree and NG distances were.evaluated

HCV genotype 1b sequence 597

using 1000 bootstrap samples, P values for the branches of
the ML tree were also calculated. Nucleotide mutation rates
were calculated by the Mega ver.2.1. Statistical analyses of
the two groups were done by Mann-Whitney's U test using
the program Stat View 5.0 (SAS institute inc.). All tests of
significance were two-tailed, with P values of <0.05 con-
sidered to indicate statistical significance.

RESULTS

Characteristics of patients

The clinical characteristics were compared between the two
groups, 11 patients with increasing viral load status (group-
I) and 4 patients with decreasing status (group-D), as shown

I1a (D00944, Japan)

e

IIb  (D10988,Japan)

Ia  HCV-1(M62321)
Ib  HCV-J (D90208)

Ib  (U45476,German)

B Group-1
0 Group-D

0.05

P Donor _ (AF313916, Ireland, 1977)
W] No.14 (lst, AB154203) ™
B _'-EE] No.14 (2w, AB154204)
o No.15 {(1st, AB154205)
—{ n] No.15 (2n4, AB154206)
] No. 3 (lst, AB154181)
'—_{I No. 3 (2nd, AB154182)
B8 No. 6 {lst, AB154187)
—L ] . (2nd, AB154188)
(1s:, AB154201)
(2na, AB154202)
(1st, AB154177)
(2ne, AB154178)
(1st, AB154197)
(2nd, AB154198)
(1st, AB154179)
(2n4, AB154180)
(1st, AB154199)
(2nd, AB154200)
(1st, AB154193)
(2nd, AB154194)
(1st, AB154185)
(2nd, AB154186)
(1st, AB154183)
(2n4, AB154184)
(1st, AB154191)
(2nd, AB154192)
(1st, AB154189)
(2nd, AB154190)
(1st, AB154195)
(2nd, AB154196) _|

Ireland
patients
group

Fig. 2 Phylogenetic analysis with entire amino acid sequences of anti-D recipients, the donor, and representative sequences of
genotype 1b, 2a and 2b. A phylogenetic tree was constructed by the neighbour-joining tree method with 10 000 bootstraps
supports. The donor-sequence is shown in the 6th from the top. Closed squares show the recipients sequences belonging to the
viral load increasing group (group-I), and open squares show them belonging to the decreasing group (group-D), and the bar
at the left below is the reference for the distance which length is 0.05. Patients’ numbers are matched with Table 1, and
ordinal numbers after patients’ number indicates the order of collection of serum from each patient. The mutations cluster in
one group involving donor’s sequence, but are individual to each patient. The distances from donor’s sequence to patients’
sequences did not segregate with change in viral load. The average distance from donor’s sequence are as follows: to 1st
acquired serum, 0.058 * 0.0028 in group-I and 0.051 + 0.0034 in group-D, and to 2nd, 0.065 % 0.0030 in group-I and
0.060 * 0.0021 in group-D, and within each pairs, 0.028 + 0.0060 in group-I and 0.024 * 0.0080 in group-D.

© 2005 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 12, 594-603
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in Table 1. No significant difference could be found in age,
time intervals between the two-blood sampling of each pa-
tient, and the intervals between the time on infection and
the first blood sampling. The amounts of serum HCV-RNA
were not significantly different between the two groups at
first time of blood collection (5.17 + 0.16 log,okcopy/mL in
group-I, 5.42 £ 0.18 log;gkcopy/mL in group-D, respect-
ively). The viral load was significantly higher in the group-1
at the second serum samples (6.37 + 0.29 log;okcopy/mL
in group-l, 5.14 * 0.26 logiokcopy/mL in group-D, P =
0.027). The mean rate of change was significantly different
between two groups (0.37 + 0.07 Log;ckcopy/mL/year to
group-I, —0.08 + 0.04 log;cokcopy/mL/year to group-D,
P = 0.004). Average ALT values were not different between
both the groups (Table 2).

Phylogenetic analysis

To clarify the tendency of genomic changes of HCV in each
patient (deposited with the DDBJ/Genbank/ENBL data lib-
raries under accession number AF313916 for donor se-
quence, AB154177 to AB154206 for recipients),
phylogenetic analyses were done based on the entire amino
acid sequence by the neighbour-joining tree method (Fig. 2).
The phylogenetic tree analysis showed that all sequences
studied in the present study belonged to genotype 1b cluster
(100% bootstrap support, P < 0.01 in the maximum like-
lihood tree), and they were more closely related to the do-
nor's sequence than any other known 1b sequences (100%
bootstrap support, P < 0.01). The two sets of sequence data
derived from the each patient segregated together on the
phylogenetic tree (100% bootstrap sapport, P < 0.01). The
genetic distance between each specimen of each pair was, as
anticipated, less than the distance from donor’s sequence
(100% bootstrap support, P < 0.01). There was no re-
lationship between the genetic distance calculated with
amino acid sequence and time intervals of recipient’s serum
samplings or viral load fluctuations. This suggests that
the genetic evolution speed was different among patients
independent of viral loads.

Mutations from donor to recipients

We initially analyzed the average rate of HCV amino acid
sequence mutation between the donor and the pair of sam-
ples from each recipient (Fig. 3). Comparison of the number
of mutations between group-I and group-D in the open
reading frame revealed no significant differences. Further
analyses restricted to small functional regions including PKR
eukaryotic initiation factor-2¢. phosphorylation homology
domain, ALT response related element, PKR-binding
domain, interferon sensitivity determining region (ISDR),
nuclear localization signal and variable region 3 region
showed no difference in mutations number in both groups
(raw sample data not shown).

5.0x 107

B Group-1
0O Group-D

25x 107

Average mutation rate (number/site/year)

Total C El E2 NS2 NS53 NS4A NS4B NS5A NS5B

Fig. 3 Average rates of amino acid mutations from donor's
sequence to recipients’. The mutation rates are those cal-
culated from the first acquired sera from each patient in the
cohort. The mutation rate was calculated for each coding
region. The analysis of the number of mutations in both
groups indicated that there are differences between regions,
but the analysis did not achieve significance.

Genomic analysis of paired sera

The average rates of mutations in amino acids for the entire
HCV genome in group-l were similar to that in group-D
(3.4 x 1073 £ 0.6 x 107 numbers/site/year in group-I and
3.3 x 1073 + 1.2 x 1073 numbers/site/year in group-D). A
comparison of each coding region revealed that the average
number of mutations was significantly higher in group-I
than group-D in NS5A (2.07 x 107* £ 0.41 x 10™* num-

. bers/site/year vs 0.36 x 1073 + 0.41 x 1072 numbers/site/

year in average, P = 0.02) (Fig. 4). Individual points of
mutations in each patient were aligned as outlined in Fig. 5.
The majority of the mutations clustered at E2, NS5A and
NSSB in each patient. However, no specific position was
found to be unique to group-I or group-D.
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Fig. 4 Average rates of viral sequential mutations within
each recipients belonging to two groups. The mutation rates
are those calculated from the first to second acquired sera
from each patient in the cohort. The mutation rate was
calculated for each coding region. The analysis of the
number of mutations indicated that there are defined
differences in the observed mutation frequency between the
group-I and group-D for NS5A. This difference was signi-
ficantly different (P = 0.021).
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Fig. 5 Plots of mutations in full sequence in each recipients. Every mutation of amino acids has plotted on the bar for each
patient. No specific point mutation was detected that was associated with change in viral load.

Sliding-window analysis

We analyzed the sequence data using a method that we
previously reported [21], to find any accumulation of muta-
tions related to viral load change across the entire sequences.
We summated the total number of mutation recognized in
each window constructed by 10 amino acids among al] the
sequence-pairs after corrected by the observation period
(Fig. 6a), and compared by Mann-Whitney's U test (Fig. 6b).
A correlation between viral load change and NS5B revealed,
by collapsing the window to 2 amino acids, at position 2508—
2509. These results are in agreement with those published by
Qin et al. [22]. Qin suggested that mutations within this re-
gion have been associated with reduced NS5B activity {22].

Synonymous and nonsynonymous mutations and the
molecular clock analysis

To analyze the profile of the nucleotide mutations underling
the amino acid changes, we examined the synonymous and
the nonsynonymous mutations of each sequence generated
from this population with Nei—Gojobori model and Jukus-

Cantor method. Ratios of the genetic distance of the non-
synonymous changes (dN) per distance of the synonymous
changes (dS) were calculated for the respective regions as
well as the entire HCV genome (Fig. 7a). High dN/dS ratio
reflects the immune selective pressure, and the low dN/dS
reflects the speed of genomic evolution which is dependent
on the ﬁde]ity' of viral genomic replication [23]. The com-
parison of the dN/dS ratio showed that there was no overall.
difference between group-I and group-D.

In addition, we investigated the viral mutational rate in
each patient. Averaged mutation rates of each genome were
calculated by dividing distances of synonymous changes (dS) .
by the time interval between paired specimens. The viral
mutational rates of both groups were almost same across the
HCV genome. The rate of mutation between the donor se-
quence and (1) the first sera of each pair were
2.81 x 1073 £ 0.51 x 1073 nucleotides/site/year in the
groupl, 2.75 x 1073 £ 0.34 x 1072 nucleotides/site/year
in the group-D, and (2) the second sera of each pair were
2.77 %107 + 0.49 x 107° in the group, 2.72 x 1073 &
0.36 x 1072 nucleotides/site/year in the group-D. The
average mutational rate for the entire HCV genome during

© 2005 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 12, 594-603
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Fig. 6 Sliding-window analysis in full sequences. (a) Average mutation rates in every window are plotted according to the
groups. Each window constructed with 10 amino acids. In NS5B region, calculated annual mutation numbers were high in
group-D than group-L. (b) The resuits of statistical analysis are plotted. Longitudinal axis is appeared in logarithmic scale,
areas under the bar of 5 x 1072 indicate statistical significance. Mutation rates of two groups in E2 and NS5B region, showed
difference in (a), have significance when tested by Mann-Whitney's U test (P = 0.01 5).

the two sampling points was as follows: 8.20 x 1073 =
2.0 x 1072 nucleotides/site/year for group-I and
10.0 x 10~2 + 3.4 x 1073 nucleotides/site/year for group-
D, respectively (Fig. 7b). The mutational rate of the viral
genome did not differ between the two patient groups
examined.

DISCUSSION

In the present study, we aimed to clarify the relationship
between amino acid substitutions of HCV and serum viral
load in Irish women, who were infected by an HCV-con-
taminated serum from a single donor during a period be-
tween 1977 and 1978. We analyzed full sequences of HCV
derived from the patients whose viral load set point have
increased (group-I), and those with patients whose viral load

set point has decreased (group-D). Serum ALT values and
nucleotide mutation rates were not significantly different
between the two groups. These results suggested that the
mutation pressure is almost equal in across the two groups.
Specific points of substitution directly related to the viral load
were not found. However, significantly more substitution
changes of amino acid were observed in NSS5A in group-I
when analyzed at the level of the polyprotein. Analysis using
a sliding windows method revealed that the numbers of
mutations in a short segment in the NS5B region was sig-
nificantly higher in group-D than in group-I. These regions
of NSSB are closely related to the position that is reported to
be important to RNA-dependent RNA polymerase (RdRP)
activity {22]. These results suggest that the determinants of
hepatitis C viral load include, at least in part, virological
factors.
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Fig. 7 The analysis of selection bias and mutation rates in
RNA level. (a) Distance of nonsynonymous changes (dN) per
distance of synonymous changes (dS) ratio of each coding

region in comparison with two groups. Only in NS5A is the
ratio significantly different between the two groups.

(b) Mutation rate calculated by dS/interval time. There were
no significant rate differences between two groups.

Clusters of mutations within the NS5B region of the
genome were evident in this study group. The RARP coded
by NSS5B contains conserved amino acid sequence motifs
which essential for RARP activity {24-26]. The mutation
profiles correlated to viral load in the present study were not
within these conserved motifs. However, Qin et al. and
Labonte et al. reported that point mutations outside of this
latter NS5B motif caused a change in the RARP activity
[22,27]. Qin et al. showed that the mutation of amino acid
no. 191 of NS5B, co-incident with the region identified in the
study reported here, lowered the RARP activity from 100 to
3%. Furthermore, all mutations identified in our present
study altered the polarity of amino acids, and the mutations
in this site were only found in group-D. The mutations in the
region may affect the replication capacity of the virus
resulting in changes in the serum viral load. Further study
will be needed which assess the relationship between the
RARP activity of the wild type HCV and those HCV with
mutations observed in this study.

We found a significantly different pattern of the mutations
in NS5A regions between group-I and group-D. NS5A pos-
sess transcriptional activator properties [28,29], and also
considered to affect to virus-host interaction [30]. NSS5A
protein has been reported to bind to cellular RNA-dependent
protein kinase R (PKR), a protein activated by double
stranded viral RNA. The NS5A inhibition PKR prevents the
down regulation of protein translation [31,32], mutations in
ISDR, which within PKR-binding domain, have been shown
to effect the efficacy of interferon based anti-viral therapy

HCV genotype 1b sequence 601

[17,33]. Several researchers have previously identified a
correlation between ISDR mutation and viral load {7,17,34—
36]. However sequence of ISDR were highly conserved in the
present study. In addition, no such relationship was found to
exist in a longitudinal study of patients which were followed
2 years [37,38], or in patients with normal ALT levels [39].
These three studies suggest that ISDR is not mutation-prone
region. The role of transcriptional activator properties or
affection to interaction may explain the different mutation
trends found between two groups in this study.

A unique feature of the anti-D patients analyzed in this
study is that they are infected with a single strain genotype,
and that they are young and may have an immune system
that possess different potency to influence the interaction
between host and virus than other less homogeneous co-
horts. Seven hundred and four individuals were identified as
having being iatrogenically infected through HCV 1b.con-
taminated anti-D immunoglobulin. Three hundred and
ninety of these women were viremic [12]. Three hundred
and seventy six patients had been evaluated for the clinical
outcome in 1997; 55% of them had evidence of elevated
alanine aminotransferase. The disease progression in this
group is slower than the dogma relating to the natural
progression of chronic hepatitis C. Only 7 patients had evi-
dence of cirrhosis on the liver 17 years post-infection. Fan-
ning et al. have previously reported an association between
HCV RNA titers and the degree of inflammation, and be-
tween the degree of inflammation and serum ALT levels
[40]. but Creedon et al. reported no association between viral
load and the progression of disease [41]. HLA class II data
previously generated on this group was analyzed in an at-
tempt to identify any association between host HLA and
modulations in viral load [16,42]. HLA class I, has previ-
ously been reported to be associated with changes in viral
load. The number of individuals examined does not give this
study the power to fully address this question, however all of
the patients with the HLA DRB1 15/DQB1 0602 phenotype
belonged to the increasing group. :

Two previously published studies which investigated this
cohort of Irish women infected by contaminated anti-D im-
mune globulin, estimated the mutational rate to be 2 x 1073
synonymous substitutions per site per year by using Core
E1/E2 and NS5 region sequences {43,44]. Other researcher
reported that the molecular clock of HCV in Japan and USA
are ranged in 1-2 x 1073 synonymous substitutions per site
per year [45]. In the previous Japanese investigations of the
entire HCV genome in all but one individual, the mutational
rates were calculated about 2 x 107% base substitutions per
site per year in human and chimpanzee over a 10 year
period [46,47]. The mutation rates calculated with the first
and the second samples in the present study are likely to be
over estimated in comparison with those described in the
previous investigations. The mutational rates between the
donor sequence and the patients’ samples used in this study,
approximate that of these other studies [43-47]. In fact,
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Allain et al. reported the evolutionary rate of HCV genome
between blood donor and recipient, the range were
3.4 x 107 to 4.51 x 1072 nucleotide substitutions per site
per year, which were close to the data presented here [48].
The temporal difference between the first and second sam-
ples is too small to determine the mutation rate of the viral
genome accurately.

In conclusion, we have shown that the hepatitis C viral
genomic mutation patterns are associated with changes in
viral load in this patient group infected from a single source.
Interestingly, specific small regions within NS5B were iden-
tified as associated with changes in serum viral load.
Mutations in NS5A regioris were correlated with the viral
load, when analyzed from the viewpoint of each polyprotein
as a unit. These results suggest that the viral genome com-
position is a determinant of the set point of viral load for the
hepatitis C virus.
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Although the target of hepatitis C virus (HCV) infec-
tion is the liver, it has become progressively more evi-
dent that HCV can induce diseases in numerous organs.
Recently, much attention has been drawn to metabolic
disorders in HCV infection. Initially, hepatic steatosis
and disturbances in lipid metabolism were found to be

characteristic of HCV infection, and, subsequently, a.

correlation was noted between HCV infection and dia-
betes. It is now evident that HCV, by itself, can induce
insulin resistance by way of disturbing the intracellular
signaling pathway of insulin by the function of HCV
core protein. Insulin resistance, caused by HCV infec-
tion, evolves to type 2 diabetes when superimposed on a
high-fat diet and obesity. The fact that HCV infection
induces insulin resistance by the virus itself may influ-
ence the progression of chronic hepatitis and open up
novel therapeutic approaches. When hepatitis C is com-
pared with nonalcoholic steatohepatitis (NASH), there
are a number of similarities and several differences.
From the metabolic aspect, hepatitis C resembles
NASH in numerous features, such as the presence of
steatosis, serum dyslipidemia, and oxidative stress in
the liver, suggesting that hepatitis C is a steatohepatitis.
In contrast, there are noticeable differences between
hepatitis C and NASH, in that HCV modulates cellular
gene expression and intracellular signal transduction,
including the activation of mitogen-activated protein
(MAP) kinase and transcription factor activator protein
(AP)-1, while such details have not been noted for
NASH. This difference may explain the markedly
higher incidence of HCC development in chronic hepa-
titis C compared with that in NASH. HCV infection
needs to be viewed not only as a liver disease but also as
a metabolic disease, and this viewpoint could open up a
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novel way to the molecular understanding of the patho-
genesis of hepatitis C, as a virus-associated steatohe-
patitis (VASH).

Key words: diabetes, hepatitis C virus, insulin resis-
tance, steatohepatitis, hepatocarcinogenesis, lipid
metabolism

Introduction

Approximately 1.8 million people in Japan and 200 mil-
lion people in the world are chronically infected with
hepatitis C virus (HCV). Chronic HCV infection may
lead to cirrhosis and hepatocellular carcinoma (HCC),
thereby being a worldwide problem, both from the
medical and socioeconomic aspects! In addition,
chronic HCV infection is a multifaceted disease, which
is associated with numerous clinical manifestations,
such as type II mixed cryoglobulinemia, porphyria
cutanea tarda, and membranoproliferative glomerulo-
nephritis (Table 1).2 Furthermore, strong associations of
HCYV infection with Sjogren’s syndrome and lichen pla-
nus have been noted, which have been validated in an
animal model.?

Steatosis and HCYV infection

In addition, recently, there have been increasing lines of
evidence to indicate metabolic disturbances in HCV
infection, which would influence the pathogenesis of
chronic hepatitis C. The discovery of HCV in 1989 en-
abled a comparison between chronic hepatitis C and
other types of chronic hepatitis, resulting in repeated
reports that steatosis was significantly associated with
chronic hepatitis C.*° Steatosis in HCV infection is
reproduced in animal models® and cultured cells,’
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strengthening the idea of a pathologic role of HCV in
steatosis. Furthermore, patients infected with HCV
have abnormalities in serum lipids, such as hypocholes-
terolemia or abnormal levels of apolipoproteins in
serum;8? these abnormalities are corrected in sustained
virological responders to antiviral treatment.” Thus, the
association shown between HCV infection and distur-
bances in lipid metabolism has become increasingly
stronger both in patients and in experimental systems,
including animals. Further, patients with chronic hepa-
titis C accompanied by severe steatosis develop hepatic
fibrosis more rapidly than those without steatosis.!
Thus, abnormal lipid metabolism in HCV infection
could be deeply involved in the pathogenesis of hepati-
tis C.

Diabetes may also be a manifestation of
HCYV infection

Another metabolic aspect of HCV infection is type 2
diabetes. In 1994, Allison et al.! reported an epidemio-

Table 1. Hepatitis C as a multifaceted disease

Hepatitis, cirrhosis and, eventually, HCC
Mixed cryoglobulinemia

MPGN

Sjogren’s syndrome

Lichen planus

B-cell lymphoma

Disturbance in lipid metabolism
Diabetes or insulin resistance

pBEPBgII!

HCC

core protein in the liver

K. Koike and K. Moriya: Metabolic aspects of HCV infection

logical link between diabetes and HCV infection, but in
a cirrhotic cohort. This report made little impact, how-
ever, in view of the well-known impaired glucose toler-
ance in advanced chronic liver disease. Several reports
followed along this line, from the same group and oth-
ers. The trend to accept a positive association between
diabetes and HCV infection seems to have been trig-
gered by a population-based study in the United
States,!? in which a solid association was found between
them. The association between diabetes and HCV in-
fection, however, is confounded by factors such as the
development of cirrhosis, obesity, and older age, which
are common in patients with hepatitis C; these factors
could make it difficult to prove this association to be
real. Hence, there is a need to evaluate the association,
using experimental systems.

HCY infection induces insulin resistance in vivo

We used mice transgenic for the HCV core gene? to
assess the association between HCV infection and dia-
betes. These mice carry the core gene of genotype 1b
HCV, and express HCV core protein of an expected
size in the liver, in levels comparable to those in patients
with chronic hepatitis C (Fig. 1). They develop HCC
late in life.!* These transgenic mice were maintained and
fed together with their normal littermates, and the glu-
cose metabolism was studied.* Although the core gene
transgenic mice did not develop overt diabetes, they
had markedly elevated serum levels of insulin. Plasma
glucose levels were somewhat higher in transgenic mice
than in their normal control littermates, but there was

Transgenic
mouse

l Fig. 1. Mouse model of hepatitis C

virus (HCV)-induced liver pathogen-
esis. HCV core gene transgenic mice
carry the core gene, alone, of geno-
type 1b HCV and express the core
protein of an expected size in the
liver, at levels comparable to those in
human patients with chronic hepati-
tis C. The mice eventually develop
hepatocellular carcinoma (HCC) late
in life. ENH, enhancer; Pro, pro-
moter; A(n), polyadenylation signal

Mice Human
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Table 2. Types of insulin resistance

Peripheral insulin resistance
the muscles)

Central insulin resistance

A shortage of insulin action in the muscle (deficit in the insulin-induced glucose uptake into

A shortage of insulin action in the liver (deficit in the insulin-induced suppression of

glucose production in the liver)

no significant difference between them (Fig. 2B).
In contrast, serum insulin levels were significantly
higher in transgenic than in normal control mice in
both the fasting and fed conditions (Fig. 2C). Because
such a combination of normal glucose levels and
hyperinsulinemia points to insulin resistance, we con-
ducted tests to determine glucose levels and insulin re-
sistance. The core gene transgenic mice exhibited
glucose levels a little higher than those of their normal
littermates, but without any significant differences be-
tween them (Fig. 2D). In the insulin resistance tests,
glucose levels were significantly higher in the transgenic
than in the normal control mice, both 40 and 60min
after injection with insulin (Fig. 2E). These results indi-
cate the presence of insulin resistance in the core gene
transgenic mice. Because only the HCV core gene had
been incorporated into these transgenic mice, the core
protein of HCV would be able to induce insulin resis-
tance in vivo.

By what mechanism, then, would the insulin resis-
tance observed in this animal model arise? Insulin
resistance is considered to involve two factors: central
and peripheral insulin resistances (Table 2).° The
hyperinsulinemic-euglycemic clamp method was em-
ployed for differentiating between these factors. In this
method, hepatic glucose production (HGP) is calcu-
lated on the basis of the amount of glucose required for
keeping plasma glucose levels within a certain range at
serum insulin levels higher than physiological ones. In
the normal control mice, HPG was suppressed by 60%
by the administration of insulin, in contrast to findings
in the core gene transgenic mice, in which there was
only marginal suppression of HGP by insulin. These
results indicate a hepatic (central) origin of insulin resis-
tance in the transgenic mice. For further confirmation of
this, uptake of glucose into the muscle was determined.
There was no difference in this uptake in response to
the administration of insulin between the transgenic
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