PEG-IFN/RBV). Further studies are needed to clarify the
significance of the core mutations for final outcome of
the treatment in the context of the HCV genome-wide
analysis.

Different viral responses by polymorphisms in core 70
were also recently suggested in North American patients
by Donlin et al. [7]. However, it was reported that the as-
sociation with core 70 was weaker in their study. Very
recently, the IL28B (interferon-lambda-3) gene polymor-
phism has been found to be closely associated with treat-
ment response in patients in the United States, European
Union and Japan by human genome-wide analysis [8-10].
The favorable IL28B genotype is found most frequently
in Asian patients, second in European-Americans, and
leastin African-Americans, indicating that a well-known
racial difference in treatment efficacy can be explained
by the IL28B polymorphism. The interaction between
viraland human genome polymorphisms should be stud-
ied further with regard to the treatment response.
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Abstract Hepatitis C virus (HCV) is a single-stranded
RNA virus known for its high genetic variability owing to
the lack of a proofreading mechanism of its RNA depen-
dent RNA polymerase. Until now, numerous studies have
been undertaken to clarify the correlation between pre-
treatment HCV genetic variability and the therapeutic
response. Even with the recent combination therapy of
peginterferon plus ribavirin for chronic hepatitis C, viral
response is variable, and only half of treated patients could
clear the virus [sustained viral response (SVR)]. In this
review, the contribution of viral genetic variability affect-
ing the treatment outcome is discussed according to each
HCV genomic region.

Keywords Hepatitis C virus - Peginterferon plus
ribavirin therapy - Viral predictive factor

Introduction

Hepatitis C virus (HCV) is a major cause of chronic liver
diseases worldwide; 180 million people, or some 3% of the
world’s population, are infected with HCV. Seventy per-
cent of acute infections become persistent, and 50-75% of
patients with chronic HCV infection progress to hepato-
cellular carcinoma. Though interferon-based therapy for
HCV has been greatly advanced, half of patients still
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cannot eradicate the virus {sustained virological response
(SVR)] even with the most recent combination therapy of
peginterferon plus ribavirin [1].

HCV has a 9.5 kb single positive stranded RNA gen-
ome, and contains a single open reading frame flanked by
5" and 3’ untranslated regions (UTR). HCV is classified as
hepacivirus, a family of flaviridae. HCV is known for its
high mutation rate owing to the lack of proofreading
activity of its RNA dependent RNA polymerase
(1.4 x 107 to 1.9 x 107 substitutions/nucleotide/year
[2, 3]). In accord with this mechanism, HCV presents a
high degree of genetic variability, and the resultant
molecular polymorphisms of HCV are suspected as one of
the major causes determining the treatment responses.

HCYV genotypes

By phylogenetic analysis, HCV is classified into six major
genotypes, and then further classified into subtypes in each
genotype determined by their genetic distances [4]. Among
all the viral factors investigated, viral genotypes are the
most important, and a well-established predictive factor
determining the treatment outcome. Geographically,
genotypes 1-3 are associated with worldwide epidemic,
while genotypes 4-6 are endemic. In comparison among
major genotypes 1-3, a high SVR rate (~84%) was
observed in patients with genotype 2 or 3, while a low SVR
rate( ~42%) was observed in genotype 1 [5-7]. Comparing
between genotypes 2 and 3, genotype 2 could have more
favorable outcomes [8, 9]. The study of genotype 4 was
mainly from Egypt, and the SVR rate was reported to be
intermediate (55-69%) [10, 11]. In genotypes 5 and 6, the
SVR rate has been considered to be intermediate between
the SVR of genotype 1 and genotypes 2-3, but studies
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focusing on the response of genotype 5 and 6 are limited
because of their minor distribution [12].

Genomic regions and the treatment response
5'UTR

The 5'UTR of the HCV genome is 341 nucleotides long,
and is the most conserved region throughout the HCV
genome among different HCV genotypes. The S'UTR
together with the first 30 nucleotides of the core region acts
as an internal ribosome entry site (IRES) regulating the
cap-independent translation of HCV RNA to polyprotein.
Secondary and tertiary conformation of IRES has the
critical role in the initiation of polyprotein translation, and
an IRES contains four highly structured domains (Domain
I-IV). Since the structures play a pivotal role in HCV
replication, changes in the conformation of an IRES, as
well as changes in primary nucleotide sequence, result in a
decrease of efficiency of protein translation. Therefore, it
was suspected that IRES heterogeneity might correlate
with the response to interferon-based therapy clinically.
Several studies for interferon-based therapy, including
peginterferon plus ribavirin, have been undertaken to date,
however, its clinical value as a predictive factor for therapy
is still in question, since most of these studies showed
conflicting results of the relationship between S5'UTR
variability and treatment response [13-18].

Core

The core protein is considered to form the viral nucleo-
capsid of HCV, and its mature form consists of a secondary
structure made of a large folded multimer of ~24 mono-
mers. It is 21 kDa in size, and is separated into two
domains, an N-terminal two-thirds hydrophilic domain
(D1, residues 1-117) and a C-terminal one-third hydro-
phobic domain (D2, residues 118-170), respectively. The
D1 domain contains many positively charged amino acids,
and is implicated to bind RNA. The D2 domain is required
for proper folding of domain D1. The mature core protein
shares high homology among HCV genotypes. The core
protein has been reported to interact with a variety of
cellular proteins and to influence numerous host cell
functions, such as its proapoptotic or antiapoptotic actions
[19], immunomodulatory roles [20], or oxidative stress
[21]. Recently, much attention has been paid to its rela-
tionships with liver steatosis, insulin resistance and hepa-
tocellular carcinoma [22, 23]. HCV core proteins of
genotype 3a and 1b were reported to interfere with the
insulin signaling pathway in different ways depending on
genotype-specific mechanisms [24].

@ Springer

As its contribution to the clinical treatment response,
Akuta et al. first reported that substitutions of the amino
acid 70 and 91 in the core protein were significantly related
to the final outcome in the 48 weeks of interferon plus
ribavirin combination therapy in 50 Japanese patients
infected with genotype 1b HCV [25]. In successive studies,
they reported that substitutions in those core regions were
related to the final outcome, viral kinetics, early viral
response, and extended 72 weeks of therapy [26-29]. They
also reported substitution of core protein was associated
with elevated alpha-fetoprotein, and hepatocarcinogenesis
[29, 30]. Correlation of substitutions in the core protein in
the treatment of interferon-based therapy was also reported
in several other studies [31-33].

E2

E2 is a type I transmembrane protein 70 kDa in size which
assembles with El1 protein forming a heterodimer to
become the mature viral envelope. It is a glycoprotein
possessing several potential conserved glycosylation sites.
Because the protein is essential for the virus’s entry into
hepatocytes, E2 interacts with potential HCV receptors,
CD81, SR-BI [34] and occludin [35]. In E2, hypervariable
region 1 (HVR1) was identified in the first 27 amino acids
of the E2 ectodomain. HVR1 is known for its significant
genomic variability and is suspected to be the target of
antibodies. Its significant genetic variability could be
induced by antibody selection.

PePHD

A region between amino acid residues of E2 659-670 is
well-conserved, and is known as the phosphorylation site
of PKR/elF-2o phosphorylation homology domain (PeP-
HD). The PePHD motif is similar to the phosphorylation
sites of PKR and elF2alpha. The PePHD has been shown to
interact with PKR, one of the important antiviral proteins
of the host cell, and inhibit antiviral action of PKR in vitro,
suggesting a possible mechanism of HCV for countering
the antiviral effects of interferon [36-38]. According to
those observations, mutations in this PePHD were sus-
pected to influence the clinical response to interferon-based
therapy. However, the results of those studies are con-
flicting, and its clinical importance as the predictive value
for treatment outcome has been controversial. Though
some studies supported its significance [39-42], other
recent studies could not find evident correlations [43-49].

NSSA

NS5A is phosphorylated on multiple serine and threonine
residues, and forms two distinct molecules of basal
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phosphorylated form (p56) and hyperphosphorylated form
(p58), being 56 and 58 kDa in size, respectively. The
protein has three distinct domains (domains I, 11, and III)
being separated by low complexity sequences (LCS I and
ID. The study of the X-ray crystal structure analysis of
domain I suggested that the NS5A is a dimer, and it forms a
large putative RNA binding groove. Recent genetic study
has shown many residues in domain II are essential for
RNA replication, while domain III is less conserved and
might be dispensable. Though the true function of NS5A is
still under investigation, the protein is considered as a
component of the HCV replication complex, where it
modulates HCV replication through interaction with other
viral proteins. Among all HCV proteins, NSSA has been
most extensively explored for its relationship to interferon-
based therapy.

ISDR and PKR-BD

The interferon sensitivity determining region (ISDR),
located in the C-terminal half of NS5A, was originally
identified as the 40 amino acid region (2a2209-2248)
significantly related to the treatment outcome in the
monotherapy of interferon-alpha in Japanese patients
infected with genotype-1b HCV [50, 51]. The “mutant-
type,” having 4 or more mutations in the region, was
associated with a high SVR rate (16/16: 100%), while the
SVR rate was low in the “intermediate-type” [1-3
mutations: SVR rate 5/38 (13%)], or the “wild-type” [no
mutation: SVR rate 30/30 (0%)]. Following studies from
Japan were also concordant with the initial study [52-54].
However, controversy occurred as to the predictive value
of ISDR since studies from Europe and North America
did not necessarily report evident correlations between
ISDR and treatment outcomes [55-60]. However, a recent
meta-analysis study clearly confirmed its value, even in
the Western countries {61]. Different results observed in
North America and Europe might have been been caused
partly by smaller rates of mutant-type patients in Western
countries, and by the different treatment regimen in Japan
compared to Western countries [62-66]. Though ISDR
was found in the era of interferon monotherapy, its pre-
dictive value in the treatment outcome of the recent pe-
ginterferon plus ribavirin regimen has continued to be
reported in most large cohort studies [26, 33, 67-69]. In
searching for the biological ISDR function, Gale et al.
reported that NSSA represses PKR through a direct
interaction with the PKR binding domain (PKR-BD,
aa2209-2274) and that the PKR-BD contains the ISDR
[70]. Thus, they insisted that inactivation of PKR may be
one mechanism by which HCV avoids the antiviral effects
of interferon.

V3 domain and IRRDR

The V3 domain located in the C-terminal region of NSSA
(aa2356-2379) was originally identified as a genomic
region of genotype-1b HCV showing a marked heteroge-
neity between Japanese and American isolates [71]. A
correlation of its mutations and the response to interferon-
based therapy was first reported by Duverlie et al., and
they reported that sequences of the V3 domain were
highly conserved in resistant strains, but were highly
variable in sensitive strains [72]. Most following studies
also reported concordant results [46, 47, 68, 73, 74].
El-Shamy et al. reported a high degree of sequence
variations in the V3 and the flanking pre-V3 regions
(aa2334-2355) of NS5A, and they designated the region
as the interferon/ribavirin resistance-determining region
(IRRDR) (aa2334-2379). They reported that substitution
number in the IRRDR was closely correlated with early
virological response (EVR) by week 16 in 47 HCV-1b-
infected patients treated with peginterferon plus ribavirin
[75]. In their follow up study for the same group of
patients, sequence variation in the JRRDR was also sig-
nificantly related to the final outcome. The positive pre-
dictive values of IRRDR of 6 or more for SVR was 89%
(16/18), whereas negative predictive values of IRRDR of
5 or less for non-SVR was 81% (22/27) [76].

Other region in NS5A

Pfeiffer et al. reported that two responsible mutations
resided in the C-terminal region of NS5A: G404S and
E442G were considered as mechanisms accounting for
ribavirin resistance during HCV RNA replication, using
HCV replicon-containing cell lines in the presence of
increasing concentrations of ribavirin [77]. However, the
clinical importance of such mutations and their relevance
to ribavirin-related therapy is not evident.

NS5B

NS5B is 68 kDa proteins in size, and known as an RNA-
dependent RNA polymerase. The enzyme synthesizes
HCV-RNA using HCV-RNA as a template. NS5B is
considered as one component of the HCV-RNA replication
complex, and its activity as an RNA polymerase is modu-
lated by NS3 and NS5A. Since this enzymatic activity is
critical for HCV replication, the correlation between its
mutations and treatment response has been explored, to
date, in several studies.

Though the viral inhibitory mechanism of ribavirin in
the treatment of HCV is unknown, its action as a mutagen
is especially focused on the NS5B protein. During
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ribavirin monotherapy, Young et al. reported that a spe-
cific mutation of NSS5B amino acid 415 Phe-to-Tyr
(F415Y) had emerged in five out of five patients infected
with genotype-la HCV [78]. To clarify the biological
relevance of this mutation in ribavirin monotherapy, they
introduced NS5B F415Y mutations into subgenomic HCV
replicons, and reported that they observed different drug
sensitivities in HCV replicons according to this NS5B
polymorphism in a ribavirin dose-dependent manner.
However, subsequent studies done in Japan and the UK
could not find an evident relationship between specific
selection of NS5B 415 mutations and the treatment of
combination therapy of peginterferon and ribavirin,
Sugihara et al. reported that they did not find specific
mutations in NS5B 415 in the both serum obtained before
and after therapy in 18 patients infected with genotype-1ib
HCV [79], and Ward et al. could not find evidence of a
relationship of these mutations in the therapy of pegin-
terferon and ribavirin in 15 patients infected with geno-
type-1a [80]. Hamano et al. explored genetic changes of
genotype-1b HCV during the treatment of interferon-
alpha and ribavirin, and reported that mutations at posi-
tions 300~358 of NS5B, including polymerase motif B-E,
occurred more frequently in SVR patients or in end-of-
treatment response patients when compared to null-
response patients [81]. Mutation rate of NS5B in patients
undergoing treatment with ribavirin monotherapy was
also explored in patients treated with peginterferon/riba-
virin therapy, since error catastrophe from an increase in
mutation rate could be a possible mechanism of ribavirin
in HCV infection [82]. Lutchman et al. reported that
ribavirin was only associated with an early transient
increase in the HCV mutation rate, but lethal mutagenesis
and error catastrophe was unlikely to be the sole mech-
anism of ribavirin {83].

Conclusions

Viral genetic variability of HCV and its potential correla-
tion to the interferon-based treatment response is briefly
discussed here. Understanding the biological features of
drug-resistant HCV, may helpl us to predict the treatment
response in each patient in advance. Furthermore, though
trials of HCV specific protease inhibitors are on-going, and
are just about to be incorporated into the new standard
therapy, understanding those biological features of HCV
would further clarify and focus which patients will most
benefit from being treated with the new treatment regi-
mens. This viral genetic approach could be crucial even in
the era of HCV protease inhibitors for achieving giobal
eradication of HCV,
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We created agent-based models that visually simulate conditions of chronic viral infections using two
software. The results from two models were consistent, when they have same parameters during the
actual simulation. The simulation results comprise a transient phase and an equilibrium phase, and unlike
the mathematical model, virus count transit smoothly to the equilibrium phase without overshooting
which correlates with actual biology in vivo of certain viruses. We investigated the effects caused by vary-
ing all the parameters included in concept; increasing virus lifespan, uninfected cell lifespan, uninfected
cell regeneration rate, virus production count from infected cells, and infection rate had positive effects
to the virus count during the equilibrium period, whereas increasing the latent period, the lifespan-
shortening ratio for infected cells, and the cell cycle speed had negative effects. Virus count at the start
did not influence the equilibrium conditions, but it influenced the infection development rate. The space
size had no intrinsic effect on the equilibrium period, but virus count maximized when the virus mov-
ing speed was twice the space size. These agent-based simulation models reproducibly provide a visual
representation of the disease, and enable a simulation that encompasses parameters those are difficult

to account for in a mathematical model.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

All viruses need hosts as a basis for their life. When a virus enters
the host body, it invades cells and uses both its own enzymes and
those of the host cells to replicate. Host cells infected by viruses
launch a self-defense system known as the innate immune system
(See and Wark, 2008; Naniche, 2009), which inhibits viral replica-
tion and uses the human leukocyte antigen system and cytokines
to elicit an immune response. Immune cells that have received sig-
nals from host cells activate other immune cells, neutralize viruses
in the serum by means of antibodies, and prevent the virus from
replicating and proliferating by destroying or curing host cells. Viral
infection is a disorder based on the interactions between viruses
and cells.

Abbreviations: HIV, humanimmunodeficiency virus; HBV, hepatitis B virus; HCV,
hepatitis C virus.
* Corresponding author. Tel.: +81 422 32 3111; fax: +81 422 32 9551.
E-mail address: jitakura@musashino.jrc.or.jp (J. Itakura).

0303-2647/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.biosystems.2009.09.001

The power relationship between these agents changes along
with the progression of the disease. In the very early stages of
infection, as the host defense mechanisms are immature, the virus
has the ability to overwhelm the host cells, actively replicate, and
proliferate. Subsequently, as the capacity of the immune system
improves, the speed of viral proliferation drops and the virus count
reaches a peak. Infected host cells begin to be disrupted by the
immune system or virus particles, and symptoms appear as a
result. If the immune system is stronger than the virus, then the
viral counts decline, and, in transient viral disorders, the virus is
finally eliminated and the host recovers. In chronic viral disorders,
however, the power relationship between the virus and host cells
reaches equilibrium, and a long-term power balance is maintained
with the virus count reaching a plateau.

Mathematical models have been proposed to study the dynam-
ics of such viral disorders, and are regarded as being of value in
understanding this phenomenon (Ho et al., 1995; Nowak et al,,
1996; Neumann et al., 1998). However, these models are difficult to
understand for clinicians, and their applicability is somewhat lim-
ited in everyday practice. In clinical research, measurements of viral
dynamics in patients for short duration have been made for human
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Fig. 1. Simulation design and an example of simulation results. (a) Model concept. Viruses, uninfected cells, and infected cells were treated as agents, and parameters were
set for each of these and for interactions between agents (underlined). (b) Flowchart of the program. After preparing the simulation, we entered the interaction cycle, in
which virus steps (such as movement) and cell steps were repeated. One cycle was counted as 1 tic, and the simulation concluded after 1000 tics. (c and d) Simulation screen
using (c) StarLogo and (d) RePast. Yellow circles are viruses, green squares are uninfected cells, and orange and red indicate infected cells, with orange indicating the latent
period. In StarLogo, all the agents are shown on the same screen, but in RePast, viruses and cells are shown in separate windows. (e) Example of a simulation chart in StarLogo.
After the start of simulation the virus count and infected cell count increase while the uninfected cell count decreases, with equilibrium state reached after a certain number
of tics.
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Fig. 2. Comparison of simulation results in (a) StarLogo and (b) RePast. The results were consistent when the parameters were made consistent. {Virus count [average + SD}:
StarLogo 1458.03+173.1, RePast 1462.71+178.8, p=0.94. Uninfected cell count: 364.24 +30.4, 368.11:£33.4, p=0.83. infected cell count: 105.73 +13.0, 107.744+13.0,
p=0.24. Unpaired Student’s t-test.) Parameter values were set as follows: initial virus count, 100; uninfected cell count, 880; infected cell count, 0; virus speed of movement,
5 grids/tic; infection rate, 10%; uninfected cell regenerationrate, 1%; latent period, 3 tics; and virus reproduction rate, 5/cells/tic. The following parameter settings were taken
from actual measurements: virus lifespan, 4.5 tics; uninfected cell lifespan, 49.8 tics; and infected cell lifespan, 6.7 tics.

immunodeficiency virus (HIV) (Ho et al,, 1995), hepatitis B virus
(HBV) (Nowak et al., 1996) and hepatitis C virus (HCV) (Neumann
et al., 1998), and research is also underway on a range of models
based on animal experiments and cell culture systems. As chronic
viral disorders persist over long periods of time complete follow-
up of viral dynamics is difficult. Furthermore, limitations of items
that can be measured, such as the difficulty of measuring whole
numbers of host cells, make it extremely difficult to investigate
their consistency in mathematical models.

The recent ascend of dynamic-models owes much to advances
in computers. Computer performance has improved markedly in
recent years, not only in terms of their calculating capacity but also
with regard to image displays, and models that offer a visual rep-
resentation of viral disorders are now being reported (Gilbert and
Bankes, 2002; Duca et al., 2007; Shapiro et al., 2008; Castiglione et
al,, 2007). One advantage of such visual models is that by provid-
ing a visual representation, they make understanding the disease
status easy. Another benefit is that they enable parameters to be
identified that are hidden as background noise in mathematical
models. However, these models have some problems; it is diffi-
cult to prove the reproducibility of the simulation results derived
from different languages or libraries, difficult to prove the validity
of the model's concepts, and difficult to prove that the simulation
results accurately reflect the reality. In this study, we created agent-
based computer models that visually simulate the conditions of
chronic viral infections using two software. The reproducibility of
two agent-based computer models and the differences between
agent-based models and the mathematical model were analyzed.

This agent-based model enabled us to investigate how each param-
eter included in the concept affects the conditions of chronic viral
infections.

2. Methods
2.1. Selection of Software

In this study, we used two different types of softwares: StarLogo version 2.0
(http:/feducation.mit.edu/stariogo/) supplied by MIT Media Laboratory and Recur-
sive Porous Agent Simulation Toolkit (RePast-3.0, http://repast.sourceforge.net/}
supplied by the Argonne National Laboratory. StarLogo uses Logo, one of the simplest
programming languages, and has a fixed graphical user interface. RePast is a library
that uses Java, another programming language, which also has a fixed graphical user
interface.

Logo is an assembly language, and StarLogo carries out processing sequentially.
Java is an object-oriented language, and RePast has a faster processing speed than
StarLogo. In addition, StarLogo has a number of stipulations to simplify simulations,
such as parameters can only be set up to five decimal places and the simulation
space is also fixed as 51 x 51 square grids. RePast, on the other hand, has fewer
such restrictions. Thus, it offers a higher degree of freedom in program settings than
StarLogo. Taking simulation space as an example, in spite of the restrictions imposed
by the underlying operating system’s image display system, any number of grids can
be set and a hexagonal grid could also be chosen rather than a square one. However,
users must stipulate and set all parameters themselves. This means that they must
first declare the shape of the grid and the number of grids they will use to fill the
simulation space. Java is also more difficult to learn than Logo, and debugging and
correcting the program is also more difficult. Thus, it is difficult to judge whether or
not the results agree with the planned simulation.

In effect, these two different types of softwares are polar opposites. It is simple
to start a simulation in StarLogo, but producing results takes time and it is difficult to
carry out more complex simulations. In RePast it is difficult to compose the program
and judge whether or not the planned study has actually been achieved, but the
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simulation itself takes only a short time to complete and there are lesser restrictions
in the construction of a simulation model.

2.2. Concept for Modeling

We applied the basic virus-host interaction mathematical model to the agent-
based simulation system with slight modifications. The mathematical model was
used to describe the dynamics of HIV (Ho et al,, 1995), HBV (Nowak et al., 1996),
and HCV (Neumann et al., 1998) and the only agents involved were host cells and
viruses, without the inclusion of immune cells. The effects of the immune system
are expressed by varying parameters such as lifespan of host cells and viruses.

Fig. 1a illustrates the study concept. Viruses have the ability to infect healthy
host cells (uninfected cells) and the infected cells produce new viruses. Both celis
and viruses have definite lifespans, and the lifespan of infected cells is usually shorter
than that of uninfected celis. Uninfected cells automatically regenerate within the
space, whereas infected cells only arise due to infection of uninfected ceils. Viruses
also lack the ability to regenerate themselves and are only produced from infected
cells.

2.3. Parameter Settings

In the present study, as the StarLogo settings are circumscribed, we limited
the simulation space to 51 x 51 square grids. However, we made an exception here
while investigating the effects of size of space on the sitnulation results. The numbers
of viruses, uninfected cells, and infected cells could only be set before the start of
the simulation. As described in the later, our simulation ran in cycles, with 1 cycle
defined as 1 tic.

In mathematical simulation models, the death rate is required as a parameter.
However, in our program we set lifespans for viruses and uninfected cells. These
lifespans were not uniform, but were set to have a deviation of about 10%. The
lifespan of cells was shortened by infection with ratio decided beforehand.

The infection ratio was meaningful only when an infected cell and a virus coin-
cidentally occupied the same grid, and this was used to calculate the probability of
the infection occurring in that situation. The virus production rate was set as the
number of viruses produced by an infected cell during 1 tic. Infected cells could be
set as a parameter indicating the latent period between the time of virus infection
and the time of virus replication.

In order to emulate the tissue repair capacity, we set uninfected cell regenera-
tion rate such that grids without any cells had a specified probability of producing
uninfected cells on top of themsetves. As a result, the more the cell count declined
within a space the more regenerated uninfected cells were produced, whereas the
number of regenerated cells declined as cell count increased.

The number of grids through which a virus could move in 1 tic was set as
the speed of movement, and the direction of movement was set within a range
of 90° toward the top of the simulation space. The program used a circulatory
method of movement; when a virus arrived at the top of the space, it was translo-
cated to the bottom, and moved again toward the top. Cells were fixed on the

grid.
2.4, Simulation Flowchart

Fig. 1b shows a flowchart of the program. First, the simulation space was pro-
duced, after which each parameter was defined and the initial settings were made.
Next the agents ~ viruses and uninfected and infected cells - were produced. The
simulation cycle was as follows. Viruses moved to a new grid, and if an uninfected
cell was present, this was infected with a probability based on the infection rate. The
lifespan of the virus decreased, and viruses that had completed their lifespan and
those that had caused an infection were removed from the space. Infected cells pro-
duced new viruses, the lifespans of both uninfected and infected cells decreased.
Then, cells that had completed their lifespan were eliminated and a new cycle
began, The program was set such that the simulation ended after this cycle had
repeated 1000 times. This meant that one simulation was complete after 1000
tics.

2.5. Data Collection

The RePast model was programmed such that data for each tic was saved auto-
matically as a text file at the end of the simulation. This text file could be opened by
a database software. The StarLogo model was programmed to stop the simulation
and collect data after every 50 tics.

2.6. Mathematical Model

In order to compare the results of this agent-based simulation, we used a viral
infection mathematical model, which we improved as follows.
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Fig. 3. Comparison of results of agent-based simulation and mathematical simu-
lation. Both sets of results were consistent for the equilibrium phase, but differed
in the shift in transition phase. Black line: mathematical model; grey line: results
of simulation in RePast, Parameter values were set as follows: initial virus count,
100; uninfected cell count, 880; infected cell count, 0; virus speed of movement,
5 grids/tic; infection rate, 10%; uninfected cell regeneration rate, 1%, latent period,
3 tics; virus reproduction rate, 5/cells/tic; virus lifespan, 10 tics: uninfected cell
lifespan, 50 tics; and cell lifespan-shortening ratio as a result of infection, 69%.

dv
T pl—cV 3

where, Tis the uninfected cell count, I is the infected cell count, and V is the virus
count. Uninfected cells are supplied to the space with a probability s[2601 —(T+1)],
as the number of grids in this agent-based simulation model was 2601 (51 x 51).
The death rate of uninfected cells is d, the death rate of infected cells is §, and the
death rate of viruses is c. The infection rate is indicated by 8. Viruses are released
from infected cells at a probability p.

2.7. Statistical Analysis

Statistical analyses were performed by statistical tests using the program
StatView 5.0 (SAS Institute Inc.). All tests of significance were two-tailed, with p
values of <0.05 considered to be significant.

3. Results

3.1. Reproducibility of Chronic Viral Infection Disease Models
Using Agent-based Simulation Methods

We constructed the chronic viral infection model with StarLogo
library. Fig. 1c shows the simulation screen, and Fig. 1e shows one
sample result. Immediately after the start of the simulation, the
virus count temporarily dropped in accordance with the onset of
an infection. Subsequently, the virus count started to increase with
an increase in the infected cells and a decrease in the uninfected
cells, After a certain number of tics (around 300 in this example),
although the virus count, infected cell count, and uninfected cell
count had some fluctuation, an equilibrium state was reached. We
use the following descriptive terms in this paper: the transient
phase is the period during which virus growth peaks, and the equi-
librium phase is the period during which an equilibrium state is
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established. When the simulation was performed multiple times,
the features described above were maintained, and the average val-
ues for virus, infected cell, and uninfected cell counts during the
equilibrium state were all consistent.

Fig. 1d shows the simulation screen of the RePast. When we
attempted setting all the initial parameters to the same values as
those in the StarLogo, the results were not consistent. When we
recalculated the parameters from the simulation results, in RePast,
the parameters were largely maintained at the levels of the settings,
but in StarLogo, the lifespans of both cell types became shorter than
the settings while the simulation was in progress. We made the
results of both simulations consistent by using the same parameters
during the actual simulation (Fig. 2a and b).

3.2. Comparison Between Agent-based Simulation Models and
Mathematical Simulation Model

We investigated whether the results of a chronic viral infec-
tion disease model produced by RePast would be consistent
with the results of a mathematical model. For the mathemat-
ical model, we carried out an approximate integration using a
four-dimensional Runge-Kutta method to ensure that the unin-
fected cell count and infected cell count would be in the same
class. Parameters were always fixed as constant between simula-
tions. The simulation results were consistent for the equilibrium

phase, but transitions in virus count during the transient phase
varied, with a shift to equilibrium state following two overshoots
in the mathematical model, but a monotonic increase following a
logistic curve in the agent-based model (Fig. 3). In the mathemat-
ical model, when the equilibrium condition was calculated with
dT/dt=dI/dt=dV/dt=0, the equilibrium-phase virus count, unin-
fected cell count, and infected cell count were very similar to
those of the agent-based model (virus count: mathematical model
371.8/space, agent-based model 371.1 + 32.4/space [average + SD};
uninfected cell count: mathematical model 1605/space, agent-
based model 1454 + 194/space; infected cell count: mathematical
model 115.9/space, agent-based model 108.3 4 14.2/space).

3.3. Usability of the Models; Effect of Changing Parameters

We investigated the changes in the equilibrium phase brought
about by changing each parameter. All the investigations below
were carried out by using RePast, and we used the average values
from ten simulations.

3.4. Viral Parameters

The lower the virus counts at the beginning of the simulation,
the lower the probability of a chronic infection (Fig. 4a). However,
the initial virus count did not have any effect on the equilibrium
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Fig. 5. Effects of changes in cell parameters. (2) Extending the uninfected cell lifespan and (b) increasing the uninfected cell regeneration rate increased the virus count.
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shortened the period of virus production from infected cells, thereby decreasing the virus count. (e) Increasing the virus production count resuited in a linear increase in
equilibrium-phase virus count. Black circles: virus count; line: virus count approximation curve; white bars: uninfected cell count; black bars: infected ceil count.

phase itself (Fig. 4b). Extending the lifespan of viruses resulted
in a linear increase in equilibrium-phase virus count (Fig. 4c).
Although the infected cell count increased, the rate of increase grad-
ually declined. Changing the speed of viral movement resulted in
the equilibrium-phase virus count to eventually decline after 100
grids/tic was reached, allowing movement over an area twice the
size of the simulation space (Fig. 4d).

3.5. Uninfected Cell Parameters

Extending the lifespan of uninfected cells led to an increased
virus count during the equilibrium phase (Fig. 5a). Increasing the
uninfected cell regeneration rate aiso contributed to increased
equilibrium-phase virus count (Fig. 5b). In both the cases, the

increases in virus count and infected cell count were not linear,
but showed a tendency for the rate of increase to decline gradu-
ally.

3.6. Infected Cell Parameters

We carried out an investigation of the effects of variation in
the lifespan-shortening ratio on the virus count on the assumption
that cell lifespan is shortened by infection. When this ratio was
increased, the virus count decreased (Fig. 5c). An extended latent
period was also related to a decreased virus count (Fig. 5d). How-
ever, the virus production from infected cells led to a linear increase
in the virus count (Fig. Se).
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curve; white bars: uninfected cell count; black bars: infected cell count.

3.7. Infection Rate and Space Size

Increasing the infection rate caused an increase in the virus
count, but the change was minimal at an infection rate of 30%
or more. The same results were seen for infected cell count, but
a decrease in uninfected cell count resulted in a tendency for the
infection rate to decrease by up to 60% (Fig. 6a).

The larger the space, higher the increase in both virus and cell
counts (Fig. 6b). This increase was proportional to space size, how-

ever, when virus and cell counts were divided by the total number
of grids in the space they were all constant (Fig. 6¢).

3.8. Cell Cycle Speeds

Running a simulation with the initial virus count set to zero
enables only the equilibrium condition for uninfected cells to be
simulated. Changing the lifespan and regeneration rate of unin-
fected cells in opposite directions at the same time makes it possible
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to change the cell cycle speed without altering the uninfected cell
count (Fig. 6d). We used this technique to investigate how chang-
ing the cell cycle speed affected the equilibrium phase. Fig. 6e
shows the results, Cell lifespan increases while the cell cycle speed
declines. The equilibrium virus count increased in accordance with
slower cell cycle speeds.

4. Discussion

In this study, we investigated the models using two agent-
based simulation methods to program a simple virus—host chronic
infection model. The same model written in two different program-
ming language systems displayed the same results. The transient
phase was unlike that seen in a mathematical simulation with no
overshoot in virus count, but rather a smooth transition to the equi-
librium phase. The virus count at the start of the simulation only
had effect on the rate of infection development. Increases in virus
lifespan, uninfected cell lifespan, uninfected cell regeneration rate,
virus production count from infected cells, and infection rate all led
to increased equilibrium-phase virus count. Rises in the infected
cell lifespan-shortening ratio, latent period, and cell cycle speed
decreased the equilibrium-phase virus count. The size of the space
itself had no innate effect on the equilibrium phase, but a speed of
movement of the virus that was twice the size of the space produced
the maximum virus count.

Reproducibility is the basis for all scientific study, but there are
many problems to prove it in computer simulations, such as pro-
gramming bugs. As agent-based simulation deals with numerous
agents individually, it requires vast amounts of calculations. Accu-
mulation of very small change of values leads to large differences
of results. In this study, we investigated two programs based on
two programming languages to confirm the reproducibility of our
simulation results in different programming languages. The results
of two simulations were consistent, but in StarLogo, the lifespan
parameters had a tendency to be lower than when they were set
while simulations were actually in progress. This may be because
the number of digits used in calculations was different between the
two programs, RePast performs calculations to at least eight deci-
mal places. In StarLogo, the library settings only enable settings to
be made up to five decimal places. It is probable that these small dif-
ferences accumulate during repeated calculations and are reflected
in the simulation. Ultimately, we confirmed that the differences in
results obtained by using different libraries and programming lan-
guages were not innate and by making the parameters consistent
during simulation, consistent results were obtained.

Mathematical models using formulae for HIV therapy was pub-
lished in 1994, the method has since béen applied to HBV and
HCV (Ho et al,, 1995; Nowak et al,, 1996; Neumann et al., 1998),
and they were thought to be good reflections of the reality. In the
mathematical model, viruses and cells are conceived as individu-
als in the concept itself, but both of them are perceived en masse
when calculations are performed. However a feature of the agent-
based simulation is that it deals with individual viruses and cells as
separate agents. By moving each agent individually, it probes the
factors influencing overall shifts from the micro viewpoint. When
the space is viewed as a whole, it is possible to watch on the screen
the collective movement of groups of agents. Recently, models that
provide a visual representation of Epstein-Barr virus and HIV infec-
tion have been reported, both of which are useful for an instinctive
and intuitive understanding (Duca et al., 2007; Shapiro et al.,, 2008;
Castiglione et al., 2007).

In agent-based simulation model, virus count transit smoothly
to the equilibrium phase. On the other hand, virus counts over-
shoot during transient phase in mathematical model. We think
this difference is derived from technicality of different model-
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ing. The difference in concepts between mathematical models and
agent-based models is the space. The mathematical mode! has no
space in concept, but agents move across the space in the agent-
based model. In agent-based models, the densities of virus and
cells change overtime especially in the transition phase because
of the limited space. These changes of the densities of virus and
cells lead to the dynamic change of the encounter rate of viruses
and cells. The mathematical model does not make such concept
of the density; the encounter rate is constant. This may be the
reason for the difference between two models in the transition
phase, Since no overshoot of virus counts in transient phase had
been reported from in vivo studies of hepatitis C virus and simian
immunodeficiency virus (Dahari et al., 2005; Nowak et al,, 1997),
agent-based model correlates with actual biology in vivo at least for
these viruses. The increase of initial virus count at the start of sim-
ulation correlates with higher encounter rate of viruses and cells
which make the linear increasing of infection forming rate. Math-
ematical model can only express the infection formation rate as
“infected or not”.

The importance of viral passing speed in the agent-based model
is also explained by the “space”. Although the virus actually moves
through the blood stream in our body and virus could not decide
their moving speeds by themselves, there is most appropriate speed
for virus to meet the cells on the simulation space by the highest
probability. The effect of cell cycle speed should be mentioned by
another affection of the space. A fast cell cycle speed means that
the lifespan of uninfected cells is short. Then fast cell cycie speed
leads to the short lifespan of infected cells. A higher regeneration
rate for uninfected cells results in a higher rate of infection among
uninfected cells by viruses, but in situations where viruses and cells
are dispersed around the space this is ineffective in increasing the
infection rate, as the latter depends on the probability that they will
encounter one another. As a result, the infected cell count decreases
during the equilibrium phase, as does the virus count.

In this study, we confirmed the reproducibility and usability of
agent-based models in expressing the interaction between viruses
and cells. A feature of this simulation system is that it uses the con-
cept of space as actual space, which means that the existence of the
space becomes an additional controlling factor on the simulation
results, This is a concept that is absent from mathematical models.
The reality is that we have a spatial existence, and an advantage
of the agent-based simulation system is the fact that it accounts
for the space. Another feature of the simulation system is that it
enables the condition to be perceived in visual terms, making it
easy to understand. However it may be affected by computer per-
formance and by the limitations of programming languages or the
program itself, this system may offer a powerful tool for the future
analysis of real virus-host interaction disease,
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Two flavonoids extracts from Glycyrrhizae radix inhibit
in vitro hepatitis C virus replication
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Aim: Traditional herbal medicines have been used for
several thousand years in China and other Asian countries. In
this study we screened herbal drugs and their purified com-
pounds, using the Feo replicon system, to determine their
effects on in vitro HCV replication.

Methods: We screened herbal drugs and their purified
extracts for the activities to suppress hepatitis C virus (HCV)
replication using an HCV replicon system that expressed chi-
meric firefly luciferase reporter and neomycin phosphotrans-
ferase {Feo) genes. We tested extracts and 13 purified
compounds from the following herbs: Glycyrrhizae radix,
Rehmanniae radix; Paeoniae radix; Artemisiae capillari spica;
and Rhei rhizoma.

Resuits: The HCV replication was significantly and dose-

dependently suppressed by two purified compounds, isoli-
quiritigenin and glycycoumarin, which were from Glycyrrhizae

radix. Dose-effect analyses showed that 50% effective concen-
trations were 6.2+ 1.0 ug/mL and 15.5 + 0.8 ug/mL for isoli-
quiritigenin and glycycoumarin, respectively. The MTS assay
did not show any effect on cell growth and viability at these
effective concentrations, indicating that the effects of the
two compounds were specific to HCV replication. These two
compounds did not affect the HCV IRES-dependent
translation nor did they show synergistic action with
interferon-alpha.

Conclusion: Two purified herbal extracts, isoliquiritigenin
and glycycoumarin, specifically suppressed in vitro HCV rep-
lication. Further elucidation of their mechanisms of action and
evaluation of in vivo effects and safety might constitute a new
anti-HCV therapeutics.

Key words: hepatitis C virus, herbal drugs, replicon

INTRODUCTION

EPATITIS C VIRUS (HCV) infects 170 million

people worldwide and is characterized by chronic
liver inflammation and fibrogenesis leading to end-stage
liver failure and hepatocellular malignancy."? The diffi-
culty in eradicating HCV is attributable, in part, to
limited treatment options against the virus. Currently,
combination therapy using pegylated interferon-alpha
(IFN) and ribavirin has been used worldwide.’”” The
success rates, however, are almost half of patients
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treated. Furthermore, these therapies carry a significant
risk of serious side effects. Thus, the development of
alternative therapeutic agents against HCV is our high
priority goal.

We have reported an HCV subgenomic replicon that
expresses chimeric luciferase reporter “Feo” protein.®
This Feo replicon supports stable and high levels of
autonomous HCV RNA replication in transfected cells.
Furthermore, the level of luciferase correlates well with
levels of HCV RNA production, so that luciferase can be
used as a reliable surrogate marker for HCV replication.
This chimeric reporter replicon system has contributed
the discovery of novel anti-HCV substances such as
cyclosporins,”® short interfering RNA,’®' interferon-
gamma'? and HMG-CoA reductase inhibitors.'*"

Traditional herbal drugs have been used for several
thousand years in China and other Asian countries.
Although these pharmacological activities are not fully

© 2008 The Japan Society of Hepatology
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Table 1 List of herbal drugs and their purified extracts

Herbal drug Purified compound

Glycyrrhizae radix Isoliquiritigenin
Glycycoumarin
Isoliquiritin
Licuroside

Paeoniae radix Paeoniflorin

1,2,3,6-tetra-O-galloyl-B-D-glucose

Rhei Rhizoma Rhein 8-O-8-glucoside
Rehmanniae radix Acteoside
Martynoside
Isoacteoside
Artemisiae Demethoxycapillarisin
capillari spica 3,4-di-o-galloylquinic acid
Acteosyringone

characterized, they also have been safely used for many
clinical conditions in Japan. For example, Sho-saiko-to
(TJ-9; Xiao-Chae-Hu-Tang in Chinese), an oral medi-
cine, which consists of seven herbal components
(Bupleuri radix, Pinelliae tuber, Scutellariae radix, Ginseng
radix, Grycyrrhhizae radix, and Zingiberis rhizoma)," has
been clinically used for the treatment of chronic viral
liver disease. It has been reported to regulate the cytok-
ine production system in patients with hepatitis C'® and
to prevent the development of HCC in patients with
non-B cirthosis.'” Glycyrrhizin, the major component of
Glycyrrhizae radix (licorice), has also been used for the
treatment of chronic hepatitis in Japan, known to have
an alanine transaminase-lowering effect.'®"” Despite the
clinical effects of these herbal drugs, they did not sup-
_press the HCV replication in vitro."®

(a) pRep-Feo

§-UTR EMCV-IRES
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In the present study, we applied the Feo replicon
system to screen the herbal drugs and their purified
compounds for their effects on in vitro HCV replication.
Here, we show that two purified compounds from the
herbal extracts specifically and substantially suppressed
HCV replication.

MATERIALS AND METHODS

Purified compounds (Table 1)

HIRTEEN COMPOUNDS WERE purified from five

herbal drugs: Glycyrrhizae radaix; Rhemanniae radix;
Paeoniae radix; Artemisiae Capillari Spica; and Rhei
Rhizoma (Table 1; Tsumura, Tokyo, Japan). These
extracts were prepared at concentrations of 5 mg/mL in
dimethyl! sulfoxide (DMSO), then stored at ~20°C until
use. Recombinant human interferon (IFN) alpha-2b
was obtained from Schering-Plough (Nj, USA).

Cell culture

A human hepatoma cell line, Huh7, was maintained in
Dulbecco’s modified Eagle's medium (Sigma, MO, USA)
supplemented with 10% fetal calf serum at 37°C under
5% CO,. Huh7 cells expressing the HCV replicon were
cultured in a medium containing 200 pg/mL G418
{Wako, Osaka, Japan).

HCV subgenomic replicon construct

An HCV subgenomic replicon plasmid, pHCV1bneo-
delS,* was reconstructed by substituting the neomycin
phosphotransferase gene with a fusion gene comprising
the firefly luciferase and neomycin phosphotrasnferase
(pRep-Feo) (Fig. 1a). RNA was synthesized from pRep-

3-UTR

[(F—fdFuec [TrNeo —{ Ns3 | Ns4 1 Nssa |  Nss8
pi7 Al

{b) pClneo-Rluc-IRES-Fluc

5-UTR

LCMV-PIE R

F-tue b BGH.pA |

Figure 1 HCV subgenomic replicon and reporter plasmid constructs. (a) An HCV subgenomic replicon plasmid, pRep-Feo, was
reconstructed from HCV1bneo-del$ by replacing the neomycin phosphotransferase (Neo) gene with a fusion gene comprising the
firefly luciferase (Fluc) and Neo, which we designated as “Feo”®. NS, nonstructural region; pT7, T7 promoter; 3 UTR, 3’ untranslated
region. (b) A plasmid, pCIneo-Rluc-IRES-Fluc, was constructed to analyze HCV-IRES-mediated translation efficiency . The plasmid,
expressing a bicistronic RNA, in which Renilla luciferase (Rluc) was translated in a cap-dependent manner and firefly luciferase
(Fluc) was translated by HCV-internal ribosome entry site (IRES)-mediated initiation, was stably transfected into Huh7 cells,
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Feo and transfected into Huh7 cells. After culture in the
presence of G418, cell lines stably expressing the repli-
con were established.'*?

HCV-IRES reporter construct

A plasmid, pCIneo-Rluc-IRES-Fluc, was used to analyze
HCV internal ribosome entry site (IRES)-mediated
translation efficiency (Fig. 1b).” The plasmid, express-
ing a bicistronic RNA, in which Renilla luciferase (Rluc)
was translated in a cap-dependent manner and firefly
luciferase (Fluc) was translated by HCV-IRES-mediated
initiation, was stably transfected into Huh7 cells. After
culture in the presence of G418, Huh7/CRIF cells were
established.” Activities of the HCV-IRES-mediated trans-
lation were measured by culture of Huh7/CRIF cells in
the presence of drugs and by dual luciferase assays after
48 h.

Luciferase assays and measurements of
antiviral activity

Huh7/Rep-Feo cells were cultured with various concen-
trations of herbal extracts or compounds. Levels of HCV
replication were quantified by internal luciferase assay
after 48 h of culture. Luciferase activities were quantified
using a luminometer (Promega, WI, USA) and the
Bright-Glo Luciferase Assay System (Promega). Assays
were performed in triplicate and the results were
expressed as means + SD as percentages of the controls.
The 50% effective concentrations (EC50) were calcu-
lated using probit method. The determination of EC50
was performed three times, and presented as mean + SD
in each compound.

Realtime RT-PCR analysis

Total cellular RNA was extracted from cultured cells or
liver tissue using ISOGEN (Nippon Gene, Tokyo,
Japan). Two g of total cellular RNA was used to gener-
ate ¢cDNA from each sample using the SuperScript 11
reverse-transcriptase (Invitrogen, CA, USA). The repli-
con RNA expression levels were measured using the
Applied Biosystems 7500 Fast Realtime PCR System
(Applied Biosystems, CA, USA) and QuantiTect SYBR
Green PCR Kit (QIAGEN, CA, USA). Sequences of a pair
of primers has been described elsewhere.’

Northern blottings

Expression of HCV subgenomic RNA was detected as
previously reported.* Total cellular RNA was extracted
from cells using ISOGEN (Nippon Gene, Tokyo, Japan).
Fifteen micrograms of the total cellular RNA was
electrophoresed on a 1.0% denaturing agarose-
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formaldehyde gel and was transferred to a Hybond-N+
nylon membrane (Amersham-Pharmacia Biotech,
Sweden). The upper part of the membrane, which con-
tained the HCV replicon RNA, was hybridized with a
digoxigenin-labeled probe that was specific for the full-
length replicon sequence, and the lower part of the
membrane was hybridized with a probe specific for
beta-actin. The signals were detected in a chemilumines-
cence reaction using a Digoxigenin Luminescent Detec-
tion Kit (Roche, Germany) and visualized using a
Fluoro-Imager {Roche).

Western blottings

Western blotting was done as reported previously.”
Thirty micrograms of total cell lysate was separated
using NuPAGE 4-12% Bis-Tris gels (Invitrogen, CA,
USA) and blotted onto an Immobilon polyvinylidene
difluoride membrane (Roche). The membrane was incu-
bated with the primary antibodies followed by a
peroxidase-labeled anti IgG antibody, and visualized by
chemiluminescence reaction (BM Chemiluminescence
Blotting Substrate; Roche). The antibodies used were
anti-NS5A (BioDesign, ME, USA), anti-core (provided
by Dr. Wakita), and anti-beta-actin antibodies (Sigma).

MTS assays

To evaluate cell viability, MTS (dimethylthiazol car-
boxymethoxyphenyl sulfophenyl tetrazolium) assays
were performed using a Cell Titer 96 Aqueous One
Solution Cell Proliferation Assay (Promega) according
to manufacturer’s directions.

HCV-JFH1 virus cell culture

An in vitro transcribed HCV-JFH1 RNA?® was transfected
into Huh7.5.1 cells.”® Naive Huh7.5.1 cells were subse-
quently infected by culture supernatant of the JFH1-
RNA transfected Huh-7.5.1 cells, and subjected to
culture in the presence of drugs. Culture medium was
collected serially and HCV core antigen was measured
using a chemiluminescence enzyme immunoassay
(CLEIA) according to the manufacturer’s protocol
(Lumipulse Ortho HCV Antigen; Ortho-Clinical Diag-
nostics, Tokyo, Japan). Cellular virus expression was
measured by the Western blotting using anti-core
antibodies.””

Statistical analyses

Statistical analyses were performed using Student’s
t-test. P-values of less than 0.05 were considered statis-
tically significant.



