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Abstract
The aim of this study was to search hepatitis C virus (HCV)
genetic elements determining the early response to pegin-
terferon/ribavirin therapy using HCV genome-wide analysis.
From a total of 88 chronic hepatitis C patients with HCV-1b
treated with peginterferon/ribavirin, the whole HCV amino
acid sequence was determined and analyzed according to
the viral response during the treatment. Mutations in NS5A-
ISDR (interferon sensitivity-determining region) are associ-
ated with rapid viral response at week 4, and the core ar-
ginine70glutamine (R70Q) mutation is associated with no
early viral response at week 12, revealing that core 70 and
NS5A are the most important factors determining the viro-
logical kinetics during peginterferon and ribavirin therapy.
Copyright © 2010 S. Karger AG, Basel

Introduction
Hepatitis C virus (HCV) is a major cause of chronic

liver diseases, and worldwide 170 million people are in-
fected with HCV. With the introduction of the recent

combination therapy of pegylated-interferon (PEG-IFN)
and ribavirin (RBV), half of patients can eradicate the
virus (sustained virological response, SVR). The SVR rate
of HCV to the PEG-IFN/RBV therapy is dependent on
HCYV genotypes, and the viral kinetics during the treat-
ment strongly affect the final viral clearance [1, 2]. It is
generally considered that HCV structures affect the treat-
ment response since the SVR rate to PEG-IFN/RBV ther-
apy depends upon viral genotypes as described above.
However, comprehensive analysis of the contribution of
HCV structures to different responses has not yet been
conducted. In the present study, in order to clarify the
relationship between HCV sequences and viral respons-
es, we have determined the complete HCV open reading
frame sequences obtained from pretreatment patients’
serum, and investigated their response by searching for
HCV genetic elements determining the early response
to PEG-IFN/RBV therapy using HCV genome-wide ana-
lysis.

Methods

A total of 88 chronic hepatitis C patients with HCV-1b treated
with PEG-IFN/RBV were studied. From pretreatment sera, the
whole HCV deduced amino acid sequence (3,010 amino acids)
was determined in each patient by direct RT-PCR.

KARG E R © 2010 S. Karger AG, Basel
0300-5526/10/0531-0086526.00/0
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Fig. 1. Reciprocal of p value for sliding window analysis with 77 amino acid width for RVR versus others.

Amino acid-usage of each of the 3,010 positions was compared
according to the different virological response in order to identify
the single amino acid differences determining the virological re-
sponse. In addition, sliding window analyses were carried out in
order to identify the amino acid region associated with the viro-
logical response. The number of the amino acid changes in the fixed
stretch of the sequence (window: 2-100 amino acids) were com-
pared according to the virological response, scanning the whole
HCV amino acid sequence by sliding this window one by one.

Results

Of 88 patients studied, 9 showed rapid viral response
(RVR; HCV-RNA undetectable at week 4) and 71 showed
early viral response (EVR; over 2-log drop of HCV-RNA
at week 12). The other 17 patients showed no EVR, indi-
cating these patients are highly resistant to the treat-
ment.

HCV Genetic Elements and Early
Response to PEG-IFN/RBV

Mutations in the region overlapping NS5A-ISDR (in-
terferon sensitivity-determining region, aa2209-2248)
are associated with the good response to PEG-IFN/RBV
therapy as shown in sliding window analysis comparing
RVR patients at week 4 and others (fig. 1). In contrast, the
core R(arginine)70Q (glutamine) mutation is associated
with a poor response resulting in no EVR at week 12 by
single amino difference analysis comparing non-EVR
patients and the others (fig. 2).

Discussion

In the present study, using a sliding window analysis
comparing all HCV amino acids, the amino acid region
located in ISDR was extracted as the most significant re-
gion discriminating the RVR and non-RVR patients. By

Intervirology 2010;53:66-69 67
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Fig. 2. Reciprocal of p value for single amino acid difference along the whole HCV sequence for non-EVR versus others.

comparing amino acids between the non-EVR patients
and the others, remarkable differences were clustered in
a single amino acid polymorphism in the core 70. Recent
studies have proven that the initial viral response at week
4 and week 12 of the PEG-IFN/RBV therapy could be a
useful predictor of the final outcome, indicating that the
present findings are important for predicting treatment
outcome and individualizing the treatment regimen for
each patient as well as understanding the mechanism of
diverse response to PEG-IFN/RBV therapy.

ISDR was first identified as the region significantly
related to SVR in the era of IFN monotherapy in Japanese
patients [3, 4]. ‘Mutant type’, meaning 4 or more muta-
tions in the region, was associated with high SVR rate,
while the rate was low in the ‘intermediate type’ (1-3 mu-
tations) and wild type (no mutation). Though there were
controversies as to the predictive value of ISDR, since
studies in Europe and in North America did not neces-
sarily reproduce evident correlation between ISDR and
SVR, a recent meta-analysis proved its value by demon-
strating a clear relationship all over the world, even in
Western countries [5]. The present study reproduced the
significance of ISDR in PEG-IFN/RBV therapy. Muta-

68 Intervirology 2010;53:66-69

tions in ISDR make HCV highly sensitive to IFN, leading
to RVR. Current guidelines indicate that RVR patients
with low viral load before treatment can be treated with
24 weeks instead of the standard 48 weeks of therapy.
Since most ISDR mutant patients show low viral loads,
these easy-to-treat patients in genotype 1b should be
mainly infected with HCV with ISDR mutations, sug-
gesting ISDR genotyping would identify the patients
treatable with the abbreviated regimen.

On the other hand, in the present study, the polymor-
phism of core 70 was extracted as the most significant
position to determine poor virological response in 12
weeks (non-EVR). The contribution of core region amino
acid polymorphism in resistance to (PEG-)IFN/RBV
therapy was previously reported by Akuta et al. [6], who
first found that the polymorphisms in a combination of
core 70 and 91 were closely related to the final outcome.
The importance of core 70 polymorphism alone, how-
ever, was considered rather weak in their study for its
smaller p value. Their end point was the final outcome of
the treatment, which could be influenced by a variety of
factors other than viral genetics, such as host factors (age,
sex, fibrosis, body weight, etc.) and treatment (dose of

Enomoto/Maekawa
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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 1L28B 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
viral and human genome polymorphisms should be stud-
ied further with regard to the treatment response.
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Conclusion

HCV genome-wide analysis with a large number of
patients successfully revealed that core 70 and NS5A are
the most important factors determining the virological
kinetics during PEG-IFN/RBV therapy. Viral genome-
wide analysis is a promising tool for elucidating the un-
known viral factors for different pathological pictures,
such as disease progression.
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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

Allviruses 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, human immunodeficiency virus; HBV, hepatitis Bvirus; HCV,
hepatitis C virus.
* Corresponding author, Tel.: +81 42232 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

- 353 -
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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, 107.74 + 13.0,
p=0.24. Unpaired Student's -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 regeneration rate, 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 haost 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://education.mit.edu/starlogo/) 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 « 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 cells
and viruses have definite lifespans, and the lifespan of infected cells is usually shorter
than that of uninfected cells. Uninfected cells automatically regenerate within the
space, whereas infected cells only arise due to infection of uninfected cells. 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 simulation 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 themselves. 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.

% =5[2601 — (T + )] - dT — bVT (1)
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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 rtics; 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 .
A =pl—cV (3)

where, T is 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 8, and the
death rate of viruses is c. The infection rate is indicated by f. 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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Fig. 4. Effects of changes in viral parameters. (a) The higher the initial virus count, the greater is the increase in the rate of formation of chronic infection, but (b) there was
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increased the virus count, but increasing it to 500 grids/tic had the opposite effect, with a slight declining trend. (a) Black bars: number of infections produced; (b-d) black
circles: virus count; line: virus count approximation curve; white bars: uninfected cell count; black bars: infected cell count.

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 + 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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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 countincreased, 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 also 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. 5¢). 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. 5e).
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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
overshootin 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
movementof 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 been 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-

ing. The difference in concepts between mathematical models and
agent-based models is the space. The mathematical model 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
theirmoving 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 cycle 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 aresult, 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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Background & Aims: Pegylated interferon and ribavirin (PEG-
IFN/RBV) therapy for chronic hepatitis C virus (HCV) genotype 1
infection is effective in 50% of patients. Recent studies revealed
an association between the [[28B genotype and treatment
response. We aimed to develop a model for the pre-treatment
prediction of response using host and viral factors.

Methods: Data were collected from 496 patients with HCV geno-
type 1 treated with PEG-IFN/RBV at five hospitals and universities
in Japan. [L28B genotype and mutations in the core and IFN sen-
sitivity determining region (ISDR) of HCV were analyzed to pre-
dict response to therapy. The decision model was generated by
data mining analysis.

Results: The [L28B polymorphism correlated with early virologi-
cal response and predicted null virological response (NVR) (odds
ratio = 20.83, p <0.0001) and sustained virological response (SVR)
(odds ratio=7.41, p <0.0001) independent of other covariates.
Mutations in the ISDR predicted relapse and SVR independent
of JL28B. The decision model revealed that patients with the
minor [[28B allele and low platelet counts had the highest NVR
(84%) and lowest SVR (7%), whereas those with the major IL28B
allele and mutations in the ISDR or high platelet counts had the
lowest NVR (0-17%) and highest SVR (61-90%). The model had
high reproducibility and predicted SVR with 78% specificity and
70% sensitivity.
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Conclusions: The /[28B polymorphism and mutations in the ISDR
of HCV were significant pre-treatment predictors of response to
PEG-IFN/RBV. The decision model, including these host and viral
factors may support selection of optimum treatment strategy for
individual patients.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Hepatitis C virus (HCV) infection is the leading cause of cirrhosis
and hepatocellular carcinoma worldwide [1|. The successful
eradication of HCV, defined as a sustained virological response
(SVR), is associated with a reduced risk of developing hepatocel-
lular carcinoma. Currently, pegylated interferon (PEG-IFN) plus
ribavirin (RBV) is the most effective standard of care for chronic
hepatitis C but the rate of SVR is around 50% in patients with
HCV genotype 1 [2,3], the most common genotype in Japan,
Europe, the United States, and many other countries. Moreover,
20-30% of patients with HCV genotype 1 have a null virological
response (NVR) to PEG-IFN/RBV therapy [4]. The most reliable
method for predicting the response is to monitor the early
decline of serum HCV-RNA levels during treatment [5] but there
is no established method for prediction before treatment.
Because PEG-IFN/RBV therapy is costly and often accompanied
by adverse effects such as flu-like symptoms, depression and
hematological abnormalities, pre-treatment predictions of those
patients who are unlikely to benefit from this regimen enables
ineffective treatment to be avoided.

Recently, it has been reported through a genome-wide associ-
ation study (GWAS) of patients with genotype 1 HCV that single
nucleotide polymorphisms (SNPs) located near the IL28B gene are
strongly associated with a response to PEG-IFN/RBV therapy in
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