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Fig. 1 Flow of patients throughout the study.

relapse rate was 60% (9/15) in patients receiving less
than 6 mg/kg/day of ribavirin, and declined to 41% (32/
79) at 6-8 mg/kg/day, 27% (34/124) at 8-10 mg/kg/day,
22% (43/193) at 10-12 mg/kg/day and 11% (7/61) in
patients given 212 mg/kg/day (P < 0.0001)., Figure 2
shows the relationship of the relapse rate and the mean
ribavirin dose for two dosage groups of Peg-IFN o-2b: the
group given >1.4 ug/kg/week of Peg-IFN and that given
<1.4 pg/kg/week (1.4 ug/kg/week was the median value).
In both groups, ribavirin was dose-dependently correlated
with relapse. More than 12 mg/kg/day of the mean riba-
virin exposure could suppress the relapse rate to 20% (4/
20) in the group given <1.4 ug/kg/week and strongly
suppress it to 7% (3/41) in the group given 21.4 ug/kg/
week of Peg-IEN.
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Impact of drug exposure during 0-48 weeks on relapse
according to the timing of HCV RNA negativiation

Relapse rates among patients with ¢-EVR

The overall relapse rate among patients with c-EVR was 19%
(75/391). We separately analysed the relapse rate among the
patients with ¢-EVR according to the degree of exposure to
both drugs. Table 3a shows the relapse rates among the
patients with ¢-EVR according to the categories of Peg-IFN
o-2b and ribavirin doses during the full treatment period. The
relapse rate showed a decline according to the increase in the
dose of ribavirin (P = 0.0002). The relapse rate was
suppressed at an average of 15% (13-16%) in the patients
who received 10-12 mg/kg/day of ribavirin, and the average
was only 4% for those who received more than 12 mg/kg/day
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Table 2 Factors associated with relapse among the patients with virologic response

(a) Univariate analysis

Factor Nonrelapser Relapser P value
n 347 125
Age (years) 53.9 + 10.7 56.2 + 9.2 0.07
Sex (male/female) 213/134 66/59 0.09
Serum HCV RNA (kIU/mL)* 1600 1800 0.34
White blood cells (/mm?) 5335 + 1517 5075 + 1428 0.08
Neutrophils (/mm?>) 2797 £ 1143 2625 + 1021 0.17
Red blood cells (x10*/mm?) 450 + 45 446 £ 50 0.25
Haemoglobin (g/dL) 143+ 14 142 £ 1.5 0.45
Platelets (x10%/mm?) "17.6 £ 5.3 16.4 + 5.1 0.03
AST (1U/1L) 60 + 42 58 + 33 0.75
ALT (IU/L) 75 + 60 71 %+ 50 0.98
Histology (METAVIR)'

Fibrosis: 0-2/3-4 222/20 74/19 0.002

Activity: 0~1/2-3 140/102 52/41 0.75
Peg-IFN dose (ug/kg/week)? 1.33 £ 0.26 1.27 £ 0.29 0.07
Ribavirin dose (mg/kg/day)¥ 101 £ 1.9 9.1+21 <0.001
Virologic response¥: c-EVR/LVR 316/31 75/50 <0.001
(b) Multivariate analysis
Factor Category Odds ratio 95% CI P value
Platelets By 1 x 10%/mm? - - NS
Fibrosis' 0-2/3-4 1/3.192 1.515-6.725 0.002
Ribavirin dose* By 1 mg/kg/day 0.790 0.696-0.896 <0.001
Virologic response’ c-EVR/LVR 1/6.290 3.385-11.690 < 0.001

AST, aspartate aminotransferase; ALT, alanine aminotransferase; HCV, hepatitis C virus; c-EVR, complete early virologic
response; LVR, late virologic response; NS, not significant difference Peg-IFN, pegylated interferon.
*Data shown are median values. 137 missing. ¥Mean doses during 0-48 weeks. S$The timing of HCV RNA negativiation.
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Fig. 2 Relapse rate according to Peg-IFN o-2b and ribavirin
doses during treatment of patients who completed treat-
ment, which was stratified with the mean ribavirin doses.
{-+) Group with the mean Peg-IFN dose <1.4 pg/kg/week;
(=) Group with the mean Peg-IFN dose 21.4 ug/kg/week.
The ribavirin dose was dose-dependently correlated with the
virologic relapse in both groups (P < 0.0001). There was
no significant difference between the two Peg-IFN 0-2b-dose
groups (P = 0.17).

of ribavirin. In contrast, the relapse rate was not affected by
the dose of Peg-IFN «-2b when the patients were given more
than 0.9 ug/kg/week of Peg-IFN o-2b. On the other hand,
with respect to patients with rapid virologic response (RVR)
defined as the absence of detectable serum HCV RNA at
treatment week 4 (n = 41), none showed relapse and all
attained SVR irrespective of the dose of Peg-IFN a-2b or riba-
virin {prevalence of patients: the mean dose of Peg-IFN «-2b;
<0.9:0.9-1.2:1.2-1.5:1.5 pg/kg/week<=7:17:34:42%,
the mean dose of ribavirin; <8 : 8—~10: 10-12: 12 mg/kg/day
<=15:24:41:20%).

Relapse rates among patients with LVR

Among the patients with LVR, the ribavirin exposure during
treatment was also the factor correlated adversely with the
relapse rate (P = 0.03). However, the overall relapse rate
was 62% (50/81), which was much higher than that of the
c-EVR patients (P < 0.0001) and 45% (5/11) of patients
with LVR relapsed even in the group given more than
12 mg/kg/day of the average ribavirin dose (Table 3b).
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Table 3 Relapse rate according to Peg-IFN and ribavirin doses during week 0-48 for patients with ¢c-EVR and LVR who

completed 48 weeks of treatment

(a) C-EVR

Peg-TEN dose Ribavirin dose (mg/kg/day)*

(ug/kg/week)' 12< 10-12 8-10 <8 Total
>1.5 0% (0/28) 13% (4/31) 14% (3/21) 29% (5/17) 12% (12/97)
1.2-1.5 20% (2/10) 16% (16/100) 25% (16/65) 23% (7/30) 20% (41/205)
0.9-1.2 0% (0/7) 13% (2/15) 15% (2/13) 38% (6/16) 20% (10/51)
<0.9 0% (0/5) 15% (2/13) 55% (6/11) 44% (4/9) 32% (12/38)
Total 4% (2/50) 15% (24/159) 25% (27/110) 31% (22/72) 19% (75/391)
(b) LVR

Ribaviri kg/day)*
Peg-IFN dose ibavirin dose (mg/kg/day)
(ug/kg/week)? 12< 10-12 8-10 <8 Total
21.5 43% (3/7) 50% (1/2) 100% (272) 100% (4/4) 67% (10/15)
1.2-1.5 (/1) 60% (12/20) 29% (2/7) 82% (9/11) 62% (24/39)
<1.2 33% (1/3) 50% (6/12) 60% (3/5) 86% (6/7) 59% (16/27)
Total 45% (5/11) 56% (19/34) 50% (7/14) 86% (19/22) 62% (50/81)

Peg-IFN, pegylated interferon; c-EVR, complete early virologic response; LVR, late virologic response.
*P = 0.0002 for comparison of the four ribavirin groups. TP = 0.08 for comparison of the {our Peg-IFN groups. tp = 0.03 for
comparison of the four ribavirin groups. $p = 0.57 for comparison of the three Peg-IFN groups.

Impact of dose reduction after week 12 on relapse among
patients with c-EVR

Among ¢-EVR patients with no or little reduction of Peg-IFN
a-2b (the average dose 21.2 ug/kg/week) during the first
12 weeks, no significant difference was found in the relapse
rate between those whose average dose of Peg-IFN a-2b was
reduced to 0.6-1.2 pg/kg/week during 12-48 weeks (17%,
7/41) and those without reduction of Peg-IFN o-2b (average
dose >1.2 ug/kg/week) (18%, 53/295) (P = 0.86) (Table
4a), Reducing the dose of Peg-IFN o-2b after week 12 in
patients in whom HCV RNA had already become undetect-
able before week 12 did not appear to adversely influence
virologic relapse when the average dose of Peg-IFN o-2b was
more than 0.6 ug/kg/week during 12-48 weeks, irrespective
of the mean dose of Peg-IFN ¢-2b during the first 12 weeks.
On the other hand, the ribavirin dose reduction after week 12
tended to affect the relapse rate in patients given 210 mg/kg/
day of the ribavirin dose during the first 12 weeks (Table 4b).

Impact of drug exposure during 0—-48 weeks on relapse
among VR patients with advanced fibrosis

In the evaluation of the 39 patients with VR with progres-
sion of fibrosis or cirrhosis (METAVIR fibrosis score 3 or 4)
enrolled in this study, ribavirin exposure during treatment
significantly correlated with relapse (nonrelapser, 10.5 &
2.1 mg/kg/day vs relapser, 8.8 * 2.3 mg/kg/day; P =
0.007). Among patients with advanced fibrosis (score 3-4),
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the relapse rate in patients given 210 mg/kg/day of the
average ribavirin dose was significantly low (36%, 9/25) in
comparison with that in patients given <10 mg/kg/day of
ribavirin (71%, 10/14) (P = 0.048).

DISCUSSION

Previous studies have suggested that reducing the ribavirin
dose within the first 12-20 weeks of treatment in patients
with HCV genotype 1 was associated with a decline of SVR
[7,13,14]. However, Shiffman et al. [8] recently reported
that reducing the mean dose of ribavirin during the first
20 weeks of treatment had little impact on relapse for
patients with CH-C genotype 1 and that SVR may not be
adversely affected as long as the total camulative ribavirin
dose remains above 60%. As the reason for the inconsistency
in the impact of reducing ribavirin on the antiviral effect, it
was suggested that sample sizes of the previous studies were
insufficient to assess the impact of reducing the dose of
ribavirin independent of Peg-IFN, However, in Shiffman’s
study, while the impact of reducing the dose of Peg-IFN or
ribavirin on SVR was indeed closely examined independently
of each other with a large sample size, the subjects were
limited to patients with advanced fibrosis or cirrhosis and
prior nonresponse to Peg-IFN + ribavirin who were enrolled
in the Hepatitis Antiviral Long-term Treatment Against
Cirrhosis (HALT-C) trial. Reddy et al. [15] analysed the drug
exposure retrospectively for 569 CH-C patlents with
genotype 1 enrolled in clinical trials of Peg-IEN o-2a plus
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Table 4 Relapse rate according to drug doses during week 0—12 and 1248 for patients with c-EVR who completed 48 weeks

of treatment

(a) Peg-IFN

Peg IFN dose 12-48 weeks

(mean, ug/kg/week) 21.2 0.9-1.2 0.6-0.9 <0.6

0-12 weeks 21.2 18% (53/295) 17% (5/30) 18% (2/11) (1/1)
0.9-1.2 - 22% (4/18) 33% (4/12) 60% (3/5)
<0.9 (0/1) (0/1) 17% (2/12) 20% (1/5)

Total* 18% (53/296) 18% (9/49) 23% (8/35) 45% (5/11)

(b) Ribavirin

10-12

8-10

<8

Ribavirin dose 12-48 weeks
(mean, mg/kg/day) 212
0-12 weeks 212 4% (2/47)
10-12 -
8-10 -
<8 -
Total® 4% (2/47)

13% (3/23)
15% (18/123)
(1/1)

15% (22/147)

13% (1/8)
22% (12/54)
26% (10/38)

23% (23/100)

33% (1/3)
20% (5/25)
26% (10/39)
40% (12/30)
29% (28/97)

¢c-EVR, complete early virologic response; Peg-IEN, pegylated interferon.
*P = 0.18 for comparison of the four Peg-IFN groups. TP < 0.0001 for comparison of the four ribavirin groups.

ribavirin, and concluded that SVR was not affected adversely
by ribavirin reduction unless the cumulative ribavirin
exposure was less than 60%. This supported Shiffman’s data,
but in Reddy’s study, the stepwise reduction in ribavirin dose
was shown to be associated with a stepwise increase in
relapse rate from 19% to 54%. Thus, the impact of ribavirin
drug exposure on the antiviral effect (relapse) in patients
with CH-C genotype 1 remains unclear. Further examina-
tion is needed to determine whether or not ribavirin can be
reduced to a certain degree without adversely affecting
virologic relapse or SVR in Peg-IFN and ribavirin combina-
tion therapy for CH-C genotype 1.

In order to raise the SVR rate in patients with genotype 1,
two strategies are possible: one is enhancing the virologic
response of HCV RNA negativity and another is reducing
relapse. In Peg-IFN plus ribavirin treatment, raising the
doses of either or both drugs (dose-up strategy) is the only
way to enhance the virologic response of HCV RNA nega-
tivity, but this is always accompanied by a high risk and the
discontinuation rate can increase with the dose-up of drug,
although the virologic response among patients completing
the therapy can be improved [16,17]. Therefore, in this
study, we tried to manage the drug dose fo reduce relapse in
virologic responders with HCV RNA negativity. Large-scale
clinical trials [1,2,9-12] have revealed that adding ribavirin
to IFN or Peg-JFN monotherapy for patients with CH-C
reduced the relapse rate from approximately 50% to under
20%. Bronowicki et al. [18] examined the effect of ribavirin
on CH-C genotype 1 in Peg-IFN «-2a plus ribavirin treatment

by randomizing patients with HCV RNA negativity by week
24 into two groups, one continuing with ribavirin and the
other receiving Peg-IFN «-2a alone after week 24. As a re-
sult, the virologic responders who stopped ribavirin treat-
ment at week 24 were found to have a significantly higher
rate of breakthroughs during therapy and higher relapse
rates after therapy in comparison with those who received
Peg-TFN plus ribavirin for the full treatment period (relapse
rate; 42% vs. 29%, P = 0.02). These findings indicate that
ribavirin plays a very important role in reducing relapse.
However, the relationship between ribavirin dose and re-
lapse rate has not been examined in detail. Considering that
ribavirin has little influence on HCV RNA negativiation
[1,2,9-12], its dose impact on the antiviral effect should be
carefully examined, not for the SVR rate of all patients, but
for the relapse rate of patients responding to Peg-IFN plus
ribavirin, as evaluating of ribavirin by SVR including HCV
RNA negativiation cannot differentiate it from the strong
influence of the Peg-IFN effect, which affects HCV RNA ne-
gativiation dose-dependently [19]. Here, we examined the
correlation between the average dose of drugs and the
virologic relapse for patients responding to the treatment.
We performed univariate and multivariate analysis for
relapse among the factors of mean administration doses of
both drugs, including baseline factors and the timing of HCV
RNA negativiation. We found exposure to ribavirin dose,
timing of HCV RNA negativiation and the degree of liver
fibrosis to be the independent factors affecting the virologic
relapse in patients with VR. This indicates that management
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of the ribavirin dose, which is the variable factor, unlike
baseline factors, plays an important role in suppressing the
virologic relapse in patients with CH-C genotype 1 treated by
Peg-IFN plus ribavirin treatment. This suggests that main-
taining the ribavirin dose should lower the relapse rate even
in patients with advanced fibrosis who are liable to relapse.
In fact, among patients with advanced fibrosis (METAVIR
score 3—4), the relapse rate in those given 210 mg/kg/day of
the average ribavirin dose was significantly lower than that
in patients given <10 mg/kg/day of ribavirin (36% vs. 71%).
However, the sample size was too small for subsequent
analysis with stratification. Further study is needed to clarify
the impact of ribavirin dose on viral relapse in patients with
progression of fibrosis.

The relapse rate among patients with c-EVR showed a
decline according to the increase in ribavirin dose during
treatment week 0-48 and was not affected by the Peg-IFN o-
2b dose when the patients were given more than 0.9 ug/kg/
week of Peg-IFN o-2b. Among the patients with ¢-EVR, none
with RVR had a relapse and all attained SVR irrespective of
the dose of Peg-IFN «-2b or ribavirin, Examination of the
impact of dose reduction after week 12 on relapse among
patients with c-EVR showed that the ribavirin dose reduction
after week 12 tended to affect the relapse rate in patients
given 210 mg/kg/day of the ribavirin dose during the first
12 weeks, while the Peg-IFN «-2b dose after week 12 could
be reduced without any increase in relapse rate in patients
given more than 0.6 ug/kg/week of the average dose of Peg-
IEN ¢-2b. On the other hand, maintaining the ribavirin did
not lead to reduce the relapse rate in patients with LVR.
About half relapsed even when given 212 mg/kg/day of the
average ribavirin dose. This suggested that the relapse rate
could not be reduced by management of the ribavirin dose in
patients with LVR, Extended therapy should be chosen in
LVR patients as shown in the previous studies {20-23].

Shiffman et al. [24] recently reported that maintaining the
Hb level with epoetin alpha did not enhance SVR if ribavirin
was started at the standard dose (800-1400 mg/day, mean
dose 13.3 mg/kg/day), although discontinuance and the
reduction rates of ribavirin were decreased and a higher
mean dose of ribavirin was administered in comparison with
those treated with Peg-IFN plus ribavirin without epoetin. If
these findings apply to patients with CH-C genotype 1, this
would suggest that the ribavirin dose does not need to be
maintained during treatment with Peg-IFN plus ribavirin,
which would not agree with our findings. However, closer
examination of the Shiffman et al. study shows that Peg-IFN
plus a higher dose of ribavirin (1000-1600 mg/day, mean
dose 15.2 mg/kg/day) with epoetin was found to suppress
the relapse rate and enhance SVR. These data agree with
ours with respect to the point that higher doses of ribavirin
are associated with a lower relapse rate. What differs is the
ribavirin dose needed to suppress the relapse. This is likely to
be due to ethnic differences between the subjects. In
Shiffman’s study, approximately 40% were Alrican-Ameri-
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cans in whom the virologic response is well established as
being significantly lower than those of other ethnic groups
[25,26], while in our study, all subjects were Japanese. In the
African-Americans treated with Peg-IFN plus standard-dose
ribavirin, the relapse rate (calculated from 48% of ETR and
19% of SVR) was 60%, while 18% relapse (from 38% of ETR
and 31% of SVR) occurred in those given Peg-IFN plus high-
dose ribavirin. The relapse rate of patients with c-EVR in our
study was 19%, which was very close to that for those with
Peg-IFN plus high-dose ribavirin in Shiffman’s study. Riba-
virin does not have a direct antiviral action against HCV
[27,28], and is considered to play an important role in
accelerating HCV-infected cell clearance [29] and eradicating
them completely when an immune response against infected
cells is induced by IFN or Peg-IFN [30,31]. Therefore, the
difference between patients who are easy or difficult to treat
due to ethnic differences or differences in response to Peg-IFN
can result in the need for different doses of ribavirin to
suppress the relapse rate in patients with CH-C genotype 1.

In conclusion, our results have demonstrated that ribavi-
rin is dose-dependently correlated with a relapse in patients
with CH-C genotype 1 responding to Peg-IFN plus ribavirin.
Maintaining a high dose (212 mg/kg/day) of ribavirin during
the full treatment period could strongly suppress the relapse
in such patients, while Peg-IFN «-2b could be reduced
without affecting relapse in patients with ¢c-EVR. This possi-
bility should be explored in a prospective study,
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Abstract -

Purpose A considerable number of chronic hepatitis B
(CH-B) patients remain under continuous lamivudine
treatment, although switching treatment to entecavir could
be beneficial. We investigated the antiviral efficacy of
switching treatment to entecavir in CH-B patients without
apparent evidence of lamivudine resistance during the
preceding lamivudine treatment.

Methods Forty-four CH-B patients, who underwent lami-
vudine treatment for more than 6 months and showed no
evidence of lamivudine resistance, switched to entecavir.
Serial changes in hepatitis B virus (HBV) DNA were
correlated with the patients’ baseline HBV DNA at the
commencement of entecavir administration. The entecavir-
resistant substitution was examined by PCR-direct
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sequencing. The median follow-up period of entecavir
treatment was 20 (10-23) months.

Results  All 31 patients with baseline HBV DNA <2.6
logcopies/ml maintained HBV DNA-negative status during
entecavir treatment. Of seven patients having HBV DNA
of 2.6-<4.0 logcopies/ml, all achieved undetectable HBV
DNA at the end of follow-up. As for six patients having HBV
DNA =4.0 logcopies/ml, three patients achieved undetect-
able HBV DNA, whereas virological breakthrough was
observed in one patient at month 15. An entecavir-resistant
virus having 1tM204V, rtL.180M and rtS202G substitutions
was detected in this patient.

Conclusions The lamivudine-to-entecavir  switching
treatment may be generally recommendable in CH-B
patients without evidence of lamivudine resistance during
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the preceding lamivudine treatment. However, great care
should be taken with respect to the emergence of entecavir-
resistance, especially in patients who do not respond well
to the preceding lamivudine treatment.

Keywords Chronic hepatitis B - Lamivudine resistance
Entecavir-resistance

Introduction

Nucleos(t)ide analogs have been accepted as useful agents
for suppressing hepatitis B virus (HBV) replication and
disease progression in patients with type B chronic hepa-
titis (CH-B). Lamivudine, the first approved nucleoside
analog, has been shown to provide short-term benefit for
CH-B patients with respect to the reduction of HBV DNA,
normalization of alanine aminotransferase (ALT) and
improvement of liver histology [, 2]. However, a serious
shortcoming of lamivudine is the high incidence of drug
resistance during long-term treatment. The detection rate of
lamivudine resistance has been reported to be 24% at
1 year and 70% at 4 years of treatment [3]. Lamivudine
resistance is caused by an rtM204V/I substitution within
the reverse transcriptase domain of HBV polymerase gene
[4-6]. An rtL.180M substitution frequently emerges as a
“replication-compensatory” one with the “resistance-
causative” rtM204V/1 substitution {4-7]. The emergence
of lamivudine-resistant mutant HBV leads to the elevation
of HBV DNA (“virological breakthrough”) and the sub-
sequent increase of ALT (“breakthrough hepatitis”),
resulting in disease progression. Adefovir dipivoxil and
tenofovir disoproxil fumarate have been shown to be
effective in both nucleos(t)ide analog-naive and lamivu-
dine-resistant CH-B patients [8-13].

Recently, entecavir has been demonstrated to exert
antiviral efficacy in both nucleos(t)ide analog-naive and
lamivudine-refractory CH-B patients [14-16]. The fre-
quency of entecavir-resistance has been reported to be less
than 1% at 4 years of treatment in nucleos(t)ide analog-
naive CH-B patients [17]. On the other hand, in switching
treatment to entecavir for lamivudine-refractory CH-B
patients, most of whom developed lamivudine resistance
during the preceding lamivudine therapy, the cumulative
probability of entecavir-resistance has been reported to be
no less than 40% at 4 years of treatment [17]. Entecavir-
resistance has been shown to be established by amino acid
substitution(s) at rt184, rt202 and/or 11250 along with the
lamivudine-resistant rtM204V and rtL180M substitutions
[18]. In the case of nucleos(t)ide analog-naive patients, the
requirement of at least three amino acid substitutions
serves as a high genetic barrier to entecavir-resistance. By
contrast, in the case of lamivudine-resistant patients, a

lower genetic barrier results in higher incidence of ente-
cavir-resistance because two amino acid substitutions,
tM204V and rtL180M, already exist from the preceding
lamivudine treatment. The reduced susceptibility to ente-
cavir of the lamivudine-resistant virus compared with the
wild-type virus is also a reason for the higher emergence
rate of entecavir-resistance in lamivudine-resistant patients
than in nucleos(t)ide analog-naive ones {19].

Although lamivudine is not currently recommended as a
first-line drug for nucleos(t)ide analog-naive CH-B, a
considerable number of CH-B patients are under continu-
ous treatment with lamivudine. In these patients, the switch
to entecavir treatment could be advantageous over con-
tinuation of lamivudine treatment by offering stronger
antiviral efficacy and less chance of drug resistance. With
respect to the manner of emergence of entecavir-resistance,
switching a patient’s treatment may be more appropriate
before the appearance of lamivudine resistance than after
its development. However, the usefuiness of lamivudine-
to-entecavir switching treatment has not been assessed in
CH-B patients without apparent evidence of lamivudine
resistance.

This led us to investigate the antiviral efficacy and
emergence of entecavir-resistance in CH-B patients who
showed no evidence of lamivudine resistance during the
preceding lamivudine treatment and underwent the
switching treatment to entecavir.

Patients and methods
Patients

This study included 44 consecutive CH-B patients from 10
institutions in the Osaka area of Japan (Otemae Hospital,
Sumitomo Hospital, Osaka Police Hospital, Suita Munici-
pal Hospital, Yao Municipal Hospital, Osaka Rousai
Hospital, Tkeda Municipal Hospital, National Hospital
Organization Osaka National Hospital, Itami City Hospital
and Osaka University Hospital) who underwent continuous
lamivudine treatment (100 mg/day) for more than
6 months and showed no apparent evidence of lamivudine
resistance. Before starting the preceding lamivudine treat-
ment, all patients had abnormal ALT, positive hepatitis B
surface antigen (HBsAg) and a detectable level of HBV
DNA according to PCR-based assay (Amplicor HB Mon-
itor, Roche Diagnostics) or branched DNA assay (Quanti-
plex HBV DNA, Chiron). None of them showed evidence
of dual infection with hepatitis C virus or human immu-
nodeficiency virus, or other forms of liver diseases such as
alcoholic liver disorder, autoimmune hepatitis and drug-
induced liver injury. The total duration of the preceding
lamivudine treatment ranged from 6 to 73 (median, 14)
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months. The absence of lamivudine resistance was defined
by no detection of the rtM204V/I substitution as measured
by the PCR—-enzyme linked minisequence assay (ELMA)
(Sumitomo Metal Industries) [20] for 33 patients, or by the
lack of virological breakthrough as judged by more than 1
log increment in HBV DNA from the nadir for the
remaining 11 patients. All of the 44 patients switched to
0.5 mg/day of entecavir administration, After the begin-
ning of entecavir treatment, liver function tests and HBV
markers were measured at 1- to 2-month intervals. When
virological breakthrough was observed during follow-up,
entecavir-resistance-associated mutations were examined
by means of a PCR-direct sequencing method. The follow-
up period of entecavir treatment ranged from 10 to 23
(median 20) months.

Baseline characteristics of the patients

At the commencement of switching treatment to entecavir,
the 28 males and 16 females were aged 33-79 (median 59)
years. Seventeen patients (39%) tested positive for hepatitis
B e antigen (HBeAg), and antibody against HBeAg (anti-
HBe) developed in all of the 27 HBeAg-negative patients.
Among the 27 HBeAg-negative patients, four achieved
HBeAg clearance during the preceding lamivudine treat-
ment. HBV DNA at baseline varied among patients from
<2.6 to 5.2 logcopies/ml. The baseline ALT ranged from
11 to 78 (median 25) IU/1. Regarding the liver diseases of
the patients, 27 (61%) showed features of chronic hepatitis,
11 (25%) of liver cirrhosis and six (14%) of hepatocellular
carcinoma (HCC) according to liver biopsy and/or
abdominal imaging procedures. HBV genotype was
examined for 14 patients, and all of them had HBV
genotype C, the most predominant genotype in Japan.
Informed consent was obtained from all patients.

Serological and virological markers of HBV

HBsAg, HBeAg and anti-HBe were determined by
chemiluminescent immunoassay. HBV DNA was mea-
sured by the PCR-based method (Amplicor HBV monitor,
Roche Diagnostics) whose lower detection limit is
2.6 logcopies/ml. Lamivudine-resistant rtM204V/1 substi-
tution was examined by the PCR~-ELMA method (Sumi-
tomo Metal Industries) (20), which is capable of detecting
the mutant virus in a mixed viral population if it is present
at more than 10% of the total population. The entecavir-
resistance-associated substitutions and HBV genotype were
determined by a PCR-direct sequencing method. As for
oligonucleotide primers for PCR reaction, the outer primer
sets were BFS (5'-AAG AGA CAG TCA TCC TCA GG-3/,
nt 3183-3202) and BR1s (5-AAA AAG TTG CAT GGT
GCT GG-3, nt 1825-1806), and the inner primer sets were
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BF6 (5'-CCT CCA ATT TGT CCT GGC TA-3, nt 350-
369) and BR8 (5-TTG CGT CAG CAA ACA CTT GG-3,
nt 1195-1176). After DNA extraction, the DNA sample
was subjected to the PCR reaction for 35 cycles (denatur-
ation at 94°C for 1 min, annealing at 55°C for 1 min and
extension at 72°C for 2 min) using the inner primer set,
followed by a final extension at 72°C for 10 min. If
amplification was not successful by the single PCR reac-
tion, the nested PCR was conducted; the first round PCR
was done using the outer primer sets for 35 cycles, and the
aliquot of the product was used for the second round PCR
for 30 cycles using inner primer sets. All sequencing
reactions of the PCR products were carried out using the
BigDye Terminater Ver. 3.1 Cycle Sequencing Kit, and
3100 or 3730 Genetic Analyzer (Applied Biosystems),
which allowed determination of the amino acid sequences
of rt85-344. For determining the HBV genotype, nucleotide
sequences obtained in each of the patients were aligned
along with representative HBV strains of genotype A-H,
and a phylogenetic tree was constructed in the homepage of
DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp).

Statistical analysis

Statistical analysis for group comparison was performed by
Fisher’s exact probability test and Mann—-Whitney’s non-
parametric U test using the SPSS version 15.0] software
(SPSS Inc, Chicago, IL). A p value of less than <.05 was
considered to be significant.

Results

Classification of patients who underwent
lamivudine-to-entecavir switching treatment
according to baseline HBV DNA

The 44 CH-B patients who underwent the switching
treatment from lamivudine to entecavir were first classified
according to their baseline HBV DNA at the commence-
ment of entecavir administration. HBV DNA was not
detectable (<2.6 logcopies/ml) in 31 patients (70%) at
baseline. Seven patients (16%) had baseline HBV DNA of
2.6-<4.0 logcopies/ml. In the remaining six patients
(14%), the baseline HBY DNA was >4.0 logcopies/ml.
When patient clinical characteristics were compared
among the three patient groups (Table 1), nine (29%) of the
31 patients with baseline HBV DNA <2.6 copies/ml] tested
positive for HBeAg at the commencement of switching
treatment to entecavir, compared with five of the six (83%)
patients with baseline HBV DNA >4.0 copies/ml
(p < .05). Gender ratio, age, ALT at baseline, liver disease,
duration of the preceding lamivudine treatment and
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Table 1 Patient clinical characteristics and the therapeutic efficacy in 44 CH-B patients in relation to their baseline HBV DNA

Baseline HBV DNA

<2.6 logcopies/m}

2.6—<4.0 logcopies/ml >4.0 logcopies/ml

(n =31 n=17) (n=06)
At the commencement of switching treatment to entecavir
Gender (male/female) 19/12 512 4.2
Age (years) 60 (35-79)* 65 (41-69) 55 (33-65)
HBeAg (positive/negative) 9/22 3/4 5/1°
HBYV DNA (logcopies/mi) <2.6 3.1 (2.6-3.6)° 4.6 (4.0-5.2)°°
rtM204V/T mutation (absence/NT) 23/8 512 5/1
ALT (1U/) 25 (11-64) 31 (13-46) 20 (17-78)
Chronic hepatitis/cirrhosis/HCC 19/7/5 47211 47210
Follow-up period of entecavir treatment (months) 19 (10-23) 19 (10-22) 20 (16-22)
The rate of undetectable HBV DNA level during follow-up 31 (100%) 7 (100%) 3 (50%)°
Emergence of entecavir-resistance during follow-up 0 (0%) 0 (0%) 1 (17%)
At the commencement of preceding lamivudine treatment
HBeAg (positive/negative) 12/19 4/3 5/1
HBV DNA (logcopies/ml) 6.5 (4.3-7.6¢) 6.6 (6.2-7.6¢) 7.6¢ (5.9-7.60)
Duration of preceding lamivudine treatment (months) 15 (6-73) 10 (7-42) 9 (8-32)

NT not tested

# Values are expressed as median (range)

® p < .05 versus baseline HBV DNA <2.6 logcopies/ml group
¢ p < .01 versus baseline HBV DNA <2.6 logcopies/ml group

4 p < .01 versus baseline HBY DNA of 2.6-<4.0 logcopies/ml group

follow-up period of entecavir treatment did not differ
among the three groups. Also, there was no significant
difference in HBV DNA and the frequency of positive
HBeAg at the commencement of preceding lamivudine
treatment among them.

Antiviral efficacy and drug resistance in lamivudine-
to-entecavir switching treatment in relation
to baseline HBV DNA

Next, we investigated serial changes in HBV DNA after the
switch from lamivudine to entecavir treatment in CH-B
patients in relation to the baseline HBV DNA, All 31
patients with baseline HBYV DNA  <2.6 logcopies/ml
maintained undetectable HBYV DNA during the follow-up
period of entecavir treatment, Figure 1 shows the longitu-
dinal evaluation of HBV DNA during the switching treat-
ment to entecavir in patients with a detectable level of
baseline HBV DNA. In patients having baseline HBV
DNA of 2.6-<4.0 logcopies/m! (Fig. 1a), all of the seven
patients achieved sustained undetectable HBV DNA during
follow-up, although HBV DNA was transiently detected in
one patient. As for patients having baseline HBV DNA
>4.0 logcopies/ml (Fig. 1b), three (50%) of the six patients
achieved sustained undetectable HBV DNA during
follow-up. In two patients, HBY DNA was not cleared

entirely, but declined to 2.9 and 2.7 logcopies/m! at month
18, respectively. In sequencing analysis at that time, the
former patient had the lamivudine-resistant rtM2041 sub-
stitution, although it was not detected by the PCR-ELMA
assay at the start of entecavir treatment. The latter patient
had no drug resistance-associated substitutions. In the sixth
patient, HBY DNA decreased initially, but virological
breakthrough was seen at month 15. The entecavir-resistant
virus was detected after virological breakthrough. The
detailed disease course of the entecavir-resistant patient is
described below. As for the relationship of baseline HBV
DNA to the frequency of undetectable HBV DNA, HBV
DNA was cleared more frequently in patients with baseline
HBV DNA <2.6 logcopies/ml than in those with baseline
HBV DNA >4.0 logcopies/ml (100 vs. 50%, p < .01)
(Table 1).

Serial changes in ALT during lamivudine-to-entecavir
switching treatment were further examined. Among the 31
patients with baseline HBV DNA <2.6 logcopies/ml, the
baseline ALT was within the normal range (<40 IU/]) in
27 patients, 24 of whom showed sustained ALT normali-
zation during follow-up. In the remaining three patients,
ALT became slightly abnormal (<60 IU/l) during follow-
up. As for four patients with abnormal baseline ALT, the
level was normalized in three, whereas a slight elevation of
ALT (<60 1IU/1) continued in one during follow-up.
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Fig. 1 Changes in HBV DNA after commencement of switching
treatment from lamivudine to entecavir in CH-B patients with
baseline HBV of (a) 2.6—<4.0 logcopies/ml and (b) >4.0 logcopies/
ml. The black arrow indicates the time point of virological
breakthrough

Among the 13 patients having a detectable level of baseline
HBV DNA, five patients (three with baseline HBV DNA of
2.6-<4.0 logcopies/ml and two with baseline HBV DNA
>4.,0 logcopies/ml) had abnormal ALT at baseline but
showed ALT normalization during follow-up. In the
remaining eight patients, ALT continued to be normal from
the beginning of entecavir treatment.

Disease course of the CH-B patients showing
entecavir-resistance during lamivudine-to-entecavir
switching treatment

The disease course of the entecavir-resistant patient is
shown in Fig. 2. This patient was a 33-year-old HBeAg-
positive male, whose liver biopsy showed features of
chronic hepatitis. He underwent the preceding lamivudine
treatment for 8 months. HBV DNA decreased from >7.6 to
4.6 logcopies/mi, and ALT was normalized during the
lamivudine therapy. The rtM204V/1 substitution was not
detected before the switch to entecavir treatment by the
PCR-ELMA analysis. After the commencement of ente-
cavir treatment, HBV DNA was cleared at month 5.
However, virological breakthrough was seen at month 15,
and HBV DNA was further increased to 6.1 logcopies/ml

_@_ Springer

at month 18. The sequencing analysis at month 18 revealed
the rtM204V, rtL180M and rtS202G substitutions, Two
additional substitutions, rtL267M and rtQ316H, were also
found, when the amino acid sequences were compared with
three representative genotype C HBYV isolates (Genbank
accession nos. V00867, X01587 and D00630) [21-23].
Breakthrough hepatitis was not evident after the emergence
of entecavir-resistant mutant virus. The sequencing analy-
sis also revealed that he was infected with HBV of geno-
type C.

Discussion

Entecavir treatment has been shown to exhibit more pow-
erful antiviral efficacy and less frequent drug resistance
than lamivudine treatment in nucleos(t)ide analog-naive
CH-B patients [14, {5, 17]. Entecavir is also effective in
patients showing lamivudine resistance during the preced-
ing lamivudine treatment, but its efficacy is limited due to
the higher incidence of entecavir-resistance, compared with
nucleos(t)ide analog-naive ones [16, 17]. This is because
entecavir-resistance is established based on two lamivu-
dine-resistant substitutions, rtM204V and rtLL180M, and
additional mutation(s) occurring at rt184, rt202 and/or
rt250 [18]. A considerable number of CH-B patients
remain under continuous lamivudine treatment, while the
lamivudine-to-entecavir switching treatment could yield a
practical benefit. The switching treatment may be more
promising for patients before the appearance of lamivudine
resistance than after its development. In the present study,
we investigated the efficacy of lamivudine-to-entecavir
switching treatment in CH-B patients without apparent
evidence of lamivudine resistance during the preceding
lamivudine treatment.

We evaluated the antiviral efficacy of the switching
treatment to entecavir in relation to the baseline HBV DNA
at the commencement of the entecavir administration. In all
patients having baseline HBV DNA <2.6 logcopies/ml,
who revealed a good response to the preceding lamivadine
treatment, HBV DNA continued to be undetectable during
the switching treatment to entecavir. Also, all patients
having baseline HBV DNA of 2.6-<4.0 logcopies/ml
achieved sustained undetectable HBV DNA during the
follow-up period of entecavir treatment. Among six
patients having baseline HBV DNA >4.0 logcopies/ml,
who did not respond well to the preceding lamivudine
treatment, HBV DNA was cleared in three during follow-
up. Its reduction by up to 3.0 logcopies/ml was seen in two
additional cases without emergence of the entecavir-resis-
tant virus. Thus, the antiviral efficacy of the lamivudine-to-
entecavir switching treatment was exhibited in almost all
CH-B patients in parallel with that of the preceding
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lamivudine treatment. In addition, the switching treatment
to entecavir tended to yield a greater decrease in HBV
DNA than the preceding lamivudine treatment. These
results indicate that the switch from lamivudine to ente-
cavir may be generally recommendable compared with
continuation of lamivadine administration in CH-B
patients without evidence of lamivudine resistance.

In this study, one of the six patients having baseline HBV
DNA >4.0 logcopies/ml showed entecavir-resistance dur-
ing the switching treatment to entecavir. It was probably due
to the existence of an extremely small amount of lamivudine-
resistant virus mixed with a predominant wild-type virus,
which could not be detected by the sensitive PCR-ELMA
assay at the start of the switch to entecavir treatment. It is
speculated that, during entecavir treatment, the lamivudine-
resistant virus having rtM204V and rt1.180M substitutions
may become predominant with time, followed by the
establishment of entecavir-resistant virus via the additional
rtS202G substitution. Compared to the low incidence of drug
resistance in entecavir treatment for nucleos(t)ide analog-
naive CH-B patients [ 17], the entecavir-resistance may occur
more frequently in the lamivudine-to-entecavir switching
treatment for patients without evidence of lamivudine
resistance. In particular, patients who do not achieve a good
response to the preceding lamivudine treatment are specu-
lated to have a higher risk for the development of entecavir-

resistance in the switching treatment to entecavir, although it
should be verified by further studies.

In conclusion, in CH-B patients receiving the continuous
lamivudine treatment, it may be recommendable to switch to
entecavir treatment before the appearance of lamivudine
resistance. It may contribute to reducing the subsequent
emergence of drug resistance. However, great care should be
taken with respect to the emergence of entecavir-resistant
virus after the switch to entecavir treatment, especially in
patients who do not respond well to the preceding lamivu-
dine treatment. Our retrospective study with a small number
of patients and a short duration of follow-up cannot draw a
definite conclusion but still provides some information about
the clinical possibilities of the lamivudine-to-entecavir
switching treatment. Further detailed investigation with a
larger number of patients and a longer follow-up period may
offer better understanding.
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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.: +81 422 32 3111; fax: +81 422 32 9551.
E-muail address: jitakura®@musashino jrcorjp (J. ltakura).

0303-2647/$ - see front matter © 2009 Elsevier Ireland Lid. 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.
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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 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://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 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 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
whileinvestigating 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.

24, 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 bad
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.

%_I = 52601 — (T +1)] — 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 gridsftic; infection rate, 10%; uninfected cell regeneration rate, 1%; latent period,
3 tics; virus reproduction rate, 5/cellsftic; virus lifespan, 10 tics; uninfected cell
lifespan, 50 tics; and cell lifespan-shortening ratio as a result of infection, 69%.

av
F=p-ev (&)

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+])},
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. Inmediately 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 4 32.4/space [average -+ SD];
uninfected cell count: mathematical model 1605/space, agent-
based model 1454 4+ 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 Jower 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

— 413 —



J. Itakura et al. / BioSystems 99 (2010) 70-78 75

a) Number Numbes
( ) 1000 -+ 12500
10000
N s
- =
g 7500 g
S s00 2
o] 5000 S
U -
2500
0 (]
40 50 60 70 80 90 160 110 120 130 149 150
Lifespan of uninfected cells fics
(b)  Number Number (¢) Number Number
800 16000 1000 12500
3 .
600 7500 \ 10000
< < s
e g s 500 T
2 . 5000 @ 2 @
g 400 s000 2 g soo o
=] -3
-T: g =& 5600 g
o . - Q -
200 2500 2500
¢ 0 0 i 0
5 10 15 20 25 30 35 40 4 S0 60 70 80 90 %
R number/tic Shortening ratio cell lifespan
Regen'eratmn rate of by infection
uninfected cell
& Number Number {e) Numher Number
1600 - 4000 1060 18000
\é\\ he o
7500
< <
E g g
2 12000 £ g 500 s000 &
=1 [ o [x}
o < 9 @
) o — =1
] 3 ] 5
© © 2500
o [} - S 0
2 4 fics 2 3 4.5 6.7 8 ¢ Number
Latent time Production rate of virus feellftic

Fig. 5. Effects of changes in cell parameters. (a) Extending the uninfected cell lifespan and (b) increasing the uninfected cell regeneration rate increased the virus count.
(¢) Raising the lifespan-shortening ratio as a result of infection shortened the lifespan of infected cells, thereby decreasing the virus count. (d) Extending the latent period
shortened the period of virus production from infected cells, thereby decreasing the virus count. (e) Increasing the virus production count resulted 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 cell count.

phase itself (Fig. 4b). Extending the lifespan of viruses resuited
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 fo alinear increase
in the virus count (Fig. 5e).
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were constant for all space sizes. (d) Changing the lifespan and regeneration rate of uninfected cells in opposite directions at the same time makes it possible to change only
the cell cycle speed without altering the uninfected cell count. (e) When the cell cycle speed was reduced, the virus count increased toward the right of the graph. This may
be because the effect of extending the lifespan of cells exceeds that of reducing their regeneration rate. (a-c and e) Black circles: virus count; line: virus count approximation

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. 6c).

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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