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The susceptibility of genital herpes to acyclovir
(ACV) in immunocompetent women was exam-
ined, as was the frequency of ACV-resistant vi-
ruses by analyzing 56 clinical isolates in Japan
between 1977 and 1996. The mean susceptibili-
ties of herpes simplex virus (HSV) type 1 and
type 2 were 0.13±0.74 and 0.42±0.14 µg/ml, re-
spectively, assessed by the 50% inhibitory con-
centration of plaque formation. The susceptibil-
ity to ACV of clinical isolates did not changed
since 1977, and also that of nine pairs of HSV-1
and HSV-2 isolates was not affected by ACV
treatment. In order to characterize the change in
the virus population, the quantitation of the
ACV-resistant virus in 104 plaque forming units
(PFU) of clinical isolates was adopted. The mean
frequencies of ACV-resistant viruses per 104 PFU
for all strains of HSV-1 and HSV-2 were
0.31±0.41 and 9.74±14.83, respectively, and were
not influenced by ACV treatment. Additionally,
the phenotypes of ACV-resistance were not in-
fluenced by ACV treatment, and more than 90%
of ACV-resistant viruses were found to be thy-
midine kinase-deficient. This study characterized
clinical isolates with respect to ACV susceptibil-
ity as a population and the quantitative and
qualitative characterization of ACV-resistant vi-
rus in the virus population of clinical isolates
was also studied. The susceptibility of isolates
from genital lesions, the frequency of ACV-
resistant viruses, and also the phenotypic char-
acterization of ACV-resistant viruses was main-
tained between 1977 and 1996, even after the
introduction of ACV treatment for genital herpes
in Japan. J. Med. Virol. 63:57–63, 2001.
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INTRODUCTION

Since its introduction in 1988, acyclovir (ACV) has
been the treatment of choice for herpes simplex virus

(HSV) infection in Japan. In this regard, the suscepti-
bility of HSV to ACV has been a matter of concern. The
frequency of ACV-resistant variants in the natural vi-
rus population of HSV has been reported to be rela-
tively high (10−3–10−4) [Coen et al., 1982; Parris and
Harrington, 1982]. HSV strains resistant to ACV have
been isolated mainly from lesions treated with ACV for
an extended period in the immunocompromised popu-
lation [Burns et al., 1982; Crumpacker et al., 1982;
Wade et al., 1983; Erlich et al., 1989; Englund et al.,
1990]. HSV strains with reduced susceptibility to ACV
were also isolated from immunocompetent subjects
[Barry et al., 1985; Englund et al., 1990; Nugier et al.,
1992, Collins et al., 1993; Christophers et al., 1998].
Thus the susceptibility of HSV to ACV is a very impor-
tant issue from a clinical viewpoint. Studies of the fre-
quency of drug-resistant variants/mutants in the le-
sions may provide a basis for evaluating the potential
for the replacement by drug-resistant strains in a clini-
cal setting with ACV treatment. In this regard, the
frequency of ACV-resistant viruses in clinical isolates
is a good indicator to monitor the increase of ACV-
resistant variants/mutants in the patient with ACV
treatment and the natural population of HSV isolates.
The susceptibility of isolates from genital lesions ob-
tained before and after the introduction of ACV into
Japan was examined. A highly sensitive assay method
was used to monitor the change in the frequency of
ACV-resistant viruses in clinical isolates and to quan-
titate the frequency of ACV-resistant viruses per 104

plaque-forming units (PFU) of HSV, and to character-
ize the phenotype of ACV-resistant viruses obtained
from clinical isolates. This method may be useful for
monitoring the increase in the frequency of ACV-
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resistant virus or the replacement of the virus popula-
tion to ACV-resistant population in clinical isolates.
The ACV susceptibility, the frequency of ACV-resistant
viruses, and the phenotypic characterization of ACV
resistance in 56 strains isolated from genital herpes
during the period between 1977 and 1996 in Japan are
described.

MATERIAL AND METHODS
Clinical isolates and laboratory strain

Fifty-six HSV strains were isolated from 38 female
genital herpes patients who attended the outpatient
clinic of the Department of Obstetrics and Gynecology
at Tokyo University Hospital between 1977 and 1996.
Twenty strains (ten strains of HSV-1 and ten strains of
HSV-2) were isolated in the late 1970s, when ACV had
not been introduced into clinical use in Japan. Thirty-
six strains were obtained from 18 patients who were
treated by oral administration of ACV: 200 mg, 5 times
daily, for 5 days between 1987 and 1996. Paired iso-
lates were obtained from each of these patients: one at
the time of the first visit before treatment with ACV
began and the other from recurrent lesions 79–1,452
(median 746) days after the initial isolation. During the

interval of isolation, in the case of recurrence, up to two
courses of ACV treatment with a similar regimen was
administrated to patients whose genital herpes was
caused by HSV-1 and up to three to patients whose
genital herpes was caused by HSV-2. The date of clini-
cal isolation from genital lesions, the interval between
the first and the second isolation, and the number of
courses of ACV-treatment are shown in Table I.

Vero cells were grown and maintained in Eagle’s
minimum essential medium supplemented with 5 and
2 % bovine serum, respectively. Viruses were isolated
using Vero cells and their identification and type de-
termination were performed using FITC-labeled mono-
clonal antibodies against HSV-1 and HSV-2 (Micro-
Track Herpes, Syva Co., San Jose, CA). The laboratory
reference strains used were the wild-type 7401H
HSV-1 [Kumano et al., 1987; Kurokawa et al., 1993,
1997] and the wild-type OOM HSV-2.

The antiviral drugs used were ACV, kindly supplied
by GlaxoWellcome K.K. (Tokyo, Japan), 5-iodo-
28deoxyxuridine (IDU) purchased from Kohjin, Co.,
Ltd. (Tokyo, Japan), and phosphonoacetic acid (PAA)
purchased from Seikagakukogyo (Tokyo, Japan).

TABLE I. Clinical Isolates From Genital Lesions. Their Isolation Date, and Interval of Isolation and Number of Course of
ACV Treatment*

HSV-1
sample
number

Isolation date
(month/day/

year)
Interval of

isolation (day)

Number of
course of ACV

treatment

HSV-2
sample
number

Isolation date
(month/day/

year)

Interval of
isolation

(day)

Number of
course of ACV

treatment
1 03/11/1977 29 05/12/1978
2 03/23/1977 30 05/26/1978
3 10/18/1977 31 06/20/1978
4 03/09/1978 32 08/01/1978
5 04/19/1978 33 08/09/1978
6 05/30/1978 34 08/08/1979
7 02/19/1979 35 09/13/1979
8 11/20/1979 36 09/26/1979
9 06/20/1979 37 09/28/1979

10 10/12/1979 38 09/28/1979

11) 06/26/1987 39) 02/25/1987
12 12/27/1989 910 1 40 10/23/1989 713 1

13) 08/13/1987 41) 07/20/1987
14 03/28/1988 255 1 42 11/18/1988 448 1

15) 12/23/1987 43) 02/10/1988
16 05/16/1988 174 1 44 08/28/1991 1258 4

17) 07/30/1988 45) 09/17/1990
18 06/02/1989 307 2 46 08/28/1991 1342 2

19) 12/22/1989 47) 09/28/1990
20 02/03/1992 772 3 48 10/04/1991 371 1

21) 11/09/1990 49) 10/29/1990
22 03/04/1991 79 1 50 04/20/1992 567 2

23) 05/22/1991 51) 10/07/1991
24 05/01/1995 1433 1 52 11/26/1993 779 3

25) 07/31/1991 53) 11/01/1993
26 12/06/1993 841 1 54 08/25/1997 1452 3

27) 02/10/1992 55) 10/29/1993
28 03/08/1994 758 1 56 06/03/1996 976 1

*HSV, herpes simplex virus. Virus type determination was performed using FITC-labeled monoclonal antibody against HSV-1 and HSV-2
(MicroTrack Herpes, Syva Co., San Jose, CA); ), paired isolates.
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Determination of the susceptibility of clinical
isolates to ACV

The susceptibility of viruses to ACV was determined
by examining the 50 and 90 % inhibitory concentration
for plaque formation (IC50 and IC90) [Biron and Elion.,
1980; Crumpacker et al., 1979; Shiraki et al., 1983,
1990, 1992]. Briefly, confluent Vero cell monolayers in
60 mm plastic dishes in duplicate or triplicate were
infected with 100 PFU of the virus for 1 hour and in-
cubated in a nutrient methylcellulose medium contain-
ing ACV with the concentration of 0, 0.2, 0.5, 1, and 3
mg/ml. After the appearance of the cytopathic effect (3
days), the cells were fixed with 5 % neutral formalin
and stained with methylene blue, and the number of
plaques was counted by using a dissecting microscope.
The IC50 and IC90 were determined graphically using
the graph software Cricket Graph version 1.3.2 for the
Macintosh.

Determination of the frequency of
ACV-resistant viruses in 104 PFU

Vero cell monolayers in 60 mm plastic dishes were
infected with 104 PFU of the isolated virus and overlaid
with a nutrient methylcellulose medium containing
ACV (0, 5, and 10 mg/ml). Plaques formed in the pres-
ence of ACV were cloned, and the cloned viruses were
propagated. These viruses were subjected further to
the susceptibility assay of ACV. When their IC50 values
were more than 10 mg/ml of ACV, the clones were con-
sidered to be ACV-resistant viruses. Virus titer in the
sample was determined from the cultures without ACV
and the number of ACV-resistant viruses was deter-
mined from the cultures with ACV. Together with
these results, the number of ACV-resistant viruses per
104 plaques was defined as the frequency of ACV-
resistant viruses in the sample.

Phenotypic characterization of ACV resistance

The susceptibility assay to IDU and PAA was per-
formed for the phenotypic characterization of ACV re-
sistance. IDU is a thymidine analog, which inhibits
viral DNA synthesis after its phosphorylation by HSV
thymidine kinase (TK) [Fyfe et al., 1978], and the sus-
ceptibility to IDU was used to assess viral TK activity.
The strains resistant to both ACV and IDU were de-
fined as TK-deficient type (TK−) and the ACV-resistant
strains with partially resistance to IDU were defined
as TK-altered type (TKa). PAA is a pyrophosphate ana-
log, which inhibits viral DNA polymerase, and the sus-
ceptibility to PAA was used to assess the alteration of
viral DNA polymerase [Kurokawa et al., 1998; Overby
et al., 1974]. Together with the susceptibility to ACV,
IDU, and PAA, we classified 94 ACV-resistant viruses
into a TK-deficient type (TK−), a TK-altered type (TKa),
and a DNA polymerase type for the phenotypic char-
acterization of ACV-resistance.

Statistical analysis

Student’s t-test or one-factor ANOVA was used to
evaluate the statistical significance of the difference in
the IC50 and IC90 values among the isolates and the
probability values (P<0.05) were considered to be sta-
tistically significant.

RESULTS

More than 200 virus clones were selected from 104

PFU of isolated virus stock in the presence of 5 and 10
mg/ml of ACV and the IC50 for 94 clones was confirmed
to be more than 10 mg/ml of ACV. We isolated and
cloned 10 ACV-resistant HSV-1 clones and 84 ACV-
resistant HSV-2 clones in the presence of 10 mg/ml of
ACV. All of the virus clones isolated in the presence of
10 mg/ml ACV showed more than 10 mg/ml of IC50 and
were defined as ACV-resistant viruses. Table II sum-
marizes the results of the susceptibility to ACV and the
frequency of ACV-resistant viruses in all of the iso-
lates. The mean IC50s of HSV-1 and HSV-2 were
0.13±0.74 and 0.42±0.14 mg/ml, respectively. The mean
frequencies of ACV-resistant viruses of HSV-1 and
HSV-2 per 104 PFU were 0.31±0.41 and 9.74±14.83,
respectively. There was no significant difference in the
susceptibility to ACV and the frequency of ACV-
resistant viruses in the isolates of HSV-1 and HSV-2
between 1977 and 1996. The susceptibility to ACV of
both HSV-1 and HSV-2 isolates was compared in terms
of the time when the isolates were obtained before ACV
treatment (Table III). The mean IC50s of HSV-1 and
HSV-2 between 1977 and 1996 were 0.13±0.07 and
0.44±0.14 mg/ml, respectively, and the mean IC90s of
HSV-1 and HSV-2 were 0.44±0.20 and 1.02±0.14 mg/
ml, respectively. Also, the mean frequencies of ACV-
resistant viruses of HSV-1 and HSV-2 were 0.37±0.44
and 11.55±7.71 per 104 PFU, respectively. There was
no significant difference in the susceptibility and the
frequency of ACV-resistant viruses among the 1970’s,
1980’s, and 1990’s (P>0.05). The same tendency was
observed before and after ACV treatment. However
there was a definite difference in the susceptibility to
ACV and the frequency of ACV-resistant viruses be-
tween HSV-1 and HSV-2 isolates. The IC50 and IC90, as
well as the frequency of ACV-resistant viruses were
significantly lower in HSV-1 than in HSV-2 (P<0.0001,
P<0.0001, and P<0.05, respectively). This was consis-
tent with the greater susceptibility of HSV-1 to ACV
than that of HSV-2.

The susceptibility to ACV and the frequency of ACV-
resistant viruses of clinical isolates obtained after ACV
treatment were compared with those before treatment
in 18 pairs of isolates (Table IV). The mean values of
IC50 of HSV-1 before and after treatment were
0.15±0.09 and 0.13±0.08 mg/ml, respectively. Those of
HSV-2 were 0.39±0.24 and 0.39±0.19 mg/ml, respec-
tively. No pairs showed a significant decrease in sus-
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ceptibility after treatment. The results with IC90 were
similar to those observed with IC50. The frequency of
ACV-resistant viruses was not affected in either HSV-1
or HSV-2 after one to four courses of ACV treatment.

These results indicate that the sensitivity to ACV as a
population was not changed by oral daily administra-
tion of ACV at 1 g/day for 5 days.

The phenotypic characterization of 94 clones of ACV-

TABLE II. Susceptibility to ACV and the Frequency of ACV-Resistant Viruses in the HSV-1 and HSV-2 Isolates From
Genital Lesions*

HSV-1
sample
number

IC50
(mg/ml)

IC90
(mg/ml)

Frequency of
ACV-resistant

viruses per 104PFU

HSV-2
sample
number

IC50
(mg/ml)

IC90
(mg/ml)

Frequency of
ACV-resistant

viruses per 104PFU
1 0.11 0.34 0.00 29 0.28 0.89 4.87
2 0.07 0.27 0.55 30 0.37 1.03 11.11
3 0.07 0.42 0.00 31 0.70 1.26 5.63
4 0.08 0.70 0.00 32 0.65 1.12 18.65
5 0.18 0.80 1.42 33 0.55 1.08 14.29
6 0.16 0.50 0.52 34 0.38 1.04 2.55
7 0.12 0.48 0.98 35 0.37 1.06 5.26
8 0.22 0.52 0.89 36 0.40 1.07 2.06
9 0.12 0.45 0.66 37 0.43 1.03 8.14

10 0.07 0.38 0.00 38 0.50 1.05 26.37

11) 0.09 0.22 0.00 39) 0.27 1.04 4.95
12 0.09 0.28 0.00 40 0.35 1.05 11.11

13) 0.18 0.49 0.21 41) 0.47 1.07 7.75
14 0.14 0.43 0.35 42 0.57 1.05 5.59

15) 0.11 0.26 0.00 43) 0.17 0.61 6.98
16 0.08 0.22 0.00 44 0.17 0.51 10.37

17) 0.32 0.90 0.57 45) 0.37 1.03 2.59
18 0.30 0.80 0.00 46 0.19 0.73 8.77

19) 0.05 0.18 0.00 47) 0.58 1.08 2.92
20 0.06 0.20 0.00 48 0.55 1.08 2.91

21) 0.08 0.22 0.00 49) 0.48 1.06 7.00
22 0.10 0.40 0.90 50 0.40 0.95 2.90

23) 0.25 0.60 0.28 51) 0.60 1.10 6.94
24 0.23 0.53 0.00 52 0.55 1.08 5.67

25) 0.17 0.42 0.00 53) 0.32 0.75 80.00
26 0.07 0.38 0.00 54 0.38 0.97 0.91

27) 0.08 0.26 0.91 55) 0.40 0.91 1.32
28 0.08 0.30 0.55 56 0.32 0.80 5.07

Mean ± SD 0.13 ± 0.74 0.43 ± 0.19 0.31 ± 0.41 Mean ± SD 0.42 ± 0.14 0.98 ± 0.16 9.74 ± 14.83
Control 0.52 ± 0.03 1.04 ± 0.01 16.61 Control 0.58 ± 0.15 1.20 ± 0.10 9.59

*ACV, acyclovir; HSV, herpes simplex virus, IC50, 50% inhibitory concentration for plaque formation; IC90, 90% inhibitory concentration for
plaque formation; PFU, plaque-forming units; SD, standard deviation; Control, reference strain; ), paired isolates.

TABLE III. Susceptibility of HSV-1 and HSV-2 Isolates and the Frequency of ACV-Resistant Viruses in the 1970s, 1980s,
and 1990s*

HSV-1 IC50 (mg/ml) IC90 (mg/ml)
ACV-resistant viruses

per 104 PFU
1970s (n 4 10) 0.12 ± 0.05 0.49 ± 0.16 0.50 ± 0.50
1980s (n 4 5) 0.15 ± 0.11 0.41 ± 0.30 0.16 ± 0.25
1990s (n 4 4) 0.15 ± 0.08 0.30 ± 0.43 0.29 ± 0.39
Total (n 4 19) 0.13 ± 0.07 0.44 ± 0.20 0.37 ± 0.44

HSV-2 IC50 (mg/ml) IC90 (mg/ml)
ACV-resistant viruses

per 104 PFU
1970s (n 4 10) 0.46 ± 0.13 1.06 ± 0.09 9.89 ± 7.83
1980s (n 4 3) 0.30 ± 0.15 0.91 ± 0.26 6.56 ± 1.45
1990s (n 4 6) 0.46 ± 0.12 0.99 ± 0.14 16.80 ± 31.05
Total (n 4 19) 0.44 ± 0.14 1.02 ± 0.14 11.55 ± 7.71

*ACV, acyclovir; HSV, herpes simplex virus; IC50, 50% inhibitory concentration for plaque formation, IC90, 90% inhibitory concentration for
plaque formation; PFU, plaque-forming units: IC50 and IC90 values were expressed as the mean ± standard deviation of samples isolated from
naive to ACV treatment patients.
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resistant viruses is shown in Table V. Before ACV
treatment, 7 out of 9 (77.8%) HSV-1 clones and 34 out
of 35 (97.1%) HSV-2 clones were classified as the TK−

type, respectively, and the proportion of the TK− type
was not influenced by ACV treatment. And also this
phenotype was preserved in clinical isolates of HSV-1
and HSV-2 between 1977 and 1996. Altogether the sus-
ceptibility to ACV and the quantitative and qualitative
characterization of ACV-resistant variants in the clini-
cal isolates were not influenced by ACV treatment and
were maintained over the three decades.

DISCUSSION

The susceptibility of clinical isolates to ACV and the
quantitative and qualitative analysis of ACV-resistant
viruses in the samples from genital lesions were exam-
ined. The IC50 values of the results were within the
range seen in previous studies. [Schaeffer et al., 1978;
Crumpacker et al.,1979, 1980, 1982; De Clercq et al.,
1980; Burns et al., 1982; Parris and Harrington., 1982].
In this study, there was no significant difference in the
susceptibility of clinical isolates to ACV before or after
treatment (Table IV). Although the presence of some
less sensitive strains has been reported in immunocom-
petent subjects with and without ACV treatment
[Barry et al., 1985; Englund et al., 1990; Nugier et al.,
1992; Collins et al., 1993; Christophers et al., 1998], we
did not detect the less sensitive strains.

It is important to monitor the susceptibility of clini-
cal isolates to ACV and the frequency of ACV-resistant
viruses from a therapeutic point of view. However the
susceptibility assay is important in assessing drug sen-
sitivity, but it is not so sensitive as to detect the effect
of antiviral therapy on the virus population, especially
an increase in ACV-resistant viruses, during treat-
ment. Because the IC90 is used commonly to assess the
proportion of ACV-resistant viruses, the viral inoculum
should contain more than 10% of ACV-resistant vi-
ruses in order to affect the IC90. In contrast, this study
established to detected one per 104 PFU (0.01%) and
accordingly this method is 1,000 times more sensitive
in quantitating the ACV-resistant viruses in samples
as the frequency of ACV-resistant virus than IC90.
Thus we believe that this sensitive method may make
it possible to monitor the frequency of the ACV-
resistant virus in clinical isolates or predict the re-
placement of an ACV-sensitive virus population by
ACV-resistant viruses during ACV treatment. There-
fore we have applied this method to analyze isolates
from genital lesions.

Coen et al. [1982] have reported the presence of ACV-
resistant mutants in a stock of wild-type strain KOS at
about 10−3 as determined by a dose response or plaque
reduction curve. The vast majority of mutants isolated
are mutated in the TK gene. Parris and Harrington
[1982] have reported the presence of ACV-resistant vi-

TABLE V. Phenotypic Characterization of ACV-Resistant Clones*

ACV-Resistant Clones: HSV-1 (10 clones)
Before ACV treatment 9 (100.0%) After ACV treatment 1 (100.0%)
TK-deficient 7 (77.8%) TK-deficient 1 (100.0%)
TK-altered 0 (0.0%) TK-altered 0 (0.0%)
DNA polymerase 2 (22.2%) DNA polymerase 0 (0.0%)
ACV-Resistant Clones: HSV-2 (84 clones)
Before ACV treatment 35 (100.0%) After ACV treatment 49 (100.0%)
TK-deficient 34 (97.1%) TK-deficient 48 (98.0%)
TK-altered 1 (2.9%) TK-altered 1 (2.0%)
DNA polymerase 0 (0.0%) DNA polymerase 0 (0.0%)

*ACV, acyclovir; HSV, herpes simplex virus; IC50, 50% inhibitory concentration for plaque formation; IC90, 90% inhibitory concentration for
plaque formation; PFU, plaque-forming units: IC50 and IC90 values were expressed as the mean ± standard deviation of samples; TK-deficient,
thymidine kinase deficient viruses; TK-altered, thymidine kinase altered viruses; DNA polymerase, DNA polymerase altered viruses.

TABLE IV. Susceptibility to ACV and the Frequency of ACV-Resistant Viruses of HSV-1 and HSV-2 Isolates Before and
After ACV Treatment*

HSV-1 IC50 (mg/ml) IC90 (mg/ml)
ACV-resistant viruses

per 104 PFU
Before ACV treatment 0.15 ± 0.09 0.39 ± 0.24 0.22 ± 0.33
After ACV treatment 0.13 ± 0.08 0.39 ± 0.19 0.20 ± 0.33

HSV-2 IC50 (mg/ml) IC90 (mg/ml)
ACV-resistant viruses

per 104 PFU
Before ACV treatment 0.41 ± 0.14 0.93 ± 0.24 13.38 ± 25.09
After ACV treatment 0.39 ± 0.15 0.91 ± 0.20 5.92 ± 3.52

*ACV, acyclovir; HSV, herpes simplex virus; IC50, 50% inhibitory concentration for plaque formation; IC90, 90% inhibitory concentration for
plaque formation; PFU, plaque-forming units: IC50 and IC90 values were expressed as the mean ± standard deviation of samples.
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ruses in the samples virus stock at about 10−4 as de-
termined by plating efficiency. Interestingly, most of
them contained the alterations in the DNA polymerase
gene locus. Based on these previous studies, we ana-
lyzed quantitatively and qualitatively the ACV-
resistant viruses in the samples and concluded that
clinical isolates contained a large proportion of TK−

strains and that the proportion was not increased by
ACV treatment assessed by our sensitive and quanti-
tative method. The proportion of TK− virus in the ACV-
resistant virus was well correlated with the frequency
of ACV resistance in clinical isolates [Balfour et al.,
1983; Kimberlin et al.,1995; Sasadeusz.,1997; Chris-
tophers et al., 1998].

ACV-resistant viruses were isolated directly in the
presence of 10 mg/ml of ACV and when the IC50 value
for the cloned virus was more than 10 mg/ml of ACV, it
was defined as an ACV-resistant virus. An attempt was
first made to isolate the HSV-2 clones in the presence
of 5 mg/ml of ACV but after the determination of their
IC50 values, most of the clones isolated in the presence
of 5 mg/ml of ACV were found to be as sensitive as the
wild-type virus. Therefore ACV-resistant viruses were
cloned in the presence of 10 mg/ml of ACV. All of the
virus clones isolated in the presence of 10 mg/ml ACV
were ACV-resistant viruses with more than 10 mg/ml of
IC50. Concerning the frequency of ACV-resistant vi-
ruses in HSV-1 isolates, 34 ACV-resistant viruses were
selected from 104 PFU of isolated HSV-1 stock in the
presence of 5 mg/ml of ACV. Of these 34 ACV-resistant
viruses (IC50 $5 mg/ml, <10 mg/ml), 16 (61.7%) were
TK−, 3 (8.8 %) were TKa and 10 (29.4%) were DNA
polymerase phenotype clones. Also, in the case where
their IC50 values of HSV-1 were more than 5 mg/ml of
ACV, the clones were considered to be ACV-resistant
HSV-1 clones, and then the mean frequency of ACV-
resistant viruses of HSV-1 per 104 PFU was 1.27±1.57
(data not shown). Therefore it may be more appropriate
to use 5 mg/ml of ACV than 10 mg/ml, when selecting
ACV-resistant viruses of HSV-1 to ACV. However as
most isolates from genital lesions are generally HSV-2,
it seems more suitable to use 10 mg/ml of ACV for the
selection of ACV-resistant viruses isolated from genital
lesions.

This study reports the characterization of 56 clinical
isolates in the aspect of ACV susceptibility by assessing
the quantitation and qualification of ACV-resistant vi-
ruses in the virus population. In order to monitor the
frequency of ACV-resistant viruses, it may be appro-
priate to apply this method to determine the frequency
of ACV-resistant viruses in clinical settings. Even us-
ing the highly sensitive and novel method, there was no
significant difference in the comparison of the suscep-
tibility, the frequency of ACV-resistant viruses, or the
ratio of TK− virus in the ACV-resistant viruses be-
tween patient groups with and without ACV therapy,
over the three decades. In conclusion, ACV susceptibil-
ity of isolates from genital lesions, the frequency and
the phenotypic characterization of ACV-resistant virus

were not changed between 1977 and 1996, even after
the introduction of ACV treatment in Japan.

ACKNOWLEDGMENTS

The authors thank Mr. Harold James Alles and Ms.
E. Hollanders for editorial assistance.

REFERENCES

Balfour HH Jr. 1983. Resistance of herpes simplex to acyclovir. Ann
Intern Med 98:404–406.

Barry DW, Nusinoff-Lehrman S, Ellis MN, Biron KK, Furman PA.
1985.Viral resistance, clinical experience. Scand J Infect Dis Suppl
47:155–164.

Biron KK, Elion GB. 1980. In vitro susceptibility of varicella-zoster
virus to acyclovir. Antimicrob Agents Chemother 18:443–447.

Burns WH, Saral R, Santos GW, Laskin OL, Lietman PS, McLaren C,
Barry DW. 1982. Isolation and characterization of resistant Her-
pes simplex virus after acyclovir therapy. Lancet 1:421–423.

Christophers J, Clayton J, Craske J, Ward R, Collins P, Trowbridge
M, Darby G. 1998. Survey of resistance of herpes simplex virus to
acyclovir in northwest England. Antimicrob Agents Chemother
42:868–872.

Collins P, Ellis MN. 1993. Sensitivity monitoring of clinical isolates of
herpes simplex virus to acyclovir. J Med Virol Suppl 1:58–66.

Coen DM, Schaffer PA, Furman PA, Keller PM, St. Clair MH. 1982.
Biochemical and genetic analysis of acyclovir-resistant mutants of
herpes simplex virus type 1. Am J Med 73:351–360.

Crumpacker CS, Schnipper LE, Zaia JA, Levin MJ. 1979. Growth
inhibition by acycloguanosine of herpesviruses isolated from hu-
man infections. Antimicrob Agents Chemother 15:642–645.

Crumpacker CS, Chartrand P, Subak-Sharpe JH, Wilkie NM. 1980.
Resistance of herpes simplex virus to acycloguanosine-genetic and
physical analysis. J Virol 105:171–184.

Crumpacker CS, Schnipper LE, Marlowe SI, Kowalsky PN, Hershey
BJ, Levin MJ. 1982. Resistance to antiviral drugs of herpes sim-
plex virus isolated from a patient treated with acyclovir. N Engl J
Med 306:343–346.

De Clercq E, Descamps J, Verhelst G, Walker RT, Jones AS, Torrence
PF, Shugar D. 1980.Comparative efficacy of antiherpes drugs
against different strains of herpes simplex virus. J Infect Dis 141:
563–574.

Englund JA, Zimmerman ME, Swierkosz EM, Goodman JL, Scholl
DR, Balfour HH Jr. 1990.Herpes simplex virus resistant to acy-
clovir: a study in a tertiary care center. Ann Intern Med 112:416–
422.

Erlich KS, Mills J, Chatis P, Mertz GJ, Busch DF, Follansbee SE,
Grant RM, Crumpacker CS. 1989.Acyclovir-resistant herpes sim-
plex virus infections in patients with the acquired immunodefi-
ciency syndrome. N Engl J Med 320:293–296.

Fyfe JA, Keller PM, Furman PA, Miller RL, Elion GB. 1978. Thymi-
dine kinase from herpes simplex virus phosphorylates the new
antiviral compound, 9-(2-hydroxyethoxymethyl)guanine. J Biol
Chem 253:8721–8727.

Kimberlin DW, Coen DM, Biron KK, Cohen JI, Lamb RA, McKinlay
M, Emini EA, Whitley RJ. 1995. Molecular mechanisms of antivi-
ral resistance. Antiviral Res 26:369–401.

Kumano Y, Yamamoto M, Mori R.1987. Protection against herpes
simplex virus infection in mice by recombinant murine interfe-
ron-2in combination with antibody. Antiviral Res 7:289–301.

Kurokawa M, Ochiai H, Nagasaka K, Neki M, Xu H, Kadota S, Su-
tardjo S, Matsumoto T, Namba T, Shiraki K.1993.Antiviral tradi-
tional medicines against herpes simplex virus (HSV-1), poliovirus,
and measles virus in vitro and their therapeutic efficacies for
HSV-1 infection in mice. Antiviral Res 22:175–188.

Kurokawa M., Hozumi T., Basnet P., Nakano M., Kadota S., Namba
T., Kawana T., Shiraki K. Purification and characterization of
eugeniin as an anti-herpes virus compound from Geum japonicum
and syzygium aromaticum. J Pharm Exp Therapeut 284:728–735,
1998.

Kurokawa M, Nakano M, Ohyama H, Hozumi T, Kageyama S, Namba
T, Shiraki K. 1997. Prophylactic efficacy of traditional herbal
medicines against recurrent herpes simplex virus type 1 infection
from latently infected ganglia in mice. J Dermtol Sec 14:76–84.

Nugier F, Colin JN, Aymard M, Langlois M. 1992. Occurrence and

62 Hasegawa et al.



characterization of acyclovir-resistant herpes simplex virus iso-
lates: report on a two-year sensitivity screening survey. J Med
Virol 36:1–12.

Overby LR, Robishaw EE, Schleicher JB, Rueter A, Shipkowitz NL,
Mao JCH. 1974. Inhibition of Herpes simplex virus replication by
phosphonoacetic acid. Antimicrob Agents Chemother 6:360–365.

Parris D, Harrington JE. 1982. Herpes simplex virus variants resis-
tant to high concentrations of acyclovir exist in clinical isolates.
Antiviral Agents Chemother 22:71–77.

Sasadeusz JJ, Tufaro F, Safrin S, Schubert K, Hubinette MM, Cheung
PK, Sacks SL. 1997. Homopolymer mutational hot spots mediate
herpes simplex virus resistance to acyclovir. J Virol 71:3872–3878.

Schaeffer HJ. Beauchamp L. de Miranda P. Elion GB. Bauer DJ.
Collins P. 1978.9-(2-hydroxyethoxymethyl) guanine activity
against viruses of the herpesgroup. Nature 272:583–585.

Shiraki K, Namazue J, Okuno T, Yamanishi K, Takahashi M. 1990.
Novel sensitivity of acyclovir-resistant varicella-zoster virus to
anti-herpetic drugs. Antiviral Chem Chemother 1:373–375.

Shiraki K, Ochiai H, Namazue J, Okuno T, Ogino S, Hayashi K, Ya-
manishi K, Takahashi M. 1992. Comparison of antiviral assay
methods using cell-free and cell-associated varicella-zoster virus.
Antiviral Res 18:209–214.

Shiraki K, Ogino T, Yamanishi K, Takahashi M. 1983. Isolation of
drug resistant mutants of varicella-zoster virus: cross resistance of
acyclovir resistant mutants with phosphonoacetic acid and bro-
modeoxyuridine. Biken J 26:17–23.

Wade JC, McLaren C, Meyers JD. 1983. Frequency and significance of
acyclovir-resistant herpes simplex virus isolated from marrow
transplant patients receiving multiple courses of treatment with
acyclovir. J Infect Dis 148:1077–1082.

ACV Susceptibility and Genital Herpes in Japan 63


