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ABSTRACT

Combined effects of ganciclovir (GCV) and vidarabine (ara-A) on the replication, DNA
synthesis, and gene expression of wild type-1 herpes simplex virus (HSV-1) and three acyclovir
(ACV)-resistant HSV-1 mutants were studied. These mutants include a virus expressing no
thymidine kinase (ACV7), a virus expressing thymidine kinase with altered substrate specificity
(IUdR"), and a mutant expressing altered DNA polymerase (PAA"5). GCV, an agent activated by
herpesvirus specific thymidine kinase, showed potent antiviral activity against the wild type HSV-1
(KOS) and DNA polymerase mutant (PAA75).

The ACV-resistant mutants with thymidine kinase gene (ACV” and IUdR") were resistant to
GCV. All tested wild type HSV-1 or ACV-resistant HSV-1 mutants did not display resistance to
vidarabine (are-A). Combined GCV and ara-A showed potentiating synergistic antiviral activity
against wild type KOS and PAAT"S, and showed subadditive combnined ativiral activity against
thymidine kinase mutants. Combined GCV and ara-A more significantly inhibited the viral DNA
synthesis in wild type KOS and PA A"5-infected cells to a greater extent than éither agent alone, but
the synergism was not determined in ACV” or IUdR -infected cells. These data clearly indicate that
combined GCV and ara-A therapy might be useful for the treatment of infections caused w wild
type HSV-1 or ACV-resistant HSV-1 with DNA polymerase mutation.

ACV-resistant viruses with the mutation in thymidine kinase gene are also, resistant to GCV, but
susecptible to ara-A, indicating that ara-A would the drug of choice for the treatment of ACV-
resistant HSV-1 which does not express thymidine kinase or expresses thymidine kinase with altered
substrate specificity.

While the synthesis of viral g-proteins of wild type HSV-1 was not affected by ACV, GCV, ara-A,
or combined GCV and ara-A, the synthesis of 3-proteins was slightly but significantly increased at
the later stage of viral infection by the antiviral agents. The synthesis of y-proteins of wild type
HSV-1 was significantly inhibited by ACV, GCV, ara-A, and combined GCV and ara-A.

Combined GCV (5-uM) and ara-A (100-M) also significantly altered the expression of viral
p-and y-proteins, of which effect was similar to that of GCV (10-zM) alone.

Although ACV at the concentration of 10-uM did not alter the expression of g-, ;A-, and
y-proteins of ACV-resistant PAA 75, GCV and ara-A significantly alter the epression of f-and
y-proteins, not g-protein, as same manner as they altered the expression of those proteins in cells
infected with wild type HSV-1. Combined GCV (5-4M) and ara-A (100- M) altered the expression
#-and y-proteins in PAA™S infected cells, and the effect of combined regimen was comparable of that
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of GCV (10-uM). These data indicate that the alteration in the expression of S-and y-proteins in
wild type HSV-1 or PAA"S infected cells could be more significantly affected by combined GCV and
are-A than individual GCV or ara-A.

In view of the fact that (a) viral o-, 8-, and y-proteins are synthesized in a cascade manner; (b)
[-proteins are essential for the synthesis of viral DNA; (c) the synthesis of 8-proteins are inhibited
by y-proteins; and (d) most y-proteins are made from the newly synthesized progeny virus, it is
suggested that GCV and ara-A, alone or in combination, primarily inhibit the synthesis of viral
DNA, and by doing so might exhibit their antiherpetic activity. The alteration in viral protein
synthesis in the presence of tested antiviral agents could result from the alteration in viral DNA
synthesis. From the present study, it can be concluded that (a) combined GCV and ara-A therapy
would be beneficial for the control of infections caused by wild type HSV-1 or ACV-resistant DNA
polymerase mutants; (b) the combined synergistic activity of GCV and ara-A is due to further
decrease in the viral DNA by the combined regimen; (¢) ara-A is the drug of choice for the infection
caused by ACV-resistant HSV-1 with thymidine kinase mutation; and (d) the alteration in viral
protein synthesis by GCV and ara-A, alone or in combination, is mostly due to the decreased
synthesis of viral DNA.
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INTRODUCTION

Herpes simplex virus (HSV), the most ubiqui-
tous and communicable infectious virus, induces a
wide variety of clinical diseases in man: (a)
Approximately one-third of the world population
has recurrent herpes labialis (RHL) episodes due
to HSV and over one-half of these patients have
more than one attack each year (NIH, 1973;
Spruance et al,, 1984), (b) HSV is the most com-
mon cause of genital lesions in women, and is
second only to syphilis as the cause of genital
lesions in men (Hanshaw, 1973).

At least 100,000 cases of herpes genitalis are
officially reported each year in the United States
(NIH, 1973; Overall, 1979), (c¢) Ocular herpes
simplex is the leading cause of blindness due to
corneal infections in the United States (Pavan-
Langston, 1979). Up to 500,000 cases of primary
or recurrent ocular herpetic infections are report-
ed in a year in the United States (NIH, 1973;
Pavan-Langston, 1979), (d) The primary attack of
HSV in children and neonates is disastrous lead-
ing to encephalitis and infections of other organs.
Such infections are associated with a high degree
of mortality and morbidity (Nahmias ef al, 1970;
Nahmias and Roizman, 1973), (¢) HSV infections
cause extremely serious systemic complications in
immunologically compromised patients with
acquired immunodeficiency syndrome (AIDS),
patients receiving organ transplantation, and
patients under cancer chemotherapy (Whitley er

al, 1984 and 1986; Wade et al, 1983b and 1984),
and finally, (f) Certain human malignancies have
been strongly linked to the virus. Type 1 HSV
(HSV-1) and type 2 HSV (HSV-2) are associated
with squamous cell carcinoma of the orofacial
area (Scully et al, 1982; Shillitoe ef al, 1983;
Park et al, 1985 and 1986) and uterine cervix or
vulval carcinomas of humans and laboratory
animals (Rapp and Reed, 1986; McDougall et al,
1980; Wentz et al, 1981; and Kaufman et al,
1981), respectively.

Numerous antiviral agents with proven efficacy
in vitro and in the treatment of ocular endorgan
disease, herpetic epithelial keratitis, herpes
encephalitis and genital herpes have been
introduced. Among those agents, idoxuridine
(Kaufman et al, 1962; Itoi et al, 1975; Foster and
Pavan-Langston 1977), vidarabine (Pavan-
Langston et al, 1972, 1974, and 1976) and triflur-
idine (Pavan-Langston and Foster, 1977) were
approved for the clinical use in the treatment of
ocular herpetic diseases by the Food and Durg
Administration (FDA) of the United States.
However, these drugs are variable in their thera-
peutic efficacy and not infrequently associated
with toxicity and true allergy (Calabresi et al,
1961; Chaube and Murphy, 1968, Heidelberger,
1964; Percy and Albert, 1974).

The major breakthrough in antiherpetic chemo-
therapy research was the introduction of acyclovir
(ACV), which an analog of guanosine with potent
and nontoxic antiherpetic activity (Elion er al,
1977; Furman et al, 1979). ACV is phosphorylat-
ed to ACV-monophosphate by herpesviral spe-
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cific thymidine kinase which is then further phos-
phorylated to ACV-diphosphate and ACV-
triphosphate by cellular guanidylate kinase. ACV-
triphosphate inhibits viral DNA polymerase and
terminates the elongation of viral DNA chain.
Thus, it effects only viral infected cells, leaving
noninfected cells essentially untouched (Elion et
al, 1977; Furman et al, 1979 and 1984; Hammer
et al, 1982, Park and Pavan-Langston, 1982;
Furman and Mcguirt, 1983). Numerous laborator-
y (Elion et al, 1977; Park et al, 1979, 1980a,
1980b, 1980c, 1982; Klein et al, 1979) and clinical
studies (Coster et al, 1980; Pavan-Langston et
al, 1981; Cupps et al, 1981; Straus et al, 1982
and 1984; Corey et al, 1982; Bryson et al, 1983,
Wade et al, 1893b and 1984; Douglas et al., 1984;
Whitley er al, 1984 and 1986) have shown a
significant therapeutic efficacy of ACV against a
wide variety of herpetic diseases. The United
States FDA has approved the use of 5% ACV
ointment for the treatment of primary herpes
genitalis and other cutaneous herpetic infections.
Furthermore, the FDA of the United Sates recent-
ly approved the oral administration of ACV tab-
lets for the prevention of recurrent herpes genitalis
(Straus er al, 1984; Abramowicz, 1985).
Although ACV is now in extensive clinical use
for the management of HSV infections, recent
reports concerning the facile emergence of ACV-
resistant herpes simplex virus (HSV) mutants in
laboratory studies (Field and Darby, 1980,
Schnipper and Crumpacker, 1980, Coen and
Schaffer, 1980; Sibrak er al, 1982; Boijoly et al,
1983; Larder and Darby, 1985) and reports of
clinical ACV-resistant HSV infection (Burns et
al, 1982; Crumpacker et al, 1982; Paris and
Harrington, 1982; Wade et al, 1983a) have
received much attention, and gives cause for con-
cern at the paucity of the antiviral armamentarium
when resistance can emerge so rapidly against a
major nontoxic drug. In view of this fact, the
mechanisms of viral resistance to ACV have been
investigated extensively. Both biochemical and
genetic evidence support the notion that HSV
thymidine kinase and DNA polymerase genes as
loci, which, when mutated, can confer resistance
to ACYV in cell culture (Coen and Schaffer, 1980;
Schnipper and Crumpacker, 1980; Crumpacker et
al, 1980 and 1984; Darby et al, 1981; Furman e¢
al, 1981; Knopf et al, 1981; McLaren et al., 1983;
Larder and Darby, 1985 and 1986; Boijoly et al,
1983). So far, five different ACV resistant HSV
mutants have been isolated from the patients and

laboratories and characterized genetically (Field
et al, 1982). (i) mutant with negative or less
expression of viral thymidine kinase; (ii) mutant
expressing altered thymidine kinase (altered sub-
strate specificity) which does not phosphorylate
ACYV; (iii) viral mutant expressing altered DNA
polymerase which do not take ACV triphosphate
as substrate; (iv) mutant expressing negative or
less thymidine kinase and altered DNA polymer-
ase; and (v) mutant expressing altered thymidine
kinase and DNA polymerase. Because of the
rising incidence of oral and genital HSV infec-
tions and the increasing use of systemic ACV for
the treatment of herpes infections, a rise in human
exposure to ACV-resistant HSV is likely. There-
fore, searches developing new antiviral agents
being safe and effective against ACV-resistant
HSV mutants have been focused.

More recently, ganciclovir (9-[1, 3-Dihydroxy-
2-propoxymethyl]| guanine; GCV), also known
as BW759U, BIOLF-62, and 2'nor-2’-deoxy-
guanosine, was introduced as a second generation
drug of ACV. GCV is an analogue of ACV and
has been shown to be a potent inhibitor of HSV
and cytomegalovirus (CMV) (Field et al, 1983;
Marr et al, 1983; Smee et al, 1983; Trousdale et
al., 1984; Chun and Park, 1987). Like ACV, GCV
is phosphorylated to the monophosphate form by
herpesvirus specific thymidine kinase, which is
further phosphorylated to its di-and triphosphate
by cellular guanylate kinase and other cellular
enzymes, respectively (Ashton et al, 1982; Field
et al, 1983; Smee er al, 1983). GCV is more
rapidly converted to its corresponding
triphosphate form in virus-infected cells than is
ACV (Cheng et al, 1983). GCV triphosphate
inhibits the synthesis of viral DNA by suppressing
DNA polymerase (St Clair et al, 1984; Frank et
al, 1984; Chun and Park, 1987). Although mecha-
nism of antiherpetic activity of GCV is similar to
ACV, a study regarding the susceptibility of
ACV-resistant HSV mutants to GCV deserves to
be studied.

Vidarabine (ara-A), an analogue of adenosine,
has been used for the treatment of ocular herpetic
infection (Park and Pavan-Langston, 1982). The
mechanism of antiviral action of ara-A is well
known: unlike ACV or GCV, ara-A does not
have specificity against the virus. It is
phosphorylated to its monophosphate form by
cellular adenosine kinase, which 1is further
phosphorylated 1o its di-and triphosphate forms in
normal and viral infected cells by cellular
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adenylate kinase. ara-A diphosphate inhibits viral
and cellular ribonucleotide reductase, while the
triphosphate form inhibits viral and cellular DNA
polymerase and ribonucleotide reductase (Park
and Pavan-Langston, 1982). Unlike ACV or
GCV, ara-A can be activated in the absence of
herpesvirus-induced thymidine kinase, and thus
can produce antiviral activity to ACV-resistant
HSV with thymidine kinase mutations (Schnipper
and Crumpacker, 1980). Since most ACV-
resistant HSVs isolated from patients are
thymidine kinase mutants, ara-A has been consid-
ered as the drug of choice for the treatment of the
infection caused by HSV with thymidine kinase
mutation Parris and Harrington, 1982; Boijoly et
al, 1983). In the present study, the antiviral
activity to ACV-resistant mutants was again con-
firmed.

As combined chemotherapies have been used
successfully against neoplasms (Valeriote and Lin,
1975), combination of antiviral agents with differ-
ent mechanisms of action has reasonably enhan-
ced therapeutic efficacy while reducing the
chances of the development of drug-resistant
forms (Bryson and Kronenberg, 1977; Frase-
Smith et al, 1984). Furthermore combination
would diminish the durg’s toxic effects if lower
doses of each agent could be used. In fact, Schin-
azi and Nahmias (1982) and Park er al (1984)
found that the combined antiviral effect of ACV
and ara-A on HSV infection was additive in vitro
and in vivo. In view of the facts that (a) GCV is
specifically activated by herpesvirus-encoded
enzymes, (b) ACV-resistant HSV with thymidine
Kinase mutation is susceptible to ara-A, and (c)
the activation mechanisms of GCV and ara-A are
different, a study regarding the possible synergistic
activity of combined GCV and ara-A against
various ACV-resistant HSV-1 mutants deserves to
be exploited. Since GCV and ara-A are known to
inhibit the viral DNA synthesis, a study regarding
the effect of combined GCV and ara-A on the
viral DNA synthesis might provide some clue for
the understanding of the mechanism of synergistic
action, if any, of the combined regimen.

Nearly 50 virus-specific infected cell polype-
ptides (ICPs) are synthesized from the HSV-1
genome (Honess and Roizman, 1973). The HSV-
specific ICPs are classified into three groups: viral
a-, f3~, and y-proteins, whose syntheses are coor-
dinately regulated and sequentially ordered in a
cascade manner (Honess and Roizman, 1974 and
1975). The y-proteins are further classified into 2

subgroups, namely y-1 and -2 proteins. When
HSV infects cells, the viral DNA immediately
begins to synthesize ¢-proteins (ICPs 0, 4, 22, 27,
and 47) in the absence of prior viral proteins
(Honess and Roizman, 1975; Powell et al, 1975).
The ICP4 is known to act on the viral genome and
to turn on the expression of certain viral j-
proteins, i.e. ICP8 (DeLuca and Schaffer, 1985).
The p-proteins include DNA binding protein
(ICPB) and enzymes necessary for the synthesis of
viral DNA such as viral thymidine kinase, ribonu-
cleotide reductase (ICP6) and DNA polymerase
(Knipe et al, 1982). ICP8 inhibits the expression
of ICP4 by the negative feed back mechanism and
enhances the expression of most viral y-genes
(Conley et al, 1981; Godowski and Knipe, 1986).
Therefore, the expression of g-proteins results in

. the synthesis of viral DNA, which is followed by

the production of most of y-proteins. The inhibi-
tion of viral DNA synthesis results in a moderate
reduction in the synthesis of y-1 proteins and a
strong reduction in the production of -2 proteins.
Some viral y-proteins also negatively regulate the
expression of cretain g-proteins and somy -
proteins (Godowski and Knipe, 1986). Since the
synthesis of viral g-and B-proteins precedes the
viral DNA synthesis, a study of combined syner-
gistic effect of GCV and ara-A, if any, on viral
protein synthesis might provide insight to the
mechanism behind its antiviral action. With this
premise in mind, the author also examined the
combined effect of GCV and ara-A on the synthe-
sis of viral @-, 8-, and y-proteins in cells infected
with wild type HSV-1 or ACV-resistant HSV-1
mutants susceptible to combined GCV and ara-A.

MATERIALS AND METHODS
Viruses an’d cells

HSV-1 KOS strain and three ACV-resistant
HSV-1 mutants including ACV” (a mutant defec-
tive in expressing thymidine kinase), IUdR” ( a
mutant expressing thymidine kinase with altered
substrate specificity), and PAA’5 (a DNA
polymerase mutant) were provided by Professor
No-Hee Park, University of Califomia, Los An-
geles (UCLA) School of Dentistry, Los Angeles,
California, U.S.A. All viruses were propagated in
Vero cell monolayers and the viral titers were
adjusted to 1x10° plaque forming units per
milliliter (PFU/ml). The stock virus was stored
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at —80°C until used. Vero cells also provided by
Professor No-Hee Park (UCLA School of Den-
tistry) were grown in monolayers in Eagle’s
minimum essential medium (E-MEM) sup-
plemented with 5 % fetal bovine serum (FBS) and
antibiotic mixture (penicillin G, 100-units/ml;
streptomycin, 10-xg/ml; and amphotericin B, 10-4
g/ml). The monolayer cells were cultured in a
CO, incubator at 37°C. with a 5 % carbon dioxide
atmosphere.

Antiviral compounds

ACV and GCV powders were provided by
Professor No-Hee Park (UCLA School of Den-
tistry, Los Angeles, California, U.S.A.). ara-A
was purchased from the Sigma Chemical Com-
pany (St. Louis, MO, U.S.A.). The stock solutions
(10-mM) of antiviral compounds were prepared in
E-MEM supplemented with 5% bovine serum.

Yield reduction assay

Confluent Vero cell monolayers were infected
with wild HSV-1, KOS-strain or ACV-resistant
HSV-1 (PAA™S, ACV”, and IUdR") at a multi-
plicitity of infection (m.0.i.) of 5 (SPFU/cell) for
1 hour at 37°C, with intermittent rocking at 15
minute intervals, and washed twice with phos-
phate buffered saline (PBS). Medium with or
without the antiviral agents (ACV: 0.01, 0.05, 0.1,
02,05, 1.0, 2.0, 5.0, 10.0-2M; GCV: 0.01, 0.05, 0.
1,02, 05, 1.0, 2.0, 510, 10.0-4M; ara-A: 10, 20, 30,
50, 100 or 200-4M . GCV+ara-A ; 0.01-+ 30,
0.05+30, 0.1+30, 0.2+30, 1.0+30, 2.0+30, 5.
0430, or 10.0-uM+30-xM) was then added in
triplicate to the appropriate culture dishes. The
cultures were incubated at 37 °C for 24 hours in a
CO, incubator. The culture media were then
removed and the cells were gently washed with
PBS; thereby preventing carry over of the antiviral
agents to the plaque assay. The cells were then
frozen and thawed three times, collected and
centrifuged at 450 g for 5 min. Viral titers in the
supernatant were then assayed by an ordinary
plaque assay technique (Rapp, 1963). The data
obtained from the yield reduction assay were used
to calculate the concentration of each antiviral
agent which inhibits the replication of the viruses
into half (EDy,).

Evaluation of combined antiviral efficacy
of vidarabine and ganciclovir

The effects of the two antiviral agents com-
bined in culture were analyzed by means of the
following criteria (Park er al, 1984): (1) E,
(effect of Drug A)=titer of virus produced in the
presence of drug A/titer of virus produced in the
absence of the drug. (2) E; (effect of drug B)=
titer of virus produced in the presence of drug B/
titer of virus produced in the absence of the drug.
(3) E4p (effect of the combination of drugs A and
B) =titer of virus produced in the presence of drug
A and B/titer of virus produced in the absence of
the drugs. (4) E. (calculated effect of combined
drugs A and B, or additive effect of drugs A and
B)=E, X E;. Therefore, a potentiation interaction
of the drugs can be defined as E,z<E. and an
additive effect as E 3 =E., In addition, if drug
A is assumed to be more effective than drug B, a
less than additive (subadditive) interaction can be
defined as E, >E,; > E; antagonistic interaction
as E,;>FEy; and interference as E; >E, s >E,.

Isolation and analysis of viral and Cellular
DNA

Confluent Vero cells were infected with wild
type HSV-1 KOS strain, ACV7", TUdR7or PAAT™S
at a m.o.i. of 10 (10PFU./cell). After adsorption
for 1 hour at 37°C, the viral inoculum was
removed, and the cells were washed with PBS.
E-MEM containing 1.0-u4M ACV, 1.0-y4M of
GCV, 30-uM ara-A, or 1.0-gM GCV+30-xM
ara-A was then added to the cultures. Four hours
postinfection 10-xCi/of *H-thymidine (specific
activity; 23.0 Ci/mM, New England Nuclear,
Boston, Massachusetts, U.S.A.) per culture dish
(10-1Ci/10-mly was added. After incubation for
24 hours the cells were collected and centrifuged
at 600 g for 5 minutes. The cell pellets were
washed twice with ice-cold PBS, gently resuspend-
ed in TE buffer (10-mM Tris, 10-mM EDTA, pH
7.6) containing 0.4% sodium dodecyl sulfate
(SDS) and 4.0-mg of proteinase, and then incubat-
ed at 37°C for 24 hours. Saturated Nal solution at
37°C along with ethidium bromide for a final
concentration of 10-xg/ml was then added to the
cell digestion to achieve a final density of 1.4 g/
cm?®. Isopycnic equilibrium Nal density gradient
centrifugation was performed in a Beckman rotor
50 (Beckman instruments, Fullerton, California,
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U.S.A.) at 125,000 g for 48 hours at 20°C. After
the confirmation of viral and cellular bands under
ultraviolet light, gradients were dripped from the
bottom of each tube, and collected in 30 fractions.
Fifty-ul portions of each fraction were spotted
onto a GF/C filter disk (Whatman, England),
and washed 6 times for 1 minute each with ice-
cold 0.5 M sodium monophosphate solution. The
samples were then washed twice with distilled
water and twice with 95% ethyl alcohol. The
samples were then dried at 60 °C. Radioactivity of
the spotted GF/C was measured with a Beckman
liquid scintillation counter. An aliquot of each
fraction was also spotted onto a refractometer to
determine the density of the fraction: the density
of HSV-1 DNA is known to be 1.72, while that of
Cellular DNA is 1.70.

Labelling of proteins synthesized in infected
cells

To understand the mechanism of synergistic
antiviral effect of GCV and ara-A, if any, the
effect of GCV and ara-A, alone or in combina-
tion, on the protein synthesis of susceptible viruses
was studied as follows. Confluent Vero cell
monolayers were infected with HSV-1 at a m.o.i.
of 20 (20PFU/cell) and incubated for lhour. The
monolayer cells were washed with PBS, repleni-
shed with fresh medium or medium containing
ACV (10-pM), GCV (10-uM), ara-A (200-uM),
or GCV plus ara-A (100-uM plus 5-yM), and
incubated at 37 °C for additional 3, 7, or 14 hours.
After washing the cells with PBS, medium 199
containing 3*S-methionine (20-xCi/ml, specific
activity: 900 mCi/mM, New England Nuclear,
Boston, Massachusetts, U.S.A.), dialysed calf
serum and hepes (20-mM) was then added to the
cells. The cultures were then continued to be
incubated for 1 hour at 37°C. Finally the cells
were rinsed with ice-cold PBS and solubilized in
sample buffer (60-mM tris (pH 7.6), 2% SDS,
20 % glycerol, 0.005 % B3-mercaptoethanol, and
2% bromopheno! blue) for subsequent electro-
phoresis on polyacrylamide gel®”. The time depen-
dent synthesis of total cellular and viral protein in
infection control or antiviral agents treated cells
were monitored by the determination of radio-
activity of an aliquot from each group.

Polyacrylamide gel electrophoresis (PAGE),
determination of HSV-1 protein bands from
the autoradiograms, and scanning of

the autoradiogram

The PAGE was done in a discontinuous buffer
system with 0.1 % SDS. The stacker and separa-
tion gels containing 3% and 9.25% acrylamide,
respectively, were cross-linked with N-
tetramethylethylendiamine. The samples were
loaded into the gel with protein size marker (High
Molecular Standard®, Bio-Rad Laboratories,
Richmond, CA, U.S.A.) to determine the molecu-
lar weight of the HSV-1 specific ICPs. The protein
size marker was a mixture of proteins with known
molecular weights (myosin with molecular weight
[M.W.] of 200,000; g-galactosidase of E. Coli
with M. W. of 116,250; rabbit muscle phosphor-
ylase b with M.W. of 97,000; bovine serum albu-
min with M.W. 66,200; and ovalbumin with M.W.
of 42,699). After the completion of the
electrophoresis, the gel was dried and autoradio-
graphed on SB-5 Kodak X-ray film (Eastman
Kodak Company, Rochester, New York, U.S.A.)
(Morse et al, 1978). After developing and fixing
the film, molecular weights of the protein bands
found only in the HSV-1 infected cells (infection
control or groups with antiviral treatment) were
calculated by using the location of known protein
size markers. The absorbance measurments of the
radiographic images were then made in a Bio-Rad
video densitometer model 620 (Bio-Rad Labora-
tories, Richmond, California, U.S.A.). To calcu-
late the relative rates of representative protein
synthesis, the representatives a-, 8- and y-protein
peaks of scanned autoradiogram were converted
to precentage of the total absorbance. As a repre-
sentative of the viral g-proteins, the high molecu-
lar weight nonstructural polypeptide ICP4 was
chosen. ICP8 and ICPS were selected to represent
viral B-and y-proteins, respectively.

RESULTS

Effects of ACV, GCV, and ara-A on
the replication of HSV-1

Fig. 1 shows the effect of ACV on the replica-
tion of wild type HSV-1 and ACV-resistant
mutants. ACV showed potent antiviral activity
against the wild type HSV-1 KOS strain, while the
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Effect of ACV on the replication of HSV-1 Effect of ara-A on the replication of HSV-1
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Fig. 1. Effect of ACV on the replication of wild type Fig. 3. Effect of ara-A on the replication of wild type

HSV-1 (KOS) and ACV-resistant mutants
(PAA™S, ACV” and IUdR") in Vero cell
monolayers. Confluent monolayer cells infect-
ed with HSV-1 at the m.o.i. of 5 were cultured
in the medium containing ACV (0.0, 0.01, 0.
05, 0.1, 0.5, 1.0, 2.0, 5.0 or 10.0-uM) for 24
hours at 37°C. The viral titers of the cultured
cells were then determined by plaques assay
technique. The viral titers of each group were
depicted as % of the infection control (0.0-xM
ACV).

Effect of GCV on the replication of HSV-1

HSV-1 (KOS) and ACV-resistant mutants
(PAA75, ACVT and IUdR") in Vero cell
monolayers. Confluent Vero cells infected
with HSV-1 at the m.o.i. of 5 were cultured in
the medium containing ara-A (10, 20, 30, 50,
100, or 200-xM) for 24 hours at 37°C. The
viral titers were then determined by plaque
assay technique. The viral titers of each group
were depicted as % on the infection control
(0.0-uM ara-A).

tested ACV-resistant mutants (ACV7, IUdR", and
PAAT75) were extremely resistant to ACV: the

2

° replication of those viruses were not influenced in
10! the presence of ACV at the concentration of 10 4
£ ‘ g/ml, at which concentration ACV almost com-
z 100 = Wild KOS pletely abolished the replication of wild type
s T m{f HSV-1 (Fig. 1). Fig. 2 shows the antiviral activity
£ 4ot - ACVS of GCV to HSV-1 with or without resistance to
Q - ACV. Although GCV did not alter the replication
£ 102 of thymidine kinase mutants such as IUdR" and
ACV7, it showed strong antiviral activity against
1034 ———p e, wild type HSV-1 KOS and ACV-resistant DNA
0 2 4 6 8 10 polymerase mutant PAA™5 (Fig. 2). Ara-A, how-
Concentration of GCV (uM) ever, showed moderate inhibitory activity against

Fig. 2. Effect of GCV on the replication of wild type the replication of all viruses tested.

HSV-1 (KOS) and ACV-resistant mutants
(PAA75, ACV" and IUdR") in Vero cell
monolayers. Confluent monolayer cells infect-
ed with HSV-1 at the m.o.i. of 5 were cultured
in the medium containing GCV (0.0, 0.0,
0.05, 0.1, 0.5, 1.0, 2.0, 5.0, or 10.0-x M) for
24 hours at 37°C. The viral titers of the
cultured cells were then determined by plaque
assay technique. The viral titers of each group
were depicted as % of the infection control (0.
0-4M GCV).

Wild type HSV-1 KOS and PAA75 were most
sensitive, while IUdR” was least sensitive to ara-A
(Fig. 3). Table 1 shows the concentrations of
antiviral agents reducing the viral replication by
half (ED,,). While wild type HSV-1 KOS showed
extreme sensitivity to ACV, DNA polymerase
mutant {(PAA’S) and thymine kinase mutants
(ACV” and IUdR”) were 70 or 300 times less
susceptible to ACV respectively, as compared to
the wild type HSV-1 KOS. GCV showed a potent
antiviral activity to the HSV-1 KOS and DNA
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Table 1. Concentrations of antiviral agents reducing
the viral replication by half (EDs,)

Antiviral Agents (M)

HSV-1
ACV GCV Ara-A
KOS (wild type) 0.1 0.05 25
ACV” >30.0 1.6 27
IUdR" >30.0 1.6 63
7.0 0.04 15

PAA’S

Combined GCV and ara-A on the replication

102 of KOS
1 - GCV alone
10 RSN - GCV +ara-A
»* Ec

% of Control (PFU/mI)

Concentration of GCV (uM)

Fig. 4. Combined effect of GCV and ara-A on the
replication of wild type HSV-1 (KOS) in Vero
cell monolayers. Cells infected with HSV-1 at
the m.o.i. of 5 were incubated with different
concentrations of GCV (0.0, 0.01, 0.05, 0.1,
02, 05, 1.0, 2.0, 50 or 10.0-zM) in
combination with 30-gM of ara-A for 24
hours at 37°C. The viral titers were determined
from the cells with plaque assay. The viral
titers of each group were depicted as % of
control of the infection control group. Ec=
calculated additive effect of the two drugs.

polymerase mutant PAA"™5S but it elicited
rather weak antiviral activity to the thymidine
kinase mutants (ACV” and TUdR"): ACV" and
TUdR" were approximately 30 times more resistant
to GCV than the wild type HSV-1 (KOS).
However, wild type HSV-1 KOS and all ACV-
resistant HSV-1 mutants (ACV” and TUdR") were
almost equally sensitive to ara-A.

Effcet of combined GCV and ara-A on the
viral replication

Different doses of GCV (0.01, 0.05, 0.1, 0.5,

Combined GCV and ara-A on the replication

of PAArS
102
y = GCV alone
10 £ GCV +ara-A
- Ec

% of Control (PFUmi)

-
(=]
t

0 2 4 t; é 1I0

Concentration of GCV (uM)

Fig. 5. Combined effect of GCV and ara-A on the
replication of ACV-resistant mutant PAA”S.
Experimental procedures were similar to those
using wild type HSV-1 as described in Fig. 4.

1.0, 2.0, 5.0 or 10- xM) combined with 30- uM
ara-A reduced the viral titers of wild type HSV-1
KOS strain more than GCV or ara-A did alone,
and the inhibitory effect was in a dose-dependent
manner. Moreover, the viral yield was lower than
the calculated yield (Ec), thus demonstrating
potentiating synergistic activity of GCV and ara-
A (Fig. 4). The combined therapy also decreased
the yield of PAA”S5 more effectively than GCV or
ara-A alone. Moreover, the viral yield was lower
than the calculated yield reflecting an potentiating
synergistic effect (Fig. 5). Although GCV, alone

or in combination with ara-A, showed some

antiviral activity against thymidine kinase
mutants, the antiviral activity of GCV, alone or in
combination with ara-A, against these viruses was
extremely weaker than that of GCV against
HSV-1 KOS strain or PAA75. Furthermore, it was
not able to observe the synergistic combined
activity of GCV and ara-A against thymidine
kinase mutants. The combined antiviral activity of
GCV and ara-A against thymidine kinase mutants
was similar to that of GCV alone, indicating the
subadditive effect of GCV and ara-A in cells
infected with ACV-resistant HSV-1 with
thymidine kinase mutation (Fig. 6, 7).

Effect of combined GCV and ara-A on the
synthesis of viral and cellular DNA

The viral and cellular DNAs extracted from
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Combined GCV and ara-A on the replication
of ACVr
102

& GCV alone
o GCV +ara-A
»* Ec

% of Control (PFU/m)
=)
1

-
<
(=]

4 6 8 10
Concentration of GCV (uM)

Fig. 6. Combined effect of GCV and ara-A on the
replication of ACV-resistant mutant ACV".
Experimental procedures were similar to those
using wild type HSV-1 as described in Fig. 4.

o
N

Combined GCV and ara-A on the replicatiopn
of IUdRr

102

- GCValone
O- GCV +ara-A
- Ec

% of Control (PFU/mI)
)
1

100 y T v T N Y T ™
0 ? 4 8 8 10
Concenlration of GCV (M)

Fig. 7. Combined effect of GCV and ara-A on the
replication of ACV-resistant mutant TUdR".
Experimental procedures were similar to those
using wild type HSV-1 as described in Fig. 4.

the HSV-1 infected cells were well separated by
the Nal ultracentrifugation density gradient tech-
nique. As shown in the figures 8—11, the first and
second peaks had the density of 1.72 g/cm® and
1.70 g/cm?®, respectively. This indicates that the
first peaks from the DNA samples represent the
radioactivities of viral DNA, while second peaks
depict cellular DNA (Chun and Park, 1987). The
effects of ACV, GCV, ara-A, and combined GCV

Combined GCV and ara-A on the DNA synthesis

of KOS
12000
4 -&  Control
O UM ALY
R 10000 ae 1M GOV
= - 30-uM ara-A
s ] 1M ara
3 8000 ¢ GCV+ara-A
> ]
2 6000
3
g ]
-]
G 4000
o 4
2000
0-

Number of Fraction

Fig. 8. Isopycnic equilibrium density gradients of
DNA from HSV-1 (KOS) infected Vero cell
monolayers. The first peak with heavier den-
sity (1.72 g/cm?®) represents the viral DNA and
the second peak with lighter density (1.70 g/
cm?®) depicts the cellular DNA. The DNA
synthesis was monitored in tne prese.ice of
1.0-uM of ACV, 1.0-uM of GCV, 30-pM of
ara-A, or both GCV (1.0-xM) and ara-A (30-
#M). Control indicates the infection only.

Combined GCV and ara-A on the DNA synthesis

of ACVr
15000 ~
-&-  Conlrol
- 1-uMACV
= 12000 -~ 1M GCV
% -4~ 30-uM ara-A
= 9000 - GCV+ara-A
3
‘g .
I 6000 4
B
@
@«
3000 -
04

Number of Fraction

Fig. 9. Isopycnic density gradients of DNA from
ACV-resistant PAA’"5 infected Vero cell
monolayers.

and ara-A on the viral and cellular DNA
synthesis in wild type HSV-1 KOS strain infected

" cells are shown in figure 8. In the presence of 1-

M of ACV or GCV in the culture medium, the
viral DNA synthesis was inhibited by
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Combined GCV and ara-A on the DNA synthesis

of PAAr5
15000
-#- Control
O 1-uM ACV
12000 -+ 1M GCV
E -4 30-uM ara-A
S 9000 - ¢ GCV +ara-A
Z
2z 1
2 B00O -
o
g
©
3000
0 -

o] 10 20 30
Number of Fraction

Fig. 10. Isopycnic density gradients of DNA from
ACV-resistant ACV” infected cells.

Combined GCV and ara-A on the DNA synthesis

of IUdRr
12000
-%  Controf

10000 - O 1-uM ACV
s -+ 1-uMGCV
% 8000 - =& 30-uM ara-A
= ] - GCV+ara-A
=
S 6000 A
k7]
3
™ 4000 -
o
-3

2000

0~ P
0

Number of Fraction

Fig. 11. Isopycnic density gradient of DNA from
ACV-resistant IUdR" infected cells.

approximately 60 % and cellular DNA by 20 %.
The viral and cellular DNA synthesis was reduced
by 20 % and 30 %, respectively, when the infected
cells were cultured in the presence of 30- uM of
ara-A, when the viral infected cells were incubated
in the presence of both 1-yuM GCV and 30-xM
ara-A, the viral DNA synthesis was inhibited by
98.5 % and cellular DNA synthesis by 51 % (Fig.
8). The DNA synthesis of ACV-resistant DNA
polymerase mutant PAA7?S was significantly
reduced (65 %) by GCV, while it was not altered
by ACV. In the presence of both GCV and ara-A
im: the culture medium, the viral DNA synthesis

ICP4

Control
10.uM ACY
10-uM GCV
200-pM ara-A
GCV + ara-A

Fhb o

% of Absorbanca 8t $60nm
N
1

0 T -
2 6 10 14

Duration of Culiure (Hours)

icrs

Control
10-1M ACY
10-uM GCV
200-uM ara-A
GCV + ara-A

% of Absorbance 81 560nm
[}
L
R NE ]

[} T T
2 6 10 14

Puration of Culture (Hours)

ICP5

Control
10-uM ACV
10-uM GCV
200-uM ara-A
GCV + ara-A

Fti s

% of Absarbance at 560 nm

[} T T
2 6 10 14

Duration of Culture (Hours)

Fig. 12. Relative rates of representative protein syn-
thesis of wild type HSV-1 KOS strain. Vero
cell monolayers were infected with wild type
HSV-1 KOS strain for 1 hour and cultured in
the absence or presence of antiviral agents
(ACV (10-pM), GCV (10-pM), ara-A (200-p
M), and combined GCV (5-uM)+ara-A
(100-uzM)) for additional 3,7, or 13 hours.
The levels of representative a (ICP4),
b(ICP8), and g(ICP5) proteins of the treated
cells were calculated from and autoradio-
graph of polyacrylamide gels. After scanning
the autoradiograms with a densitometer, each
peak representing viral protein was converted
to a percentage on the total absorbance.

— 124 —



ICP4

- Control
| -0 10uM ACV
E -+ 104M GCV
8 -4 2004M ama-A
s 27 - GCV 4+ araA
«
Q
c L
o
o
]
5 1
<
3
® 1
0 .
2 6 10 14
Duration of Culture (Hours)
- Control
ICP8 O~ 10-pM ACV
-4 10-uM GCV
6 ~a- 200-pM ara-A
1 - GCV + ara-A
£
b 12
wy
= p
D
2
@ 84
a
2 4
o
<
s 4
®
0 . . v . . Y
2 6 10 14
Duration of Culture (Hours)
ICP5
20 5
= Control
: o 10-uM ACV
E 51 |+ tommacy
§ -4~ 200-uM-ara-A
% L - GCV+ara-A
Q
g
S 10
2
[od -
“
P
- 5
Q
2
o] M T T 1
2 [} 10 14

Duration of Culture (Hours)
Fig. 13. Relative rates of representative proteins syn-
thesis of ACV-resistant HSV-1, PAA"S
(DNA polymerase mutant).

was more greatly inhibited (approximately 95 %)
compared to the conditions where GCV or ara-A
alone was present in the culture medium. How-

Fig. 14. Autoradiographic images of electrophor-
etically separated proteins from cells infected
with wild type HSV-1 (KOS) and maintained
in the absence or presence of antiviral agents
from the time of infection until 4 hours
postinfection. A: Non-infected cells; B: HSV-
1 (KOS) infection only; C: 10-xM of ACV
with HSV-1 infection; D: 200-xM of ara-A
with viral infection; E: 10-uM of GCV with
HSV-1 infection; F: 5-uM of GCV + 100-xM
of ara-A with viral infection. The numbers at
the left hand side indicate the ICPs.

ever, the production of cellular DNA in the viral
infected cells was not significantly altered by
combined drug therapy (Fig. 10). GCV or ara-A
alone or in combination, did not greatly inhibited
the viral DNA synthesis in ACV-resistant HSV-1
with thymidine kinase mutation such as ACV”
and TUdR" (Fig. 9, 11).

Effect of combined GCV and ara-A on the
HSV-1 protein synthesis

Fig. 12 and 13 show the effect of ACV (10-x
M), GCV (10-uM), ara-A (200-zM), and com-
bined GCV (5-uM) and ara-A (100-#M) on the
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Fig. 15. Autoradiographic images of electrophor-
etically separated proteins from cells infected
with wild type HSV-1 (KOS) and maintained
in the absence or presence of antiviral agents
from the time of viral infection until 8 hours
postinfection.

synthesis of representative wild type HSV-1 KOS
strain and PAA"5 proteins at various postinfec-
tion time, respectively. Fig 14-19 represent the
autoradiographic images of electrophoretically
separated proteins from cells infected with wild
type HSV-1 KOS strain or ACV-resistant DNA
polymerase mutant (PAA’S), respectively, in the
presence of ACV (10-uM), GCV (10-¢M), ara-A
(200-1M), and combined GCV (5-zM) and ara-A
(100-M) from the time of infection until 4, 8, or
14 hours postinfection. The synthesis of ICP4
(a-protein) in cells infected with HSV-1 KOS
strain or PAA’S was not altered by ACV, GCV,
ara-A, or combined GCV and vidarabine. The
synthesis rate of ICP8 (g-protein) in cells infected
with wild type HSV-1 KOS strain was not chan-
ged by those antiviral agents at 4 hours postinfec-
tion, but a significant increase in the synthesis rate
of ICP8 was noticed at 8 and 14 hours afier the
viral infection (Fig. 12, 13, 15 and 16). As shown

Fig. 16. Autoradiographic images of electrophor-
etically separated proteins from cells infected
with wild type HSV-1 (KOS) and maintained
in the absence or presence of antiviral agents
from the time of infection until 14 hours
postinfection.

in figure 16, there was a significant increase in the
synthesis of ICP8 at 14 hours after viral infection
in the presence of antiviral agents, while the
synthesis of ICP8 was almost completely shut off
in infection control. However, the synthesis of
ICP5 (y-protein) was significantly decreased by
antiviral agents, alone or in combination. The
inhibitory activity of combined GCV (5-xM) and
ara-A (100-uM) on ICPS in cells infected with
wild type HSV-1 KOS strain was comparable to
that of GCV (10-yM) alone (Fig. 15 and 16).
ACV at concentration of 10-u4M did not alter the
expression of ICP4, ICP8 or ICP5 in cells infected
with ACV-resistant DNA polymerase mutant
PAATS5, while GCV (10-uM), ara-A (200-p¢M), or
combined GCV (5-4M) and ara-A (100-M)
altered the expression of ICP8 and ICPS, not
ICP4, as similar manner as in cells infected with
wild type HSV-1 (Fig. 13, 17~19).
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Fig. 17. Autoradiographic images of electrophor-
etically separated proteins from cells infected
with ACV-resistant HSV-1 with DNA
polymerase mutation (PAA "5) and
maintained in the absence or presence of
antiviral agents from the time of infection
until 4 hours postinfection. A: Noninfection
control; B: HSV-1 (PAATS) infection only;
C: 10-uM of ACV with viral infection; D:
200-uM of ara-A with viral infection; E: 10-
#M OF GCV with viral infection; F: 5-4M of
GCV +100-uM of ara-A with viral infection.
The numbers at the left hands side indicate
the ICPs.

DISCUSSION

Although ACYV is now in extensive clinical use
for the treatment of HSV infections, recent reports
of the emergence of ACV-resistant HSV mutants
in patients give cause for concern when consider-
ing the plausibility of the antiviral therapy if
resistance can emerge so rapidly against a major
nontoxic drug (Field and Darby, 1980; Field et
al., 1982; Boijoly et al, 1983; Larder and Darby,

Fig. 18. Autoradiographic images of electrophor-
etically separated proteins from cells infected
with ACV-resistant HSV-1 (PAA"5) and
maintained in the absence or presence of
antiviral agents from the time of infection
until 8 hours postinfection.

1985). Therefore, evaluation of the effectiveness of
other antiviral agents to combat the ACV-
resistant HSV mutants becomes essential. Such
studies could also provide guidance to clinicians
in the proper selection of antiviral agents for the
treatment of ACV-resistant HSV infections. AS
expected, ACV-resistant HSV-1 with thymidine
kinase mutations were also resistant to GCV. In
the light of the fact that GCV is activated by
herpesvirus-encoded thymidine kinase, the
presence of viral-specific thymidine kinase is
essential for the activation of GCV. Therefore,
one could expect a weak antiherpetic activity of
GCYV in cells infected with HSV mutant (ACV?)
which does not express thymidine kinase. Another
type of ACV-resistnat HSV-1 (IUdR”) which
expresses thymidine kinase with altered substrate
specificity was also resistant to GCV, but it was
far less resistant to GCV compared to ACV?,
These data indicate that GCV could be slightly
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Fig. 19. Autoradiographic images of electrophor-
etically separated proteins from cells infected
with ACV-resistant HSV-1 (PAA’5) and
maintained in the absence or presence of
antiviral agents from the time of infection
until 14 hours postinfection.

activated by the thymidine kinase with altered
substrate specificity. Nonetheless, GCV should
not be recommended for the control of the infec-
tions caused by ACV-resistant HSV-1 with
thymidine kinase mutations. However, these
thymidine kinase mutants showed the same
sensitivity as the wild type HSV-1 to ara-A. As
mentioned earlier ara-A is phosphorylated by
adenosine kinase and adenylate kinase to be
active forms, ara-ADP and ara-ATP (Park and
Pavan-Langston, 1982). Since the activation of
ara-A is not depend on the presence of
herpesvirus-encoded thymidine kinase, ara-A
might show similar antiviral activity against the
wild type HSV-1 as well as thymidine kinase
mutants. Therefore, ara-A must be considered as
the drug of choice for infections caused by ACV-
resistant HSV with thymidine kinase mutations.
Since all tested antiviral agents interact finally

with viral specfic DNA polymerase to elicit their
antiviral activity, alteration of viral DNA
polymerase may confer resistance to these antivir-
al drugs. However, the DNA polymerase mutant,
PAAT"S showed an extreme sensitivity to GCV and
to ara-A: alterations at the DNA polymerase locus
which gave ACV resistance resulted in no change
in susceptibility to the other nucleoside analogs.
This result indicates that the binding sites of GCV
triphosphate and ara-A triphosphate in viral
DNA polymerase might be different from the
locus where ACYV triphosphate binds.

These results also showed that combined GCV
and ara-A showed potentiating synergistic activity
in cells infected with wild type HSV-1 or ACV-
resistant DNA polymerase mutant. The exact
mechanism of this synergism is unknown. How-
ever, based on these data that the combination of
GCV and ara-A reduced the synthesis of viral
DNA more significantly than GCV or ara-A
alone in the cells infected with wild type HSV-1 or
ACV-resistant DNA polymerase mutant, one
would assume that the combined regimen might
show synergism by inhibiting the synthesis of viral
DNA in the infected cells in a potentiating syner-
gistic manner. Since the mechanisms of activation
of GCV and ara-A are different, these drugs
would not interfere the each other’s activation
processes in viral infected cells, which allowed
one to predict the synergistic activity of these
drugs in combination. However, since GCV and
ara-A share the ultimate site of action, viral DNA
polymerase, combination of GCV and ara-A can
be assumed to produce antagonistic or indifferent
antiviral activities in the cells infected with sus-
ceptible viruses. In contrast to this assumption,
GCV and ara-A showed strong synergistic effect
in the inhibition of viral replication and viral
DNA synthesis. These results indicate that the
binding sites (or locus of action)of GCV and
ara-A might be different in the viral DNA
polymerase. The mechanisms of failure of additive
or potentiation synergism of GCV and ara-A
against thymidine kinase mutants is not clear with
this experiment. However, weak antiviral and
anti-DNA synthesis effects of GCV against the
thymidine kinase mutants might be responsible for
the lack of combined antiviral effect of GCV and
ara-A.

The present study indicates that the tested
antiviral agents inhibit the synthesis of viral DNA
and alters the expression pattern of some classes of
viral proteins in cells infected with the wild type
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HSV-1. The synthesis of viral ¢-and g-proteins in
the early stage of infection was not altered by the
antivirals, which indicates the expression of ¢-and
B-proteins in the early stage of infection is from
the parental viral DNA, not from the newly
synthesized progeny viral DNA. The data also
shows that the synthesis of B-proteins was in-
creased at the later stage of infection. Based on the
facts that (a) The synthesis of 3 classes of HSV
proteins is coordinately regulated and sequential-
ly ordered in a cascade manner (Honess and
Roizman, 1974 and 1975); (b) the synthesis of
viral DNA is known to begins at 3 hours postin-
fection, coincides with the appearance of §-
proteins (Roizman and Honess, 1974); (c) the
synthesis of viral g-proteins are negatively regulat-
ed by certain viral y-proteins (Godowski and
Knipe, 1986); and (d) most viral y-proteins are
expressed from the newly synthesized progeny
viral DNA (Chun and Park, 1987), the increase in
the B-proteins in the later stage of viral infection
might due to the potent inhibition of viral DNA
synthesis by the antiviral agents. Furthermore,
since parental viral DNA can serve as template for
mRNAs of @-, 5-, and y-proteins (Honess and
Roizman, 1973), the apparent stimulation of
B-proteins synthesis by the antiviral agents might
result from the parental viral DNA to be more
available for its transcription for 8-proteins rather
than any effect of antiviral agents on progeny viral
DNA. The electrophoretic profile seen in wild
type HSV-1 infected cells treated with antiviral
agents, alone or in combination, indicates in the
reduction in the synthesis of viral y-proteins such
as IPC5, ICP10, ICP11, ICP15, ICP25, ICP32,
and ICP33. Since the synthesis of new progeny
viral DNA occurs before the expression of most
y-proteins (Conley, 1981), and the greater portion
of viral y-proteins are made from the newly
synthesized progeny DNA (Furman and Mcguirt,
1983; Powell et al, 1975), the inhibition of viral
progeny DNA synthesis might be responsible for
the decrease in the synthesis of y-proteins in the
infected cells. The reduction of y-proteins, alth-
ough a secondary effect of antiviral agents, may
also play a role in the antiviral activity. The effect
of combined GCV and ara-A also shows some-
what synergistic activity in the inhibition of
y-protein expression. However, the synergism in
the inhibition of y-protein synthesis was not as
great as that in viral DNA synthesis. These data
suggest that part of viral y-proteins was synthes-
ized from the parental viral DNA. The effects of

GCV and ara-A, alone or in combination, on the
viral protein synthesis in cells infected with ACV-
resistant HSV-1 with DNA polymerase mutation
are similar to those in cells infected with wild type
HSV-1. This fact indicates that mode of
synergistic antiviral activity of combined GCV
and ara-A to ACV-resistant DNA polymerase
mutant is similar to that of those combined drugs
to wild type HSV-1.
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