
Antiviral Research 33 (1996) 65–72

Effect of 9-(4-hydroxybutyl)-N2-phenylguanine (HBPG), a
thymidine kinase inhibitor, on clinical recurrences of ocular

herpetic keratitis in squirrel monkeys

Herbert E. Kaufmana, Emily D. Varnella,*, George E. Wrightb, Hongyan Xub,
Bryan M. Gebhardta, Hilary W. Thompsona

aLions Eye Research Laboratories, LSU Eye Center, Louisiana State Uni6ersity Medical Center School of Medicine,
2020 Gra6ier Street, Suite B, New Orleans, LA 70112, USA

bDepartment of Pharmacology, Uni6ersity of Massachusetts Medical School, Worcester, MA 01655 USA

Received 27 March 1996; accepted 29 July 1996

Abstract

9-(4-Hydroxybutyl)-N2-phenylguanine (HBPG) is a new viral thymidine kinase inhibitor that we tested for the
ability to prevent recurrences of herpetic keratitis. Eighteen squirrel monkeys (Saimiri scuireus) were infected in both
corneas with the Rodanus strain of herpes simplex virus type 1 (HSV-1). All corneas showed typical dendritic keratitis
3 days after infection, followed by spontaneous healing. On day 21, the monkeys were randomized into two coded
groups and ocular examinations were begun. One group received intraperitoneal (i.p.) injections of HBPG, 150
mg/kg, in a corn oil suspension every 8 h, and the other group received i.p. injections of the corn oil vehicle only. On
day 22, recurrences were induced by reducing the temperature of the room in the late afternoon so that a low of 18°C
was achieved during the night. After the morning treatment, room temperature was raised to the normal ambient
temperature (24–27°C), and treatment was discontinued. Treatment was reinstituted on day 27, the room temperature
was lowered again on day 28, and treatment was again discontinued as before. Third and fourth cycles of treatment
and cold stress were begun on days 34 and 69. Ocular examinations were continued until day 73, at which point the
code was broken. We found that the HBPG treatment significantly reduced the number of corneas with recurrences
during the treatment periods, compared with recurrences in untreated, cold-stressed animals (P=0.01).
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1. Introduction

The herpes viruses are common pathogens in
humans and a variety of animal species (Straus et
al., 1985; Mertz, 1990). Herpes simplex virus type
1 (HSV-1) and herpes simplex virus type 2 (HSV-
2) infect epithelial and mucosal surfaces, causing
painful lesions and considerable emotional stress
(Whitley, 1990). It is well known that, coincident
with acute herpes infection, the virus enters the
nervous system and that viral latency and the
potential for reactivation and recurrent disease
are a lifelong threat (Mertz, 1990; Roizman and
Kaplan, 1992).

Many years ago, we developed the first effective
antiviral for the topical treatment of ocular HSV-
1 infection (Kaufman, 1962; Kaufman and Mal-
oney, 1962; Kaufman et al., 1962). Since then,
numerous anti-herpetic drugs have been designed
and tested; the current armamentarium includes
thymidine analogs, arabinonucleosides, and vari-
ous acyclonucleosides (Elion, 1985; Beyer et al.,
1989; Mansuri and Martin, 1991; Lapucci et al.,
1993). Virtually all of the drugs that are presently
available shorten the duration of acute herpes
infection of end organs such as the ocular surface
and the genital tract.

A major goal in antiviral drug development is
the design of chemotherapeutic agents that specifi-
cally inhibit viral reactivation from latency. Be-
cause HSV-1 achieves latency in the nervous
system and because reactivation from latency de-
pends on certain viral enzymes, many investiga-
tors have sought to target virally encoded
enzymes with drugs that inactivate or compete
with viral synthetic mechanisms (Elion, 1985; Leib
et al., 1990; Nsiah et al., 1990; Kaufman et al.,
1991; Bourne et al., 1992; Lapucci et al., 1993;
Taylor et al., 1994). Viral thymidine kinase has
been widely studied in this regard (Nutter et al.,
1987; Martin et al., 1989a,b; Spadari and Wright,
1989; Klein and Czelusniak, 1990; Kim et al.,
1993), and the status of inhibitors of this enzyme
has been reviewed (Wright, 1994). Inhibitors of
HSV thymidine kinase were first proven to be
effective in preventing viral reactivation in an in
vitro explant-cocultivation model of latently in-
fected murine trigeminal ganglia (Leib et al.,
1990).

Some of the currently available chemotherapeu-
tic agents have been shown to be effective in
reducing HSV-1 and HSV-2 recurrences in very
specific circumstances (Park et al., 1979; Saral et
al., 1981; Straus et al., 1984; Douglas et al., 1984;
Meyrick Thomas et al., 1985, Spruance et al.,
1988; Rooney et al., 1993). For example, acyclovir
is effective in reducing the viral recurrence rate in
patients with urogenital HSV-2 infection (Corey
et al., 1982; Douglas et al., 1984; Mindel et al.,
1984, 1988; Straus et al., 1984; Gold and Corey,
1987). Similarly, acyclovir is effective in reducing
the frequency of recurrences of oral–facial HSV-1
(Spruance et al., 1988; Rooney et al., 1993). Un-
fortunately, neither systemic nor topical acyclovir
has been proven effective in preventing ocular
recurrences of HSV-1 infection (Sanitato et al.,
1984; Collum et al., 1986). Barney and Foster
(1994) found that acyclovir reduced the recurrence
rate of ocular herpes after keratoplasty, but
steroids were used after the surgery and antivirals
are known to reduce recurrence rates after topical
corticosteroid administration. Legmann and
Langston (1995) presented a non-randomized, ret-
rospective study of a small group of patients who
seemed to have fewer recurrences when given oral
acyclovir, and there is an NIH-sponsored study
(Herpetic Eye Disease Study) in progress to deter-
mine if oral acyclovir is useful in preventing her-
petic recurrences. To date, however, there are no
conclusive data that establish the value of acy-
clovir in preventing ocular herpetic recurrences in
patients who are not treated with steroids.

Recently, we have been successful in synthesiz-
ing a compound that potently and specifically
inhibits herpetic viral thymidine kinases (Xu et
al., 1995). This compound, 9-(4-hydroxybutyl)-
N2-phenylguanine (HBPG), has physicochemical
properties that make it suitable for testing in vivo.
HBPG has been found to be active in preventing
HSV-1 reactivation in a mouse model of heat
stress-induced reactivation (Gebhardt et al.,
1996). Using our recently described primate
model of hypothermic induction of HSV-1 reacti-
vation (Varnell et al., 1995), we tested HBPG for
the ability to reduce ocular recurrences of herpetic
keratitis in monkeys.
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Fig. 1. Diagram of experimental design. Monkeys were treated every 8 h with i.p. injection of 150 mg/kg HBPG or corn oil. At the
time of the fifth injection, the ambient temperature was reduced to 16–18°C for a period of 16 h, during which time two additional
treatments were given. Eyes were examined every morning at 08:00 (X) for several days before, during, and several days after the
period of hypothermic stress (see Fig. 3).

2. Materials and methods

2.1. Animals

Eighteen male or female young adult squirrel
monkeys (Saimiri scuireus) weighing 0.46–1.08 kg
were used. All animals were handled in accor-
dance with the NIH guidelines on the care and
use of animals in research, the Association for
Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision
Research, and the approval of the Institutional
Animal Care and Use Committee of the LSU
Medical Center in New Orleans. The monkeys
had previously been used in breeding research but
had not been involved in any infectious disease
research.

2.2. Pharmacokinetic studies

Four monkeys were given single i.p. injections
of 150 mg/kg HBPG in corn oil suspension (10
mg/ml) and bled 2, 5, 8 and 10 h later. Two
monkeys were given single intravenous (i.v.) injec-
tions of 40 mg/kg HBPG dissolved in 90%
dimethylsulfoxide (10 mg/ml), and bled 0.5, 1, 2
and 3 h later. The primates were anesthetized with
10–40 mg/kg intramuscular ketamine prior to
injection of the drug, and were reanesthetized as
necessary for phlebotomy from the femoral vein.
No more than 0.2 ml of blood was removed at

each time point. Plasma was separated, frozen,
and subjected to analysis for HBPG content. Di-
luted plasma samples were analyzed by high-per-
formance liquid chromatography (HPLC) on a
C8 reverse-phase column, and concentrations of
HBPG were calculated from the absorbance of
the compound at 275 nm. Details of the condi-
tions have been published (Xu et al., 1995).

2.3. Efficacy trial

The corneas of the 18 squirrel monkeys were
anesthetized with a drop of proparacaine hy-
drochloride (Alcaine, Alcon, Humacao, PR). The
superficial corneal epithelium was minimally trau-
matized with a 27-gauge needle, after which 25 m l
of Rodanus strain HSV-1 was dropped into the
conjunctival cul-de-sac, and the eyelids were gen-
tly rubbed over the cornea for 10 s. The corneas
were stained with fluorescein (Fluor-I-Strip,
Wyeth-Ayerst, Philadelphia, PA) 3 days after in-
fection and the presence of herpetic keratitis was
verified in all corneas by slit-lamp biomicroscopic
examination. Based on the pharmacokinetic data,
we decided to use 150 mg/kg HBPG, i.p. every 8
h, and to inject drug or vehicle a total of five
times before lowering the room temperature.

Fig. 1 illustrates the experimental design. To
induce recurrences with hypothermic stress, the
room temperature was lowered at 16:00. Drug
treatment was continued two additional times
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(midnight and 08:00), and the desired low temper-
ature was noted at 06:00. Corneas were examined
at 08:00, and the room temperature was raised to
the normal level. Animals were exposed to four
cycles of temperature stress, with treatments start-
ing on days 21, 27, 34 and 69. A cross-over study
was not undertaken in order to avoid any drug
carryover from a possible depot of drug that
might slowly dissolve. Each animal was followed
serially because it is known that the numbers of
recurrences decrease with time after infection. The
corneal evaluations were done in a masked man-
ner so that the observer had no knowledge of the
treatments.

2.4. Statistical methods

The outcome was expressed as a binary variable
with the value 1 if an eye had a typical herpetic
lesion, 0 if it did not. The dependent variable was
the treatment, either HBPG or the vehicle. The
analyses were conducted separately for the time
during treatment and the time of no treatment.
The analysis was a Wilcoxon rank sums test using
a correction for a normal approximation with a
continuity correction for the two sample case (i.e.
the two levels of the treatment, HBPG and the
vehicle (Siegel, 1956)).

3. Results

Plasma from HBPG-treated animals was ana-
lyzed by HPLC to measure the time course of
drug residence in the circulation. The results of
i.v. dosing (Fig. 2(A)) showed an elimination half-
life of 1.05 h and a volume of distribution, 0.83
l/kg, that indicated uniform distribution of the
drug throughout body tissues. By contrast, after
i.p. injection, HBPG had an apparent plasma
half-life of 12.5 h (Fig. 2(B)), indicating that
elimination of the drug was dependent on the
absorption rate from the peritoneal cavity. The
prolonged plasma half-life suggested that i.p. in-
jection at convenient dosing intervals would
provide adequate and consistent concentrations of
drug at the target site, the trigeminal ganglion.
Intravenous dosing would have been impossible,

given the short half-life of the administered drug
and the volume of fluids required for i.v. adminis-
tration in such small animals. Indeed, the dosing
frequency by the i.p. route was chosen in order to
achieve higher peak drug concentrations at steady
state than was possible with a single dose.

The dosing frequency was chosen to cause a
degree of cumulation of drug in the plasma at

Fig. 2. (A) Plasma concentration of HBPG in two squirrel
monkeys that had been given a single i.v. injection of 40 mg/kg
HBPG dissolved in 90% dimethylsulfoxide shows an elimina-
tion half-life of 1.05 h and a volume of distribution of 0.83
l/kg. (B) Plasma concentration of HBPG in four squirrel
monkeys that had been given a single i.p. injection of 150
mg/kg HBPG in corn oil shows an apparent half-life of 12.5 h.
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Table 1
Recurrent epithelial herpetic keratitis in squirrel monkeys infected with HSV-1 strain Rodanus

EyesTreatmenta No. of observationsb Eye lesion days

Recurrent lesions No recurrent lesions

9/18 9/18Corn oil 47432
8/18HBPG 372 1910/18

a HBPG 150 mg/kg i.p. every 8 h on PI days 21, 22, 27, 28, 34, 35, 69, 70, 71 and 72, and at 08:00 on PI days 23, 29, 36 and 73;
corn oil given i.p. on same schedule.
b Total eyes examined over all days of study (PI days 16–73).

steady state and to reduce the peak-to-trough
variation during the reactivation protocol. By be-
ginning drug treatments before lowering the tem-
perature, the plasma concentration of drug would
be near steady state (about 4 half-lives). Assuming
that the plasma concentration just before the next
dose, a, is given by a=b exp(−0.693/t1/2)t,
where b is the peak concentration and t is the
dosing interval, the extent of cumulation with a
dosing frequency of 8 h is 2.8, i.e. b/(b−a). Thus,
the peak plasma concentration at steady state
would be 14 mM (2.8×5 mM (see Fig. 2(B)) and
the trough would be 9 mM.

All nine monkeys randomized to the HBPG-
treated group and six of the nine monkeys ran-
domized to the vehicle-treated group had at least
one incident of recurrent herpetic keratitis during
the observation period (Table 1 and Fig. 3). Dur-
ing the treatment periods, the frequency of
corneas showing specific recurrent herpetic kerati-
tis was significantly lower in the HBPG-treated
group than in the untreated control group (P=
0.01, Wilcoxon rank sums test). In the periods
before and after treatment, there were no signifi-
cant differences in the frequency of herpetic ker-
atitis between the two treatment groups (before:
P=0.6536; after: P=0.1106).

Three monkeys died during the study, one on
the night of day 28 when the temperature was
lowered to 16°C, one on the night of day 34, and
one during the night of day 69. Although all three
events were associated with treatment periods (6,
3, and 3 consecutive doses, respectively), the vet-
erinarian who performed the post mortem exami-
nations did not find any gross or histologic
findings suggesting HBPG toxicity. He found

non-specific changes suggesting hypoglycemia/
shock/possible stroke that could have been related
to the low temperature. Further studies of drug
toxicity will be required in the future.

4. Discussion

It is essential to demonstrate the safety and
efficacy of drugs that target viral enzyme systems
in primate species before testing these drugs in the
clinical setting. In the present study, we used a
model of hypothermic stress in primates (Varnell
et al., 1995). In this model, latently infected squir-
rel monkeys subjected to brief intervals of lowered
ambient temperatures (to approximately 18°C) ex-
hibited a significantly greater number of corneal
herpetic lesions compared with latently infected
animals maintained in an ambient temperature
range of 24–27°C. The results of the present
study provide evidence that a new drug, HBPG,
which inhibits viral thymidine kinase, is effective
in preventing viral reactivation and recrudescence
of ocular viral disease in hypothermically stressed
primates. These results support and broaden our
previous investigations with this and related com-
pounds (Xu et al., 1995; Gebhardt et al., 1996).

Xu et al. (1995) demonstrated that HBPG is an
effective inhibitor of HSV-1 thymidine kinase in
vitro and provided convincing evidence that this
compound achieves effective systemic distribution
and plasma levels, making it an ideal candidate
for further study as an antiviral. Subsequently,
Gebhardt et al. (1996) showed that HBPG is
effective in reducing viral reactivation in a murine
model; they demonstrated a reduced frequency of
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Fig. 3. The animals were examined only on the numbered days after infection; they were not examined on weekends or during the
period of post-infection (PI) day 39 through PI day 64. X denotes days of treatment. Vehicle-treated group=nine monkeys (18
eyes). HBPG-treated group=nine monkeys (18 eyes) through PI day 28, eight monkeys (16 eyes) through PI day 34, seven monkeys
(14 eyes) through PI day 69, and six monkeys (12 eyes) to end of study. On PI day 35, the room temperature could not be lowered
to the desired range of 16–18°C; a low of 20°C was attained. On PI days 35, 36 and 37, no recurrent keratitis was seen in either
group.

ocular shedding of infectious virus, as well as
reduced synthesis of viral DNA in the trigeminal
ganglion, the site of viral latency, in HBPG-
treated animals compared with untreated con-
trols. In the present study, however, corneas were
not cultured for the presence of herpesvirus be-
cause swabbing the eyes can damage the cornea
and cause other trauma which may mimic viral
lesions or perhaps even induce viral shedding.

Research into antiviral drugs has been focused
on compounds that shorten the duration of acute
infection and the destructive effects of the virus in
the infected organs (Elion, 1985; Beyer et al.,
1989; Mansuri and Martin, 1991; Lapucci et al.,
1993). For HSV-1 and HSV-2, a major thrust of
drug development is aimed at preventing viral
reactivation. An especially desirable goal is to
develop a safe, nontoxic, effective antiviral that
can be self-administered and that can prevent
viral reactivation in carriers of latent her-
pesviruses. For many years, we have focused our
attention on the design and testing of antiviral
compounds directed against metabolic pathways
that are involved in viral synthesis and assembly
during reactivation from latency (Kaufman,

1993), and we believe that viral thymidine kinase
inhibitors that do not affect host enzymes have
great potential for both safety and efficacy. For
example, we tested the thymidine kinase inhibitor
5%-ethynylthymidine and found that this drug sup-
pressed ocular recurrences of HSV-1 (Kaufman et
al., 1991). Unfortunately, in order to achieve the
desired effect, the drug had to be administered i.p.
every 4 h for many days. Our present study with
HBPG in primates provides a stimulus for further
investigation into the use of such compounds in
preventing viral reactivation in the clinical setting.
Ultimately, it should be possible to provide pa-
tients with an oral medication that can be taken
routinely in circumstances where viral reactivation
is a likely event.
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