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Famciclovir (FCV) is efficacious in the treatment of acute herpes zoster and recurrent genital infections but
has not been used to treat ocular herpes simplex virus (HSV) infections. We evaluated the efficacy of orally
administered FCV in treating HSV-1 epithelial keratitis and determined its effects on the establishment of
latency and subsequent reactivation. Rabbits were inoculated with HSV-1 strain 17 syn+ and treated twice
daily with increasing concentrations of FCV (60 to 500 mg/kg of body weight). This resulted in a significant,
dose-dependent improvement in Kkeratitis scores, as well as prolonged survival. Regardless of the dose of drug
used, all groups exhibited the high rates of spontaneous and induced reactivation characteristic of 17syn+. The
efficacy of 250 mg of FCV per kg was also compared to topical treatment with 1% trifluorothymidine (TFT).
Although TFT treatment was more effective at reducing eye disease, FCV-treated rabbits had a better survival
rate. Real-time quantitative PCR analysis of rabbit trigeminal ganglia (TG) demonstrated that FCV signifi-
cantly reduced the HSV-1 copy number compared to that after treatment with TFT or the placebo but not in
a dose-dependent manner. In summary, oral FCV treatment significantly reduces the severity of corneal
lesions, reduces the number of HSV-1 genomes in the TG, improves survival, and therefore may be beneficial
in reducing the morbidity of HSV keratitis in the clinic.

Herpes simplex virus type 1 (HSV-1) typically infects muco-
sal surfaces or the skin and manifests as herpes labialis, sto-
matitis, or keratitis. The virus travels by retrograde axonal
transport through the neurons innervating these areas to infect
the sensory ganglia and establish a latent infection. The virus
can also travel to the brain, causing encephalitis, a life-threat-
ening infection. HSV-1 typically remains latent; however, cer-
tain stimuli, such as stress, fever, UV irradiation, and immu-
nosuppression, cause the virus to reactivate and reappear at
the original site of infection or at any other site innervated by
the ganglion (53). Recurrent herpes keratitis causes significant
morbidity, corneal scarring, reduced visual acuity, and eventual
blindness. Although disease severity is most often associated
with recurrence, primary infection of the eye can be equally
detrimental. The only available “cure” for severe recurrent
herpes keratitis is corneal transplantation; however, transplant
recipients are still susceptible to recurrent disease, as the virus
has not been eliminated from the latent reservoir (28, 42).

Since the advent of the first antiviral, idoxuridine, in 1962
(25; see also references 26 and 27), research has focused on
new therapies to prevent recurrent herpes virus infections.
Treatment for HSV-1 infection is dependent on the site of the
acute or recurrent lesion. For example, orofacial lesions can be
treated with a topical cream of penciclovir (PCV) or acyclovir
(ACV), encephalitis is treated with systemic ACV, and herpes
keratitis is treated with topical drops of trifluorothymidine
(trifluridine) (TFT) (7). The difficulty with treatment arises
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from the ability of the herpes virus to establish and maintain a
latent state within the neuron. Current therapies act only at the
site of viral replication and do not counteract the latent virus in
a nonreactivating neuron or prevent neuronal reactivation.
Clinical trials of prophylactic treatment have been conducted
in an attempt to prevent or reduce neuronal reactivation. One
such study conducted by the Herpetic Eye Disease Study
Group indicates that patients with a history of ocular HSV
disease and given oral ACV (400 mg/kg) twice daily (b.i.d.) for
1 year had a 50% decrease in the number of episodes of
stromal keratitis from the number experienced by the placebo-
treated group (16). The data collected from this group were
also analyzed in regard to individual herpetic eye diseases (17).
They found that prophylactic ACV treatment reduced all her-
petic eye disease by about half compared to what occurred with
the placebo. ACV treatment was also beneficial for superficial
disease such as blepharitis and epithelial keratitis, as well as
deeper forms such as stromal keratitis and keratouveitis (17).
At the time this clinical study was initiated (September 1992),
ACV was the only commercially available oral antiherpetic
drug. The efficacy of valaciclovir (VCV), the oral prodrug of
ACV, was tested in latently infected rabbits that underwent
excimer laser keratectomy to determine if HSV-1 shedding
could be prevented following the photoablative procedure
(10). Latently infected rabbits given either 100 or 150 mg of
VCYV per kg of body weight per day intraperitoneally for 7 days
beginning 1 day before the procedure were found to have
significantly fewer shedding days than the placebo-treated rab-
bits. Prophylactic treatment with VCV may be beneficial to
patients with a history of ocular HSV that are undergoing this
procedure.

Famciclovir (FCV), the oral prodrug of PCV, has increased
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oral bioavailability, and the active triphosphate form persists in
the infected cell longer than ACV (36). FCV is currently ap-
proved for the treatment of herpes zoster and the treatment
and suppression of genital herpes (7, 9). FCV has also been
used in clinical trials for herpes labialis (2, 8, 11, 39, 41, 43, 44).
A clinical trial by Spruance et al. (44) demonstrated that oral
FCV decreased the median lesion size in a dose-dependent
manner and that, at higher doses, it decreased the time to
healing following UV radiation-induced HSV labialis. Those
investigators obtained similar results with this model when oral
FCV was combined with a topical corticosteroid (43). FCV
prophylaxis was effective in preventing HSV recurrences fol-
lowing laser skin resurfacing (2). These studies indicate that
oral FCV prophylaxis may benefit patients that suffer from
numerous HSV recurrences.

We report the use of orally administered FCV as a therapy
for ocular herpes infection in rabbits. We found a significant
dose-dependent effect on the slit lamp examination (SLE)
scores for the eyes of rabbits acutely infected with HSV-1
strain 17syn+. Comparisons of oral FCV to topical TFT (the
treatment of choice for herpes keratitis) indicated that TFT
was more effective in reducing HSV-1 lesions; however, FCV-
treated rabbits had a significantly lower HSV-1 genome copy
number in their trigeminal ganglia (TG) relative to that of
control or TFT-treated rabbits. Therefore, oral FCV signifi-
cantly reduced the severity of corneal lesions and may be
beneficial in reducing morbidity in HSV keratitis patients.

MATERIALS AND METHODS

Virus and cells. The virus used in this study was HSV-1 strain 17syn+ (re-
ceived from the laboratory of Jack Stevens, University of California at Los
Angeles). The virus was propagated on primary rabbit kidney (PRK) cells in
Earle’s minimal essential medium (Gibco Life Technologies, Gaithersburg, Md.)
with 10% fetal bovine serum. Plaque assays were performed on CV-1 (African
green monkey) cells. The presence of infectious virus in the reactivation exper-
iments was assessed by placing tear film swabs in a tube containing a confluent
monolayer of PRK cells. The swabs were removed after 48 h, and the monolayers
were examined for cytopathic effect (CPE) and determined to be either positive
or negative (4, 18, 24).

Drug experiments. Several antiviral experiments were conducted to determine
the efficacies of the therapies against acute ocular herpes keratitis. The experi-
mental design was as follows.

(i) Oral gavage of FCV b.i.d. The antiviral efficacy of oral FCV on acute ocular
herpes was determined in rabbits inoculated with HSV-1 strain 17syn+. Corneas
were examined for lesions by slit lamp microscopy with 0.1% fluorescein to
visualize the corneal epithelium. The SLE score scale was as follows: 0, no
corneal involvement; 0.25, punctate lesions; 0.5, multiple punctate and/or small
dendritic lesions; 1.0, large dendritic lesions; 1.5, dendritic lesions with mild
stromal involvement; 2.0, stromal involvement with the pupillary iris visible; 3.0,
severe stromal involvement with the pupillary iris not visible; and 4.0, severe
stromal keratitis with the peripheral iris not visible. The acute corneal lesions
were initially assessed on postinoculation (p.i.) day 3, and the rabbits were
divided into five treatment groups based on SLE scores to allow for an even
distribution of high and low scores. Treatment groups consisted of rabbits ad-
ministered a placebo (H,O) or 60, 120, 250, or 500 mg of FCV (provided as a
powder from SmithKline Beecham Pharmaceuticals, Collegeville, Pa.) per kg of
body weight dissolved in deionized water. The drug was delivered b.i.d. by gastric
gavage using an 18-gauge feeding tube (Sherwood Medical, St. Louis, Mo.). The
drug was flushed from the tube using 3.5 ml of water to ensure complete drug
delivery. Some precipitation of the FCV in the 500-mg/kg solutions was noted
during the gavage period, which could have resulted in the rabbits receiving a
lower actual dose. The treatment period consisted of five consecutive days
starting on p.i. day 3. Each of the FCV groups contained 5 rabbits, and the
placebo group contained 10 rabbits. A second, similar experiment was conducted
with treatment beginning on p.i. day 3 and continuing for eight consecutive days
with 12 rabbits per group.
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(ii) Comparisons of oral FCV to the standard therapy, TFT, for herpes
keratitis. The effect of oral FCV was also compared to the drug of choice in the
treatment of herpes keratitis, TFT (Viroptic; GlaxoWellcome, Research Triangle
Park, N.C.). Rabbits were inoculated with HSV-1 strain 17syn+, subjected to
SLE on the appropriate day, and randomly assigned to treatment groups based
on SLE scores. The treatment groups consisted of rabbits administered (i) 250
mg of FCV per kg b.i.d., (ii) a placebo (H,O) b.i.d., (iii) topical drops of TFT (1
drop given 5 times per day), or (iv) topical drops of balanced salt solution (BSS;
1 drop given 5 times per day). FCV and the placebo were given b.i.d. as described
above, while the TFT and BSS drops were topically administered five times daily
for eight consecutive days. Each treatment group, including the placebo group,
contained 10 rabbits. The rationale for the start of treatment at 72 h is that it
closely mimics the initiation of treatment in a clinical setting. In another group
of rabbits, treatment with FCV and TFT was initiated 24 h after inoculation to
assess the outcome of the treatment on herpetic keratitis and viral DNA load in
the TG (see below).

Inoculation of rabbit eyes with HSV-1 strain 17syn+. New Zealand White
rabbits (1 to 1.5 kg; McNeil Rabbitry, Carriere, Miss.) were inoculated with 5 X
10° PFU of HSV-1 strain 17syn+ in each eye following light scarification. Each
eye was anesthetized with a drop of 0.5% proparacaine HCI (Alcaine; Alcon,
Humacao, Puerto Rico) and scarified with a 30-gauge needle in a 2 by 2 cross-
hatch pattern covering the center of the cornea. The viral suspension was placed
in the lower cul-de-sac, and the eyelid was closed and gently massaged for 30 s.
The acute infection was monitored by slit lamp microscopy starting on p.i. day 3.
The SLE was done daily from p.i. days 3 through 10 and again on p.i. days 12 and
14. The rabbits were examined again on p.i. day 20 to assess the recovery of the
corneal epithelium from the herpes keratitis. All rabbits exhibiting acute lesions
with subsequent recovery were considered latently infected (24).

Acute viral titers were determined on the tear film samples collected from
three eyes from different rabbits in each group. Prior to the start of daily
treatments with FCV and TFT, a tear film sample was collected by placing a
Dacron-tipped swab (Puritan; Hardwood Products Co., Guilford, Maine) in the
lower cul-de-sac of the eye, with care being taken to avoid the cornea. The tears
were allowed to absorb for 10 s, and the swab was removed and placed in 1 ml
of Earle’s minimal essential medium with 2% fetal calf serum. The tubes con-
taining the swabs were agitated at 37°C for 1 h, the swabs were removed, and the
eluate was used in plaque assays. The plaque assays were performed on CV-1
cells without an overlay and stopped 36 h after the addition of the eluate dilution
by adding 5% buffered formalin. Plaques were visualized with crystal violet
staining.

Spontaneous reactivation of latently infected rabbits that received FCV treat-
ment during the acute infection. Spontaneous reactivation was monitored for 20
continuous days starting on p.i. day 21 to determine the presence of virus. A
Dacron swab was placed in the lower cul-de-sac of each eye and then passed
gently over the conjunctiva and cornea to collect the tear film. The swab was
placed in a tube containing a confluent PRK monolayer and monitored for CPE
as described above.

Transcorneal epinephrine iontophoresis of latently infected rabbits that re-
ceived FCV treatment during acute infection. Prior to iontophoresis, each rabbit
eye was again examined by slit lamp microscopy to determine the integrity of the
corneal epithelium following spontaneous reactivation. Each rabbit eye that did
not have corneal scarring or neovascularization underwent induced reactivation
by transcorneal iontophoresis of 0.015% epinephrine (0.8 mA, 8 min) to induce
viral shedding (24). Iontophoresis was performed for three consecutive days (22,
31). Ocular swabbing was conducted prior to iontophoresis each day and for 5
additional days (total of 7 days after the first iontophoresis procedure) as de-
scribed above.

Collection of TG samples from the rabbits following each experiment. The
rabbits were handled and maintained in accordance with the guidelines of the
Association for Research in Vision and Ophthalmology in its Resolution on the
Use of Animals in Research. The TG were harvested and snap frozen in liquid
nitrogen for later analysis (24). Rabbits were sacrificed by an intravenous injec-
tion of sodium pentobarbital (Sigma, St. Louis, Mo.), the hair and skin were
removed from the skull area, and the skullcap was removed. The brain was
removed, and the TG were exposed. The bony processes were removed, and the
TG were excised by severing the connection at the optic chiasm at the lateral
cranial nerve pairs and at the dorsal root entry zone of the brain.

Real-time quantitative PCR analysis of DNA extracted from the TG from
rabbits infected with HSV-1 strain 17syn+. To quantitate the viral load during
latency, DNA was isolated from rabbit TG using a commercial extraction method
(QIAamp tissue kit; Qiagen, Valencia, Calif.). Real-time quantitative PCRs were
performed in 50-pl volumes containing 2X TagMan Universal PCR Master mix
(Perkin-Elmer, Norwalk, Conn.) and 100 ng of DNA for the detection of viral
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TABLE 1. Primer sequences and probes used in real-time
quantitative PCRs

Primer Sequence

gC (UL44)
Forward......... 5'-GATGCCGGTTTCGGAATTC-3'
Reverse ......... 5'-CCCATGGAGTAACGCCATATCT-3'
Probe............. Fam-ACCCGCATGGAGTTCCGCCTC-Tamra

ICP27 (UL54)
Forward........5'-CGCCAAGAAAATTTCATCGAG-3’
Reverse .........5'-ACATCTTGCACCACGCCAG-3'
Probe............. Fam-CTGGCCTCCGCCGACGAGAC-Tamra

Forward......... 5'-CCCCCTGAACCCCAAGG-3’
Reverse.......... 5'-CCGGCGTGTTGAACGTCT-3’
Probe............. Fam-CAACCGCGAGAAGATGACCCAGATCA-Tamra

load. Reaction mixtures contained 200 nM concentrations of TagMan primers
and a 200 nM concentration of the TagMan probe. Primer pairs and probes are
described in Table 1 and were designed using Primer Express software (Perkin-
Elmer). Probes were labeled at the 5 end with the fluorescent reporter dye Fam
and at the 3’ end with the fluorescent quencher dye Tamra (Synthegen, Houston,
Tex.) to allow direct detection of the PCR product. Amplification and detection
were performed using an ABI7700 sequence detector (PE Biosystems, Norwalk,
Conn.) Relative copy number was calculated using a standard curve generated
from purified HSV-1 (SC-16) viral DNA that had been serially diluted in 10 ng
of rabbit genomic DNA (Clontech, Palo Alto, Calif.) per pl. Viral DNA was
diluted to contain from 1 copy to 1 million copies in 2 pl and subjected to
TaqMan PCR with each primer set to generate standard curves and evaluate
relative primer sensitivity (40).

Statistical analysis. The statistical analysis of data was conducted as follows.

(i) SLE score analysis. The SLE scores were analyzed using a nested design by
analysis of variance (34). In this model, the rabbits were considered the nested
effect within the treatments (drug or placebo). The main effects assessed in the
model were treatments, days of SLE, and the interaction of treatments and days.
The effects of the treatment and day were assessed individually using the nested
effect rather than the overall error. Each treatment mean on each day was tested
for statistical significance using a protected ¢ test of least-square means (34).

(ii) Reactivation frequency analysis. The ratios of the number of positive
swabs for each rabbit to the total number of swabs collected for each FCV
treatment group in both the spontaneous and epinephrine-induced reactivation
experiments were analyzed using logistic regression analysis. In this analysis, the
outcome was the frequency of positive swabs per rabbit compared to the number
of total swabs and the dependent variable was the FCV concentration, with the
placebo being assigned a concentration of 0 mg/kg (1).

(iii) HSV-1 genome copy number analysis. HSV-1 genome copy number was
analyzed using a one-way analysis of variance, with copy number as the outcome
and treatment (drug or placebo at 24 or 72 h) as the dependent variable. We
conducted individual comparisons of the results of protected ¢ tests of least-
square means (34, 51).

RESULTS

Dose-dependent effect of oral FCV on herpetic keratitis SLE
scores. To determine the efficacy of oral FCV, rabbits were
inoculated with 17syn+ and treated b.i.d. with various doses of
oral FCV from p.i. days 3 through 7. The upper dose was
selected in part based on the maximum amount of FCV we
could dissolve (500 mg/kg); the lowest dose (60 mg/kg) was
shown to be effective based on data obtained with murine HSV
infection models (reviewed in references 13 and 45). Treat-
ment with oral FCV demonstrated a statistically significant,
dose-dependent improvement in keratitis SLE scores (Fig. 1).
Statistical analysis indicates that the SLE scores of animals
treated with the oral FCV doses of 120, 250, and 500 mg/kg
were significantly lower than the SLE scores of animals treaetd
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FIG. 1. Reduction in herpes keratitis SLE scores due to oral FCV
therapy. Groups of five rabbits each were inoculated with 2 X 10° PFU
of HSV-1 strain 17syn+ and treated b.i.d. with various doses of FCV
by oral gavage. The keratitis was monitored by slit lamp microscopy
from p.i. day 3 through day 14. The FCV doses were 60, 120, 250, and
500 mg/kg, and the placebo was water. SLE scores after FCV treat-
ment that are significantly different from SLE scores after administra-
tion of the placebo (P = 0.0001) are represented by the symbols on the
x axis, where V¥ is 250 and 500 mg of FCV per kg, % is 120 mg of FCV
per kg, and A is 60 mg of FCV per kg. The error bars represent the
standard errors of the least-square means.

with the placebo beginning on p.i. day 6 (third day of treat-
ment; P < 0.05). The 60-mg/kg dose of FCV did not have a
significant effect relative to that of the placebo on p.i. days 3
through 8. However, the SLE scores of this group became
statistically less than those of the placebo group on p.i. days 9,
12, and 14. This significant difference was maintained in all the
FCV treatment groups to the end of the evaluation period. The
data were reproduced in a second independent experiment
with treatment starting on p.i. day 3 and continuing through
p.i. day 10 (data not shown).

Efficacy of oral FCV compared to that of topical drops of
TFT. To determine if oral FCV was as effective as the current
treatment regimen for herpetic keratitis, topical drops of TFT,
rabbits were inoculated with 17syn+ and treated with either
oral FCV at 250 mg/kg b.i.d. or topical drops of 1% TFT five
times a day. There was a statistically significant improvement
in the herpetic keratitis scores for both FCV and TFT com-
pared to the score for no drug when treatment was initiated at
72 h p.i. (Fig. 2A). Topical TFT was significantly better than
FCV during p.i. days 4 through 7; however, by p.i. day 8, the
sixth day of oral FCV, there was no difference in the SLE
scores for the two drugs. When treatment was begun at 24 h
p.i., both FCV and TFT were more efficacious than the place-
bos in reducing the SLE scores in herpetic keratitis (Fig. 2B),
similar to what occurred when treatment started at 72 h p.i. Up
to p.i. day 6, TFT was significantly more effective in reducing
SLE scores than FCV. Both drugs appeared to have equal
efficacies from p.i. day 7 through 14. The initiation of FCV
treatment 24 h after inoculation did not decrease the interval
of time for FCV to equal TFT in the SLE scores (6 days of
treatment).

Effects of oral FCV and topical TFT on the acute viral titers
in the tear film. The effects of oral FCV and topical TFT were
also evaluated by determining the acute viral titers present in
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FIG. 2. Reduction in keratitis SLE scores due to oral FCV or
topical TFT. Groups of 10 rabbits each were inoculated with 2 X 10°
PFU of HSV-1 strain 17syn+ and treated with oral FCV at 250 mg/kg
given b.i.d. by oral gavage or with topical drops of TFT given five times
a day. The treatments were started at either 72 h (A) or 24 h (B) and
continued for eight consecutive days. The keratitis was monitored by
slit lamp microscopy, as indicated on the x axis of each graph. The
placebo was water given orally, while BSS was given as topical drops.
TFT SLE scores that are significantly different from FCV SLE scores
(%; P = 0.0001), TFT and FCV SLE scores that exhibit no difference
(V), and TFT, FCV, and BSS SLE scores that exhibit no difference (A)
are noted on the x axis. The error bars represent the standard errors of
the least-square means.

the tears of rabbits receiving antiviral therapy or no drug.
Acute viral titers were determined for each group prior to the
start of daily therapy. Linear-regression analysis of the scatter
plot (Fig. 3) indicates that there was no significant difference in
the amounts of virus present in the tears of the rabbits in the
antiviral groups compared to that present in the tears of the
rabbits in the placebo group. TFT-treated rabbits did clear the
virus more quickly than FCV- or placebo-treated rabbits. No
infectious virus was detected after 4 days of treatment regard-
less of when treatment was initiated (24 or 72 h p.i.). It took at
least 5 days of treatment with FCV before no infectious virus
was detected. By p.i. day 10, rabbits in all groups had no
detectable infectious virus in their tear films.

Effect of oral FCV given during acute infection on reactiva-
tion. Rabbits previously treated during acute infection with
various doses of FCV were assessed for spontaneous viral
shedding in their tear films following the establishment of
latency. A high frequency of spontaneous shedding was ob-
served in all treatment groups (Tables 2 to 4). Statistical anal-
ysis by logistic regression indicates that there is no significant
difference between results for the FCV-treated groups and the
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placebo group (overall model P value = 0.7308). We also
examined the induced-reactivation frequencies following
transcorneal iontophoresis of epinephrine (Tables 2, 3, and 5).
Statistical analysis by logistic regression indicated that FCV
treatment during acute infection did not affect induced reac-
tivation (overall model P value = 0.3141).

Effect of oral FCV or topical TFT therapy on the establish-
ment of latency in TG. Real-time quantitative PCR was used to
determine the effect of oral FCV on the establishment of
latency in TG. The relative HSV-1 genome copy numbers in
TG were significantly lower in the FCV-treated rabbits than in
the placebo-treated rabbits (Fig. 4A and Table 6). Statistical
analysis indicated that oral FCV, regardless of the dose, sig-
nificantly reduced the copy number of the viral gene for gC
(Fig. 4A) (P < 0.05). The copy number was verified with a
second primer pair for ICP27 (Table 6). There was not a linear
relationship between DNA copy number and FCV dose as was
seen in the SLE scores.

Since TFT was effective in reducing both SLE scores and
acute viral titers, we compared the HSV-1 viral DNA loads in
the TG of latently infected rabbits that received either TFT or
FCV by real-time PCR. The HSV-1 genome copy numbers
when primers for gC were used were significantly reduced in
rabbits receiving the oral dose of FCV, regardless of the initi-
ation time (24 or 72 h p.i.) (P value = 0.0003), compared to
those in rabbits receiving no treatment or topical TFT at both
24 and 72 h (Fig. 4B). There was no significant difference
between copy numbers in TFT-treated and untreated TG (P
values = 0.8320 and 0.0787 for 24 and 72 h p.i., respectively).
The copy numbers were verified with a second primer pair for
ICP27 (data not shown).

Effects of FCV and TFT therapy on rabbit survival rates. To
determine the effects of FCV and TFT on the survival rates of
rabbits during the acute infection, we monitored the rabbits for
2 weeks following inoculation. Rabbits receiving oral FCV
b.i.d. (120, 250, and 500 mg/kg) had a significantly higher rate
of survival than that of the placebo controls (Fig. SA) (P =
0.0001) as determined by the Wilcoxon equality-over-stratum
analysis (33). While topical TFT can reduce the severity of
herpetic keratitis and viral titers in the tear film, it is unable to
protect the animal from the morbidity of herpes encephalitis as
determined by seizures, head tilt, lateral recumbancy, and
death. FCV-treated rabbits had a significantly higher rate of
survival than TFT-treated rabbits (Fig. 5B) (P = 0.0001).

DISCUSSION

We used HSV-1 infection of rabbit corneas to determine the
efficacy of oral FCV on ocular herpes infection and the estab-
lishment of latency. An advantage of performing such a study
with rabbits is that it is possible to assess the effect of antiviral
therapy on spontaneous and induced HSV-1 reactivation.
HSV-1 strain 17syn+ has been used in the Hill laboratory in
numerous reactivation studies because of its high frequency of
reactivation in rabbits (5, 9, 19-21, 23). The use of this virus
allows us to assess any changes in the pathogenesis of the
infection caused by the antiviral therapy. Our results indicate
that oral FCV administered b.i.d. can, in a dose-dependent
manner, significantly improve the herpetic keratitis SLE
scores. While oral FCV was not as effective as topical drops of
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FIG. 3. Scatter plot of acute viral titers in the tear film samples of rabbits receiving the placebo or antiviral therapy. Eyes from three randomly
selected rabbits were swabbed to collect tear film samples, which were assessed for infectious viral titer by plaque assay. The swabs were collected
prior to treatment with oral FCV at 250 mg/kg given b.i.d. by oral gavage or with topical drops of TFT given five times a day. The treatments were
started at either 24 or 72 h and continued for eight consecutive days. Treatment groups consisted of rabbits that received no drug (®), TFT started
at 24 h (®), TFT started at 72 h (=), FCV started at 24 h (+), and FCV started at 72 h (A).

TFT in reducing acute ocular infection or viral titers in the tear
film, it was significantly better than the placebo, regardless of
whether therapy was started at 24 or 72 h p.i. In addition,
although therapeutic doses of FCV did not prevent the estab-
lishment of latency or decrease the spontaneous- and induced-
reactivation frequencies compared to what occurred with the
placebo, there was a significant reduction in the genome copy
number in the TG. This reduction was not dose dependent.
Rabbits that received FCV also had a significant increase in the
rate of survival compared to that of rabbits that received TFT.

Many antiviral efficacy studies are conducted with mice be-
cause they are less expensive, easier to house, and require
much less drug. Brandt et al. (6) used mice to demonstrate that
TFT at various topical doses could improve SLE scores and
reduce viral titers in the eye and TG, as well as reduce reac-
tivation in TG explant cultures. LeBlanc et al. (32) also used
mice to determine the efficacies of FCV and VCV and re-
ported that the two drugs were equally effective in reducing
viral titers in the eye and mortality rates; however, VCV was
better than FCV at decreasing the viral load in the TG of

TABLE 2. Spontaneous and induced reactivation frequencies in latently infected rabbits after oral FCV treatment during acute infection

Spontaneous reactivation”
FCV treatment

Induced reactivation”

(mg/kg)* Total no. of % of positive swabs/rabbit Total no. of Total no. of % of positive swabs/rabbit Total no. of
rabbits? (mean * SE)* swabs/ rabbits (mean =+ SE) swabs
0 (water) 6 26 7 239 5 47 =10 70
60 4 309 159 3 36 =20 42
120 5 24*9 182 4 16 =8 49
250 5 24*9 200 5 239 70
500 4 28 =8 159 4 36 =7 56

“ Spontaneous reactivation indicates that virus was shed without an induction stimulus.
® In induced reactivation, rabbits underwent transcorneal iontophoresis with 0.015% epinephrine.
¢ Treatment the rabbits received during acute infection; see Materials and Methods.

4 Number of rabbits included in each group.

¢ The means and standard errors of the means are calculated from results for multiple rabbits in each group from one experiment. The spontaneous and induced

reactivation experiments were conducted on the same set of rabbits.

/Total number of swabs collected over the duration of the study; see Materials and Methods.

£ One rabbit died during the spontaneous swabbing experiment.
" One rabbit had only one eye iontophoresed due to corneal scarring.
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TABLE 3. Spontaneous- and induced-reactivation summary*
Spontaneous shedding” after administration of FCV at: Induced reactivation® after administration of FCV at:
Rabbit 0 60 120 250 500 0 60 120 250 500
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
(0N OD (oM OD (0N} OD (0N OD (O OD (0N OD (0N} OD oS OD (0N OD (oM OD

1 3 0 0 13 84 8 4 3 4 1 6 6 1 ND* ND ND 1 5 1 4
2 8 14 3 3 2 3 1 0 iy 12 2 2 5 6 1 4 0 0 2 1
3 10 12 0 7 0 0 10 9 9 1 2 ND 0 2 0 0 3 4 3
4 6 27 1 11 1 9 3 5 9 8 6 ND 3 0 0 1 4 0 4 1
5 1 1 2 2 10 3 1 ND ND 0 3 0
6 2 1 4 2

“ Data are presented for each rabbit eye used in the spontaneous- and induced-reactivation experiments. OS, left eye; OD, right eye.

> Spontaneous reactivation indicates that virus was shed without an induction stimulus; data are for 20 days per eye unless noted otherwise.
¢ In induced reactivation, rabbits underwent transcorneal iontophoresis with 0.015% epinephrine; data are for 7 days per eye.

4 One rabbit died during spontaneous swabbing, and only 11 swabs per eye were collected.

¢ ND, not done due to corneal scarring.

/One sample was contaminated and not counted in the summary; data are for 19 days per eye.

latently infected mice. Placebo-treated mice did not survive, so
the overall effect of viral load reduction could not be assessed.
The lower HSV genome copy numbers, however, did not affect
reactivation rates either in TG explant cultures or following
UV irradiation of the cornea (32). Kaufman et al. (30) have
demonstrated, with the rabbit eye model, that a topical oint-

ment of PCV, the parent drug of FCV, while not as efficacious
as TFT, may prove beneficial in the treatment of epithelial
keratitis in a clinical venue. Neither TFT nor PCV had an
effect on spontaneous recurrences after therapy was stopped.
While we did not assess the effect of TFT on induced reacti-
vation in our study, we found no difference between the viral

TABLE 4. Selected data from rabbits undergoing spontaneous reactivation

Day p.i.
Rabbit Treatment Eye”
21 22 23 24 25 26 27 28 29 30 31 32 33 3 35 3 37 38 39 40
J2 Placebo (watery OD - - - - - - — — — — - - - - - - - - - -
oS - - - - - - - - - - + + + - - - - - - -
J9 ob - - + - - - + - + + + + + + + + + + + +
oS - - + 4+ + + - - - - - - - - - + + + + -
J3 60mgof FCV OD - - - + + + + + + + + + + + + + - - - -
per kg o - - - - - - - - - - - - - - - - - - - -
J13 ob - - - - - - + + - + + + + + - - - - - -
os - - - - - - - - - - - = - - - - - - - -
Jo 120mgof FCV OD - - - 4+ + + + + + + + ND° ND ND ND ND ND ND ND ND
per kg s - - - + + + 4+ + 4+ + 4+ ND ND ND ND ND ND ND ND ND
J22 ob - - - + + + + + + + + + - - - - - - - -
oS - - - 4+ - - - - - - - - - - - - - - - -
J12 250mgof FCV OD - - + - - — — + + + + + + + + - - - - -
per kg oS - - + - + + + + + + + + + - - - - - - -
J16 ob - - + - - - - - - - - - - - - 4+ + + 4+ -
os - - 4+ - - + 4+ - - - - = - - - - - - - -
Jit 500 mgof FCV. OD - - + - - - - — — — — - - - - - - - - -
per kg os - - + + - - - - - - - = - - - - - - + +
J26 ob - - + + + + + + + + - = - - - - - - - -
oS - - + - + - + + 4+ + + + + - - - - - - -

“ 0D, right eye; OS, left eye.
» ND, not done due to death of the rabbit.
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TABLE 5. Selected data from rabbits undergoing epinephrine-induced reactivation
Day p.i.
Rabbit Treatment Eye?
56 57 58 59 60 61 62 63
J2 Placebo (water) OD - - + + + + + +
oS - - + + + + + +
J9 OD - - - - - - + +
oS - - + - - - - +
13 60 mg of FCV per kg OD ND? ND ND ND ND ND ND ND
(ON - - - - - - - +
J13 OD - - - - - - - -
(0N ND ND ND ND ND ND ND ND
J7 120 mg of FCV per kg OD - - - - + + + +
(0N - - - - - + - -
J22 OD - - - - - - - +
(ON - - - - - - - -
J12 250 mg of FCV per kg OD - - + + + - - -
(ON - - - - - - - -
J16 OD - - - - - - - -
oS - - - - + + + +
J11 500 mg of FCV per kg OD — — — - + + + +
(0N - - - + - - - -
J26 OD - - - - - - - +
(0N - - + - + + - +

“ 0D, right eye; OS, left eye.
® ND, not done due to corneal scarring.

genome copy number in TFT-treated rabbits and that in the
placebo-treated group. We predict that reactivation frequen-
cies in the TFT group would be similar to those in the un-
treated group.

Other routes of HSV inoculation have also been investigated
to determine the efficacies of antiviral agents. The mouse foot-
pad was used to determine the efficacy of ACV given intra-
peritoneally as well as in drinking water; no evidence of acute
viral replication was seen in the TG 4 days p.i., and there was
a significant reduction in the number of neurons harboring
latent virus as determined with the reporter gene for 3-galac-
tosidase (12). Ashton et al. (3) demonstrated that FCV was
better than ACV in reducing titers in peritoneal washings from
mice infected intraperitoneally with HSV-1 strain SC16. This
difference was suggested to be due to the increase in the
intracellular half-life of the active PCV triphosphate compared
to that of the ACV triphosphate. Kaufman et al. (29) examined
spontaneous HSV-1 shedding in rabbits receiving 1 mg of ACV
per ml in drinking water. They found that continuous therapy
did not prevent recurrent shedding even though the serum
drug concentration was 1 to 2 pmol/liter (29). Nesburn et al.
(35) used the same dose of ACV in rabbits undergoing epi-
nephrine-induced reactivation and found that they could pre-
vent viral shedding following iontophoresis. No serum drug
value was reported. HSV-1 latently infected rabbits undergo-

ing excimer laser keratectomy were given intraperitoneal doses
of VCV to determine if reactivation could be prevented. Intra-
peritoneal doses of 50, 100, and 150 mg/kg/day resulted in
levels in serum of 5.8, 9.85, and 16.3 pg/h/ml, similar to levels
in human serum following a single dose of 500 or 750 mg (10).
Only the two higher doses prevented HSV reactivation follow-
ing the laser surgery.

In a series of reports, researchers (14, 46, 48, 50) using the
mouse ear demonstrated that FCV is better than VCV in
clearing infectious virus from tissues (ear and brain stem),
reducing inflammation in the ear, restoring weight gain, and
preventing reactivation in TG cocultures. They found that
treatment with either drug could reduce the neuronal latency
but could not completely prevent the establishment of latent
virus in the innervating ganglion (15, 48). FCV significantly
reduced the number of latent neurons compared to the num-
ber reduced by VCV or no treatment as detected by in situ
hybridization, regardless of when therapy was initiated. De-
spite finding latently infected neurons, explant cultures from
mice treated with FCV or VCV (starting either 1 day before or
1 day after inoculation) were negative (15, 47, 49). There is a
poor correlation between the number of positive latent neu-
rons and the number of explant cultures that yield virus.

Thackray and Field concluded that the ocular route of in-
oculation used by LeBlanc may lead to the uptake of the virus
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FIG. 5. Trend for an increase in rates of survival of rabbits receiv-

FIG. 4. Quantitation of the HSV-1 genome copy number in the TG
of latently infected rabbits previously treated with antiviral therapy or
placebo. The TG were analyzed using real-time quantitative PCR with
primer pairs and a probe for glycoprotein C using 100 ng of total TG
DNA collected. (A) Average HSV-1 genome copy numbers in the TG
of latently infected rabbits previously treated with no drug or 60, 120,
or 250 mg of oral FCV per kg; (B) average HSV-1 genome copy
numbers in the TG of latently infected rabbits previously treated with
no drug, oral FCV, or topical TFT started at 24 or 72 h p.i. The error
bars represent the standard errors of the least-square means, and the
* indicates a P value of 0.0001.

by the nerve endings and axonal transport for the unamplified
colonization of the TG (49). The use of high inoculation titers
may allow for the direct transport of virus to the TG, but as
little as 60 mg of FCV per kg b.i.d. prevented the amplification

ing oral FCV therapy. Rabbits were inoculated with 17syn+ and then
treated with either oral FCV or topical TFT drops. (A) The rate of
survival of rabbits that received FCV was higher than that of rabbits
that received the placebo (water) or 60 mg of FCV per kg (P = 0.0001).
(B) The rates of survival of the rabbits that were treated with either
TFT or FCV show that FCV protects the animal better than TFT does
(P = 0.0001). BSS was delivered as topical drops.

of the genome in the TG. FCV treatment during an acute
infection caused a nonlinear reduction in HSV-1 genome copy
number in the TG without affecting the frequency of sponta-
neous viral shedding or epinephrine-induced reactivation com-
pared to what occurred in placebo-treated rabbits. In contrast,
acute viral tear film titers of FCV-treated animals were not
significantly different relative to those of placebo-treated rab-

TABLE 6. Quantitative analysis of HSV-1 DNA and cellular DNA of individual rabbit TG with and without FCV treatment”

No. of copies of B-actin (10%) after
treatment with:

No. of copies of gC gene after
treatment with:

No. of copies of ICP27 gene after
treatment with:

Rabbit

FCV at: FCV at: FCV at:
Placebo Placebo Placebo
60 mg/kg 120 mg/kg 250 mg/kg 60 mg/kg 120 mg/kg 250 mg/kg 60 mg/kg 120 mg/kg 250 mg/kg
1 132.8 42.2 12.5 69.7 74.9 11.3 7.7 60.8 21.5 23.0 23.0 22.4
2 276.4 34.9 22.1 27.8 151.3 18.3 18.4 144 21.6 23.6 22.7 22.6
3 137.4 32.2 42.0 30.3 28.5 11.2 20.0 14.2 22.1 23.8 23.3 22.6
4 673.4 46.3 30.3 48.6 401.5 17.8 19.5 23.2 20.1 23.6 22.6 22.2
5 569.5 35.0 22.9 56.2 91.0 5.5 18.6 18.7 22.0 22.9 23.1 21.1
6 350.3 46.9 21.1 63.6 72.4 33.3 6.5 13.0 22.0 22.2 23.0 21.3
7 219.7 45.1 15.3 73.4 41.9 32.6 5.8 31.1 22.2 23.9 22.6 22.1
8 84.4 10.4 29.8 152.6 18.9 8.8 8.9 21.6 22.0 23.1 21.8 22.2
9 919.1 60.2 57.8 21.5 492.3 34.0 36.7 8.3 21.9 22.7 22.0 20.5
10 450.0 22.0 48.6 48.9 158.1 16.5 41.3 7.8 22.2 22.6 23.1 22.0
Mean 381.3 37.5 30.2 59.3 153.1 18.9 18.3 21.3 21.8 23.2 22.7 21.9
SE 85.8 4.4 4.7 11.8 51.6 34 3.9 4.9 0.2 0.2 0.2 0.2

“ One hundred nanograms of TG DNA was subjected to quantitative PCR, and copy numbers relative to those of a standard curve are shown. The means and
standard errors of the means are calculated from results for multiple rabbits in each group from one experiment.
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bits. FCV-treated animals cleared virus from the tear film in 5
to 6 days, whereas placebo-treated rabbits required 10 days.
The variability of this finding may be due to the testing of three
random eyes from each group per day rather than the same
three eyes throughout the entire acute phase. It appears that
FCV can affect HSV copy number at a lower concentration
than the concentration needed to have an effect on corneal
infection. However, the minimum dose of FCV required to
decrease genome copy number in the TG has not been estab-
lished in our study.

Treatment with topical TFT, the treatment of choice in
clinics, inhibited viral replication at the corneal surface, as
observed by decreased virus titer in tear film samples after 4
days of treatment. However, TFT did not prevent viral repli-
cation in TG, since genome copy numbers detected by real-
time PCR were similar to those detected in TG obtained from
placebo-treated animals (regardless of the time of initiation of
treatment). Moreover, treatment with TFT had no effect on
the incidence of encephalitis-induced mortality. Rabbits
treated with FCV had a significantly higher survival rate than
either TFT-treated or untreated animals.

Extrapolation from results of rabbit studies to determine
efficacy in humans is difficult. An in vitro study using liver
extracts of the enzyme aldehyde oxidase indicates that the
rabbit enzyme metabolizes FCV differently than the human
enzyme does (38). Differences in the metabolism of FCV and
PCV were also seen in guinea pigs and rats (38, 52). Healthy
individuals were administered a range of therapeutic doses of
FCV (125, 250, 500, and 750 mg) as a single dose. Plasma PCV
levels increased in a linear manner with the increasing FCV
dose (37). No plasma PCV levels were determined in our
study. However, we have demonstrated the activity of FCV in
doses as low as 60 mg/kg b.i.d. in reducing viral load in TG and
decreases in the severity of corneal lesions in a dose-dependent
manner. These data demonstrate the effective conversion of
FCV to PCV. While the doses used in this study are quite high,
clinical trials using from 125 to 2,250 mg of FCV daily to treat
herpes zoster or genital herpes have been reported with very
few adverse effects (36).

Clinical trials have shown that FCV is effective in the treat-
ment of acute herpes labialis and genital herpes (39, 41) and as
a prophylactic treatment of UV-induced herpes labialis, exci-
mer laser skin resurfacing, and genital herpes (2, 11, 43, 44).
We report that FCV may be beneficial in reducing corneal
morbidity in patients with recurrent herpes keratitis. Thera-
peutic doses of FCV improved the SLE scores in rabbits
acutely infected with HSV-1 and resulted in a significant de-
crease in the HSV-1 genome copy number in the TG of latently
infected rabbits. The use of FCV during an episode of recur-
rent keratitis may reduce the amount of acute virus in the TG,
thereby reducing the establishment of new latent foci. Further
studies need to be conducted to determine the efficacy of
prophylactic FCV treatment for patients with recurrent herpes
keratitis.
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