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ASP2151 (amenamevir) is a helicase-primase inhibitor against herpes simplex virus 1 (HSV-1), HSV-2, and varicella zoster virus.
Here, to determine and analyze the correlation between the pharmacodynamic (PD) and pharmacokinetic (PK) parameters of
ASP2151, we examined the PD profile of ASP2151 using in vitro plaque reduction assay and a murine model of HSV-1 infection.
ASP2151 inhibited the in vitro replication of HSV-1 with a mean 50% effective concentration (EC,,) of 14 ng/ml. In the cutane-
ously HSV-1-infected mouse model, ASP2151 dose dependently suppressed intradermal HSV-1 growth, with the effect reaching
a plateau at a dose of 30 mg/kg of body weight/day. The dose fractionation study showed that intradermal HSV-1 titers were be-
low the detection limit in mice treated with ASP2151 at 100 mg/kg/day divided into two daily doses and at 30 or 100 mg/kg/day
divided into three daily doses. The intradermal HSV-1 titer correlated with the maximum concentration of drug in serum
(Cnax)> the area under the concentration-time curve over 24 h (AUC,4,;,), and the time during which the concentration of
ASP2151 in plasma was above 100 ng/ml (T, ). The continuous infusion of ASP2151 effectively decreased intradermal HSV-1
titers below the limit of detection in mice in which the ASP2151 concentration in plasma reached 79 to 145 ng/ml. Our findings
suggest that the antiviral efficacy of ASP2151 is most closely associated with the PK parameter T, ,,, in HSV-1-infected mice.
Based on these results, we propose that a plasma ASP2151 concentration exceeding 100 ng/ml for 21 to 24 h per day provides the

maximum efficacy in HSV-1-infected mice.

H erpes simplex virus 1 (HSV-1), HSV-2, and varicella-zoster
virus (VZV) are widely prevalent pathogens belonging to the
human herpesvirus family (1). Both HSV and VZV establish a
lifetime latent infection in sensory ganglia after primary infection
and eventually reactivate, leading to recurrent disease episodes.
HSV-1and HSV-2 cause genital herpes, herpes labialis, or herpetic
keratitis, and frequent disease recurrence dramatically affects the
quality of life of afflicted individuals (2). VZV infection is charac-
terized by two distinct disease episodes: varicella as the primary
episode and herpes zoster as the recurrent episode (3). As viral
gene products, such as DNA polymerase and the helicase-primase
complex, are essential for herpesvirus replication, they represent
ideal targets for therapeutic agents.

Since the late 1970s, several synthetic nucleoside analogues,
including acyclovir (ACV), penciclovir, valaciclovir (VCV), and
famciclovir, targeting viral DNA polymerase have been developed
for the safe and effective treatment of HSV and VZV infections (4,
5). Recently, a new class of nonnucleoside antivirals, termed her-
pesvirus helicase-primase inhibitors (HPIs), has been identified
(6-8). A few clinical trials with HPIs have been completed (9; http:
/[clinicaltrials.gov/ct2/show/NCT00487682;  http://clinicaltrials
.gov/ct2/show/NCT01047540; http://clinicaltrials.gov/ct2/show
INCT00486200), with the results suggesting that these drugs may
offer another strategy for treating HSV and VZV infection.

Nonclinical pharmacokinetic/pharmacodynamic (PK/PD)
analysis has been used to predict the clinical efficacy of drugs and
to develop dosing strategies that optimize treatment outcomes for
a number of antibacterial and antiviral drugs (10-13). Once the
appropriate PK/PD index of a target drug has been identified, the
index can be used to predict clinical efficacy or outcomes (14). For
example, by employing MIC as a PD susceptibility parameter for
antibiotics, three useful indices have been identified: cumulative
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time in a 24-h period during which the drug concentration ex-
ceeds the MIC (T ), maximum concentration of drug in se-
rum divided by the MIC (C,,,,/MIC ratio), and area under the
concentration-time curve over 24 h in the steady state divided by
the MIC (AUC/MIC ratio) (14, 15). For antivirals, however, no
standard PD parameter exists for testing antiviral susceptibility.
The identification of an appropriate PK/PD marker for antivirals
is complicated by the lack of a standardized measurement end-
point for the determination of antiviral efficacy.

Target concentrations of antiretroviral drugs are often based
on concentrations required for inhibition of viral replication in
vitro (16—18) or by the retrospective review of drug concentrations
in plasma in human immunodeficiency virus (HIV)-infected pa-
tients and the clinical response of patients (19-21). Although in
vitro 50% effective concentration (ECs,) values are often used as a
PD parameter for antiretroviral drugs, ECy5 may represent a su-
perior parameter, because the ultimate goal of treatment is com-
plete viral suppression (22). However, the extrapolation from in
vitro effective concentrations to in vivo effective concentrations is
complicated by numerous factors, including protein binding
rates, tissue penetration, active metabolite formation, and resis-
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tance development. Therefore, it is necessary to conduct in vivo
animal studies to identify an appropriate PD correlation parame-
ter. Such studies are possible for drugs targeting HSV, as a few
animal infection models are available, including a well-character-
ized mouse zosteriform spread model of HSV infection (23, 24).
However, a PD parameter that correlates with the efficacy of anti-
HSV drugs has not been adequately defined.

Recently, we reported the discovery of ASP2151, a novel HPI,
which had potent antiviral activity against HSVs both in vitro and
invivo (6,25-27). Here, we conducted PK, dose fractionation, and
continuous-infusion studies in an HSV-1-infected murine model
to define the PK and PD of ASP2151 and to analyze the correlation
between PK parameters and the in vivo anti-HSV-1 activity of
ASP2151. Using this approach, we attempted to identify an appro-
priate PK/PD parameter to predict the efficacy of ASP2151 against
HSV infection.

MATERIALS AND METHODS

Antiviral compounds. ASP2151 (molecular weight, 482.55; interna-
tional nonproprietary name, amenamevir) was synthesized at Astellas
Pharma Inc. (Tokyo, Japan). ACV was purchased from Sigma-Aldrich
(St. Louis, MO).

Viruses and cell lines. HSV-1 strains CI-25, CI-114, and CI-116 and
HSV-2 strains CI-27 and CI-5243, clinically isolated in the United States,
were kindly provided by Nancy Sawtell (Children’s Hospital Medical Cen-
ter, Cincinnati, OH). HSV-1 strains KOS and WT51, HSV-2 strains G,
Lyon, and Kondo, and human embryonic fibroblast (HEF) and African
green monkey kidney Vero cells were provided by Rational Drug Design
Laboratories (Fukushima, Japan). HEF and Vero cells were grown in Ea-
gle’s minimum essential medium supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin G, and 100 pg/ml streptomycin (In-
vitrogen, Carlsbad, CA). HSVs were propagated using HEF cells cultured
in maintenance medium containing 2% FBS.

Plaque reduction assay. The antiviral activities of ASP2151 and ACV
against HSVs were tested using a plaque reduction assay, as described
previously (6). Briefly, HEF cells were seeded into multiwell plates and
incubated until they formed a monolayer. After the medium was re-
moved, the cells were infected with HSV-1 or HSV-2, and the plates were
further incubated for 1 h at 37°C. The cells were washed twice with main-
tenance medium and then treated with the test compound until clear
plaques appeared. The cells were then fixed with 10% formalin in phos-
phate-buffered saline, stained with a 0.02% crystal violet solution, and the
number of plaques was determined under a light microscope. The ECs,
which represents the concentration of test compound needed to reduce
the plaque number by 50%, was calculated using nonlinear regression
analysis with a sigmoid-maximum effect (E,,,) model.

Mouse HSV infection model. All animal experimental procedures
were approved by the Animal Ethical Committee of Astellas Pharma, Inc.
Female hairless mice (HOS:HR-1, 7 to 8 weeks old) were infected with a
suspension of HSV-1 strain WT51 (15 wl/mouse; titer, 2 X 10® PEU/ml)
or CI-116 (15 pl/mouse; titer, 4 X 10”7 PFU/ml) in the dorsolateral skin
stripped as a small square using a needle, under anesthesia. The day of
HSV-1 infection was designated day zero postinfection.

Dose fractionation study. Total daily doses of 1, 3, 10, 30, or 100
mg/kg/day ASP2151 were orally administered to HSV-1-infected mice
(n = 5) for 5 days. ASP2151 treatments were started 2 to 3 h after HSV
infection either as a single daily dose (every 24 h, q24h) or as two (every 12
h, q12h) or three (every 8 h, q8h) divided doses. Lesion scores and intra-
dermal HSV-1 titers were measured on day 5 postinfection, as described
below.

Continuous-infusion study. Mice in each group (n = 10) were im-
planted subcutaneously with an Alzet miniosmotic pump (model 2001;
ALZA Corp., Palo Alto, CA) filled with ASP2151 solution (1, 3, 10, and 20
mg/g in polyethylene glycol 400 [PEG 400]) or vehicle at 1 to 2 h before
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infection. It had been preliminarily confirmed that the way of infusion
kept ASP2151 concentration in plasma constant at levels corresponding
to ASP2151 solutions used over the study period. Based on the pumping
rate (23.28 wl/day) and mean animal body weight (20.4 g), the daily dos-
age of ASP2151 for the groups infused with 1-, 3-, 10-, and 20-mg/g
ASP2151 solution corresponded to approximately 1.1, 3.3, 11, and 22
mg/kg of body weight/day, respectively. Infusion was continued for 5
days. Lesion scores, intradermal HSV-1 titers, and ASP2151 concentra-
tions in plasma were measured on day 5 postinfection, as described below.

Measurement of lesion scores, intradermal HSV-1 titers, and con-
centration of ASP2151 in plasma. Disease severity for each animal was
scored on a composite scale from 0 to 7 based on the severity of zosteri-
form lesions and general symptoms according to previously published
criteria (6). After scoring disease symptoms, skin and/or blood samples
from each animal were obtained. Skin samples were homogenized in 10
ml ice-cold saline, and debris was then removed by centrifugation. The
HSV-1 titer in each sample was determined using a plaque assay. The
concentration of ASP2151 in plasma obtained from mouse blood was
determined using the liquid chromatography-tandem mass spectrometry
(LC/MS/MS) method.

Simulation of PK after repeated oral administration of ASP2151. To
estimate PK parameters after repeated oral dosing of ASP2151, concen-
trations of ASP2151 in plasma were measured after a single oral adminis-
tration to mice. ASP2151 was administered to mice (n = 3) at doses of
0.33, 3, 30, and 100 mg/kg, and blood samples were then collected from
the heartat0.25,0.5, 1, 2, 4, 8, and 12 h postdosing. The concentrations in
plasma after repeated administration of ASP2151 were simulated by the
nonparametric superposition method using WinNonlin software (Phar-
sight, Mountain View, CA), and data were obtained from the single ad-
ministration of ASP2151 at a dose of 30 mg/kg.

PK/PD modeling. The relationship between the steady-state PK pa-
rameters of peak concentration (C,,,), area under the concentration-
time curve (AUC,, 1), and time above the threshold concentration and the
antiviral efficacy of ASP2151 was examined using the sigmoid-E,,,  model
(28, 29). The threshold concentration was the concentration of ASP2151
required to completely inhibit the growth of HSV-1 in the dose fraction-
ation experiment.

The PK parameters were fitted to the mean intradermal HSV-1 titer
(log,, PFU/skin) using the sigmoid dose-response (variable slope)
program of GraphPad Prism (GraphPad Software, San Diego, CA).
The following equation was used: y = bottom + (top — bottom)/(1 +
10(log ECS0—x) X hill slopely 'hare x is the logarithm of each PK variable
and y is the response intradermal HSV-1 titer (log,, PFU/skin). The
“top” value was fixed as the mean value for the vehicle groups, and
the “bottom” value was fixed as the log,, 250 value, which represents
the detection limit value of the HSV-1 titer.

Statistical analyses. In the plaque reduction assay, results were ana-
lyzed using the Student ¢ test for comparisons between ASP2151 and ACV.
In the continuous-infusion study, Dunnett’s multiple-comparison test
was applied to compare mean values between the vehicle and ASP2151-
infused groups. P values of <0.05 were considered statistically significant.
All statistical analyses were performed using SAS software (SAS Institute,
Carey, NC).

RESULTS

In vitro antiviral activity of ASP2151. The antiviral activities of
ASP2151 and ACV against 10 HSV-1 and HSV-2 strains in HEF
cells were examined using a plaque reduction assay. Table 1 sum-
marizes the EC5ys of ASP2151 and ACV for each of the examined
HSV strains. ASP2151 inhibited the replication of the clinical
strains isolated in Japan and the United States as well as the labo-
ratory-stocked strains. The mean ECsys of ASP2151 against
HSV-1and HSV-2 were 14 (range, 7.7 to 20) and 30 ng/ml (range,
15to 58), respectively, whereas those of ACV were 29 (range, 18 to
38) and 71 ng/ml (range, 45 to 95), respectively. The ECsys of
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TABLE 1 Anti-herpes simplex virus 1 and 2 activities of ASP2151 and
acyclovir in HEF cells

Mean ECs, =+ SE (ng/ml)”

Virus strain® ASP2151 Acyclovir
HSV-1
KOS 18+ 1.9 36 £ 0.0
WT51 20 £ 1.0 34 *+23
CI-25 14 =24 38 £ 4.5
CI-114 8.7+ 1.9 21 *34
CI-116 7.7 +0.48 18 £2.3
HSV-2
G 27 £29 92 £ 20
Lyon 58 = 0.0 79 £ 6.8
Kondo 3129 45+23
CI-27 17 =24 95+ 18
CI-5243 15 £ 0.97 45 9.0

@ The virus strains used in this study consisted of three laboratory stock strains (KOS,
G, and Lyon), two clinical isolates from Japan (WT51 and Kondo), and five clinical
isolates from the United States (CI-25, CI-114, CI-116, CI-27, and CI-5243).

b The antiviral activity (ECs,) was determined by a plaque reduction assay in infected
HEF cells. The data are from four independent experiments using each strain. All
results for ASP2151 were significantly different from results for acyclovir (P < 0.05,
Student’s £ test).

ASP2151 against HSV strains were significantly lower than those
of ACV.

Effect of ASP2151 on intradermal HSV-1 titer. Following the
cutaneous infection of mice with HSV-1 strain WT51, cutaneous
lesions developed beginning on day 4 postinfection, and intrader-
mal HSV-1 titers rapidly increased, peaking on days 4 to 5 postin-
fection (Fig. 1). In this model, almost all mice infected with HSV-1
strain WT51 in the vehicle group are dead from day 6 postinfec-
tion and show neurological signs, while ASP2151 and VCV reduce
the mortality of HSV-1-infected mice (6). Lesion scores and in-
tradermal HSV-1 titers in the mice infected with another HSV-1
strain, CI-116, showed almost similar time courses (data not
shown). Using the cutaneously HSV-1-infected mouse model, a
repeated oral dose of ASP2151 was administered three times daily
at total doses of 3, 10, 30, 100, and 300 mg/kg/day for 3 days from
day 4 postinfection. The skin of treated mice was collected, and the
intradermal HSV-1 titer was then determined using the plaque
method (Fig. 2).

ASP2151 administration accelerated the reduction in virus ti-
ter in a dose-dependent manner in the range of 3 to 30 mg/kg/day
(Fig. 2A). However, the efficacy of ASP2151 was comparable at
doses of 30 mg/kg/day and higher (Fig. 2B), suggesting that
ASP2151 completely suppressed HSV-1 growth at the dose of 30
mg/kg/day.

The goal in treating herpetic disease is to prevent disease prog-
ress and accelerate the cure of the virus infection-induced lesions
by suppressing viral growth at an early stage. Accordingly, the
clinical efficacy of ASP2151 can be considered to have maximal
effect at the dose that completely suppresses viral growth. How-
ever, it is difficult to estimate the dosing regimen of antiviral
agents needed for viral suppression in clinical studies based solely
on experiments in murine models due to possible differences in
PK patterns between mice and humans. For this reason, we con-
ducted a series of nonclinical PK/PD analyses to estimate the
plasma ASP2151 concentration (PK/PD parameters) at which
HSV-1 growth would be completely suppressed.
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Dose fractionation study in HSV-1-infected mice. Dose frac-
tionation efficacy studies in animal models are a useful approach
to elucidate PK/PD relationships of a target drug, as different pat-
terns of plasma drug concentrations can result from dose fraction-
ation, even on administration of identical daily doses (14, 30). As
part of the PK/PD analyses of ASP2151, we examined the effect of
daily dose fractionation on the antiviral efficacy of ASP2151 in the
HSV-1-infected mouse model. ASP2151 doses of 1, 3, 10, 30, and
100 mg/kg/day were administered to mice for 5 days from the day
of HSV-1 infection either as a single dose or as two or three divided
doses. Mean HSV-1 titers and lesion scores were then assessed on
day 5 postinfection (Fig. 3). ASP2151 treatment decreased both
lesion scores and HSV-1 titers in a dose-dependent manner, irre-
spective of the dosing interval. Lesion development was not ob-
served in mice treated with the following ASP2151 dosages and
administration intervals: 30 and 100 mg/kg/day every 24 hours
(q24h); 10, 30, and 100 mg/kg/day q12h; or 30 and 100 mg/kg/day
q8h (Fig. 3A). HSV-1 titers were close to the lower detection limit
in infected mice treated with ASP2151 at dosages of 100 mg/kg/
day q12h and 30 or 100 mg/kg/day q8h (Fig. 3B).

The relationship between lesion score and HSV-1 titer in each
animal on day 5 postinfection is shown in Fig. 3C. Animals with an
HSV-1 titer below 5 log,, PFU/skin did not develop cutaneous
lesions (score, 0), indicating that HSV-1 titer was more sensitive
than lesion score as a direct PD marker of HSV-1 infection. These
results suggested that dividing the daily dose of ASP2151 had
greater efficacy in reducing HSV-1 titer than did the same daily
dose as a single dose.

PK of ASP2151 in mice. Concentrations of ASP2151 in plasma
after a single oral administration to mice at doses of 0.33, 3, 30,
and 100 mg/kg increased in proportion to the dose and reached
Cpnax 0.25 to 1.0 h after dosing (Fig. 4A). Doses of 0.33, 3, 30, and
100 mg/kg resulted in C,,,, of 50, 646, 5,199, and 14,903 ng/ml,
and AUC,_,, values of 0.22, 2.37, 21.97, and 56.12 g - h/ml, re-
spectively. The measured concentration in plasma after a single
oral administration of ASP2151 at 30 mg/kg was analyzed using a
one-compartment model. The simulated concentrations of
ASP2151 in plasma at dosages of 100 mg/kg/day q24h, 100 mg/kg/
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FIG 1 Time course (days postinfection) of changes in lesion score and intra-
dermal virus titer in HSV-1-infected mice. Mice were infected with HSV-1
strain WT51 in the dorsolateral skin. Lesion scores (0 to 7) were determined
for each animal on day 5 postinfection. Intradermal HSV-1 titers (expressed as
log,, PFU/skin) were determined by plaque assay on day 5 postinfection. Data
represent the means * standard errors from 1 to 5 animals for lesion scores
and HSV-1 titers. The dotted line indicates the lower limit of detection (LOD,
2.40 log,, PFU/skin) for the titration assay. The lesion scores and intradermal
HSV-1 titers were plotted versus days postinfection.
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FIG 2 Reducing effect of ASP2151 on intradermal HSV-1 titers. HSV-1-infected mice were orally treated for 3 days from day 4 postinfection with vehicle or
ASP2151 at 3, 10, and 30 mg/kg/day (A) and at 30, 100, and 300 mg/kg/day (B) administered as three daily doses. Intradermal HSV-1 titers (log,, PFU/skin) were
determined by plaque assay on days 4, 5, 6, and 7 postinfection. Data are expressed as means * standard errors from four or five animals. The dotted line indicates
the lower detection limit (2.40 log,, PFU/skin) for the titration assay.

day q12h, and 30 mg/kg/day q8h are shown in Fig. 4B. The trough  were estimated for each dosage regimen used in the dose fraction-
concentration of ASP2151 in plasma with the dosage regimens (30 ation study. The correlation between these values and the intrad-
mg/kg/day q8h and 100 mg/kg/day q12h) that reduced the intra-  ermal HSV-1 titer was then analyzed with an equation of the sig-
dermal HSV-1 titers to below the lower limit of detection was moid E,,,, model. The intradermal HSV-1 titer correlated with
estimated to be approximately 100 ng/ml. the Cpa0 AUC, 41, and T-,, with coefficient of determination

Estimation of the PK/PD parameters of ASP2151 at which  (R?) values of 0.7665, 0.9005, and 0.8227, respectively (Fig. 5).
HSV-1 growth is completely suppressed. To determine the Based on the correlation curves, the PK parameters at which
plasma ASP2151 concentration at which HSV-1 growth is com-  HSV-1 growth was completely suppressed by oral administration
pletely suppressed in mice, C,,,,,, AUC,,;,, and time during which ~ of ASP2151 were estimated to be 10,000 ng/ml or higher for C,,_,,
the plasma concentration is 100 ng/ml or higher (7-,4,) per day = 60 g -h/mlor higher for AUC,,;,, and 21 to 24 h for T- ,,, (Fig. 5).
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FIG 3 Effect of ASP2151 on lesion development and intradermal virus titer in HSV-1-infected mice treated with various doses of ASP2151 administered in a
single or two or three divided doses. HSV-1-infected mice were orally administered placebo (vehicle) or ASP2151 (1, 3, 10, 30, or 100 mg/kg/day) either as a single
dose (q24h) or as two (q12h) or three (q8h) divided doses for 5 days starting 2 to 3 h after HSV-1 infection. (A) A lesion score (0 to 7) was determined for each
animal on day 5 postinfection. (B) Intradermal HSV-1 titer (log,, PFU/skin) was determined by plaque assay on day 5 postinfection. Data are expressed as the
means = standard errors from four or five animals. (C) Intradermal HSV-1 titers were plotted versus lesion scores for the corresponding animals. The dotted line
indicates the lower detection limit (2.40 log,, PFU/skin) for the titration assay.
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repeated administration was simulated at 15-min intervals. Simulated concentrations of ASP2151 in plasma at dosages of 100 mg/kg/day q24h, 100 mg/kg/day

q12h, and 30 mg/kg/day q8h are plotted.

Although AUC,,;, had the highest R?, complete inhibition of
HSV-1 replication appeared to be achieved with less variation in
T- 00 than that for AUC,,,, (Fig. 5). In addition, ASP2151 had the
best efficacy on three-times-daily dosing in the dose fractionation
study, although the AUC,,;, did not vary between the three dosing
regimens, which used the same total daily dose (Fig. 3A and B).
These findings require additional research to confirm which PK
parameter, AUC,,, or T~ 1, is @ more reliable predictor of drug
efficacy; however, such a determination is difficult, as a strong
interrelationship exists between them.

PK/PD parameters at which HSV-1 growth is completely
suppressed by continuous ASP2151 infusion. The validity of the
three PK parameters (C,,,, AUC,yp, and T ) was further in-
vestigated by changing the dosing method from oral to continu-
ous subcutaneous infusion. For the experiment, an osmotic pump
filled with ASP2151 solution (1, 3, 10, and 20 mg/g in PEG 400)
was subcutaneously implanted in HSV-1-infected mice from 1 to
2 h before virus infection and was used to continuously infuse

ASP2151 ata constant rate for 5 days. Intradermal HSV-1 titer and
concentration of ASP2151 in plasma were then determined for
each animal (Table 2 and Fig. 6). The mean concentration of
ASP2151in plasma at 5 days postinfection increased in a dose-
dependent manner, with doses of 3 mg ASP2151/g or higher sig-
nificantly reducing the intradermal HSV-1 titer (Table 2). When
the HSV-1 titer was plotted versus the ASP2151 concentration in
plasma, the intradermal HSV-1 titers were clearly below the limit
of detection in all mice whose plasma ASP2151 concentrations
were 145 ng/ml or higher (Fig. 6). The results of the continuous-
infusion study suggested that a constant concentration of 79 to
145 ng/ml ASP2151 in plasma was necessary to completely sup-
press HSV-1 growth (Fig. 6).

Most appropriate PK parameter to predict complete inhibi-
tion of viral replication by ASP2151. To determine the most ap-
propriate PK parameter to predict the complete inhibition of viral
replication in mice by ASP2151, the C,,,,, AUC,,,, and T- 4

values at which HSV-1 growth was completely suppressed in mice
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FIG 5 Relationship between intradermal HSV-1 titer and three pharmacokinetic (PK) parameters. The PK parameters C,,,,, AUC,,;,, and time above 100 ng/ml
(Time>100) were calculated under conditions of repeated ASP2151 administration either as a single dose or as two or three divided doses (1, 3, 10, 30, and 100
mg/kg/day) in mice. The PK parameters were plotted versus intradermal HSV-1 titers for animals treated with each regimen. Correlations were analyzed using

asigmoid-E

max

model. Data are expressed as the means = standard errors for five animals. The dotted line and R? indicate the lower limit of detection (2.40 log,

PFU/skin) for the titration assay and the coefficient of determination, respectively.
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TABLE 2 Concentration of ASP2151 in plasma and intradermal HSV-1
titers 5 days after starting subcutaneous infusion to HSV-1-infected
mice”

Dosing solution Mean ASP2151  Minimum-— Mean intradermal
amt of ASP2151  Dose® concn in maximum HSV-1 titer®
(mg/g) (mg/kg/day) plasma (ng/ml) concn (ng/ml) (log,, PFU/skin)
None (vehicle) 5.5

1 1.1 17 9-24 5.3

3 3.3 60 36-79 4.8*

10 11 235 145-307 2.4*

20 22 316 28-627 2.6*

@ Each group consisted of 10 animals.

b Calculated from the mean body weight and daily output from the pump.

¢ The limit of detection of the intradermal HSV-1 titer was 2.4 log,, PFU/skin; *,
significantly different from the vehicle group at P values of <0.05 (Dunnett’s multiple
comparison test).

were compared between the oral and continuous-infusion routes
of administration. The predicted values for oral administration
and continuous infusion of ASP2151 were 10,000 and 145 ng/ml
for C,,,.x, 60 and 3.48 pg - h/ml for AUC,,;,, and 21 to 24 h and 24
h for T, respectively (Table 3). As T-,,, showed consistent
values in the two different dosing methods, the T-.;, 0of 21 to 24 h
was suggested to indicate the concentration of ASP2151 in plasma
needed to completely suppress intradermal virus growth in the

cutaneous HSV-1 infection model.

DISCUSSION

In the present study, we attempted to identify an appropriate
PK/PD marker for predicting the efficacy of ASP2151 by investi-
gating the effect of dose-fractionated oral and continuous subcu-
taneous administration on the antiviral activity of ASP2151 in
cutaneously HSV-1-infected mice. Our results revealed that the
PK/PD parameter T~ o, which is the length of time the ASP2151
concentration in plasma exceeds 100 ng/ml, most accurately pre-
dicted the efficacy of ASP2151 with respect to the complete inhi-
bition of HSV-1 replication. The identified PK/PD parameter may
be of utility for determining dosing regimens during the clinical
development of ASP2151 for treating herpesvirus infections.
This study focuses on infectious virus titer in the skin for ana-

c
5 8 g Aat —" o Placebo
»?1 o ﬂ‘ * A 1mglg
e 57 8 A v & * 3mglg
_8’ * i O 10 mg/g
:u; 4 v 20 mg/g
= A
hally % 145 ng/mL
?, V- OIS --V----Detection limit
I 2 1 :"l i s M M |

Placebo 10 100 1000

Plasma concentration of ASP2151 (ng/mL)

FIG 6 Relationship between intradermal HSV-1 titer and ASP2151 concen-
tration in plasma in mice continuously infused with ASP2151. HSV-1-infected
mice (10 animals per group) were infused for 5 days with placebo (vehicle) or
ASP2151 solution (1, 3, 10, or 20 mg/g dissolved in PEG 400) starting 1 to 2 h
before HSV-1 infection. Intradermal HSV-1 titer (log,, PFU/skin) was deter-
mined by plaque assay at day 5 postinfection and was then plotted for each
animal. The dotted line indicates the lower limit of detection (2.40 log,, PFU/
skin) for the assay. The highest maintained concentration in plasma at which
the intradermal HSV-1 titer could be detected and the lowest maintained
concentration in plasma to reduce the intradermal HSV-1 titer below the
detection limit are indicated (79 and 145 ng/ml, respectively).
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TABLE 3 Minimum values of C, ., AUC,;,, and T- |, to reduce the
intradermal HSV-1 titer to below the detection limit on oral
administration and continuous infusion of ASP2151 in HSV-1-infected

mice

Route of ASP2151 Cinax AUC,4, T 100
treatment (ng/ml) (pg - h/ml)

Oral administration” 10,000 60 21-24
Continuous infusion” 145 3.48° 24

@ The values for oral administration were estimated from fitted sigmoid curves.

¥ For continuous infusion, a constant ASP2151 concentration in plasma of 145 ng/ml,
which was the lowest concentration to reduce the intradermal HSV-1 titer below the
limit of detection, was used to calculate the PK parameter.

¢ AUC,,, was calculated by multiplying 145 ng/ml by 24 h.

lyzing the PK-PD relationship to explore the PK benchmark at
which ASP2151 is expected to completely inhibit viral replication
in mice. It was suggested that cutaneous infection of hairless mice
with HSV-1 caused not only skin lesions but also abnormalities of
neurons, in which infectious virus replication was transiently ob-
served with titer-time kinetics similar to those of the skin, peaking
on day 4 postinfection (31). In this study, since virus replication in
neurons was not evaluated, our estimation might be limited to
predict effective PK just in the skin. In our histopathological and
immunohistochemical studies, however, ASP2151 at a dosage of
100 mg/kg/day q12h, one of the dosing regimens to completely
inhibit HSV replication in the skin, exhibited complete protection
of neuronal tissue from pathological destruction caused by HSV-1
infection (our unpublished data). The PK-PD relation in the ner-
vous system could not be significantly different from that in skin,
although further evaluations are warranted to obtain an accurate
estimation.

A number of physiological factors, including protein binding
and tissue distribution, affect drug efficacy in vivo and should be
considered when attempting to predict the clinical efficacy of a
target drug. Understanding PK/PD parameters may allow for the
correction of differences in PK and intrinsic antimicrobial activ-
ity, as the PK goal of antimicrobial therapy is to achieve adequate
drug concentrations in target tissues (14). Here, we determined
that the protein-binding ratio of ASP2151 in plasma is nearly the
same for mice and for humans (approximately 77% and 75%,
respectively) and that the ASP2151 concentration in the plasma
and skin of mice given radiolabeled ASP2151 is also similar (data
not shown). As the PK/PD parameter values required for efficacy
are expected to be similar among animal species (14), these phys-
iological factors likely had minimal impact on the present PK/PD
analysis of ASP2151.

To predict the clinical efficacy of ASP2151, comparison with
VCV, which is the standard therapeutic agent for HSV and VZV
infections, is highly informative. The PK/PD parameter to best
estimate the efficacy of VCV was also determined using the HSV-
1-infected mouse model (see Fig. S1 in the supplemental mate-
rial). We detected a clear correlation (R?, 0.8559) between HSV-1
titer and the PK parameter time above 0.01 pg/ml of ACV, which
is the reported 50% inhibitory concentration (ICs,) of ACV
against HSV isolated from patients with genital herpes (32), in the
plasma of mice treated with VCV. Our findings are consistent with
the results of a PK/PD study that found the time above the in vitro
ACV IC,, for HSV-2 replication to be the most relevant PK pa-
rameter for predicting the efficacy of VCV in terms of the preven-
tion of recurrent HSV eruptions in patients with genital herpes
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(33). In addition, a few reports regarding the use of VCV and ACV
in humans have shown that the duration that the ACV concentra-
tion in plasma remains above a given threshold is an important
criterion for antiviral efficacy (34-36). Although differences ex-
isted in the PD parameters and analysis conditions between these
previous reports and our present nonclinical PK/PD analysis, the
results obtained using a murine infection model are consistent
with those of clinical PK/PD analysis.

To describe the association between drug exposure and treat-
ment efficacy, PD parameters based on drug activity (MIC), such
as T 10> Cinax/MIC, and AUC/MIC, have been used for antibi-
otics in various organisms (14, 37, 38). As herpes simplex and
herpes zoster are caused by HSV-1 or HSV-2 and VZV, respec-
tively, the target concentration of ASP2151 in plasma should be
estimated by considering the difference between the degree of an-
ti-HSV-1 activity and that of the anti-HSV-2 and anti-VZV activ-
ities. Here, the mean EC,,s of ASP2151 against 5 strains of HSV-1
and HSV-2 in HEF cells were 14 and 30 ng/ml, respectively (Table
1). ASP2151 is also reported to display anti-VZV activity in HEF
cells, with a mean ECs, of 30 ng/ml (0.063 pM) for 9 ACV-sus-
ceptible VZV strains (6). As the activity of ASP2151 against HSV-2
and VZV is approximately 2-fold lower than that against HSV-1,
we speculate that HSV-2 and VZV growth can be completely sup-
pressed using a dosage regimen resulting in a T, of close to 24
h per day. Consequently, the target concentration of ASP2151 in
plasma for treating herpes simplex and herpes zoster is estimated
to be 200 ng/ml.

Based on the present nonclinical PK/PD analyses and observed
concentrations of ASP2151 in plasma in healthy volunteers who
participated in a phase I study, the target center dose of ASP2151
for genital herpes (usually caused by HSV-2) and herpes zoster in
phase II clinical studies was set to 200 mg/patient, which was es-
timated to give approximately 21 h in terms of T- . The clinical
efficacy of ASP2151 was confirmed in the phase II clinical studies
of recurrent genital herpes and herpes zoster, in which the efficacy
of ASP2151 reached a plateau level at all examined doses (100, 200,
and 400 mg) (9; http://clinicaltrials.gov/ct2/show/NCT00487682).
Indeed, the concentrations in plasma of most samples were >200
ng/ml in patients dosed with 100 to 400 mg ASP2151. Therefore,
our nonclinical PK/PD analyses using the HSV-1-infected mouse
model was able to accurately predict the appropriate clinical dose
of ASP2151 for treating herpesvirus infections.

In conclusion, our nonclinical PK/PD analyses of the novel
helicase-primase inhibitor ASP2151 suggest that in vivo dose frac-
tionation and continuous-infusion studies examining intrader-
mal virus titers in HSV-infected mice might provide useful non-
clinical PK/PD information for predicting effective clinical dose
regimens for antiherpes drugs.
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