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Pharmacokinetics-Pharmacodynamics of the Helicase-Primase
Inhibitor Pritelivir following Treatment of Wild-Type or Pritelivir-
Resistant Virus Infection in a Murine Herpes Simplex Virus 1
Infection Model
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Helga Ruebsamen-Schaeff,” Holger Zimmermann,® Alexander Birkmann®

Department of Veterinary Medicine, University of Cambridge, Cambridge, United Kingdom?; AiCuris GmbH and Co. KG, Wuppertal, C-iermanyb

Herpes simplex virus (HSV) infections can cause considerable morbidity. Transmission of HSV-2 has become a major health
concern, since it has been shown to promote transmission of other sexually transmitted diseases. Pritelivir (AIC316, BAY 57-
1293) belongs to a new class of HSV antiviral compounds, the helicase-primase inhibitors, which have a mode of action that is
distinct from that of antiviral nucleoside analogues currently in clinical use. Analysis of pharmacokinetic-pharmacodynamic
parameters is a useful tool for the selection of appropriate doses in clinical trials, especially for compounds belonging to new
classes for which no or only limited data on therapeutic profiles are available. For this purpose, the effective dose of pritelivir was
determined in a comprehensive mouse model of HSV infection. Corresponding plasma concentrations were measured, and ex-
posures were compared with efficacious concentrations derived from cell cultures. The administration of pritelivir at 10 mg/kg
of body weight once daily for 4 days completely suppressed any signs of HSV infection in the animals. Associated plasma concen-
trations adjusted for protein binding stayed above the cell culture 90% effective concentration (EC,,) for HSV-1 for almost the
entire dosing interval. Interestingly, by increasing the dose 6-fold and prolonging the treatment duration to 8 days, it was possi-
ble to treat mice infected with an approximately 30-fold pritelivir-resistant but fully pathogenic HSV-1 virus. Corresponding
plasma concentrations exceeded the EC,, of this mutant for <8 h, indicating that even suboptimal exposure to pritelivir is suffi-

cient to achieve antiviral efficacy, possibly augmented by other factors such as the immune system.

nfections by herpes simplex virus 1 (HSV-1) and HSV-2 lead to

lifelong persistence of the virus, with frequent and sometimes
painful recurrences. While HSV-1 persists predominantly in the
trigeminal ganglia, causing oral lesions upon reactivation, HSV-2
manifests in the genital region after latent infection of the sacral
ganglia and is mainly transmitted sexually. Infections in newborns
or immunocompromised subjects can become life-threatening.
Furthermore, genital herpes can be associated with severe psycho-
logical distress and may promote transmission of other sexually
transmitted diseases, such as HIV (1).

Nucleoside analogues (acyclovir and penciclovir, as well as
their orally bioavailable prodrugs valacyclovir and famciclovir,
respectively) are widely used for treatment either as episodic ther-
apy for a short period or as daily suppressive therapy for months
or even years; however, latent virus is not eradicated. Recurrences
still occur after cessation of episodic therapy and sometimes even
during suppressive treatment (2, 3). Acute symptoms are signifi-
cantly reduced only when treatment is initiated early in the course
of the disease (4). In addition, HSV infections resistant to nucle-
oside analogues are recognized as a clinical problem among im-
munocompromised patients (5). The prevalence of resistance is
reported to be about 5% among these patients but can reach up to
14 to 30% among patients with allogeneic bone marrow trans-
plants (6). Therefore, there is a need for effective alternatives to
nucleoside analogue inhibitors, to provide more-efficient therapy
(even after delayed onset) and to counteract resistance.

Pritelivir (AIC316, BAY 57-1293) is a member of the group of
helicase-primase inhibitors, which represent a novel class of anti-
HSV compounds that may be promising candidates for such im-
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proved therapy (7). These molecules target the viral helicase-pri-
mase enzyme complex, which comprises three proteins, encoded
by the UL5 (helicase), UL52 (primase), and UL8 (scaffold protein
shown to promote primer synthesis) genes, and is crucial for viral
DNA replication (8, 9). Pritelivir was shown to be more potent in
cell culture than nucleoside analogues and provided superior ef-
ficacy in several animal models, even after delayed onset of treat-
ment (mimicking the clinical situation) (10-13). Moreover, due
to its different mode of action, pritelivir does not require activa-
tion by the viral thymidine kinase and is active against nucleoside
analogue-resistant HSV strains (14). Initial clinical data showed
that pritelivir treatment led to significant dose-dependent reduc-
tions in HSV shedding, genital lesions, and the amounts of virus
shed in otherwise healthy persons with genital herpes (15).

All mutations mediating resistance to pritelivir identified so far
are located in the UL5 helicase gene, close to or within functional
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motif IV except for a single amino acid exchange in the UL52
primase (16, 17). The growth rates and pathogenicity of pritelivir-
resistant mutants vary and depend on the particular amino acid
substitution mediating resistance (18).

As a useful tool for the selection of doses and dosing regimens
for clinical trials, especially in the early stages in drug develop-
ment, the pharmacokinetic-pharmacodynamic (PK-PD) correla-
tion for a compound, i.e., the time course of the drug in the body
versus the effective concentration, can be explored (19). By com-
paring exposures that show efficacy in cell culture or animal mod-
els with exposures derived from PK trials in humans, the appro-
priate doses and dosing regimens for efficacy trials can be deduced
(20).

In order to establish a PK-PD correlation for pritelivir, a mu-
rine neck infection model was used. It was shown previously that
once-daily oral therapy with pritelivir was effective for treatment
of wild-type HSV-1 strains in this model and exhibited superior
activity, compared with famciclovir (12). Pritelivir showed com-
parable activities against HSV-1 and HSV-2 in vitro and in vivo
(11, 14). Therefore, results from this model should be transferable
to HSV-2, which is currently the focus of clinical drug develop-
ment. The purposes of this work were to determine the lowest
effective dose of pritelivir sufficient to completely suppress viral
replication and to correlate the corresponding drug exposures
with efficacy data derived from cell culture studies. Furthermore,
the question of whether a pritelivir-resistant but replication-com-
petent and fully pathogenic HSV-1 strain can be efficiently treated
with higher and longer-lasting pritelivir exposures was explored
by adjusting the dose and dosing regimen. Results were used to
support dose selection for clinical trials.

MATERIALS AND METHODS

Viruses. The parental strain was HSV-1 SC16 that had been plaque puri-
fied three times (SC16 cl-2). The single resistance-mediating UL5 substi-
tution K356Q was transferred to SC16 cl-2 to produce recombinant cl-2-
r1-Rec (21). This was accomplished by PCR amplification of a 2.1-kb
product containing the target mutation. Transfection of the DNA was
carried out in 293T cells, which were subsequently infected with SC16
cl-2. Resistant plaques were selected using 3.0 uM pritelivir, at a frequency
approximately 50-fold above background (10~ ¢ PFU). Transfer of the
required mutation was confirmed by sequencing.

Antiviral compound. For the HSV-1 plaque assay, pritelivir (molec-
ular weight, 402.5) was stored as a 50 mM stock solution in dimethyl
sulfoxide (DMSO). For animal experiments, pritelivir was dissolved in
distilled water containing 1% carboxymethyl cellulose (CMC), with son-
ication for 5 min. Stock solutions containing 1.0, 3.0, and 12 mg/ml were
stored in aliquots at —20°C and were thawed immediately before use.

HSV-1 plaque reduction assay. The efficacy of pritelivir in vitro
against both wild-type and resistant HSV-1 was determined by a plaque
reduction assay (PRA) in Vero cells (12). Briefly, approximately 100 PFU
of virus was inoculated into 12-well plates (Nunc, Denmark) containing
approximately 2 X 10° Vero cells/well. After adsorption for 60 min at
37°C in a humidified atmosphere of 5% CO,, a Dulbecco’s modified Ea-
gle’s medium (DMEM) overlay containing 1% newborn calf serum and
high-density CMC (CMC-DMEM) and different concentrations of prite-
livir were added to each well. The plaques were fixed, stained, and enu-
merated after 48 h of incubation. The mean number of plaques at each
concentration (expressed as the percentage of the mean of the control
wells, which contained no drug) was plotted against the log,, drug con-
centration and evaluated with GraphPad Prism 4.

Murine experiments. Animal experiments were performed according
to the Home Office (United Kingdom) guidelines or in accordance with
an institutional proposal (proposal 84-02.05.20.12.045/2012A-01 or 84-
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02.05.20.12.046/2012A-02) approved by the Landesamt fiir Natur, Um-
welt, und Verbraucherschutz Nordrhein-Westfalen (Recklinghausen,
Germany). Animal care and use were performed in accordance with fed-
eral guidelines (German Animal Welfare Act §8). Mice that were in extre-
mis or showing irreversible neurological signs or severe weight loss
(>15%) were culled; the times of the deaths of these mice were recorded
as the time from inoculation plus 1 day.

Mice were female BALB/c mice obtained from Harlan UK at weights of
approximately 16 g. The mice were acclimatized for 1 week before use. The
neck-ear skin infection model was used as described previously (12, 18,
21). Briefly, the skin on the right neck was shaved, and 3 days later a dose
of 5 X 10° PFU/ml in 10 pl DMEM was applied to the skin, which was
then scarified in a crosshatch pattern. Mice were inoculated with wild-
type or mutant virus, and one control group was mock infected. Therapy
was by oral gavage (100 wl) once per day, starting 1 day postinfection
(p.i.). Controls were given the vehicle only (1% CMC in distilled water).
General appearance and specific clinical signs (e.g., lesion score, body
weight, and mortality) were noted at the same time each day. The devel-
opment of lesions on the neck (primary site) and pinna (zosteriform
spread) was assessed subjectively, using a magnifying glass. Lesions were
scored first at the primary inoculation site and then at the secondary site,
according to the following arbitrary scale: 0, no clinical signs; 1, one vesicle
and swelling; 2, more than one vesicle; 3, local erosion; 4, ulceration of the
local lesion; 5, primary lesions plus isolated zosteriform lesion; 6, mild
ulceration of confluent zosteriform lesions; 7, moderate ulceration of
confluent zosteriform lesions; 8, severe ulceration of confluent zosteri-
form lesions. This scoring system was adapted from one proposed by
Nagafuchietal. (22). On days 1, 3, 5, and 8 p.i., groups of three mice were
killed and their tissues were sampled. The skin local to the inoculation site,
the ipsilateral ear pinna, and brainstem tissues was homogenized and
tested for infectious virus, using methods described previously (18, 21).

For the first experiment, five infected groups (each containing 20
mice) were treated with pritelivir at 0.5, 1.0, 5.0, 10, or 15 mg/kg of body
weight once per day for 4 consecutive days by oral gavage, starting at day
1 p.i. Controls (two groups, one containing uninfected mice and the other
containing infected but untreated mice) were given placebo. In the next
experiment, mice were treated with pritelivir at 5 or 15 mg/kg/day for 4
days. In the following experiment, mice were treated with 15 mg/kg/day
for 4 or 8 days. Finally, another group of infected mice was treated with 60
mg/kg/day for 4 or 8 days. To minimize the use of animals, in the second
experiment the tissues of wild-type virus-infected mice were assessed for
infectious virus only on days 3 and 5 p.i., to confirm the effectiveness of
the compound.

Mice in a satellite group for PK analyses were treated once orally with
0.2 ml pritelivir in 1% CMC. Thirty-six mice in each dose group (10 and
60 mg/kg) were dosed at a time of 0 min. At defined time points (10 min,
30 min, 1 h,2h,3h,4h,6h,8h,12h,24 h, 36 h, and 48 h after dosing),
3 mice per time point and dose group were sacrificed following CO, an-
esthesia, and blood was collected by heart puncture, into lithium-heparin
tubes. In addition, two mice without treatment were sacrificed to serve as
controls. Blood was stored on ice until centrifugation (20,800 X gfor 10s
at 4°C), which separated blood cells from plasma. From each centrifuged
sample, approximately 200 pl of plasma was transferred to a new vial.
Samples were mixed briefly (Vortex mixer) and stored immediately at
—20°C until further use.

Analyses of plasma samples. Samples were prepared using protein
precipitation with an organic solvent. Briefly, after the samples were
thawed, 100 pl of plasma was transferred to a deep-well plate and 300 p.l
of precipitation solution (acetonitrile containing 1% acetic acid) contain-
ing the internal standard (["*C*H,"°N]pritelivir) was added. After centrif-
ugation at 1,360 X g for 10 min, 100 pl of the supernatant was mixed with
60 pl water and subjected to high-performance liquid chromatography
(HPLC)-mass spectrometry (MS) (Applied Biosystems HPLC-MS/MS
3200 QTrap, Agilent 1200 RR system, and PAL HTC autosampler). Sam-
ples were separated with an Ascentis RP-amide column (Supelco), using
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FIG 1 Sensitivity of the parental virus HSV-1 SC16 cl-2 (A) and the pritelivir-resistant mutant HSV-1 cl-2-r1-Rec (B) in a plaque reduction assay (PRA)
(representative experiment). The 50% effective concentration (ECs,) and 90% effective concentration (EC,,) doses were measured by means of the PRA. Plaques
were counted after 48 h of incubation. Data points represent the means of six replicates, with standard deviations.

an injection volume of 20 wl; water containing 1% acetic acid (mobile
phase A) and methanol-acetonitrile-acetic acid at 50:50:1 (vol/vol/vol;
mobile phase B) was used in a gradient that was held at 0% mobile phase
B for 0.5 min, linearly increased to 70% mobile phase B in 2.5 min, and
then held at 70% mobile phase B for 1.5 min, at a flow of 0.25 ml/min. The
column was then flushed with 95% mobile phase B for 1 min and reequili-
brated for 4.5 min. Detection was performed in the API 3200 QTrap
system with a TurbolonSpray ion source operating in the positive mode,
with an ionization voltage of 5,000 V and a declustering potential of 31 V.
The mass transitions for the multiple-reaction monitoring were #1/z 403.2
to 196.1 and 408.2 to 196.1 for pritelivir and its internal standard, respec-
tively, at a collision energy of 27 eV. The retention time was 4.46 min for
both pritelivir and its stable-isotope-labeled internal standard. The cali-
bration range was from 10 ng/ml to 9,993 ng/ml, with interday accuracies
of the mean ranging from —5.75% to 6.25% and precision values of
=10.9%. The mean accuracies of in-study validation samples were be-
tween —5.01% and —1.39%, with interday precision values of =3.49%.
The prestudy validation samples revealed intraday accuracies of the mean
between —8.66% and 7.26% and precision values of =8.61%. The inter-
day accuracies of the mean ranged from —5.82% to 4.40%, with precision
values of =6.34%. All results obtained were within the acceptance criteria
for bioanalytical method validation, as published by the FDA and the
European Medicines Agency (23, 24).

PK calculations. PK analysis was performed on the mean values ob-
tained by using WinNonLin software (version 5.2; Pharsight) with a non-
compartmental model and extravascular input. Chromatograms were re-
corded and integrated with the use of Analyst (version 1.4.2; Applied
Biosystems). Accuracy (bias) was calculated as the percent mean deviation
of the nominal concentration. Precision was calculated as the coefficient
of variation.

Statistics. A two-way analysis of variance (ANOVA) with repeated
measures of each clinical parameter (lesion score, body weight, or ear
thickness) was performed to determine statistically significant overall dif-
ferences among the groups of mice (P < 0.05). When significant differ-
ences were detected, the Tukey post hoc test was performed to confirm
which groups contributed to such differences. On a given day, the statis-
tically significant difference among the groups was determined by one-
way ANOVA.

For the infectious virus titers for the neck skin, ear pinna, and brain-
stem, data points were geometric means (and standard deviations) from
three mice sampled at each time point. The limit of detection was 0.7 log,,
PFU/sample for all tissues; differences between titers for the wild-type and
mutant viruses at particular time points were compared by one-way
ANOVA. Virus titers below the level of detection of 0.7 log,, PFU/tissue
were taken to be 0.6 log,, PFU/tissue for statistical calculations.

RESULTS

Susceptibility of HSV-1 strain SC16 cl-2 and derivative mutant
cl-2-r1-Rec to pritelivir. To confirm previously published results
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in our laboratory, the 50% effective concentration (EC;,) and
90% effective concentration (EC,,) of pritelivir for both the pa-
rental HSV-1 strain SC16 cl-2 (12) and the mutant strain cl-2-r1-
Rec, carrying a lysine-to-glutamine substitution in the helicase
protein at amino acid position 356 (K356Q) mediating resistance
to pritelivir in vitro (21), were determined with a plaque reduction
assay (PRA) (Fig. 1). The mean EC;, and EC,,, values of pritelivir
for the SC16 cl-2 strain were 0.01 wM and 0.03 M, respectively
(means derived from 3 independent experiments), and those for
the cl-2-r1-Rec strain were 0.39 pM and 0.81 M, respectively
(means derived from 3 independent experiments). Hence, the
mutant strain cl-2-r1-Rec showed a 27-fold decrease in sensitivity
with regard to ECy,, confirming the previously described resis-
tance phenotype (21).

Determination of the lowest effective dose and correspond-
ing exposure in the murine skin infection model. In order to
determine the lowest effective dose of pritelivir sufficient to com-
pletely suppress viral replication, the murine neck-ear zosteriform
HSV-1 infection model was used, in which pritelivir has already
been shown to be highly efficacious in comparison with famciclo-
vir (12). An experiment with immunocompetent mice was carried
out with doses between 0.5 and 15 mg/kg/day for once-daily oral
dosing for 4 days starting on day 1 p.i., with 4 days of follow-up.
Mice were infected in the skin of the neck using the laboratory
HSV-1 strain SC16 cl-2. An inoculum of 5.0 X 10° PFU was em-
ployed, as determined by back-titration. The animals were exam-
ined daily, including measurements of body weight and thickness
of the right ear, and HSV lesions at the infection site were classified
according to a well-established scoring system (see Materials and
Methods) (25). On days 1, 3, 5, and 8 p.i., mice were killed and
tissue samples were taken approximately 3 h after dosing. Skin
from the inoculation site, right ear pinna, and brainstem was col-
lected, and titers of infectious virus were determined by the PRA in
Vero cells.

All placebo-treated mice developed clinical signs of infection
(Fig. 2A), and approximately 40% of mice died between days 6
and 8 p.i. Without active treatment, levels of infectious virus in the
skin at the inoculation site reached a peak at day 5 p.i., with titers
of approximately 10* PFU/sample already being detectable at day
1 p.i. (Fig. 2B). High titers remained in skin, ear pinna, and brain
tissues at day 8 p.i. (Fig. 2B to D).

Pritelivir was administered orally to groups of mice once daily
for 4 days starting on day 1 p.i., using doses 0f 0.5, 1.0, 5, 10, and 15
mg/kg. None of the infected mice treated at any dose died. The
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FIG 2 Effects of oral therapy in mice treated with various doses of pritelivir or placebo once per day from day 1 to day 4 after infection with the parental laboratory
strain HSV-1 SC16 cl-2 in the neck skin infection model. Mice were inoculated with HSV-1 SC16 cl-2 by application of a dose of 5 X 10°> PFU/ml to the skin on
the right neck, which was then scarified in a crosshatch pattern. The indicated treatment was started 1 day after infection. The treatment period is indicated by
the horizontal black bars. (A) Lesion scores. Data points are mean values of the lesion scores obtained from groups of 5 mice. (B to D) Infectious virus titers in
tissue samples, i.e., skin from the inoculation site (B), ear pinnae (C), or brainstem (D), taken from three infected mice from each treatment group on days 1, 3,
5, and 8 p.i. Data points are geometric mean titers per tissue sample for three mice tested at each time point, with standard deviations. *, virus titers were
significantly lower (P < 0.05) than those in placebo-treated control mice. The limit of detection was 5 PFU/sample.

higher treatment doses (10 and 15 mg/kg) completely prevented
the development of visible lesions (Fig. 2A). The lower doses (0.5
and 1 mg/kg) showed no reduction in lesion development, com-
pared to the control (mean score of =4), whereas the middle dose
(5 mg/kg) decreased the mean lesion score below 1.5. Treatment
with pritelivir also reduced virus titers in the skin on day 3 p.i. for
all except the lowest dose (0.5 mg/kg) (Fig. 2B). When 1.0 mg/kg
was employed, infectious virus levels were reduced below the level
of detection on day 3 p.i. but infectious virus was detected on day
5 p.i. When mice were treated with the lower doses (0.5 or 1.0
mg/kg/day for 4 days), infectious virus was also detected in the ear
pinna and brainstem on both days 5 and 8 p.i. (Fig. 2C and D).
However, it was noted that the higher doses of 5.0, 10, and 15
mg/kg produced clearance of infectious virus significantly below
the level of detection in all tissues tested at 5 or 8 days p.i. (P <
0.03).

Pritelivir plasma concentrations after a single dose of 10 mg/
kg. Taking into account both clinical signs and virus titers in the
tissues, the 50% effective dose (ED5,) was estimated to be between
1 and 5 mg/kg/day, whereas 10 mg/kg/day was able to completely
suppress HSV-1 replication in infected animals without any visi-
ble lesions. In order to determine the PK profile for this dose, mice
were treated with a single dose of 10 mg/kg. Plasma samples from
3 animals at each time point were obtained 10 min, 30 min, 1 h, 2
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h,3h,4h,6h,8h, 12 h, 24 h, 36 h, and 48 h after dosing, and
pritelivir concentrations in plasma were determined by HPLC-MS/
MS. Basic PK parameters were calculated using standard software
(Table 1).

A single dose of 10 mg/kg resulted in a maximum plasma con-
centration (C,,,,) of 17.6 pwg/ml and an area under the curve for
the dosing interval of 0 to 24 h (AUC,_,,,) of 219 pg-h/ml, with a
terminal half-life (t,,,) of about 5 h. The plasma concentration 24
h after dosing (C,,;,) decreased to 1.09 pg/ml.

Dose regimen adjustment for the treatment of a resistant
mutant. To determine whether it was possible to treat a fully
pathogenic and replication-competent resistant virus by adjusting
the dose and dose regimen, mice were infected with the pritelivir-
resistant HSV-1 mutant cl-2-r1-Rec. This mutant showed growth
to higher titers, in comparison with wild-type virus, in Vero cell
culture. This mutant was also pathogenic in mice, in which its
virulence was equal to or greater than that of the wild-type virus
strain SC16 cl-2 (18, 21).

In a first experiment, mice were infected in the skin of the neck
with SC16 cl-2 or the pritelivir-resistant mutant cl-2-r1-Rec with
a target inoculum at 5.0 X 10* PFU/mouse, which was confirmed
by back-titration after inoculation. The animals were allocated to
three treatment groups and were treated with either placebo or
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TABLE 1 Pharmacokinetic parameters derived from total mean
concentrations in female mice (n = 3 per time point) after single oral
applications of 10 or 60 mg/kg pritelivir

Data for mice given pritelivir

dose of:

Parameter” 10 mg/kg 60 mg/kg
AUC,_,s (h-pg/ml) 233 951
AUC, ,, (h-pg/ml) 219 852
AUC,_.. (h-pg/ml) 233 956
AUC,_../D (h-kg-pg/ml/mg) 23.3 15.9
AUC..o, (%) 0.188 0.535
Cnax (g/ml) 17.7 68.7
Cinax/D (kg-pg/ml/mg) 1.77 1.14
Coap (pg/ml) 1.09 6.73
C,u/D (kg-pg/ml/mg) 0.109 0.112
CL/F (ml/h/kg) 42.8 62.7
t, (h) 5.38 6.64
Toax (h) 4.00 3.00

“ AUC,,_ s, area under the curve for 0 to 48 h; AUC,_,,, area under the curve for 0 to
24 h; AUC,_,, area under the curve for 0 h to infinity; D, dose; AUC....,, extrapolated
proportion of AUC,_; C,,.,, maximum plasma concentration; C,,,, plasma
concentration 24 h after dosing; CL/F, oral clearance; t,,,,, terminal half-life; T, ., time
to reach C,
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pritelivir at 5 or 15 mg/kg once daily for 4 days, starting 1 day after
infection.

Without treatment, both viruses produced vigorous disease
responses, with clinical signs apparent from day 3 or 4 p.i., and the
lesion scores reached maximum values by day 6 or 7 p.i. (Fig. 3A).
Since data for wild-type SC16 cl-2 confirmed the results with 5 and
15 mg/kg shown in Fig. 2, only data derived from the mutant
cl-2-r1-Rec are shown.

The infectious virus titers observed in the target tissues (skin of
inoculation site, ear pinna, and brainstem) were consistent with
the clinical signs (Fig. 3A). The infectious virus titers at the infec-
tion site and in the tissues were similar for wild-type virus and the
resistant mutant (Fig. 3B to D). These results confirmed that the
pritelivir-resistant strain cl-2-r1-Rec was fully pathogenic.

When wild-type virus-infected mice were treated with priteli-
vir at 5 or 15 mg/kg orally once daily on days 1 to 4 p.i. (inclusive),
results were comparable to those shown in Fig. 2 for the same
doses (data not shown). Therapy using 5 mg/kg, exceeding the
ED, for the wild-type virus, had no significant impact on clinical
signs or virus titers for the pritelivir-resistant mutant cl-2-r1-Rec
(Fig. 3). Therapy using 15 mg/kg for 4 days delayed the progres-
sion of zosteriform lesions (Fig. 3A) but had no significant influ-
ence on virus titers in the tissues analyzed (Fig. 3B to D).

Given these results, the aim was to produce a potential benefi-
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FIG 3 Effects of oral therapy in mice treated with 5 or 15 mg/kg of pritelivir or placebo once per day from day 1 to day 4 after infection with the pritelivir-resistant
strain HSV-1 cl-2-r1-Rec in the neck skin infection model. Mice were inoculated with HSV-1 cl-2-r1-Rec by application of a dose of 5 X 10° PFU/ml to the skin
on the right neck, which was then scarified in a crosshatch pattern. The treatment period is indicated by the horizontal black bars. (A) Lesion scores. Data points
are mean values of the lesion scores obtained from groups of 5 mice. (B to D) Infectious virus titers in tissue samples, i.e., skin from the inoculation site (B), ear
pinnae (C), or brainstem (D), taken from three infected mice from each treatment group on days 1, 3, 5, and 8 p.i. Data points are geometric mean titers per tissue
sample for three mice tested at each time point, with standard deviations. Virus titers were not significantly different from those for the placebo-treated control

mice. The limit of detection was 5 PFU/sample.
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cial effect of pritelivir treatment by increasing the treatment du-
ration and/or the treatment dose. However, prolongation of treat-
ment to 8 days with a dose of 15 mg/kg showed no improvement
over treatment for 4 days (data not shown). Therefore, the next
step was to increase the dose to 60 mg/kg and to treat the infected
animals for 4 and 8 days.

When the higher pritelivir dose of 60 mg/kg was used but the
treatment duration was kept as 4 days, lesion development was
delayed until day 5 p.i. (Fig. 4A), with complete prevention of
weight loss and mortality, whereas an increase in ear thickness
could not be prevented (Fig. 4B to D). However, treatment using
60 mg/kg for mice infected with the resistant mutant resulted in
significant decreases in infectious virus titers in skin and ear tis-
sues (Fig. 4E and F). By day 8 p.i., the levels of infectious virus in
the skin at the inoculation site were below the level of detection for
all 6 mice sampled from the 60-mg/kg treatment groups. In con-
trast, the skin tissues from the placebo-treated group (one of three
sampled mice) still formed visible virus plaques in cell culture.

Prolongation of the treatment duration to 8 days, starting on
day 1 p.i., also prevented mortality and weight loss (Fig. 4B and C).
Clinical signs were still present starting at day 5 p.i. but lesion
scores were significantly reduced (P = 0.004 to 0.03), by almost
one-half, in comparison with the 4-day treatment group on days 7
to 10 p.i. (Fig. 4A). Furthermore, the mean ear thickness values for
the mice treated longer were lower than those for mice treated for
4 days, and this difference was significant on day 6 p.i. (P = 0.03)
and day 7 p.i. (P = 0.04) (Fig. 4D). Expanding the treatment
duration to 8 days did not completely prevent the spread of the
resistant virus to the ear pinna on day 3 p.i. However, virus titers in
the ear tissues were significantly lower (P = 0.02) than values for
the untreated mutant-infected control group from day 8 p.i., and
values were lower by up to 3 log,, PFU in mice that received 60
mg/kg for 8 days, compared with untreated mice and mice treated
for 4 days only (Fig. 4F). For both 4- and 8-day therapy, infectious
virus levels in the brainstem remained below detection levels in
samples from day 8 p.i. onward (Fig. 4G).

Pritelivir plasma concentrations after a single dose of 60 mg/
kg. Determination of the PK profile in mice with a single dose of
60 mg/kg, keeping all other settings and conditions constant as
for the 10-mg/kg dose, resulted in a C,,,, of 68.7 pg/ml and an
AUC, 4, 0f 852 pg-h/ml, with a #,,,, of almost 7 h (Table 1). The
plasma concentration dropped to 6.73 pg/ml after 24 h.

PK-PD correlation in mice. It is generally agreed that, in order
to be efficacious, plasma concentrations of antiviral compounds
should be maintained at levels that are able to completely suppress
viral replication over the entire dosing interval (19). Furthermore,
only the free fraction, and not the protein-bound fraction, of the
drug in plasma is usually taken into account. In order to deter-
mine whether the exposures that were reached with 10 and 60
mg/kg exceeded the concentrations required for suppression of
viral replication, the plasma concentrations of pritelivir achieved
in the murine infection model were correlated with the EC,, val-
ues in cell culture (Fig. 5).

In the PRA, pritelivir exhibited an EC5, 0of 0.01 wM (equal to 4
ng/ml) and an ECy,, of 0.03 M (12 ng/ml) for HSV-1 SC16 cl-2.
The unbound fraction (f,,) of pritelivir in the cell culture medium
used in this assay is approximately 97%, as determined by equi-
librium analysis with '*C-labeled compound (data not shown);
therefore, protein binding can be neglected. Taking into account
the fraction of pritelivir in murine plasma that is not bound to
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plasma proteins (0.8%, as obtained from equilibrium dialysis ex-
periments; data not shown), the maximum plasma concentration
(Cinax) and the plasma concentration 24 h after dosing (C,,;,) cor-
respond to unbound concentrations of 141 ng/ml and 9 ng/ml,
respectively. Therefore, pritelivir plasma concentrations were
maintained above the unbound EC,, of 12 ng/ml for almost the
entire dosing interval.

After correction for f,, the single pritelivir dose of 60 mg/kg in
mice yielded a C,,,,, of 549 ng/mland a C, ;, of 54 ng/ml. The ECs,
for the mutant cl-2r1-Rec was 0.39 uM (156 ng/ml) and the EC,,
was 0.81 wM (325 ng/ml). As shown in Fig. 5, the plasma concen-
tration in mice after a single dose of 60 mg/kg exceeded the cell
culture ECs,, for HSV-1 mutant cl-2-r1-Rec for approximately 20
h, but the ECy, was exceeded for only approximately 10 h.

DISCUSSION

The aim of this work was to investigate the nonclinical PK-PD
profile of the novel anti-HSV helicase-primase inhibitor pritelivir
in mice. For doses of 0.5 to 15 mg/kg administered once daily for
4 days, it was shown that, starting with pritelivir at 5 mg/kg, rep-
lication of wild-type virus was completely suppressed in our mu-
rine skin infection model. A 50% effective dose (ED5,) between 1
and 5 mg/kg/day was established. This result is in good agreement
with data from previously reported animal models, e.g., the mu-
rine lethal-challenge model, in which the ED, was determined to
be 1.5 mg/kg/day after intranasal infection of the animals (11).
The amount of virus in the inoculum used to determine the effec-
tive dose of pritelivir described here was only 5 X 10° PFU, which
was 10-fold below the target inoculum of 5 X 10* PFU. This may
explain the reduced mortality rate and the delay in the occurrence
of clinical signs, in comparison with other experiments (12).
However, in the subsequent experiments reported here, the effec-
tiveness of pritelivir administered at 5 mg/kg/day for 4 days to
prevent viral replication was confirmed with a target inoculum of
5 X 10" PFU.

In contrast to previously published experiments with a differ-
ent mutant strain (25), this is the first report of efficacy of a heli-
case-primase inhibitor against a drug-resistant HSV mutant in an
animal infection model. Given the approximately 30-fold de-
crease in the sensitivity to pritelivir of the variant carrying the
K356Q substitution in cell culture, with regard to the EC,, it was
expected that the virus would show a reduced response to therapy.
This hypothesis was confirmed since there was little or no effect of
treatment using pritelivir at 5 mg/kg, a dose which was effective
for the treatment of wild-type virus in the same experiment. Even
treatment with 15 mg/kg for 4 days had no significant effect on the
replication of the pritelivir-resistant mutant in the target tissues,
and the efficacy of treatment was not improved when therapy was
extended to 8 days (data not shown). However, it was shown that
increasing the daily dose to 60 mg/kg for 4 days can prevent mor-
tality and body weight reduction and had an influence on clinical
signs and virus titers of the mutant in tissues. Although therapy
with 60 mg/kg delayed lesion development for 1 day up to day 4
p.i. (last day of therapy), lesions became visible from day 5 p.i. and
showed progressive development. Without continuing doses be-
yond day 4 p.i., the mean lesion score almost reached the value for
placebo treatment by day 7 p.i. However, extension of therapy to
day 8 p.i. showed a clear benefit over therapy for 4 days. Although
some lesions started to appear at day 5 p.i., the severity was signif-
icantly less than that in the untreated controls. Furthermore, none
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FIG 4 Effects of oral therapy in mice treated with 60 mg/kg of pritelivir or placebo once per day on either days 1 to 4 or days 1 to 8 after infection with the
pritelivir-resistant strain HSV-1 cl-2-r1-Rec in the neck skin infection model. Mice were inoculated with HSV-1 1 cl-2-r1-Rec by application of a dose of 5 X 10°
PFU/ml to the skin on the right neck, which was then scarified in a crosshatch pattern. The treatment period is indicated by the horizontal black bars (4 days) or
by both black and gray bars (8 days). (A) Lesion scores. Data points are mean values of the lesion scores obtained from groups of 5 mice. (B) Survival. (C) Body
weights relative to baseline (day 0). (D) Ear thickness values relative to baseline (day 0). (E to G) Infectious virus titers in tissue samples, i.e., skin from the
inoculation site (E), ear pinnae (F), or brainstem (G), taken from three infected mice from each treatment group on days 1, 3, 5, and 8 p.i. Data points are
geometric mean titers per tissue sample for three mice tested at each time point, with standard deviations. *, virus titers were significantly lower (P < 0.05) than
those in placebo-treated control mice. The limit of detection was 5 PFU/sample.
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FIG 5 Plasma concentration-time curves for pritelivir after oral administration of a single dose of 10 or 60 mg/kg to uninfected mice. Uninfected mice were
treated with a single dose of pritelivir as indicated. At defined time points, 3 mice were sacrificed and blood was collected. In addition, two mice without treatment
were sacrificed to serve as controls. The concentrations of pritelivir in plasma were determined by HPLC, and mean values were plotted against sampling times
after correction for protein binding in murine plasma. Data points denote the arithmetic mean pritelivir concentration at each time point, with standard
deviations (n = 3). Lines parallel to the x axis, cell culture EC,, and EC,, values for SC16 cl-2 (wild-type) and cl-2-r1-Rec (pritelivir-resistant mutant), as

indicated.

of the treated mice reached wild-type lesion scores during the
course of the disease. With respect to virus titers in tissues, no
significant difference was seen at the infection site with treatment
at 60 mg/kg for 4 days versus 8 days. With increasing treatment
duration, the virus titer in the ear pinna was significantly reduced
by day 8 p.i. (P = 0.02); however, even treatment with 60 mg/kg
for only 4 days was able to eventually decrease the virus titer below
the detection limit by day 12.

Single daily oral doses of pritelivir at 10 mg/kg for 4 days were
able to completely suppress mortality, clinical signs, and replica-
tion, as well as the spread of wild-type virus, in the animal model.
The comparison of the time-plasma concentration profile at 10
mg/kg with the ECy, in cell culture revealed a clear correlation,
confirming the efficacy of this dose; plasma concentrations re-
mained well above the ECy, corrected for protein binding for al-
most the entire dosing interval of 24 h. This is in good agreement
with the observation that a daily dose of 5 mg/kg was sufficient to
prevent mortality and viral spread and was able to significantly
reduce clinical signs in the infection model. By increasing the dose
by only 6-fold to 60 mg/kg/day and prolonging the treatment
duration to 8 days, it was possible to treat infections with the
mutant HSV-1 strain cl-2-r1-Rec, which was 27-fold less sensitive
to pritelivir in cell culture than was the wild-type virus. Corre-
sponding plasma concentrations exceeded the estimated EC,, of
the mutant, corrected for protein binding, for only about 10 h, and
the ECs, of cl-2-r1-Rec was covered only for approximately 20 h.
Nevertheless, this dose led to significant reductions of the viral
titers in the analyzed tissues and was sufficient to prevent mortal-
ity and body weight reductions in infected animals.

Acute HSV infection in an immunocompetent host is generally
a self-limiting disease. Since pritelivir plasma concentrations
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stayed above the ECs, for the variant carrying the K356Q substi-
tution for more than two-thirds of the dosing interval, it can be
assumed that viral replication was impaired, if not fully blocked,
by treatment with 60 mg/kg. Since the mice used in this study were
fully immunocompetent, pritelivir treatment might have sup-
ported the immune system to better control the infection in
treated animals, compared with animals that did not receive treat-
ment and therefore had to deal with actively replicating virus. This
explanation would be in good agreement with our observation
that prolongation of the treatment duration to 8 days was required
to gain full beneficial effects, because longer treatment with prite-
livir counteracted viral replication more effectively and possibly
facilitated faster immune clearance of the infection.

PK factors may also contribute to the clearance of infection in
pritelivir-treated animals inoculated with the mutant strain.
Plasma samples used to determine the exposure of infected mice
treated with 60 mg/kg for 4 or 8 days were derived from single-
dose administration in uninfected animals. It is unlikely that
HSV-1 infection itself has any potential influence on the PK of
pritelivir (there is no evidence, to date, that HSV-1 infection has
any effect on drug metabolism in mice). Moreover, no pritelivir
metabolites with relevant antiviral activity have been identified to
date. Thus, it can be concluded that the pharmacological effects
observed are driven by the parent compound. There may be an
accumulation of pritelivir in the animals after multiple doses.
However, due to the half-life of about 5 to 7 h in mice, the com-
pound is not expected to show relevant accumulation with a dos-
ing interval of 24 h (26). Furthermore, our considerations focused
on the concentrations of the unbound fraction of the compound
in plasma, which may be misleading because the sites of activity
are located in the skin and neuronal tissue. Whole-body autora-
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diography with radiolabeled compound showed comparable
pritelivir concentrations in most body tissues and plasma, as well
as penetration of the blood-brain barrier (data not shown). How-
ever, the actual concentrations of free, not protein-bound, com-
pound in the respective tissues are unknown. Therefore, we may
even underestimate the amount of available drug at the viral rep-
lication sites in the skin and central nervous system. It should also
be noted that the mutant strain carrying the K356Q substitution
used here showed only 27-fold resistance. Further experiments are
needed to investigate the effects of increased doses and treatment
durations on mutants with even lower sensitivity to pritelivir (25).

Correlation of PK-PD parameters is a very useful tool to select
doses and dosing regimen for clinical trials, especially those ad-
dressing efficacy (19). As discussed above, daily doses of 10 mg/kg
for 4 days were able to prevent any signs of HSV-1 infection in
treated animals. Corresponding pritelivir plasma concentrations
in mice after a single oral dose of 10 mg/kg remained above the
ECy, derived from cell cultures for almost the entire dosing inter-
val of 24 h, pointing to a good PK-PD correlation. In a phase 1
clinical trial in healthy volunteers, once-daily dosing with 25 mg
pritelivir led to a mean C,,, of 1.36 pwg/ml at steady state and a
mean predose trough concentration (Cyygn) 0f 0.833 pg/ml, with
a mean terminal half-life of 69 h (n = 12) (A. Birkmann, D. Kro-
peit, D. McCormick, H. Zimmermann, and H. Ruebsamen-
Schaeff, presented at the 24th International Conference on Anti-
viral Research, 5 to 8§ May 2011). Correction for protein binding in
human plasma (f, = 2.8%, determined by equilibrium analysis)
resulted in an unbound mean C,,,,, 0f 38.0 ng/ml and an unbound
Crrougn of 23.3 ng/ml, exceeding the EC,,, for HSV-1 of 12 ng/ml
derived from cell cultures.

Based on the good nonclinical PK-PD correlation, a dose of 75
mg per day was selected as the highest daily dose in a phase 2
proof-of-concept and dose-finding trial in HSV-2-positive per-
sons with genital herpes (15). Besides the PK-PD data, this dose
selection took into account variability in plasma exposures among
individuals, as well as variability in susceptibility among clinical
isolates and between HSV 1 and 2 (14). In this trial, dose-depen-
dent reductions in viral shedding, the amounts of virus shed, and
clinical lesions were shown starting with 25 mg administered once
daily. The greatest efficacy was seen in the group treated once daily
with 75 mg (15).

In summary, a good correlation between PK and PD parame-
ters was shown for pritelivir in nonclinical studies. By increasing
the dose only 6-fold and doubling the treatment duration, animals
infected with an approximately 30-fold resistant HSV-1 mutant
can be efficiently treated with pritelivir, indicating that even sub-
optimal exposure to pritelivir appears to be sufficient for antiviral
efficacy. Nonclinical PK-PD correlations were predictive for dose
selection in clinical efficacy trials.
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