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Hepatitis C virus (HCV) infects an estimated 170 million individuals worldwide and is associated with an
increased incidence of liver fibrosis, cirrhosis, and hepatocellular carcinoma. Currently approved therapies to
treat HCV infection consist of combinations of pegylated alpha interferon and ribavirin which result in a
sustained viral response in 40 to 60% of patients. Efforts to develop improved therapies include the develop-
ment of direct inhibitors of virally encoded enzymes such as the viral RNA-dependent RNA polymerase. A
nucleoside analog, 2�-C-methyl-7-deaza-adenosine (MK-0608), has been shown to inhibit viral RNA replication
in the subgenomic HCV genotype 1b replicon, with a 50% effective concentration (EC50) of 0.3 �M (EC90 � 1.3
�M). To determine efficacy in vivo, MK-0608 was administered to HCV-infected chimpanzees, resulting in
dose- and time-dependent decreases in plasma viral loads. In separate experiments, chimpanzees dosed for 7
days with MK-0608 at 0.2 and 2 mg per kg of body weight per day by intravenous administration experienced
average reductions in viral load of 1.0 and >5 log10 IU/ml, respectively. Two other HCV-infected chimpanzees
received daily doses of 1 mg MK-0608 per kg via oral administration. After 37 days of oral dosing, one
chimpanzee with a high starting viral load experienced a reduction in viral load of 4.6 log10, and the viral load
in the other chimpanzee fell below the limit of quantification (LOQ) of the HCV TaqMan assay (20 IU/ml).
Importantly, viral load remained below the LOQ throughout the duration of dosing and for at least 12 days
after dosing ended. The results demonstrate a robust antiviral effect on the administration of MK-0608 to
HCV-infected chimpanzees.

Hepatitis C virus (HCV) is a small, enveloped, positive-
strand RNA virus of the family Flaviviridae, identified as the
causative agent of non-A, non-B viral hepatitis (7). Chronic
infection with HCV is associated with an increased incidence
of fibrosis, cirrhosis, and the development of hepatocellular
carcinoma (22). Currently approved therapies for the treat-
ment of HCV infection consist of 12- to 48-week courses of
pegylated alpha interferon combined with ribavirin and result
in a sustained viral response (SVR), defined as undetectable
virus 6 months after the end of treatment, in 40 to 60% of
patients (16, 17). Infection with HCV genotype 2 or 3 and
lower starting viral loads are associated with a higher proba-
bility of attaining SVR (16, 23).

Efforts to develop new treatments with improved efficacy
and tolerability compared to those of current therapies have
focused on the discovery and development of direct inhibitors
of virally encoded enzymes. The positive-strand HCV RNA
genome is directly translated via an internal ribosome entry
site into a single polyprotein, which is then processed by both
cellular and virally encoded proteases into 10 constituent pro-
teins, termed C, E1, E2, p7, and nonstructural protein 2 (NS2),
NS3, NS4A, NS4B, NS5A, and NS5B. Drug development ef-
forts have targeted primarily the viral NS3/4A protease and the

NS5B RNA-dependent RNA polymerase (RdRp), responsible
for viral RNA replication (8).

Both nucleoside and nonnucleoside inhibitors of HCV
RdRp have been described previously. A variety of structural
classes of nonnucleoside inhibitors of HCV RdRp have also
been disclosed previously (2, 5, 9, 11, 15, 20, 24; H. Hashimoto,
K. Mizutani, and A. Yoshida, 5 July 2001, international patent
application WO 00147883). Certain aspects of the mechanism
of action of nonnucleoside inhibitors, including noncompeti-
tive inhibition and apparent allosteric inhibition (25), appear
to be in common with each other. Nucleoside inhibitors of
HCV RdRp include 2�-C-methyl, 2�-O-methyl, and 4�-substi-
tuted nucleoside analogs (4, 13). 2�-C-methyl-adenosine is a
potent inhibitor of the bicistronic replicon assay that also in-
hibits the purified HCV RdRp in vitro as the 5�-triphosphate,
apparently by a chain-terminating mechanism (4). Resistance
to inhibition by 2�-C-methyl nucleosides is engendered by a
single amino acid mutation, S282T, within the RdRp active site
(18). Addition of a 7-deaza modification to the nucleobase
converting the analog to MK-0608 significantly improves the
pharmacokinetic properties in animals (21).

Chimpanzees represent the only nonhuman species that can
be naturally and chronically infected with HCV. As with hu-
mans, HCV infection in chimpanzees is associated with acute
viremia and elevated liver enzyme levels in serum. Acute in-
fections may resolve at a higher rate in chimpanzees than
in humans, though data are limited (3). Chronic infections in
chimpanzees typically result in milder hepatitis than is seen in
humans, suggesting a difference in pathogenesis of infection in
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the two species. Thus, the chimpanzee model of HCV infection
may not recapitulate all aspects of the virus-host interaction of
the infection in humans. Additional issues with the chimpanzee
model include the low number of infected animals that are
available for research, which necessarily translates into a high
cost and few animals per study, which adversely affects the
statistical power of each study. However, the close genetic
relationship between chimpanzee and human and the diffi-
culties inherent in other animal models for HCV infection
(reviewed in reference 14) argue strongly that pharmacoki-
netic/pharmacodynamic data generated with HCV-infected
chimpanzees can provide useful guidance for the design of
human clinical trials of novel HCV therapies. Nucleoside
and nonnucleoside inhibitors of the HCV polymerase have
been investigated with the chimpanzee model of chronic
HCV infection, and antiviral efficacy has been observed
previously (6; D. Standring, presented at the conference of
the European Association for the Study of the Liver,
Geneva, Switzerland, 2003).

In the present study, MK-0608 was administered to HCV-
infected chimpanzees to investigate compound exposure and
to determine its efficacy in reducing viral load. A robust
antiviral response was observed in HCV-infected chimpan-
zees dosed with the compound either orally or intravenously
(i.v.).

MATERIALS AND METHODS

Chimpanzees. The housing, maintenance, and care of the chimpanzees (Pan
troglodytes) used in the study were in compliance with all relevant guidelines and
requirements at Merck Research Laboratories and at New Iberia Research
Center (University of Louisiana at Lafayette). The study protocols were reviewed
and approved by the Institutional Animal Care and Use Committee at each site.
Either chimpanzees included in these studies were originally infected with HCV
in the course of studies conducted by other investigators or the origin of the
infection is not known. The HCV genotype infecting the chimpanzees was de-
termined by a line probe assay (Versant HCV genotype assay, LiPA; Bayer
Diagnostics/Innogenetics) and confirmed by reverse transcription-PCR (RT-
PCR) rescue of HCV genetic material and DNA sequencing. Chimpanzee X3
was infected with HCV genotype 3a. Chimps X5, X4, and X6 were infected with
HCV genotype 1a (H77 isolate).

Pharmacokinetic analysis. The concentrations of MK-0608 (structure shown
in Fig. 1) in plasma and liver biopsy samples were determined after the com-
pound was administered orally to two chimpanzees (one male, one female) not
infected with HCV. Plasma pharmacokinetic analysis could not be carried out
with HCV-infected chimps since they are not trained to present their arms for
blood sampling, and the extensive sedations that would be required could en-
danger their health. The compound was dosed at 1 mg/kg of body weight as a
solution in Tang once per day for a total of 7 days. Blood samples were collected
at various times from 0.5 to 24 h after the first and seventh dose while the animals
were alert. Additionally, liver samples were collected by needle aspiration while
the chimps were under general anesthesia at 24 h after the first and seventh
doses, frozen on dry ice, and stored at �70°C until analysis. Clinical chemistry
and hematological data were compiled from serum and blood samples collected
prior to the oral administration of the compound for 7 days to the uninfected
chimpanzees and again after administration of the last dose. There were no
significant changes in the measured parameters.

Administration of MK-0608 to HCV-infected chimpanzees. Doses for i.v. ad-
ministration of MK-0608 were formulated in sterile saline (0.9%) and stored at
4°C prior to administration. The HCV-infected chimpanzees were sedated using
a minimal amount of tiletamine, zolazepam, or ketamine prior to i.v. adminis-
tration of the compound. Blood samples for viral load determinations were
removed just prior to the administration of the next dose of compound. Blood
samples for determination of compound concentrations during the i.v. dosing
phase were removed just prior to and just after the administration of each dose
to represent 24-h and 10-min time points, respectively. Blood was processed into
plasma within 1 h of collection. Plasma samples were aliquoted and stored frozen
at �70°C.

The compound was also dosed orally as a solution in Tang to alert HCV-
infected chimpanzees. Blood samples for determination of viral load and com-
pound concentration were collected while the chimps were under ketamine
sedation 4.5 h after oral dosing on selected days. Plasma samples were collected
weekly for up to 4 weeks after the last dose was administered for both the i.v.-
and oral-dosing phases to monitor the rebound of the viral load.

Concentration of MK-0608 in plasma and liver. The concentration of MK-
0608 in plasma was determined using liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) in the positive-ion mode using a heated nebulizer (APCI)
interface. The nucleoside analog and the internal standard (tubercidin) were
isolated from plasma (50 to 100 �l) by solid-phase extraction (SPE) using mixed-
phase cation exchange in Oasis 96-well plates (30 mg resin/well). Analytes were
eluted from the SPE plate by consecutive elution with two 300-�l volumes of
90:8:2 (vol/vol/vol) acetonitrile-water-ammonium hydroxide (600-�l total vol-
ume) added to each well of the plate. An additional 100 �l of acetonitrile-1 M
acetic acid (90:10, vol/vol) was added to the eluent from each well, and 5- to 10-�l
aliquots were directly injected into the LC-MS/MS system. Chromatography was
carried out in hydrophilic-interaction chromatography mode, and quantification
was based on selected reaction monitoring of the following precursor/product ion
pairs: m/z 281 3 135 (MK-0608) and m/z 267 3 135 (tubercidin). The concen-
tration of the nucleoside analog in liver biopsy samples was determined after the
hydrolysis of 2�-C-methyl-7-deaza-adenosine nucleotide anabolites back to their
nucleosides upon treatment with acid phosphatase. Samples were suspended in
100 mM ammonium acetate (pH 5) buffer and homogenized using an ultrasonic
cell disruptor. Posthomogenization, the internal standard (tubercidin, 25 �l to 1
�g/ml) was added to a 100-�l aliquot of whole-liver homogenate and 200 �l of
100 mM ammonium acetate (pH 5), 50 �l of 100 mM MgCl2, and 20 �l (�3 to
4 U) of acid phosphatase (acid phosphatase from sweet potato [Sigma]; the stock
solution was diluted to �160 U/ml with 100 mM ammonium acetate buffer, pH
5). The samples were incubated in a shaking water bath at 37°C for 30 min.
Posthydrolysis, MK-0608 and the internal standard (tubercidin) were isolated
from incubation mixtures by SPE using mixed-phase cation exchange in Oasis
96-well plates (30 mg resin/well) according to the protocol used for plasma
samples and analyzed by LC-MS/MS by using the same procedures described
above for plasma.

Viral load determinations. Viral load determinations were performed on
plasma samples either by using the Versant HCV RNA (branched-DNA) assay
(version 3.0; Bayer Diagnostics) or the HCV TaqMan assay (analyte-specific
reagent version; Roche) for quantitative analysis or by using the Versant HCV
qualitative assay (transcription-mediated amplification [TMA]; Bayer Diagnos-
tics) for qualitative detection of HCV.

Viral resistance analysis. Total RNA was extracted from chimpanzee plasma
samples using the Qiagen RNeasy minikit according to the manufacturer’s in-
structions (Qiagen, Inc., Valencia, CA). The RNA was used as a template for the
reverse transcriptase reaction mixture (SuperScript III reverse transcriptase;
Invitrogen Life Technologies, Carlsbad, CA), which was primed with a 34-
nucleotide deoxyribosyladenine (dA) primer. Following RT, the reaction mix-
tures were heat inactivated at 65°C for 15 min and then digested with RNase H
for 20 min at 37°C. Nested PCR was performed using Takara LA Taq hot-start
enzyme (Takara Bio Inc., Shiga, Japan) and the following primer pairs: PCR 1
forward (5�ACGGGTCATGGTCRACGGTCAGTAG) and the reverse 34-nu-
cleotide dA primer and PCR 2 forward (5�GAYGTYGTGTGCTGCTCAATG
TCTTA) and PCR 2 reverse (5�ATCGGTTGGGGAGGAGGTAGATGC)
(where R is a mixture of G and A and Y is a mixture of C and T). For chimp X3,
infected with HCV genotype 3a, the following primers were substituted: PCR 1
forward (5�GAGCGTGGTCTGCTGTCTATGTC) and the reverse 34-nucleo-
tide dA primer and PCR 2 forward (5�CTGATAACACCATGTAGTGCTG
AGG) and PCR 2 reverse (5�TACCAGCTCACCGWGCTGGCAGG) (where
W is a mixture of A and T). PCR products were sequenced on the ABI Prism
3100 genetic analyzer. Low-viral-load samples were genotyped by Bayer Refer-
ence Testing Laboratory (Berkeley, CA) with the commercial NS5B genotype
assay. This assay generates approximately 200 nucleotides of double-stranded

FIG. 1. 2�-C-Methyl-7-deaza-adenosine (MK-0608).
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sequence spanning codons 250 to 310. At the low viral loads of these samples
(�20 IU/ml), the genotype assay was successful only with select samples.

RESULTS

MK-0608 concentration in plasma and liver after oral dos-
ing. Two uninfected chimpanzees trained to present their fore-
arms voluntarily for blood collection were dosed with 1 mg
MK-0608 per kg body weight orally as a solution in Tang once
daily for seven consecutive days. This dosing regimen was
chosen to determine whether there was any increase in expo-
sure on multiple dosing and to mimic more closely the regimen
planned for the longer-term study of HCV-infected chimpan-
zees. Plasma samples were collected over a 24-h period after
the first and seventh doses, and concentrations of the nucleo-
side analog in the plasma were determined using LC-MS/MS.
As shown in Fig. 2, oral administration of the compound re-
sulted in significant levels of compound in plasma over the 24-h
dosing period. After the first dose, peak concentrations in
plasma averaged 0.78 �M and occurred at 2 h postdose (Table
1). At 24 h postdose, the mean plasma concentration was 0.05
�M, and the mean area under the concentration-time curve
from 0 to 24 h (AUC0–24) was 5.6 �M � h. Overall, similar
compound concentrations were found in the two chimpanzees.
Very minor increases in the AUC0–24 and in the maximum
concentration of the drug in serum (Cmax) were evident after 7
days of dosing compared to after the first dose. The compound
concentration in plasma 24 h after the seventh dose was sig-
nificantly higher (�2.5-fold) than that 24 h after the first dose.
The plasma concentrations of MK-0608 exceeded the replicon
50% effective concentration (EC50) (0.3 �M) for approxi-
mately 8 h after dosing but did not reach the replicon EC90 (1.3
�M) at any time.

Concentrations of the nucleoside analog were also deter-
mined in liver tissue collected by needle biopsy 24 h after the
first and seventh doses (Table 1). Samples were treated with
acid phosphatase to convert any phosphorylated species to the
nucleoside. The concentration of MK-0608 and its phosphory-
lated metabolites in liver 24 h after the first dose was on
average 69-fold higher than the concentration in plasma at the
same time point, suggesting an efficient uptake into liver. A
similar ratio of the concentration in liver to the concentration

in plasma was determined from samples taken 24 h after the
seventh dose. The absolute concentration of the nucleoside
analog in liver was 2.1-fold higher after the seventh dose than
after the first dose.

Viral load after i.v. administration of MK-0608. The com-
pound was first dosed to HCV-infected chimpanzees using i.v.
administration at 0.2 mg/kg once daily following sedation in
order to guarantee that the animals received the intended
dose. Administration via oral gavage under sedation was un-
acceptable due to anticipated effects of the sedation on oral
absorption of the compound. Plasma samples were collected
on selected days beginning 14 days prior to the first dose to
establish a baseline viral load. As shown in Fig. 3A, after 7 days
of dosing at 0.2 mg/kg, the viral load in chimpanzee X5 de-
creased by 0.8 log relative to that at day 0 (just prior to the first
dose), and the viral load in chimpanzee X3 decreased by 1.4
logs relative to that at day 0. However, significant variation in
the baseline viral loads and in the viral loads after dosing
ended obscured the conclusion that the decrease was due

FIG. 2. Plasma concentrations of MK-0608 in chimpanzees X1 (�) and X2 (�) after they received a single dose (A) or seven consecutive daily
doses (B) of 1 mg/kg orally. The arithmetic mean is also shown (�). The horizontal line depicts the replicon EC50 for MK-0608 (0.3 �M).

TABLE 1. Compound concentrations after dosing of MK-0608 for
1 and 7 days at 1 mg/kg per day in uninfected chimpanzeesa

Day Chimp AUC0–24
(�M � h)

Cmax
(nM)

Tmax
(h)

Plasma
concn

at 24 h
(nM)

Liver
concn

at 24 h
(nM)

Ratio of
concn in
liver to

concn in
plasma
(24 h)

1 X1 5.74 830 2 51 2,580 51
X2 5.51 720 2 43 3,940 92

Mean 5.6 780 2 47 3,260 69

7 X1 7.14 920 2 124 6,830 55
X2 5.86 770 2 113 6,930 61

Mean 6.5 850 2 118 6,880 58

a The compound was administered orally, and plasma samples were then
collected over a 24-h period after the first and seventh doses. Liver tissue samples
were also collected by needle biopsy while the chimps were under general
anesthesia. Compound concentrations were determined using LC-MS/MS as
described in Materials and Methods. Tmax, time to maximum concentration of
the drug in serum.
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solely to administration of the compound. The concentration
of the compound in plasma determined at 10 min postdosing
was on average 1.27 �M for the two chimps over the 7 days of
dosing. At 24 h postdose, the compound concentration was
below the limit of quantification (LOQ) (36 nM) in both
chimps on all days of dosing.

The chimpanzees were allowed a rest period of about 2
months after the first round of dosing to allow for complete
rebound of viral titers. Plasma samples were then taken over a
2-week period without dosing the compound to establish the
baseline viral load. Subsequently, the two chimpanzees re-
ceived 2 mg/kg MK-0608 via i.v. administration under the same
dosing and sampling regimen. Plasma viral loads in both
chimps decreased rapidly and were below the LOQ of the
Versant assay (3,200 copies/ml) after the third dose. Viral
loads remained below the LOQ for the remainder of the dos-
ing period and for 24 and 48 h after the last dose in chimps X5
and X3, respectively.

Viral loads from the round of i.v. dosing at 2 mg/kg were also
determined using the more sensitive HCV TaqMan assay
(Roche) to gain information about the low range of viral loads
(Fig. 3B). Viral loads in both chimps decreased to values below
the LOQ in the TaqMan assay (20 IU/ml) during the dosing
interval and remained below the LOQ for 24 and 72 h after the
last dose in chimpanzees X5 and X3, respectively. Thus, the
viral loads at the end of dosing represent decreases of 5.8 and
5.9 log10 from day 0 for chimps X5 and X3, respectively. Viral
loads rebounded to near starting levels over the 4 weeks that
they were monitored after the end of dosing.

Plasma concentrations of compound were determined im-
mediately prior to and just after the administration of each
dose to reflect the 24-h and �10-min time points. The plasma
concentration of the compound at the �10-min time point
averaged 9.9 and 11.0 �M for chimps X5 and X3, respectively.
The compound concentration at 24 h after each dose ranged
from 80 nM after the first dose to about 200 nM after the
fourth dose and did not increase thereafter (Fig. 4).

Viral load after oral administration of MK-0608. To deter-
mine the antiviral efficacy of the compound after oral dosing,

MK-0608 as a solution in Tang was administered to two chron-
ically HCV-infected chimpanzees at 1 mg/kg once daily for 37
days. Plasma samples were collected approximately 4 h after
administration of the compound periodically during the 37
days of dosing for determination of viral load and compound
concentration. Chimpanzee X6 had a baseline viral load that
varied from 1,110 to 12,900 IU/ml, and chimpanzee X4 had a
baseline viral load of 3 � 106 to 9 � 106 IU/ml, as determined
using the TaqMan assay. As shown in Fig. 5A, viral loads
decreased substantially in both chimps over the duration of
dosing. The viral load of chimpanzee X6 decreased after the
second dose to a level that was below the LOQ of the TaqMan
assay (20 IU/ml). Plasma samples from X6 were also submitted
to the more sensitive TMA assay, which has a limit of detection
of 10 IU/ml. At day 4, X6 was still HCV positive by TMA assay.
However, HCV was not detectable in the plasma of X6 from
day 10 through day 42, which was 6 days after the end of
dosing. At day 49, X6 was HCV positive by TMA assay, but his
viral load was still below the LOQ in the TaqMan assay; by day
56, the viral load had rebounded to near starting levels. The

FIG. 3. Plasma viral loads during i.v. administration of MK-0608. The compound was dosed in separate experiments at two different dose levels
(0.2 mg/kg per day, filled symbols; 2 mg/kg per day, open symbols) to two HCV-infected chimpanzees (X5 [circles] and X3 [squares]). Days are
numbered relative to the first day of dosing (day 0). The vertical dashed line indicates the time of administration of the last dose. (A) Plasma
samples were periodically collected and viral loads determined using the Versant branched-DNA assay (version 3; Bayer), which has an LOQ of
3,200 copies/ml (3.5 log10, denoted by the horizontal dashed line). Viral loads below the LOQ are graphed at 3,200 copies/ml. (B) Viral loads were
also determined from plasma samples from both chimps during dosing at 2 mg/kg using the more sensitive HCV TaqMan assay (Roche), which
has an LOQ of 20 IU/ml (1.3 log10 IU/ml, denoted by the horizontal dashed line). Viral loads below the LOQ of the assay are represented at the
LOQ. The dashed vertical line represents the time of administration of the last dose.

FIG. 4. Plasma concentrations of the compound 24 h after the
2-mg/kg i.v. dose [C(24h)]. Plasma samples were collected from chim-
panzee X5 (E) and chimpanzee X3 (�) 24 h after each dose during the
dosing period (days 0 to 6) and for 4 days after dosing ended. Com-
pound concentrations were determined using LC-MS/MS. The dashed
line indicates the time of administration of the last dose.
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viral load of chimpanzee X4 decreased steadily to reach a
minimum of 197 IU/ml at day 33, corresponding to a 4.6-log10

reduction from the initial viral load, and rebounded to 807,000
IU/ml by day 65.

The concentrations of the compound in plasma were deter-
mined in samples collected 4.5 h after oral dosing. The 4.5-h
time point was chosen to allow maximal absorption of the
compound prior to sedation but also to allow for recovery after
sedation prior to the chimpanzees’ evening meal. As shown in
Fig. 6, concentrations at 4.5 h fell in a range of 200 to 500 nM
during the duration of dosing. No significant trend in the con-

centrations across this time interval was apparent. Addition-
ally, at the end of 37 days of dosing, plasma samples were
collected 24 h after the last dose. The compound concentra-
tions were determined to be 113 and 122 nM in chimps X4 and
X6, respectively, concentrations that were similar to the con-
centrations in plasma 24 h after 7 days of dosing at 1 mg/kg in
the uninfected chimps (Table 1). Assuming that the liver con-
centration/plasma concentration ratio that was determined
during dosing of the HCV-naïve chimps was maintained in the
HCV-infected chimps, the concentrations of MK-0608 (and its
phosphorylated metabolites) in liver at 24 h after the last dose
were �6.5 and �7.1 �M in chimps X4 and X6, respectively.

Resistance analysis. Viral RNA isolated from plasma sam-
ples drawn prior to, during, and after the cessation of dosing
was genotyped for evidence of sequence variants indicative of
resistance. RT-PCR products of NS5B were generated from
the time points (indicated in Table 2) of the study using a
2-mg/kg i.v. dose and sequenced as a cDNA population. Het-
erogeneity was noted among early rebound time points at days
13 and 16 for chimpanzee X3 (a day 10 sample was unavailable
for genotyping). Circulating viruses were heterogenous at

FIG. 5. Plasma viral loads in two HCV-infected chimps dosed at 1
mg/kg MK-0608 orally once daily for 37 days. Plasma viral loads were
assessed by the HCV TaqMan assay (Roche), which has an LOQ of 20
(1.3 log10) IU/ml, for chimpanzees X6 (E) and X4 (�), dosed starting
at day 0 and ending at day 36. Values that were below the LOQ are
graphed as 1.3 log10 IU/ml. The dashed vertical line represents the
time of administration of the last dose. The dashed horizontal line
represents the lower LOQ.

FIG. 6. Compound concentration in plasma 4.5 h after oral dosing
at 1 mg/kg MK-0608 once per day. Compound concentrations were
determined from plasma samples collected during dosing at 1 mg/kg
once daily by oral administration to chimpanzees X6 (E) and X4 (�).
The mean is also shown (�). The data demonstrate that some vari-
ability in the concentrations at 4.5 h is evident, but no systematic
increase or decrease is present. Compound concentrations were below
the LOQ (36 nM) on days 42, 49, 56, and 65 for both chimps (not
shown).

TABLE 2. Amino acid identity at position 282 of the product of
the HCV NS5B gene rescued from chimpanzees dosed

with MK-0608a

Chimpanzee Dosing
regimenb

Study
dayc Sequencing methodd Amino acid(s)

at position 282e

X3 2 mg/kg i.v. �7 Population S
�1 Population S
13 Population, clonal

(30)
T (19), S (11)

16 Population, clonal
(51)

T (20), S (31)

19 Population, clonal
(14)

S (14)

X5 2 mg/kg i.v. �7 Population S
�1 Population S

2 Population S
9 Population S

13 Population S
16 Population S

X6 1 mg/kg
p.o.

�14 Populationf S
4 Populationf S

49 Populationf R, T, I
56 Populationf S

X4 1 mg/kg
p.o.

�14 Populationf S
37 Populationf S
56 Populationf S

a Viral RNA was rescued using RT-PCR from plasma samples collected on
various days. Corresponding cDNA samples were sequenced across the NS5B
gene.

b Dose level and route of administration of MK-0608 (either i.v. or per os
	p.o.
).

c Study day 0 is defined as the first day of dosing. Study day �14 corresponds
to 14 days prior to the first day of dosing. For the studies using i.v. administration,
all days after day 6 are after the end of dosing. For the studies using oral
administration, all days after day 36 are after the end of dosing.

d Numbers in parentheses are numbers of individual clones.
e Amino acid at position 282 of the product of the HCV NS5B gene rescued

from HCV-infected chimpanzees. Numbers in parentheses are numbers of indi-
vidual clones.

f Sequencing was carried out at Bayer Reference Testing Laboratories using
the NS5B genotype assay.
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amino acid 282, encoding either serine or threonine. Clonal
analysis of these samples confirmed the presence of both
serine- and threonine-encoding sequences. Previous in vitro
cell-based resistance selections and enzymatic assays identified
the S282T mutation as conferring resistance to MK-0608 and
other 2�-methyl-modified nucleosides (18). There were no ad-
ditional polymorphisms linked to either S or T at residue 282.
The S282T mutation was not detectable in a predose sample
using an allele-specific detection assay sensitive to 1 in 1,000
copies (S. W. Ludmerer and D. Graham, unpublished obser-
vations) and became undetectable in a sample drawn after an
additional 3 days postdose on study day 19. It is possible that
the first round of dosing of MK-0608 at 0.2 mg/kg selected for
and enhanced the proportion of the S282T variant within the
total viral population. However, the level of the S282T variant
entering the second study (2 mg/kg) was undetectable by a
sensitive method. Thus, virus encoding this mutation arose
during MK-0608 dosing and rapidly disappeared from the cir-
culating viral population in the absence of continued dosing,
consistent with in vitro results that the S282T mutation confers
resistance to MK-0608 and that replication is impaired as a
result of acquiring this mutation (18). No heterogeneity was
noted among any samples drawn from chimpanzee X5, includ-
ing a day 2 sample where the viral load had been suppressed
more than 4 logs.

Similar observations were made in the study in which MK-
0608 was dosed orally for 37 days at 1 mg/kg. The viral load of
chimpanzee X6 dropped below the level of quantification
within 2 days of dosing, remained below the LOQ for the
duration of dosing, and did not rebound until approximately 2
weeks after the end of dosing. Virus initially remained detect-
able by TMA but, with continued dosing, eventually became
undetectable even by TMA. On day 49, approximately 12 days
postdosing, virus once again became TMA detectable. Approx-
imately 200 bp of a double-strand sequence spanning codons
250 to 315 was generated from select TMA-positive samples
using the highly sensitive commercial NS5B genotyping as-
say (Bayer Research Testing Laboratories, Berkeley, CA).
Whereas the day 2 sample encoded serine at amino acid 282,
the nucleotide sequence of the day 49 sample at this codon was
varied, with one strand reading CGA (arginine) and the other
reading AYC (threonine or isoleucine). One week later, the
viral load rebounded to predose levels and only AGC (serine)
was detected at amino acid 282. The low viral load (�10
IU/ml) and limited sample availability precluded clonal anal-
ysis. Select longitudinal samples collected from chimpanzee X4
were all homogenous for S282 and encoded no other polymor-
phisms.

DISCUSSION

A detailed understanding of the relationship between the
pharmacokinetics and pharmacodynamics of a potential ther-
apeutic agent in a relevant animal model of the disease aids in
the design of a strategy for determining compound efficacy in
human clinical trials. Thus, the goals of these studies were to
determine the efficacy of dosing a nucleoside analog, 2�-C-
methyl-7-deaza-adenosine (MK-0608), under different condi-
tions to HCV-infected chimpanzees and to relate the antiviral
efficacy to the exposure to the compound.

MK-0608 is a potent inhibitor of HCV replication in vitro. In
the subgenomic-replicon assay, MK-0608 inhibits viral RNA
replication at an EC50 of 0.3 �M (EC90 � 1.3 �M) in the
absence of significant cytotoxicity (50% cytotoxic concentra-
tion, �100 �M) (21). The 5�-triphosphate of 2�-C-methyl-
7-deaza-adenosine inhibits the purified HCV RdRp from
genotype 1b, with an IC50 of 110 nM, and acts as a chain-
terminating inhibitor. In preclinical pharmacokinetic exper-
iments with rats, dogs, and rhesus monkeys, MK-0608 dem-
onstrated good to excellent oral bioavailability (50 to 100%)
and long plasma half-lives in dogs and rhesus macaques (9
and 14 h, respectively). Additionally, when MK-0608 was
administered orally to rats, a high concentration of the ac-
tive form of the inhibitor, the 5�-triphosphate, was gener-
ated in rat liver. When dosed to rats at 2 mg/kg, the 5�-
triphosphate of MK-0608 was present at �12 �mol/kg liver
at 8 h postdose, which represents �50% of the total nucleo-
side (or nucleotide) present, demonstrating a favorable tis-
sue distribution to the liver and an efficient intracellular
conversion to the triphosphate. In comparison, about 80%
of the total intracellular concentration of nucleoside (or
nucleotide) was present as the triphosphate when replicon-
containing Huh-7 cells were incubated with MK-0608. Pre-
clinical toxicity data indicated that the compound had a
single 50% lethal dose of �2,000 mg/kg in mice (21). The in
vitro potency, favorable pharmacokinetic parameters and
tissue distribution, and lack of acute toxicity of MK-0608
prompted further investigations into antiviral efficacy.

The plasma and liver concentrations of MK-0608 following
oral administration of the compound to two uninfected chim-
panzees were determined after single and multiple doses. Max-
imal plasma concentrations and AUCs increased only slightly
after seven doses of compound. Measurable levels of com-
pound remained in plasma 24 h after the first dose (�50 nM)
and increased by about 2.5-fold over the course of seven doses.
The plasma trough concentration had likely approached a
steady-state level after seven doses, since during the study in
which the compound was dosed for 37 days orally at the same
dosage (1 mg/kg) to HCV-infected chimps, the plasma trough
concentrations were similar (113 and 122 nM in the two chim-
panzees).

A high concentration (�3.2 �M) of the compound was de-
termined in liver tissue samples taken 24 h after the first
1-mg/kg dose, and the liver trough concentration after the
seventh dose was �6.9 �M, roughly 60 times the plasma con-
centration at the same time, demonstrating efficient uptake
into liver. The ratio of the concentration in liver to the con-
centration in plasma in chimpanzee was similar to that ob-
served in rat (21). The trough nucleoside analog concentration
in liver after the seventh dose was �23 times the EC50 (5.3
times the EC90) in the replicon assay. It was not possible to
determine accurately the fraction of the nucleoside that existed
as the 5�-triphosphate in the chimpanzee liver tissue due to
high levels of phosphatase activity. In other preclinical studies
with rats, where freeze-clamping techniques can be used on
liver tissue in situ to minimize the degradation of the triphos-
phate, on average about 50% of the total nucleoside existed as
the triphosphate. This likely represents a low estimate, owing
to residual phosphatase activity (K. Koeplinger, unpublished).
However, the efficiency of phosphorylation of MK-0608 in
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chimpanzee or human liver may not equal that in rat liver.
Additionally, HCV infection may alter the concentration of
MK-0608 triphosphate in infected liver. When MK-0608 was
administered either i.v. or orally to HCV-infected chimpan-
zees, substantial decreases in viral load were observed. The
average decrease in viral load during i.v. administration at 0.2
mg/kg was �1 log10, and at 2 mg/kg, it was � 3.5 log10 by the
Versant assay and �5 log10 by the TaqMan assay, if the viral
loads from day 0 to the end of dosing, day 7, are compared.
Notably, though chimpanzee X3 was infected with HCV geno-
type 3a and chimpanzee X5 was infected with genotype 1a, the
decreases in viral load were similar in these chimps, consistent
with the broad activity of 2�-C-methyladenosine analogs across
genotypes in vitro (S. Carroll, unpublished data). Thus, in-
creasing the dose by 10-fold had the effect of magnifying the
viral load drop by �100-fold, much more than can be ac-
counted for by a dose-proportional increase in efficacy. The
reasons for an increase in efficacy greater than the dose-pro-
portional increase are not clear, but possibly the higher Cmax

after the 2-mg/kg i.v. dose (�10 �M compared to 1.3 �M after
the 0.2-mg/kg i.v. dose) drives greater uptake into liver. An-
other possible explanation may be related to the compound
levels in liver remaining above the replicon EC50 throughout
the dosing interval for the higher dose, maintaining suppres-
sion of viral replication. A definite basis for the difference in
efficacy cannot be ascertained because of the inability to de-
termine accurately the concentration of the triphosphate of
MK-0608 in chimpanzee liver under the different dosing con-
ditions.

During 37 days of oral dosing at 1 mg/kg per day, the viral
load in chimpanzee X4 declined steadily, reaching a 4.6-log10

decrease at the end of the dosing interval. The viral load in
chimpanzee X6 fell below the LOQ after the second oral dose
and remained there throughout the duration of dosing. More-
over, the viral load in X6 was undetectable by the most sensi-
tive commercial assay available (TMA) for much of the dosing
interval and for 6 days after dosing had ceased. Thus, oral
dosing of the compound resulted in a potent antiviral effect,
and there was no evidence of viral rebound during the duration
of dosing. However, the decrease in viral load during the oral
dosing study at 1 mg/kg was not as rapid (in the case of X4 at
day 7, viral load had decreased by �1.8 log10) as the viral load
drop during i.v. dosing at 2 mg/kg (�5 log10 in 7 days in both
chimpanzees), even after the difference in dose is accounted
for. Though a definitive reason for the difference cannot be
determined since different chimpanzees were used in the two
studies, one possibility is that the superior efficacy achieved
during i.v. dosing may again be related to the higher Cmax,
which was �12 �M during i.v. dosing at 2 mg/kg and 0.78 �M
during oral dosing at 1 mg/kg. Compound concentrations at
24 h after dosing for the two studies differed by at most two-
fold, and thus the differences in the minimum concentrations
of the drug in serum between the two routes of administration
are unlikely to account for the difference in the rates of the
viral load decline. Possibly, the higher Cmax results in a higher
concentration of the nucleoside in liver, where conversion to
the 5�-triphosphate leads to retention of the active inhibitor in
hepatocytes.

The ability of MK-0608 to clear cells of replicon RNA has
been investigated, and a greater-than-dose-proportional effect

was observed. At 0.5 �M MK-0608 (1.7 times the EC50), no
difference in the numbers of viable cells in the presence of
neomycin was observed after 14 days of incubation, indicating
that cells were not cured of replicon RNA. However, in the
presence of 2.5 �M MK-0608, �99.9% of cells were cured of
the replicon (data not shown). The in vitro data are consistent
with the greater-than-dose-proportional effects on viral load
seen in the chimpanzees in the present study.

Other nucleoside analog inhibitors of HCV RdRp are under
investigation as potential therapies for HCV infection. NM283,
a 3�-valyl ester prodrug of 2�-C-methyl-cytidine, was adminis-
tered to HCV-infected chimpanzees and was also under inves-
tigation in human clinical trials using HCV-infected patients,
and so that investigation offers a clinical correlate to the
present study. NM283 was dosed at 8.3 and 16.6 mg/kg per day
for 7 days to HCV-infected chimpanzees, resulting in viral load
decreases of 0.8 and 1.05 log10, respectively (D. Standring,
presented at the conference of the European Association for
the Study of the Liver, Geneva, Switzerland, 2003). In a phase
II trial of NM283 in HCV-infected patients, subjects receiving
an 800-mg dose once daily (�11 mg/kg) experienced an aver-
age viral load decrease of 0.7 log10 after 28 days of dosing (1).
The less robust antiviral response observed upon NM283 dos-
ing compared to the response observed in the present study
upon dosing of MK-0608 may be a consequence of the lower
inhibitory potency of NM-283. The replicon EC50 of NM-107,
the nucleoside resulting from processing of NM-283, is �1 �M
(13), compared to the EC50 of 0.3 �M for MK-0608 in the
replicon assay (21). Chimpanzee exposure data were not dis-
closed, but in humans receiving an 800-mg dose (�11 mg/kg),
the plasma Cmax was 15 �M (X. J. Zhou, N. Afdhal, E. God-
ofsky, J. Dienstag, V. Rustgi, L. Schick, D. McInery, B. A.
Fielman, and N. A. Brown, presented at the 39th Annual
Meeting for the European Association for the Study of the
Liver, Berlin, Germany, April, 2005). Therefore, the Cmax of
NM-107 was comparable to the Cmax of MK-0608 after i.v.
dosing at 2 mg/kg to the chimpanzees. The less robust response
with NM-283, compared to MK-0608, may be due to decreased
exposure of the nucleoside triphosphate in the liver, though
data on the liver concentration of NM-107 have not been
disclosed.

Dosing of R1626, a prodrug of 4�-azidocytidine, has resulted
in decreases in viral load in patients (12). R7128, a prodrug of
2�-F-2�-C-methyl-cytidine (PSI-6130), is also under clinical in-
vestigation (M. J. Otto, et al., presented at the 14th Interna-
tional Symposium on Hepatitis C Virus and Related Viruses,
Glasgow, Scotland, 2007). HCV-infected patients receiving a
1,500-mg dose of R7128 twice a day experienced mean reduc-
tions of 2.7 log10 after 14 days of dosing, with no evidence of
viral rebound during dosing (S. Le Pogam, A. Seshaadri, A.
Kosaka, S. Hu, A. Beard, J. Symons, N. Cammack, and I.
Najera, presented at the conference Resistance to Antiviral
Therapies, Paris, France, 2008). The plasma AUC from 0 h to
infinity of PSI-6130, the nucleoside resulting from hydrolysis of
the prodrug moieties, following a single dose of 1,500 mg of
R7128 in healthy subjects averaged 58 �g � h/ml (M. J. Otto, et
al., presented at the 14th International Symposium on Hepa-
titis C Virus and Related Viruses, Glasgow, Scotland, 2007),
and plasma AUC0–24s following 14 consecutive daily doses of
1,500 mg R7128 to HCV-infected subjects averaged 92
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�g � h/ml (R. Reddy, M. Rodriguez-Torres, E. Gane, R. Rob-
son, J. Lalezari, G. T. Everson, E. DeJesus, J. G. McHutchison,
H. E. Vargas, A. Beard1, C. A. Rodriguez1, G. Z. Hill, W. T.
Symonds, and M. M. Berrey, presented at the 58th Annual
Meeting of the American Association for the Study of Liver
Diseases, Boston, MA, 2007). Thus, though a direct compari-
son cannot be made owing to the different dosing regimens
(single versus multiple doses), the plasma exposure of the
nucleoside in healthy subjects differed by less than twofold
from that in HCV-infected patients under the dosing condi-
tions employed. Data on concentrations of the nucleoside in
liver tissue were not disclosed. The robust and stable declines
in viral load during dosing with potent nucleoside analogs
contrast with the results from clinical evaluation of a non-
nucleoside inhibitor of HCV RNA polymerase, with which a
viral rebound during dosing has been observed (P. Chandra, D.
Raible, D. Harper, J. Speth, S. Villano, and G. Bichier,
presented at the Digestive Disease Week conference, Los
Angeles, CA, 2006).

Despite the robust antiviral response to dosing of MK-0608,
viral loads rebounded after dosing ended in all chimps. The
decreases in HCV load during antiviral therapy follow biphasic
kinetics, with an initial rapid phase, representing largely the
clearance of virus from the plasma, and a second slower phase,
whose rate is governed primarily by the clearance of infected
hepatocytes (19). It is not surprising that SVR was not
achieved during 2-mg/kg i.v. dosing, even though viral loads fell
below the LOQ, since the duration of that study was not long
enough to allow for complete clearance of infected hepato-
cytes. While the amplitude of the rapid phase of viral clearance
during dosing with the compound was large (�3 logs), suggest-
ing a high degree of inhibition of replication, infected hepato-
cytes remained after 7 days of dosing.

During oral dosing at 1 mg/kg, the viral load of X6 was not
detectable even by the TMA assay for at least 32 days. In
clinical trials, a good correlation between achieving a viral load
that is undetectable by TMA and achieving SVR has been
documented (10). Rescue of viral RNA and sequencing re-
vealed that, at a time when viral load was still very low, the viral
sequences from some of the chimpanzees contained mutations
at amino acid 282, a position where mutations are known to
give rise to resistance to inhibition by 2�-C-methyl nucleosides
(18). It is possible that HCV resistant to MK-0608 remained
present at very low levels during dosing. When dosing ended
and selective pressure was removed, the virus rapidly reverted
to wild type while rebounding. The low viral load of virus with
apparent mutations at position 282 and the fact that the virus
that rebounded after dosing ended contained S282 imply that
the mutated virus is deficient in replication compared to the
wild type. Clearance of residual, replication-impaired virus re-
sistant to the compound may require either an extended du-
ration of dosing or possibly the addition of one or more other
drugs for combination therapy.
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