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The non-nucleoside antiviral, BAY 38-4766, protects against
cytomegalovirus (CMV) disease and mortality

in immunocompromised guinea pigs
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New antiviral drugs are needed for the treatment of cytomegalovirus (CMV) infections, particularly in immunocompromised patien
tudies evaluated the in vitro and in vivo activity of the non-nucleosidic CMV inhibitor, BAY 38-4766, against guinea pig cytomeg
GPCMV). Plaque reduction assays indicated that BAY 38-4766 was active against GPCMV, with an IC50 of 0.5�M. Yield reduction
ssays demonstrated an ED90 and ED99 of 0.4 and 0.6�M, respectively, of BAY 38-4766 against GPCMV. Guinea pigs tolerated
dministration of 50 mg/kg/day of BAY 38-4766 without evidence of biochemical or hematologic toxicity. Plasma concentrations
8-4766 were high following oral dosing, with a mean peak level at 1-h post-dose of 26.7 mg/ml (n= 6; range, 17.8–35.4). Treatment with BA
8-4766 reduced both viremia and DNAemia, as determined by a real-time PCR assay, following GPCMV infection of cyclophos

mmunosuppressed strain 2 guinea pigs (p< 0.05, Mann–Whitney test). BAY 38-4766 also reduced mortality following lethal GPC
hallenge in immunosuppressed Hartley guinea pigs, from 83% (20/24) in placebo-treated guinea pigs, to 17% (4/24) in BAY 38-47
nimals (p< 0.0001, Fisher’s exact test). Mortality differences were accompanied by reduction in DNAemia in Hartley guinea pig
pon its favorable safety, pharmacokinetic, and therapeutic profiles, BAY 38-4766 warrants further investigation in the GPCMV m
2004 Published by Elsevier B.V.
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. Introduction

Infection with human cytomegalovirus (HCMV) is ubiq-
itous, and generally asymptomatic (Britt and Alford, 1996).
ertain patient populations, however, may develop life- and
ight-threatening HCMV disease, usually in association
ith immunosuppression. Patients at risk for HCMV disease
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include immunocompromised solid organ and bone ma
transplant patients, and individuals with HIV infect
(Schleiss, 2002). Congenital infection with HCMV als
produces significant morbidity and mortality, and can ca
long-term sequelae, including deafness (Demmler, 1996).
Although vaccination may ultimately offer promise for p
tection against HCMV disease, there are as yet no lice
vaccines (Plotkin, 1999). Therefore, antiviral therapy repr
sents the only intervention currently available for prophyl
and therapy of HCMV in high-risk patient populations.

The first antiviral licensed for HCMV infection wa
ganciclovir. This nucleoside agent inhibits the viral po
merase, and is efficacious both following intraven
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administration, or oral administration as the prodrug, val-
ganciclovir (Kimberlin, 2002; Nichols and Boeckh, 2000;
Griffiths, 2002). Unfortunately, both drug toxicities (particu-
larly neutropenia) and the emergence of antiviral resistance
limit the clinical utility of this agent (Chou, 1999). Alternative
therapies, such as foscarnet and cidofovir, are available, but
fraught with toxicities, in particular renal toxicity, limiting
their usefulness (Schleiss and McVoy, 2004).

Recently, a novel class of non-nucleosidic antivirals has
been developed which interfere with cleavage and packaging
of viral DNA concatemers during the DNA replication pro-
cess. One such agent, BAY 38-4766, has been shown to be
well-absorbed and safe following oral administration, and is
highly active against HCMV in vitro. Based on its favorable
pharmacokinetic profile following oral dosing, its activity
against HCMV, and its low toxicity, this agent may repre-
sent a useful candidate for further clinical trial evaluation in
high-risk patients with HCMV disease (Reefschlaeger et al.,
2001; McSharry et al., 2001; Weber et al., 2001; Buerger
et al., 2001; Evers et al., 2002).

Ideally, candidate antiviral therapies for HCMV should
be evaluated in animal models prior to human clinical trials.
However, since CMVs are species-specific, preclinical effi-
cacy evaluation of candidate HCMV antivirals unfortunately
cannot easily be performed in animal models. This necessi-
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Fig. 1. Antiviral activity in vitro of BAY 38-4766 against GPCMV. Graph-
ical depiction of IC50 determination (plaque reduction assay), as defined in
Section2. Range of concentrations (�M concentrations), horizontal axis.
C, control inoculum of eGFP-expressing GPCMV. Data points represent
mean (±S.D.) of plaque counts from four independent wells. Data are rep-
resentative of four independent experiments. IC50 for BAY 38-4766 against
GPCMV was determined to be 0.5�M.

10,000 IU/I penicillin, 10 mg/l streptomycin (Gibco-BRL)
and 7.5% NaHCO3 (Gibco-BRL). An eGFP-expressing re-
combinant GPCMV, with replication kinetics identical to
wild-type (ATCC) virus, was prepared as described elsewhere
for in vitro antiviral testing (McGregor and Schleiss, 2001).
Salivary gland workpools of GPCMV were prepared for in
vivo studies as described elsewhere (Bia et al., 1983).

2.2. Analysis of in vitro activity of BAY 38-4766 against
GPCMV

The compound, BAY 38-4766, was provided by Bayer®

Pharmaceuticals (Tubigen, Germany). Compound was sol-
ubilized in DMSO, and diluted in F-12 media for in vitro
testing, and in tylose (as described below) for in vivo ad-
ministration. For in vitro testing, twofold dilutions of drug
were made in F-12 media for determination of IC50 by plaque
reduction assay, and EC90 and ED99 by yield reduction as-
say. The drug concentration determined to produce a 50%
reduction in plaques was defined as the IC50. Briefly, GPL
cells were seeded in 24-well plates. Confluent cell mono-
layers were infected with 80–100 plaque-forming units (pfu)
per well of eGFP-expressing GPCMV. After a 1.5-h adsorp-
tion period, a 0.5% methylcellulose-F12 media overlay con-
taining dilutions of drug was added. Plaques were counted
b The
n rcent-
a con-
c ed
a
d ation
ates the study of CMVs of other species, in order to ide
romising treatments in animal models which might prov
e of value for HCMV disease. The pathogenesis of gu
ig cytomegalovirus (GPCMV) infection shares many s

larities with HCMV, including the clinical manifestatio
f pneumonitis and disseminated visceral disease, pa

arly evident in immunocompromised animals. Additiona
n contrast to the CMVs of most small animals, the gu
ig CMV (GPCMV) crosses the placenta, causing infec

n utero, thus making the GPCMV model uniquely usefu
ntiviral evaluations which target the fetus (Bia et al., 1983).
hese features of the GPCMV model have proven to be
seful in the study of a number of experimental antivi
Aquino-de Jesus and Griffith, 1989; Li et al., 1990; F
t al., 1992; Bourne et al., 2000). In view of the antiviral ac

ivity which BAY 38-4766 exhibits against HCMV, and
ight of the efficacy of the agent observed against diss
ated disease in mice experimentally infected with mu
ytomegalovirus (MCMV;Weber et al., 2001), these studie
ere undertaken to evaluate the in vitro and in vivo act
f BAY 38-4766 against GPCMV.

. Materials and methods

.1. Virus and cells

GPCMV (strain no. 22122, ATCC VR682) was pro
gated on guinea pig fibroblast lung cells (GPL, AT
CL 158) and maintained in F-12 medium suppleme
ith 10% fetal calf serum (FCS, HyClone Laboratorie
y fluorescence microscopy after 72–96 h of incubation.
umber of plaques in treated wells was expressed as a pe
ge of untreated virus control and plotted against drug
entration (Fig. 1). Yield reduction assays were perform
s described elsewhere (Hu and Hsiung, 1989). Briefly, the
efinitions employed were based on the drug concentr
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required to reduce 90% (1 log10reduction) or 99% (2 log10re-
duction) of the virus yield, compared to the virus control. This
was determined from dose–response curves and expressed as
the ED90 or ED99 of the compound in a virus yield reduction
assay (Hu and Hsiung, 1989).

2.3. Animal studies and experimental design

GPCMV seronegative Hartley guinea pigs were obtained
from Harlan Laboratories (Indianapolis, IN). Inbred adult
strain-2 guinea pigs were purchased from the Children’s Hos-
pital Research Foundation (Cincinnati, OH). Young adult an-
imals were used for these studies (mean weight,∼600 g).
Immunosuppression and GPCMV challenges were carried
out as previously described (Bourne et al., 2000), except
that strain 2 guinea pigs were treated with a single dose of
cyclophosphamide, 200 mg/kg, 1 day prior to GPCMV in-
fection. For experiments with Hartley guinea pigs, a second
dose of cyclophosphamide, 50 mg/kg, was administered on
day 6 following viral challenge. Beginning on day 1 follow-
ing challenge with 4× 105 pfu of salivary gland-passaged
GPCMV by subcutaneous route, animals were either treated
with tylose (vehicle control) or BAY 38-4766, at a dose of
50 mg/kg/day divided twice daily. Tylose (Tylose MH 400P2)
was obtained from Clariant Corporation, and the formulation
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s chal-
l ysis
p d for
a ies,
b an-
t ost-
i , for
e nal-
y n of
A p-
p

2

mes
p ted
a and
a
b
m ns.
B CR,
t ine
A F6
(
B
a
S
w in a
v t
D tion

mix, and PCR was performed using the LightCycler® in-
strument (Roche Diagnostics). Each reaction mix contained
approximately 25 pmol of UL-83 F6 forward and UL-83 B11
reverse primer, and either unknown sample or, for positive
controls, 2�l of plasmid, pKTS 502, which contains the
225 bp GP83 target sequence, at a concentration of 1× 103

genome copies/�l. For unknown samples, 4�l of sample at an
approximate concentration of 0.1�g was used. PCR was per-
formed using the Roche LightCycler® 1.0 instrument under
the following conditions: initial denature at 95◦C for 10 min,
followed by 95◦C for 3 s, 64◦C for 5 s, 72◦C for 8 s for a total
of 45 cycles, followed by melting curve analysis starting at
64◦C and ending at 95◦C, then a final hold at 40◦C. The data
were analyzed with LightCycler® Data Analysis (LCDA)
Software 1.0 (Roche Diagnostics). For quantification, stan-
dard curves were generated using dilutions of plasmid and
viral DNA at known concentrations. The sensitivity of the as-
say was consistently between 1 and 10 copies/reaction. Viral
load was expressed as copy numbers/�g total DNA extracted
from the sample. For confirmation of positive results, gel elec-
trophoresis was performed, on a 2.25% PCR-grade agarose
gel.

2.5. Statistical analyses
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f the vehicle was as a 0.5% solution in phosphate-buff
aline. Strain 2 animals were treated for 7 days post-viral
enge, with quantitative viral blood culture and PCR anal
erformed on day 10. Hartley strain animals were treate
total of 14 days with drug or placebo. For Hartley stud
lood was obtained by toe clip for viral culture and qu

itative PCR analysis of viral load at days 7 and 10 p
noculation. A subset of animals was sacrificed at day 7
valuation of organ pathology (not included in mortality a
sis). Animals were housed under American Associatio
ccreditation of Laboratory Animal Care policies, with a
roval from the Institutional Animal Use Committee.

.4. Viral culture and real-time PCR analyses

Blood samples were obtained by toe clip at various ti
ost-infection in sham-treated and BAY 38-4766-trea
nimals. Heparinized blood was cultured on GPL cells
separate aliquot of blood (100�l volume) was purified

y Qiagen® column extraction, using the QIAamp® DNA
ini kit, according to the manufacturer’s specificatio
efore the samples were subjected to real-time P

hey were analyzed by spectrophotometry to determ
260 DNA concentrations. The primer pair UL83

5′-CGACGACGACGATGACGAAAAC-3′) and UL83
11 (5′-TCCTCGGTCTCAACGAAGGGTC-3′) amplifies
225 base pair (bp) region, corresponding to Asp402 through
er473 of the GP83 protein (Schleiss et al., 1999, 2003), and
as used for real-time PCR. The PCR was performed
olume of 20�l as specified by the LightCycler® FastStar
NA Master SYBR Green I “Ready to Use” hot start reac
Incidence data (mortality rates) were compared u
isher’s exact test. Nonparametric data, including the c
arisons of viral load and viral titers in treated versus

reated animals, were analyzed using the Mann–Wh
est. All comparisons were two-tailed. Statistical analy
ere performed with the InStat® software package (Grap
ad Software, San Diego).

. Results

.1. In vitro antiviral activity of BAY 38-4766 against
PCMV

Previous analyses of BAY 38-4766 had identified an
al activity against both human and rodent CMVs, with I50
alues in the 0.04–0.3�M range (Reefschlaeger et al., 200).
AY 38-4766 was assessed for activity against GPCMV

ng standard plaque reduction assays. Plaque reduction
stablished an IC50 for BAY 38-4766 of 0.5�M (Fig. 1), sim-

lar to the level of antiviral activity which had previously be
escribed for this compound against HCMV (Reefschlaege
t al., 2001; McSharry et al., 2001). Yield reduction assay
etermined for BAY 38-4766 against GPCMV determi
n ED90 and ED99 of 0.4 and 0.6�M, respectively. Simila
alues were observed by using both an eGFP-tagged ve
f GPCMV (McGregor and Schleiss, 2001), as well as a tis
ue culture-passaged stock, derived from the ATCC stra
PCMV (strain no. 22122, ATCC VR682). BAY 38-47
xhibited no evidence of cytotoxicity to monolayers of G
ells at concentrations up to 0.4 mM.



38 M.R. Schleiss et al. / Antiviral Research 65 (2005) 35–43

3.2. Pharmacokinetic and safety analyses of BAY
38-4766 in guinea pigs

To assess the tolerability and pharmacokinetics of BAY
38-4766 in guinea pigs, blood counts and serum chemistries
were obtained following oral dosing, along with drug lev-
els. Animals tolerated oral administration of 50 mg/kg/day
of BAY 38-4766 without evidence of biochemical or hema-
tologic toxicity (data not shown). Treated animals also had
similar weight gain during therapy, compared to placebo
recipients. Pharmacokinetic analyses indicated that plasma
concentrations of BAY 38-4766 were high following oral
dosing in nonpregnant animals, with a mean peak level 1-h
post-dose of 26.7�g/ml (0.06 mM;n= 3; range, 17.8–35.6).
In all animals, drug concentration was lower on day 3 of
oral dosing, with a mean level 1-h post-dose of 16.8�g/ml
(11.4–21.6�g/ml range), and was further reduced on day
5 to a mean level of 6.5�g/ml (0.015 mM; 4.9–8.1�g/ml),
an effect possibly compatible with cytochrome p450 induc-
tion. Blood levels were also obtained from pregnant dams
(n= 3), and from pups sacrificed in utero. Plasma concentra-
tions in dams were high, ranging from 14.3 to 36.3�g/ml
(mean, 25.6�g/ml), 1-h post-dose on day 1 of oral dosing.
On day 3 of oral dosing, the 1-h post-dose levels remained
high in pregnant animals, with a mean of 23.9�g/ml (range,
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and in viral load assessed by real-time PCR. The 50% tis-
sue culture infectious dose endpoint (TCID50) was deter-
mined, according to the methodology ofReed and Muench
(1938). The mean viral titer was 3.1± 0.4 log10 TCID50/ml
in control animals (n= 7), and 2.0± 0.6 log10 TCID50/ml in
BAY 38-4766-treated animals (n= 6;p< 0.02 versus control,
Mann–Whitney test). By real-time PCR, viral load in con-
trol animals was 2.9± 0.6 log10 genomes/�g, compared to
2.3± 0.2 log10 genomes/�g in BAY 38-4766-treated animals
(p< 0.04 versus control, Mann–Whitney test;Table 1). No
GPCMV-related mortality was observed in strain 2 guinea
pigs under these experimental conditions.

3.4. Reduction of GPCMV mortality following lethal
challenge in Hartley guinea pigs

The effect of BAY 38-4766 on mortality due to dissemi-
nated GPCMV in immunocompromised Hartley guinea pigs
(two doses of cyclophosphamide) was next analyzed. For
these studies, BAY 38-4766 was given as described above for
strain 2 animals, but antiviral therapy was extended to a total
of 14 days, and Hartley guinea pigs were more heavily im-
munosuppressed, via the administration of an additional dose
of cyclophosphamide, as noted above. Under these experi-
mental conditions of immunosuppression, a high rate of mor-
t
T 38-
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tion
i viral
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a acri-
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G Mean

C 3.1± 0.
B 2.0± 0.
3.2–30.3�g/ml). On day 3 of oral dosing, the 4-h po
ose level was 6.5�g/ml (range, 4502–7441). Following th
ose, dams were sacrificed, and fetal plasma obtainedn= 9
ups). The mean BAY 38-4766 level in fetal plasma
.6�g/ml (0.004 mM). These analyses indicated that B
8-4766 crossed the placenta in pregnant guinea pigs

etal plasma concentrations approximately 25% of mate
evels.

.3. Reduction in GPCMV viremia and DNAemia in
train 2 guinea pigs

To assess the efficacy of BAY 38-4766 in an inb
train of guinea pigs, strain 2 guinea pigs, GPCMV v
oads were monitored by blood culture and qcPCR foll
ng subcutaneous challenge with salivary gland-pass
irus. These animals were immunosuppressed with a
le dose of cyclophosphamide, and then treated wit

her BAY 38-4766 for 7 days, or placebo, beginning
ay 1 post-viral inoculation. Viral load assessment of w
lood obtained on day 10 indicated significant reduct

n the mean titer of GPCMV in quantitative blood cultu

able 1
PCMV dissemination in cyclophosphamide-treated strain 2 guinea

roup No. of animals

ontrol (tylose) 7
AY 38-4766 6
∗ p< 0.02 vs. control, Mann–Whitney test.

∗∗ p< 0.04 vs. control, Mann–Whitney test.
ality (50–75%) is typically observed (Bourne et al., 2000).
hese experiments identified a dramatic impact of BAY
766 on guinea pig mortality (Fig. 2). At the conclusion o

he 14-day treatment regimen, the total guinea pig mo
ty in the control (tylose vehicle) group was 20/24 (83
ompared to only 4/24 (17%) mortality in the treatm
roup (p< 0.0001, Fisher’s exact test). Most mortality
urred between days 10 and 14 following GPCMV infec
Fig. 2).

To assess the impact of BAY 38-4766 on viral replica
n immunosuppressed Hartley guinea pigs, quantitative
oad assessments in the blood were made by real-time
t days 7 and 10. In addition, a subset of animals was s
ced (n= 6/group; not included in mortality analysis abo
t day 7 post-viral challenge, for quantitative viral load
essment in solid organs (lung, liver, spleen) by viral cu
nd PCR, and for histopathology. Histopathologic eva

ion of organs recovered at the day 7 time point reveale
resence of viral inclusions and inflammatory infiltrate

he visceral organs of animals from both groups, particu
n the lung. No differences were observed in the exten
issue histopathology in the two groups (data not sho

pact of BAY 38-4766 on viral load on day 10 post-GPCMV challenge

titer (TCID50/ml) Viral load (log10 genomes/�g DNA)

4 log10 2.9± 0.6
6 log10

* 2.3± 0.2**
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Fig. 2. Effect of BAY 38-4766 on mortality in Hartley guinea pigs following GPCMV challenge. Animals were immunosuppressed with cyclophosphamide
as described in text and challenged with GPCMV. Guinea pigs received either tylose placebo, or BAY 38-4766, 50 mg/kg/day. Treatments were initiated 24 h
after viral challenge, and were administered in two divided doses per day, for a total of 14 days. Guinea pig mortality in the control (tylose vehicle) group was
20/24 (83%). In contrast, in BAY 38-4766-treated animals, mortality was 4/24 (17%;p< 0.0001, Fisher’s exact test).

Similarly, there were no differences in virus recovery by
culture or PCR in visceral organ samples obtained at this
time point (data not shown). However, when systemic vi-
ral load was examined in blood from guinea pigs at days
7 and 10 post-viral inoculation, total genome copy num-
ber was decreased by treatment with BAY 38-4766 by real-
time PCR, compared to controls (Fig. 3). The mean genome
copy numbers were 1.4± 0.3 log10 genomes/�g at day 7 in
blood from the BAY 38-4766-treated animals, compared to
1.7± 0.2 log10 genomes/�g at day 7 in the tylose controls
(p< 0.04 versus BAY-treated animals, Mann–Whitney test).
The mean genome copy numbers were similarly decreased
in the treatment group when day 10 samples were assessed,
with a viral load of 2.7± 0.6 log10 genomes/�g in blood from
BAY 38-4766-treated animals, compared to 3.0± 0.5 log10
genomes/�g in tylose controls (p< 0.02 versus BAY-treated
animals, Mann–Whitney test).

3.5. BAY 38-4766-resistance in GPCMV

DNA sequencing of viruses resistant to BAY 38-4766 ini-
tially identified candidate mutations in the terminase pro-
teins, HCMV UL56 and UL89, and MCMV M56 and M89
(Reefschlaeger et al., 2001). The amino acid changes P202A
and I208N in MCMV M56 and M360I in MCMV M89
w
e s of
B V
( MV
i und.

Starting at a concentration of 0.01�M, virus was maintained
over multiple passages over a period of several months in
twofold increasing concentrations of compound, until CPE
was readily observed at concentrations of >8�M. Viral
growth curves confirmed that replication of BAYR-GPCMV
was not impaired by 8�M BAY 38-4766, a dose sufficient to
reduce wild type GPCMV titers by 3–4 logs (Fig. 4). Further-
more, in the absence of BAY 38-4766, replication of BAYR-
GPCMV was similar to wild type virus, indicating that the
mutations that confer resistance do not result in any loss of
replicative fitness (Fig. 4).

To explore the mechanism of GPCMV resistance, se-
quencing of BAYR-GPCMV DNA was performed, and de-
tected a mutation resulting in the amino acid change M357V
within the GPCMV GP89 terminase protein (Fig. 4). Align-
ment of GP89, HCMV UL89, and MCMV M89 amino acid
sequences revealed that M357 in GP89 lies within a highly
conserved region and corresponds to M360 in M89, the pre-
cise residue that when changed to I confers resistance BAY
38-4766 in MCMV (Buerger et al., 2001; Fig. 4). Although
genetic confirmation that this mutation confers resistance in
GPCMV requires a more comprehensive genetic analysis,
this result strongly suggests that GP89 is the molecular tar-
get of BAY 38-4766. To confirm that observed viral replica-
tion in tissues obtained for cultures from guinea pigs treated
w tant
v 66-
t ence
a P89
O

ere subsequently confirmed to confer resistance (Buerger
t al., 2001). To further characterize the molecular target
AY 38-4766 in GPCMV, a BAY 38-4766-resistant GPCM

BAYR-GPCMV) was derived by serial passage of GPC
n incrementally increasing concentrations of compo
ith BAY 38-4766 did not represent the selection of resis
irus, selected viral isolates obtained from BAY 38-47
reated animals were examined by PCR and DNA sequ
nalysis, and found to be of wild-type sequence in the G
RF (data not shown).
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Fig. 3. Comparison of viral loads in blood samples from BAY 38-4766 (cross-hatched bars) and tylose control groups (solid gray bars), compared at days7
and 10 post-infection. Genome copy number was determined by real-time PCR, as described in Section2. Significantly lower viral load was present in BAY
38-4766-treated vs. control animals at both the day 7 (upper panel;p< 0.04) and day 10 (lower panel;p< 0.02) time points (Mann–Whitney test).

4. Discussion

Of the newer compounds in development for the treatment
of HCMV infection, the BAY compounds represent a class of
potentially useful agents, because of their high oral bioavail-
ability and low toxicity. The non-nucleoside compound BAY
38-4766 has a mode of anti-CMV activity consisting of inhi-
bition of DNA cleavage and packaging. The drug acts through
the viral terminase, an enzymatic complex that both packages
the DNA into capsids and cleaves the DNA to form mature
genomes. The precise molecular targets of BAY 38-4766 are
the UL89 and UL56 gene products, which are components of
the terminase complex (Reefschlaeger et al., 2001). Impor-
tantly, viruses which are resistant to foscarnet, ganciclovir,
and cidofovir are susceptible to BAY 38-4766 (McSharry
et al., 2001).

The mechanism by which BAY 38-4766 inhibits DNA
cleavage and packaging appears to be quite similar to that
of another class of maturational inhibitors, the benzim-
idazole ribosides, which include 2-bromo-5,6-dichloro-1-
�-d-riborfuranosyl benzimidazole riboside (BDCRB) and

2,5,6-trichloro-1-�-d-riborfuranosyl benzimidazole riboside
(TCRB;Krosky et al., 1998; Underwood et al., 1998). Despite
pronounced dissimilarities in structure, amino acid changes
that confer resistance to these compounds lie very close to-
gether in both terminase subunits (UL56 and UL89 in HCMV,
and M56 and M89 in MCMV). This proximity suggests that
these two groups of compounds interact with terminase re-
gions that are adjacent if not overlapping. Even so, the fact
that benzimidazole-resistant viruses are not cross-resistant to
BAY 38-4766 (Evers et al., 2002) suggests subtle differences
in how these compounds interact with terminase that likely
reflect their differences in structure.

The M357V amino acid change that we detected in GP89
of BAYR-GPCMV precisely corresponds with the M360I
change in MCMV M89, which has been shown to confer
BAY 38-4766-resistance (Buerger et al., 2001). Thus, be-
tween HCMV, MCMV, and GPCMV, mutations associated
with or known to confer BAY 38-4766-resistance lie within
two adjacent residues (Fig. 4B). This strongly suggests that
at the molecular level the inhibitory effects of BAY 38-4766
are essentially the same for all three viruses. Consequently,
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Fig. 4. Characterization of resistance phenotype and sequence analysis of BAY 38-4766-resistant isolate of GPCMV. (A) Replication of wild-type andBAY
38-4766-resistant mutant GPCMV in the presence and absence of BAY 38-4766. Cells were infected with wild-type GPCMV or BAYR-GPCMV in the absence
or presence of 8�M BAY 38-4766 (BAY) and the culture supernatants were titrated daily for 5 days. (B) Alignment of terminase amino acid sequences
from GPCMV GP89 (residues 335–364), MCMV M89 (residues 338–367), and HCMV UL89 (residues 337–366). Mutations associated with resistance are
color-coded: red, BDCRB/TCRB-resistance in HCMV (Krosky et al., 1998; Underwood et al., 1998); purple, BAY 38-4766-resistance in HCMV (Reefschlaeger
et al., 2001); green, BAY 38-4766-resistance in MCMV (Buerger et al., 2001); and blue, BAY 38-4766-resistance in GPCMV (this study). Note that residue
numbers are specific to each virus. Mutations indicated with ‘*’ have been identified in resistant viruses by sequencing but have not been confirmed to confer
resistance.

both MCMV and GPCMV are likely to provide models that
closely emulate HCMV with respect to BAY 38-4766 efficacy
and resistance.

In vivo, BAY 38-4766 has been found to have encour-
aging safety and pharmacokinetic properties. The IC50 we
observed for BAY 38-4766 against GPCMV, 0.5�M, was
similar to that reported for HCMV, but an order of magni-
tude lower than that observed against MCMV (Reefschlaeger
et al., 2001). In mice the drug was highly efficacious against
MCMV infection (Weber et al., 2001). In animal studies, and
in human volunteers, BAY 38-4766 has been found to have an
exceptional safety profile. In healthy male human volunteers
single oral doses of up to 2000 mg were safe and well toler-
ated (Nagelschmitz et al., 1999). Similarly, a highly favorable
safety profile was similarly observed in guinea pigs in this
study. At a dose of 50 mg/kg/day, no evidence of hematologic

or biochemical toxicity (monitored by complete blood count,
renal profile, and liver function testing) was observed. Com-
parison of weight gain between groups of animals receiving
BAY 38-4766 or the placebo (tylose vehicle) indicated no
adverse effect of drug on weights. In addition to its favorable
safety profile, we found that BAY 38-4766 had an effect on ex-
perimental GPCMV infection. Following GPCMV challenge
in immunocompromised guinea pigs, therapy with BAY 38-
4766 was found to reduce systemic viral load, as assessed by
real-time PCR and quantitative viral blood culture, in strain
2 guinea pigs. The drug also markedly improved survival
in more heavily immunocompromised Hartley guinea pigs
following GPCMV challenge, and was associated with re-
ductions in DNAemia at both 7 and 10 days post-infection in
these animals (Fig. 3). However, no differences were noted in
end-organ viral load, or in histopathology of solid organs, in
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Hartley guinea pigs. At the dosage we used in this study, this
compound may not accumulate to sufficient levels in all tissue
compartments in vivo to result in a discernable reduction in
viral load in visceral organs, which could explain the lack of
any differences in tissue histopathology. The magnitude of the
reduction of viral load was greater in strain 2 animals than
in Hartley guinea pigs, suggesting that there may be differ-
ences in the pharmacokinetics of the compound, which vary
depending upon the strain of guinea pigs used. Future studies
of more frequent or higher doses of BAY 38-4766, or of drug
administered in combination with other antiviral agents, may
result in an even greater impact on viral replication in vivo in
the guinea pig model.

It was of interest that BAY 38-4766 crossed the guinea pig
placenta, with fetal blood levels approximating 20–30% of
those of maternal blood. These observations may be germane
to evaluation of treatment of HCMV infection in pregnancy
(Schleiss and McVoy, 2004). Antiviral compounds which
cross the placenta could conceivably be of value in man-
agement of HCMV infections acquired in utero. Given its
apparent lack of toxicity, BAY 38-4766 could warrant consid-
eration for this clinical scenario. Ongoing study and eventual
licensure of this agent for HCMV disease in immunocom-
promised patients could prove to be of great clinical benefit,
particularly in the setting of documented antiviral resistance
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