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Cytomegalovirus (CMV) infection is the leading cause of congenital infection, producing both sensorineural
hearing loss and mental retardation. We evaluated the in vivo efficacy of an orally bioavailable analog of
cidofovir, hexadecyloxypropyl-cidofovir (HDP-CDV), against guinea pig CMV (GPCMV) in a guinea pig model
of congenital CMV infection. HDP-CDV exhibited antiviral activity against GPCMV with a 50% effective
concentration (EC50) of 0.004 �M � 0.001 �M. To evaluate in vivo efficacy, pregnant Hartley guinea pigs were
inoculated with GPCMV during the late second/early third trimester of gestation. Animals were administered
20 mg HDP-CDV/kg body weight orally at 24 h postinfection (hpi) and again at 7 days postinfection (dpi) or
administered 4 mg/kg HDP-CDV orally each day for 5 days or 9 days. Virus levels in dam and pup tissues were
evaluated following delivery, or levels from dam, placenta, and fetal tissues were evaluated following sacrifice
of dams at 10 dpi. All HDP-CDV regimens significantly improved pup survival, from 50 to 60% in control
animals to 93 to 100% in treated animals (P < 0.019). Treatment with 20 mg/kg HDP-CDV significantly
reduced the viral load in pup spleen (P � 0.017) and liver (P � 0.029). Virus levels in the placenta were
significantly reduced at 10 dpi following daily treatment with 4 mg/kg HDP-CDV for 5 or 9 days. The 9-day
treatment also significantly reduced the viral levels in the dam spleen and liver. Although the 4-mg/kg
treatment improved pup survival, virus levels in the fetal tissues were similar to those in control tissues. Taken
together, HDP-CDV shows potential as a well-tolerated antiviral candidate for treatment of congenital human
CMV (HCMV) infection.

Cytomegalovirus (CMV) is a betaherpesvirus that is the
leading cause of congenital infection worldwide, occurring in 1
to 2.5% of all newborns in the developed world (37, 41). Ap-
proximately 40,000 cases are seen each year in the United
States (17, 18). Although the majority of congenitally infected
newborns are asymptomatic, approximately 10% of the new-
borns develop mild to severe primary disease (42). Neurologic
defects and deafness are the most important sequelae in sur-
vivors. Importantly, 7 to 25% of babies asymptomatic at birth
will exhibit central nervous system (CNS) deficits and progres-
sive deafness later in life (16, 25), making CMV the most
common cause of infectious deafness.

Although progress in understanding the consequences of
congenital CMV infection has been made, prevention of con-
genital infection has not been achieved and management of
newborns with congenital CMV infection is limited. Most re-
cently, treatment of symptomatic CMV-infected infants with
intravenous (i.v.) ganciclovir for 6 weeks was found effective in
reducing the progression of deafness for at least 6 to 12 months
(29, 30) and resulted in fewer developmental delays at 6 and 12
months than in untreated infants (39). Oral valganciclovir

treatment given alone or following intravenous ganciclovir was
also recently found to reduce urine and plasma levels in new-
borns with symptomatic congenital CMV infection (1, 20, 29,
32–35).

Other approaches to preventing or improving the outcome
of congenital CMV are aimed at the mother. These include
vaccines (43) and treatments of CMV-infected pregnant
women with either CMV hyperimmune globulin (38) or anti-
virals. Several recent reports that demonstrate treatment of
pregnant women with CMV-infected fetuses with oral ganci-
clovir, intravenous ganciclovir (7, 44), or valacyclovir (26) have
been published. However, the toxicity and teratogenicity of
ganciclovir or valganciclovir as well as other currently available
anti-CMV drugs limit the use of antiviral therapy for either
pregnant women or congenitally infected infants. Thus, further
evaluations of drugs that are safer and more effective against
CMV when given orally are warranted.

Guinea pig cytomegalovirus (GPCMV) is the only small-
animal cytomegalovirus that crosses the placenta, similarly to
human CMV (HCMV) infections. Therefore, this model has
been used by us and others to study the pathogenesis and
treatment of congenital CMV infection (4, 8, 9, 22, 31). In the
studies reported here, we evaluated the in vivo antiviral activity
of hexadecyloxypropyl-cidofovir (HDP-CDV) in the guinea pig
model of congenital CMV infection. HDP-CDV is an alkoxy-
alkyl ester analog of cidofovir (CDV) that exhibits enhanced in
vitro activity against HCMV and other herpesviruses and has
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been shown to be active in vivo against HCMV and murine
CMV (MCMV) in animal models (3, 5, 24, 27, 45, 48). HDP-
CDV is also active against a range of orthopoxviruses, adeno-
viruses, and other double-stranded DNA viruses (24, 40, 46,
47). HDP-CDV differs from CDV in that the drug is orally
bioavailable, with a relatively long half-life both in the plasma
and within cells (5, 10, 24). Pharmacokinetic evaluation of
HDP-CDV in mice indicates 93% oral bioavailability, com-
pared to 5% for CDV (10). Importantly, because of the alkoxy-
alkyl esterification, HDP-CDV does not accumulate in renal
tubular cells and thus lacks nephrotoxicity, as opposed to CDV
(10, 24). Although the pharmacokinetics of HDP-CDV in
guinea pigs is not known, a number of species, including mice,
rats, rabbits, and humans, have been evaluated for bioavail-
ability and antiviral activity of cyclic 1-[((S)-2-hydroxy-2-oxo-
1,4,2-dioxaphosphorinan-5-yl)methyl]cytosine (cHPMPC) and
its parent compound CDV against herpesviruses (12–14, 49).

In this paper, we present the first evaluation of HDP-CDV
against congenital CMV infection. We evaluated the impact of
HDP-CDV on pup mortality and viral transmission to the
developing fetus and the activity of HDP-CDV against viral
levels in dam tissues, fetal tissues, and tissues of newborn pups
shortly after birth. HDP-CDV, also known as CMX001 (24), is
currently in phase 1/phase 2 clinical development and shows
potential as an oral drug for the treatment and prevention of
congenital CMV infections and associated complications.

(The data provided in the study were presented at the fol-
lowing meetings: the 21st International Conference on Antivi-
ral Research, 13 to 17 April 2008, Montreal, Quebec, Canada;
the 33rd International Herpesvirus Workshop, 27 July to 1
August 2008, Estoril, Portugal; and the 2nd Congenital CMV
Conference, 2 to 5 November 2008, CDC, Atlanta, GA.)

MATERIALS AND METHODS

Virus. Guinea pig CMV (GPCMV, strain 22122; American Type Culture
Collection, Manassas, VA) stock was prepared by sequential in vivo passage in
male strain 2 guinea pigs as described previously (9). A salivary gland virus stock
(passage 11) was used for all experiments. Guinea pig lung fibroblast monolayers
(GPL cell line CCL-158; American Type Culture Collection, Manassas, VA)
were grown and maintained with F-12 medium (Invitrogen Corporation, Carls-
bad, CA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and
penicillin-streptomycin, 10,000 U/ml (Invitrogen Corporation, Carlsbad, CA).

Guinea pigs. Pregnant Hartley strain guinea pigs at �35 to 45 days of gestation
(of a 65- to 70-day gestation) were obtained initially from GPCMV-free colonies
at Harlan Laboratories (Indianapolis, IN) and later from the GPCMV-free
colony originally established from these animals and maintained at Cincinnati
Children’s Hospital Research Foundation, Cincinnati, OH, when these guinea
pigs were no longer available. Animals were housed in facilities approved by the
Association for Assessment and Accreditation of Laboratory Animal Care In-
ternational, and all procedures were approved by the Institutional Animal Care
and Use Committee.

Antiviral compound. Hexadecyloxypropyl-cidofovir (HDP-CDV) was synthe-
sized and characterized as previously described (28), with a purity of �98%. The
structures of CDV and HDP-CDV are shown in Fig. 1. HDP-CDV was prepared
in saline solution and administered orally to guinea pigs as previously described
(24, 27). For in vitro antiviral assays, HDP-CDV was dissolved in saline solution.

In vitro antiviral assay. For the plaque reduction assay, 100 PFU of GPCMV
was mixed with HDP-CDV ranging from 0.0001 �M to 10 �M and adsorbed onto
GPL cells for 1 h. The same concentration of compound was also included in the
methylcellulose overlay, followed by a 10-day incubation. The assays were per-
formed in duplicate wells in three separate experiments. The 50% effective
concentration (EC50) for HDP-CDV was calculated as the concentration of
compound which reduced the number of plaques by 50% compared to that for
the untreated control. Cytotoxicity of compounds was assessed following crystal
violet staining of uninfected guinea pig fibroblasts that were incubated for 10

days with increasing concentrations of HDP-CDV ranging from 1.0 �M to 100
�M and compared microscopically to control monolayers that were not exposed
to compound.

Experimental infection and tissue collection. Pregnant guinea pigs were inoc-
ulated subcutaneously (s.c.) with 1 � 105 PFU of GPCMV (0.5-ml volume)
between the second and third trimesters of pregnancy (�day 45 to 50 of preg-
nancy) (9). Pregnant guinea pigs were then treated by oral gavage (1.0-ml
volume) with HDP-CDV or saline solution as a control. In the first experiment,
dams were treated orally with 20 mg HDP-CDV/kg body weight at 24 h postin-
fection (hpi) with HDP-CDV or saline and again at 7 days postinfection (dpi). In
the second experiment, dams were treated orally with 4 mg/kg HDP-CDV or
saline at 24 hpi and then once daily for 5 days. In both experiments, the dams
were observed daily and were sacrificed within 1 week following delivery of pups.
Tissues from stillborn pups were collected immediately after delivery, and spec-
imens of liver and spleen were stored for PCR analysis of GPCMV DNA.
Live-born pups were sacrificed within 3 to 7 days of delivery, and the liver and
spleen were obtained for PCR analysis of viral loads. Viral DNA levels in the
dam spleen and liver were also determined by PCR analysis. In the next set of
experiments, animals were infected as described above and treated with 4 mg/kg
HDP-CDV once daily for 5 days or 9 days. In these studies, the dams were
sacrificed at 10 dpi for evaluation of GPCMV in the placenta, liver, and spleen
of the dam and liver and spleen of the fetus. This time was selected because it is
a time before delivery is expected in the control dams and at which �100% of
control placentas are infected (9). All samples were frozen at �80°C for later
evaluation by PCR. To evaluate viremia, blood samples were obtained by toenail
clipping from dams on 5, 7, and 10 dpi and analyzed by PCR.

To further assess safety, uninfected dams (n � 3) were treated with 4 mg/kg
HDP-CDV or saline daily for 9 days. Prior to treatment, blood was collected to
assess baseline values. Blood was next collected from dams at 10 days and from
newborn pups (n � 9) born to treated and untreated dams within 3 days after
birth for evaluation of bone marrow (complete blood count), liver (bilirubin,
alanine aminotransferase [ALT], and aspartate transaminase [AST] concentra-
tions), and kidney (blood urea nitrogen and creatinine concentrations and serum
chemistries) toxicity. In addition, pup weights at birth were obtained to assess
whether treatment affected fetal growth or development.

DNA extraction and real-time PCR. DNA extraction and quantitative PCR
analysis were performed as previously described (9). Briefly, DNA was extracted
from 200 �l of the 10% homogenate (representing 20 mg of tissue) by use of a
Qiagen QIAamp minikit DNA extraction system, according to manufacturer’s
instructions (Qiagen, Inc., Valencia, CA). DNA was also isolated from 200 �l of
blood collected by toenail bleeds. GPCMV DNA, extracted from a salivary
gland-derived virus stock, was used as a positive control, and uninfected guinea
pig spleen DNA was used as a negative control. To quantify viral loads,
UL97F1/R1 primers were used to evaluate samples with LightCycler real-time
PCR SYBR green I fluorescent dye (Roche, Indianapolis, IN). The primers
UL97F1 (5� GATCGCTTCTGTCAACACG 3�) and UL97R1 (5� CGCAACTG
ATCGAATATCCTG 3�) amplify a 100-bp region of the GPCMV UL97 gene.
The plasmid pFB97, which encodes a 306-bp region of the UL97 DNA gene, was
used to generate a standard curve by serial 10-fold dilution of pFB97 DNA (1 �
100 to 1 � 105 plasmid copies) in 50 ng of uninfected guinea pig spleen DNA.
Controls included uninfected guinea pig DNA and a no-DNA template. Fast-
Start DNA MasterPlus SYBR green I reaction mix (Roche, Indianapolis, IN)
containing primers (1 �mol/liter) and nuclease-free water was employed for all
reactions. Samples (5 �l) containing either 50 or 100 ng of eluted DNA were
added for a total reaction volume of 20 �l. The following cycling program was
used: 95°C for 10 min, followed by 50 cycles of 10 s at 95°C, 5 s at 59°C, and 5 s
at 72°C. For negative reactions, a 1:10 dilution of the samples was retested to
eliminate the possibility of PCR inhibition. The limit of detection of the assay
was between 1 and 10 copies, with a faint band detectable at 1 copy in some
experiments. For statistical comparisons, negative samples were assigned a copy

FIG. 1. Structures of CDV and HDP-CDV.
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number of 1 (corresponding to 1.3 log10 per �g of DNA). Amplification products
were examined by 2% agarose gel electrophoresis (Invitrogen Corporation).

Statistics. The means � standard deviations of viral DNA levels were com-
pared by Student’s t test. Mortality rates were compared by Fisher’s exact test.
All comparisons were two-tailed. Tests were performed using GraphPad InStat
version 3.05 for Windows (GraphPad Software, San Diego, CA).

RESULTS

HDP-CDV exhibits potent in vitro antiviral activity against
guinea pig cytomegalovirus. It was previously reported that
HDP-CDV exhibits approximately 30- to 300-fold-greater ac-
tivity than CDV against HCMV, MCMV, and GPCMV (3, 27).
We first evaluated the in vitro activity of HDP-CDV against
GPCMV during infection of guinea pig lung fibroblasts. HDP-
CDV demonstrated approximately 78-fold-greater activity
than CDV against GPCMV, with an EC50 of 0.004 � 0.001
�M, similar to the previously established EC50s of HDP-CDV
against HCMV and MCMV (3, 27). Similarly, HDP-CDV did
not exhibit toxicity on guinea pig fibroblasts, with a 50% cyto-
toxic concentration (CC50) of �100 �M and a selective index
(CC50/EC50) of �25,000.

Effect of HDP-CDV treatment on pregnancy outcome and
GPCMV infection. The aim of the first set of experiments was
to evaluate the effect of maternal HDP-CDV treatment on
pregnancy outcome following GPCMV infection. As seen in
Fig. 2A, oral treatment of pregnant guinea pigs with 20 mg/kg
HDP-CDV at 24 hpi and at 7 dpi significantly increased the
percentage of live-born pups, from 55.6% (10/18) in the con-
trol group to 93.8% (15/16) in the HDP-CDV-treated group
(P � 0.019). Further, virus levels in the blood were significantly
reduced at 7 dpi in the treated dams (2.88 � 0.10 log10 genome
copies/�g DNA) compared to those in the control dams

(3.22 � 0.2 log10 genome copies/�g DNA) (P � 0.006). How-
ever, although viral DNA levels in the treated dams were 5-
and 6.5-fold lower in the spleen and liver, respectively, than
those in the control dams, this did not achieve statistical sig-
nificance (Fig. 3A). In contrast, as shown in Fig. 3B, treatment
of the dams significantly reduced viral DNA levels in the pup
spleens (�6-fold, P � 0.017) and pup livers (�10.5-fold, P �
0.029) compared to those in pup tissues from untreated dams.
The percentage of pup tissues with detectable viral DNA was
also lower in the pups born to treated dams than in the pups
born to untreated dams (25% versus 44%, respectively, in the
spleen and 57% versus 73%, respectively, in the liver, although
not significantly different). These data indicate that although
most pups were infected, oral treatment of the dams with 20
mg/kg HDP-CDV at 24 hpi and at 7 dpi improved pup survival,
reduced the numbers of pups with detectable viral DNA, and
significantly reduced the viral DNA levels in the pup tissues.

To further examine the effects of therapy on the outcome of
pup survival, continuous daily dosing was evaluated in a second
study in which pregnant guinea pigs were treated with a lower
dose of HDP-CDV, 4 mg/kg, for 5 consecutive days after in-
fection, again beginning at 24 hpi. As seen in Fig. 2B, this
regimen significantly increased the percentage of live-born
pups, from 62.5% (10/16) in the control group to 100% (19/19)
in the HDP-CDV-treated group (P � 0.005).

Lastly, both treatment regimens, two doses of 20 mg/kg
HDP-CDV and 5 days of consecutive treatment with 4 mg/kg
HDP-CDV, appeared to be well tolerated in the infected preg-

FIG. 2. Survival of guinea pig pups following HDP-CDV treatment
of pregnant guinea pigs. Dams were challenged with GPCMV during
middle to late gestation. (A) Dams were treated with 20 mg/kg HDP-
CDV (n � 4) or saline (n � 5) at 24 hpi and 7 dpi. (B) Dams were
treated with 4 mg/kg HDP-CDV (n � 4) or saline (n � 5) for 5 days.
The percent survival and the numbers of pups which survived are
shown. P values are depicted, and data represent results from one
study each.

FIG. 3. Real-time PCR analysis of GPCMV DNA loads in tissues
from dams and pups sacrificed within 7 days of birth, following HDP-
CDV treatment. Dams were treated with 20 mg/kg HDP-CDV (n � 4)
or saline (n � 5) at 24 hpi and 7 dpi. Tissues from dams and control
pup tissue samples (n � 15) and treated pup tissue samples (n � 16)
were evaluated by PCR. Data represent the mean viral genome cop-
ies � standard deviations from one study. P values are depicted.
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nant guinea pigs, since none of the pregnant animals exhibited
signs of toxicity, such as decreased activity or obvious weight
loss. Similarly, newborn pups from treated dams did not exhibit
low birth weights or other obvious signs of toxicity within the
first week after birth. The mean birth weights for pups born to
treated dams (n � 12 pups) and untreated dams (n � 9 pups)
were 103 � 19 g and 107 � 10 g, respectively (P � 0.567). One
treated dam delivered three stillborn pups and one live pup,
with two of the stillborn pups abnormally large (130 and 138 g).
Overall, �91% of pups (43/47) were delivered live to dams
which were treated with HDP-CDV in these studies. To fur-
ther evaluate the safety of HDV-CDV in uninfected dams and
unborn pups, samples were collected before and after dams
were treated with 4 mg/kg HDP-CDV daily for 9 days. HDP-
CDV treatment had no adverse effects on complete blood
counts in either the treated dams (n � 3) or the newborn pups
(n � 9) (data not shown), and blood counts were similar to
those obtained from untreated dams and newborn pups. In
addition, complete liver and kidney profiles indicated no de-
tectable liver or kidney toxicity in either treated dams or their
newborn pups and were similar to those from untreated dams
and their newborn pups (data not shown).

Effect of HDP-CDV treatment on viral load in dams and
fetuses during gestation. We next examined the effects of

HDP-CDV therapy for 5 days or 9 days on virus replication in
the dam, placenta, and fetuses prior to delivery (9). In this
study, animals were sacrificed at 10 days after virus infection, a
time before delivery is expected in the control dams and at
which �100% of control placentas are infected (9). As a mea-
sure of the efficacy of daily oral treatment with 4 mg/kg HDP-
CDV, viremia was analyzed. A significant reduction of viremia
in the treated dams was detected only at 5 dpi (Fig. 4). Fur-
thermore, as shown in Table 1, 5 days of therapy did not reduce
the number of dams with detectable viral DNA (100% for both
the treated and untreated dams) but did reduce viral DNA
levels in the dam tissues. In dams treated with HDP-CDV for
5 days, the viral DNA load in the livers was reduced �69-fold
compared to the viral DNA load detected in the control livers
(P � 0.05). Although not significant, the viral DNA detected in
spleens from dams treated for 5 days was also reduced, �22-
fold compared to that in spleens from the control dams (P �
0.067). When virus replication in the placentas was evaluated,
there was also no effect on the percentage of infected placentas
(100% for both groups), but the viral load in the drug-treated
placentas was significantly reduced, �5-fold compared to that
in the control placentas (P � 0.041).

In the last evaluation, treatment with 4 mg/kg of HDP-CDV
was extended to 9 days. This regimen also did not reduce the
number of infected animals (100% of dams infected) but did
reduce the viral load in the tissues. In the spleen, the viral load
was reduced �100-fold in the treated dams (P 	 0.001). In the
liver, the viral load was also significantly reduced, �65-fold, in
the treated dams (P � 0.024) (Table 1). These results indicate
that extending the treatment time to 9 days had a greater
impact on viral DNA levels in the dam tissues, especially in the
spleen. Lastly, viral DNA loads in the placentas were evaluated
following the 9-day treatment period. As shown in Table 1,
100% of the placentas were infected in both the control dams
(15/15) and the dams treated for 9 days (13/13). However, viral
DNA levels in the placentas were significantly reduced �4.5-
fold in the treated dams compared to viral DNA levels in
control placentas (P � 0.009).

To determine the effects of treatment on viral replication in
fetal tissues at 10 dpi, we quantified viral DNA levels in the
fetal livers and spleens from HDP-CDV-treated and control
groups (Table 1). Unexpectedly, there was no significant dif-

FIG. 4. Real-time PCR analysis of GPCMV viremia in dams
treated with HDP-CDV. Viremia in animals treated with 4 mg/kg
HDP-CDV for 5 days (4 mg/kg � 5d; n � 4) or 9 days (4 mg/kg � 9d;
n � 5) or with saline (n � 4) is shown. Data represent the mean viral
genome copies � standard deviations from one study. P values are
depicted. ND, samples were not collected.

TABLE 1. Detection of GPCMV in dam and fetal organs by real-time PCR at 10 days postinoculationa

Group and treatment regimenb

Liver Spleen Placenta

No. positive/total
no. (%) Viral load (P value) No. positive/total

no. (%) Viral load (P value) No. positive/total
no. (%) Viral load (P value)

Dam
Control 4/4 (100) 4.82 � 0.8 4/4 (100) 4.12 � 0.3 15/15 (100) 3.40 � 0.7
HDP-CDV 4 mg/kg � 5d 4/4 (100) 2.98 � 1.3 (0.050) 4/4 (100) 2.77 � 1.2 (0.067) 13/13 (100) 2.70 � 0.9 (0.041)
HDP-CDV 4 mg/kg � 9d 5/5 (100) 3.01 � 1.0 (0.024) 5/5 (100) 2.09 � 0.5 (<0.001) 13/13 (100) 2.75 � 0.5 (0.009)

Fetus
Control 13/15 (87) 2.20 � 0.6 7/15 (47) 1.63 � 0.6
HDP-CDV 4 mg/kg � 5d 12/13 (92) 2.12 � 0.7 (0.265) 10/13 (77) 1.91 � 0.6 (0.218)
HDP-CDV 4 mg/kg � 9d 11/13 (85) 1.87 � 0.6 (0.752) 8/13 (62) 1.65 � 0.5 (0.563)

a Viral load values represent the mean log10 genome copies/�g DNA � standard deviations. All P values compare treated and control groups. Significant P values
are shown in bold. Data shown are from one study each.

b HDP-CDV 4 mg/kg � 5d, treatment with 4 mg/kg HDP-CDV for 5 days; HDP-CDV 4 mg/kg � 9d, treatment with 4 mg/kg HDP-CDV for 9 days.
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ference in number of infected fetal tissues or viral load in the
livers or spleens from fetuses of the treated dams compared to
those of the control dams. Thus, the treatment of pregnant
guinea pigs with a lower dose of HDP-CDV for 5 or 9 consec-
utive days did not prevent or limit infection of the fetuses, even
though viral load in the placentas was significantly reduced and
pup survival was greatly improved.

In summary, these experiments demonstrate that oral HDP-
CDV treatment of GPCMV-infected pregnant guinea pigs im-
proves the outcome of congenital infection, although at the
dose regimens examined here, it did not prevent infection of
the placenta or infection of the fetuses. The impact of therapy
on viral replication in the dam, newborn pup, and fetal tissues
appeared to depend on the dosing regimen of HDP-CDV.
Overall, treatment with HDP-CDV appears to be well toler-
ated in the pregnant guinea pig and thus is expected to be a
potential new antiviral candidate for the treatment of congen-
ital CMV infection and associated complications.

DISCUSSION

Congenital CMV infections in newborns are recognized as a
significant public health issue, and the development of a suc-
cessful vaccine and/or the development of safe and well-toler-
ated antiviral agents remains a priority. Although no vaccine is
currently available, there are four licensed antivirals for the
systemic treatment of CMV: ganciclovir, valganciclovir (oral
prodrug of ganciclovir), foscarnet, and cidofovir (36). How-
ever, these antivirals exhibit numerous drug toxicities, thus
limiting their use for treatment of congenital CMV infection in
pregnant women or newborns (reviewed in reference 6).

In the studies reported here, we evaluated the antiviral ef-
ficacy of HDP-CDV on congenital CMV infection by using the
guinea pig model of congenital CMV. HDP-CDV is a lipid
ester analog of CDV that exhibits enhanced potency against a
number of herpesviruses and, most significantly, lacks the renal
toxicity of CDV (24). Similarly to the increased antiviral activ-
ity of HDP-CDV against HCMV (3, 48), our studies show that
HDP-CDV also exhibited increased antiviral activity against
GPCMV compared to that of CDV.

Previously, we demonstrated that antiviral treatment of
pregnant GPCMV-infected guinea pigs with one dose of 35
mg/kg cHPMPC, a cyclic analog of CDV, resulted in signifi-
cantly improved pup survival and decreased placental and fetal
tissue infection (9). Similarly, as shown in our studies pre-
sented here, HDP-CDV is active against GPCMV infection in
the pregnant guinea pig following oral administration. In our
first study, two doses of 20 mg/kg HDP-CDV administered
24 h and 7 days after GPCMV infection significantly decreased
maternal viremia by 7 dpi but did not prevent viremia. Most
importantly, pup survival was significantly increased. Evalua-
tion of the viral load in the treated dam following pup delivery
showed that the 20 mg/kg HDP-CDV treatment did not sig-
nificantly decrease the viral titers detected in the dam liver and
spleen. This is most likely due to “rebound virus replication,”
since samples were obtained �20 days after the second drug
treatment. This suggests that sustained HDP-CDV levels in the
dam following the last treatment at 7 dpi were inadequate to
significantly maintain decreased GPCMV replication in the
infected dam tissues. However, in the newborn pups, the viral

load was significantly reduced in the spleen and liver, indicat-
ing that two doses of 20 mg/kg HDP-CDV had either limited
the infection of the placenta and thus transmission to the fetus
or limited the virus replication in fetal tissues directly. Indeed,
in subsequent experiments with lower doses, we found that
HDP-CDV decreased virus replication in the placenta but not
the fetal tissue, as discussed below.

To further evaluate HDP-CDV antiviral activity following
oral delivery, we treated the dams for 5 or 9 consecutive days
beginning 24 h after infection with a lower dose of HDP-CDV,
4 mg/kg. Similar to the first study, dam viremia was decreased
while pup survival increased to 100%. However, the 4 mg/kg
HDP-CDV treatment did not result in reduced viremia after 5
dpi. When animals were sacrificed at 10 dpi, we found that
treatment did not prevent infection of the placenta or fetus but
that viral replication in the placenta was significantly decreased
following 5 or 9 days of therapy. In contrast to treatment with
20 mg/kg HDP-CDV, which reduced viral replication in new-
born tissues, treatment with 4 mg/kg for either 5 or 9 consec-
utive days did not reduce viral levels in fetal tissues. It is
possible that doses higher than 4 mg/kg of HDP-CDV or
longer treatment durations are needed to limit or prevent viral
infection of the fetal tissues.

Our safety analysis included laboratory evaluation of a lim-
ited number of dams and their pups, including analysis of pup
size. These evaluations indicated that the HDP-CDV treat-
ment regimen utilized in our studies was not toxic to the preg-
nant animal or the developing fetus. Only 4 of the 47 pups
which were delivered to treated dams in our studies (3 pups in
the safety study and 1 pup in the 20-mg/kg HDP-CDV study)
did not survive, and none of the remaining 43 pups exhibited
adverse symptoms of toxicity. It is unclear why one treated dam
delivered two abnormally large pups and one smaller pup that
did not survive to full term.

In humans, CMV infection of the placenta without infection
of the fetus is thought to be common and may result in spon-
taneous abortion (11, 15, 19, 21, 23). In addition, the patho-
genesis of congenital infection is not completely understood. A
growing body of evidence suggests that some symptoms of
congenital CMV infection could be due to the indirect conse-
quences of placental dysfunction caused by infection of the
placenta rather than infection of the fetus (reviewed in refer-
ence 2). Intrauterine hypoxemia or placental insufficiency
and/or fetal hypoxia would result in developmental impairment
of the fetus. In our studies, treatment with 4 mg/kg HDP-CDV
provided 100% protection from fetal death and significantly
reduced the viral load in the placenta at 10 dpi but did not
significantly decrease the viral levels in the fetal tissues. This
low-dose treatment regimen thus could have provided suffi-
cient protection to the fetus by limiting the viral load in the
placenta and preventing placental impairment, leading to in-
creased pup survival, while the 20 mg/kg dose achieved levels
sufficient to also reduce virus replication in the fetus. Thus,
lower HDP-CDV doses may not have crossed the placenta-
fetus barrier at levels high enough to significantly reduce viral
DNA levels in the fetal spleens and livers. It is predicted that
a higher dose of HDP-CDV for 5 to 9 days would have de-
creased the viral load in the fetuses at 10 dpi. Further studies
are needed to determine whether alternative dosing regimens
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of HDP-CDV will prevent or limit infection of the placenta
and/or fetuses in this model.

In conclusion, we have demonstrated that oral administra-
tion of HDP-CDV to pregnant dams is highly efficacious, sig-
nificantly increasing pup survival and decreasing viral replica-
tion in both dam and pup tissues, depending on the treatment
regimen. HDP-CDV was well tolerated in pregnant guinea
pigs and did not appear to adversely affect fetal development.
These data strongly indicate that HDP-CDV, an orally bio-
available drug, is a potent and well-tolerated antiviral candi-
date for treatment of congenital CMV infection.
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