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Summary

A major public health challenge today is the problem of congenital cytomegalovirus (CMV)
transmission. Maternal-fetal CMV infections are common, occurring in 0.5-2% of pregnancies,
and these infections often lead to long-term injury of the newborn infant. In spite of the well-
recognized burden that these infections place on society, there are as yet no clearly established
interventions available to prevent transmission of CMV. In order to study potential interventions,
such as vaccines or antiviral therapies, an animal model of congenital CMV transmission is
required. The best small animal model of CMV transmission is the guinea pig cytomegalovirus
(GPCMV) model. This article summarizes the GPCMV model, putting it into the larger context of
how studies in this system have relevance to human health. An emphasis is placed on how the
vertical transmission of GPCMV recapitulates the pathogenesis of congenital CMV in infants,
making this a uniquely well-suited model for the study of potential CMV vaccines.
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Congenital infection with CMV is a major cause of disability in newborn infants. CMV
transmission occurs in 0.15-2% of pregnancies [1], and leads to significant neurologic
disabilities including mental retardation, cerebral palsy, seizure disorders, and
developmental delay [2]. Congenital HCMYV infection is also the most common infectious
disease responsible for sensorineural hearing loss (SNHL) in children [3-5]. The likelihood
that CMV will be transmitted from mother to fetus appears to depend upon the presence and
duration of preconception immunity. Preconception maternal immunity, particularly long-
term immunity characterized by high-avidity antibody to CMV [6], significantly reduces the
incidence of infection in the newborn and possibly the severity of CMV disease in the infant
that is infected [7, 8]. This observation has fostered considerable interest in the development
of CMV vaccines for prevention of congenital transmission [9-12]. Recently, an important
study demonstrated that a subunit vaccine directed against a viral envelope glycoprotein,
glycoprotein B (gB), expressed as a recombinant protein in cell culture and administered
with a novel adjuvant, MF59, demonstrated modest efficacy in prevention of CMV infection
in a cohort of young women at high risk for primary infection [13]. Other vaccine
approaches in various stages of preclinical and clinical development include DNA vaccines,
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vectored vaccines based on attenuated poxviruses and virus-like particles, live attenuated
vaccines, and peptide-based vaccines [14].

Although the need for a CMV vaccine is compelling and the results from recent clinical
trials encouraging, there are many barriers remaining before a vaccine can be licensed. First
and foremost, there is an incomplete understanding of those features of the immune response
to CMV that provide protection against congenital transmission. CMV, a member of the
herpesvirus family, is a large and complex virus, encoding approximately 200 gene
products, many of which remain incompletely characterized [15]. This is a key issue in
vaccine development, insofar as it is unclear at this time whether vaccination against a
limited number of immunogenic CMV proteins would be sufficient in conferring an immune
response that protected the fetus. The broad-based immunity conferred by a live, attenuated
CMV vaccine might, in principle, be preferable to the subunit vaccine approach. However,
there are theoretical concerns about the potential risks of a live, attenuated vaccine with
respect to the potential for such a vaccine to result in latent CMV infection, which in turn
could be theoretically associated with long-term risks such as atherosclerosis and
malignancy [16].

Given the uncertainties about the optimal strategy for vaccination against congenital CMV,
additional preclinical study comparing immunization strategies is warranted. Ideally, the
safety and potential efficacy of vaccines against human CMV would be evaluated in a
preclinical model prior to large-scale clinical trials. Unfortunately, the strict species-
specificity of CMVs precludes the study of human CMV vaccines in animal models [17].
Consequently, animal models that utilize species-specific CMVs are employed for the study
of antiviral intervention strategies. Of the small animal models for the study of congenital
CMV infection, the guinea pig cytomegalovirus (GPCMV) model is uniquely valuable, and
has been employed by a number of investigators as a model not only for the study of
prevention of congenital transmission of infection, but also for the study of disease
pathogenesis in the newborn. Although the major driving force behind continued study of
the GPCMYV maodel is for the insights that might be gleaned regarding vaccine strategies,
there are intriguing similarities in the manifestations of disease in the vertically infected pup
that recapitulate the pathology of disease in infants. This brief review summarizes those
aspects of the molecular biology of GPCMV and reproductive biology of guinea pigs that
make this model useful; the progress that has been made in the study of vaccines in the
GPCMYV model; and high-priority areas for future research that can optimize the value of
this system for gleaning insights into the pathogenesis of congenital CMV disease in infants.

Virology and molecular biology of guinea pig cytomegalovirus

Virtually all information about GPCMV is derived from studies performed with the strain
originally isolated by Hartley in 1957, from infected guinea pig salivary glands, which was
provided to the American Type Culture Collection (ATCC) as strain 22122 [18].
Ultrastructural analysis of the GPCMV, both in salivary gland and tissue culture, was
initially performed by electron microscopic (EM) in the late 1960s [19], and confirmed that
GPCMV had the typical morphological features of a herpesvirus. These studies were later
extended to the in vivo analysis of virus morphology in guinea pig salivary glands and
visceral organs, and confirmed the morophological similarities of GPCMV to human CMV,
including the presence of enveloped ‘dense bodies’ without capsids in the cytoplasm of
infected cells [20, 21]. An initial description of the molecular biology of GPCMV came in
the early 1980s, when GPCMV DNA was subjected to density gradient centrifugation, and
restriction endonuclease analysis of the viral genome generated [22]. A subsequent
comprehensive analysis of GPCMV DNA purified from tissue culture-adapted virus resulted
in the generation of restriction endonuclease maps of the viral genome, and cross-
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hybridization studies revealed some limited homology to human CMV DNA [23, 24]. In the
early 1990s, specific GPCMV genes were cloned and subjected to sequence analysis,
establishing the orientation of the viral genome and the presence of well-characterized
homologs of other CMV proteins [25]. A number of these proteins have now been
characterized, including homologs of the dominant humoral immune target, the envelope
glycoprotein, gB; the dominant cellular immune target, pp65 (UL83); and other
glycoproteins, including the gH and gN homologs. The characterization of these GPCMV
gene products has in turn been valuable in experimental testing of vaccine strategies
designed to prevent congenital GPCMYV transmission (described below). Fig. 1 demonstrates
a western blot analysis of several of the better-characterized GPCMYV virion proteins
recognized by anti-GPCMYV antibodies.

Recently, an initial draft of the GPCMV genome sequence was published [26]. This draft
was assembled from a tissue culture-derived bacterial artificial chromosome (BAC) clone
[27], plasmid clones of viral restriction fragments, and direct PCR sequencing of viral DNA.
This analysis indicated that the GPCMV genome is approximately 233 kb in length,
excluding the terminal repeat sequences. In total, 105 open reading frames (ORFs) of > 100
amino acids with sequence and/or positional homology to other CMV ORFs were annotated
in this analysis, including positional and sequence homologs of human CMV ORFs UL23
through UL122. A number of lines of evidence suggest that this sequence (GenBank
Accession number, FJ355434) does not represent the bona fide, wild-type sequence of
GPCMV. First of all, the original GPCMV BAC construct [27] contains deletions in several
regions of the genome, presumably introduced during the cloning process in £. coli.
Although these deletions were partially repaired by a second generation GPCMV BAC
construct [28, 29], detailed sequence analysis of viral DNA purified directly from salivary
glands of infected animals has revealed several interesting observations [30, 31]. These
studies demonstrated.

In summary, GPCMV shares many morphological and molecular similarities with human
CMV that underscore the value of studying this virus as a model of human CMV disease.
These include: a virion morphology similar to human CMV; a genome organization that
includes homologs of human CMV that play roles in immune response and viral
pathogenesis; and an assemblage of virion proteins that includes key proteins that have
emerged as subunit vaccine targets. Additional work is required to determine the full-length,
wild-type sequence of the viral genome, but the information available to date has advanced
the understanding of GPCMV molecular biology, information that in turn has enabled
vaccine and pathogenesis studies that are described below.

The pathogenesis of GPCMV and its usefulness as an animal model of
human CMV infection

Pathogenesis studies with GPCMV are typically performed using salivary gland-adapted
stocks of virus, used to inoculate either outbred (Hartley) or inbred (JY-9 or strain 2) strains
of guinea pigs via subcutaneous, intravascular, or intraperitoneal route. Experimental details
of the model have been recently reviewed [32]. Irrespective of route of inoculation, viremia
occurs, both in non-pregnant and pregnant animals, and this appears to be the mechanism by
which end-organ disease (including of the placental-fetal unit) occurs. Viremia persists for
approximately 10 days following the inoculation of nonpregnant animals, and generalized
infection and disease involving the lungs, spleen, liver, kidney, thymus, pancreas, and brain
is observed for approximately 3 weeks following acute infection [33]. Salivary gland viral
titers reach maximal levels at 3 weeks post-infection, and virus persists at high level for at
least 10 weeks.
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A number of models of GRCMV-induced disease have been described in non-pregnant
animals. A mononucleosis-like syndrome has been described in association with acute
infection, including atypical lymphocytosis in peripheral blood, splenomegaly,
lymphadenopathy, anemia, and neutopenia [34]. Inbred strains of guinea pigs, in particular
strain 2, are, in general, more prone to GPCMYV disease than are outbred animals, and in
particular are at risk for the development of pneumonitis [35]. In guinea pigs that are
pharmacologically immunosuppressed, with agents such as cyclophosphamide or
cyclosporine, severe GRCMV-induced disease is observed, including pneumonitis, in a
model of disease that mimics CMV disease in immunosuppressed patients. This
immunosuppression model provides a useful system in which to evaluate antiviral therapies
[33-38]. Other models of GPRCMV-induced disease that have been described include a
neuropathogenesis model, induced by direct inoculation of virus, and characterized by a
glial nodule encephalitis [39], and a labyrinthitis model, induced by direct viral inoculation
into the cochlea [40]. Since these two studies required direct inoculation of GPCMYV into the
brain and cochlea, respectively, they may be less relevant to the issue of /n utero acquisition
of CMV, with its attendant pathology and sequelae, in infants. However, the labyrinthitis
model is particularly intriguing, in light of the fact that one of the most important sequelae
of congenital CMV infection is SNHL [3-5], and this feature of the pathogenesis of GPCMV
is considered in more detail below. A neonatal infection model also been described, and is
characterized by a generalized, viremic infection, including hepatitis, pneumonitis, and
central nervous system involvement [41-44].

Though these disease models are quite useful in the study of the pathogenesis of CMV
infection, clearly the greatest strength of the GPCMV maodel lies in its ability to cross the
guinea pig placenta, leading to fetal infection and disease. A number of aspects of guinea pig
reproductive biology are relevant to this model. Guinea pig gestational periods are lengthy
compared to other rodents, ranging from 65-70 days [45]. In addition, the only continuous
cellular layers separating the maternal and fetal blood circulations in the hemomonochorial
placenta of the guinea pig are the syncytiotrophoblast and the endothelium of the fetal
capillaries [46], a histology similar to that of the human placenta [47], but quite distinct from
the mouse placenta [48]. The ability of GPCMV to produce viremic placental infection
following maternal inoculation was recognized in the late 1970s [49-51]. Since these initial
reports, a number of experimental endpoints for the GPCMYV congenital infection model
have been refined, including mortality in dams, pup infection rate, pup mortality, maternal
and pup weight, fetal resorption rate, viral load in dams and pups by viral culture and PCR,
and magnitude of placental infection. Of particular relevance to human health, it has been
observed that congenitally infected pups exhibit end-organ disease, including brain and
visceral involvement, and inner ear pathology; thus, direct intracerebral or intracochlear
inoculation of GPCMYV is not required to recapitulate this important form of pathology
[52-54].

In addition to maternal and fetal outcomes, placental pathology has also been described as
an experimental endpoint in the GPCMV model [47]. Histopathological and ultrastructural
analyses of GPCMV-infected placentas revealed a variety of forms of pathology, depending
upon the timing of placental examination relative to maternal inoculation. At early time
points post-infection (days 14 and 21), placentas exhibit ischemic injury changes, predictive
of pup mortality. In contrast, typical CMV-specific histopathology, consisting of multiple
areas of necrosis associated with acute and chronic inflammation, was frequently seen at
later time points, on days 21 and 28 postinoculation, localized at the transitional zone
between the capillarized labyrinth and the noncapillarized interlobium, a zone containing
maternal venous lacunae and fetal arterioles. Given the key role that the placenta plays in
transmission of human CMV to the fetus, and the placental pathology that is observed in the
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context of severe symptomatic congenital infection, these similarities in the guinea pig
system can be exploited in future studies of interventional strategies.

Vaccine and antiviral studies in the GPCMV model: past successes, future

priorities

The GPCMYV model was first studied as a model for vaccination against congenital infection
and disease in the early 1980s. In the first reported study [55], a live, attenuated GPCMV
vaccine, and a partially purified, soluble envelope vaccine, enriched for envelope antigens
and administered with Freund's adjuvant, were compared. Dams previously inoculated with
live virus vaccine were protected against acute viremia and death following challenge with
virulent salivary gland virus, and a reduced incidence of generalized maternal and fetal
infection was observed. Although envelope antigen-vaccinated animals showed acute
viremia after similar challenge with virulent virus, infection was less generalized than that in
control animals, and CMV was not isolated from the fetuses of these vaccinated mothers.
Thus, both strategies were successful in protecting against fetal GPCMV disease. In a later
vaccine studies uusing immunoaffinity-purified glycoproteins administered with Freund's
adjuvant, and newborn pups were protected against congenital mortality and disease, and
immunization was found to significantly reduce /n utero transmission [56, 57].

More recently, these studies have taken advantage of the availability of sequence data on
specific GPCMV gene products [25, 26] to perform analysis of subunit vaccine approaches.
These studies have focused on the GRCMV homologs of gB and pp65 (UL83), two major
vaccine candidates in human CMV vaccine trials that represent the dominant targets of
humoral and cellular immune responses, respectfully. One expression technique that has
been investigated in the GPCMV model is that of DNA vaccines. These studies [58, 59]
indicated that: (i) anti-gB responses were augmented by truncation of the gB protein
immediately upstream of the transmembrane domain; (ii) immune responses were improved
when vaccine was given intradermally by gene gun rather than intramuscular administration;
(iii) efficacy study in the guinea pig model of congenital infection demonstrated efficacy
against fetal infection using gB, but not pp65, vaccine. A pp65 vaccine based on the
GPCMV homolog of the UL83 was shown to be effective in prevention of maternal and
fetal GPCMV disease, however, when an alternative expression strategy, VRPs based on an
alphavirus platform, was employed [60]. Subunit vaccine studies have also been conducted
in the GPCMV model using adjuvanted, purified gB protein expressed by recombinant
baculovirus. For these studies, a truncated, secreted form of gB was engineered [61]. In a
study of protection against congenital GPCMYV infection and disease [62], gB which was
coadministered with either Freund's adjuvant or alum. All gB-immunized dams had ELISA
and neutralizing-antibody responses, with higher titers noted in the gB/Freund's group.
Following challenge of pregnant dams with salivary gland-adapted GPCMV subcutaneously
during the 3rd trimester, pregnancy outcomes were monitored. Vaccination resulted in a
highly significant reduction in pup mortality and maternal viral load. These studies are of
particular interest in light of the recent report of efficacy of a human CMV vaccine for
prevention of primary infection in women of child-bearing age [13], and provide support for
future studies of gB vaccine for prevention of congenital infection in infants.

The successful cloning of the GPCMV genome as a BAC construct [27, 28] has created the
possibility of engineering novel live, attenuated vaccine candidates for study in the guinea
pig model. Such vaccines could be designed with targeted deletion of viral immune
modulation genes, using the powerful mutagenesis techniques available in £. coli, toward
the goal of improving vaccine safety and/or immunogenicity. In one recently reported study,
three genes encoding MHC class | homologs (presumed to be involved in evasion of natural
killer cell responses) were deleted from GPCMV and the resulting mutant was evaluated as
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a live attenuated vaccine [63]. Vaccine virus produced elevated cytokine levels and higher
antibody titers than challenge with wild-type virus, while immune responses were similar.
Vaccine-mediated protection, assessed by maternal DNAemia and pup mortality following
pathogenic viral challenge during pregnancy, was comparable between deletion virus and
wild-type virus. The GPCMYV data suggest that the safety and perhaps efficacy of live
attenuated human CMV vaccines could be enhanced by deletion of viral immunomodulatory
genes. Studies of other live, attenuated vaccine candidates in the GPCMV model may help
direct the preclinical development of such vaccines. One such vaccine candidate is a
deletion mutant of GRCMYV in which a functional chemokine, GPCMV-MIP [64, 65], was
removed from the viral genome. The deletion virus was highly attenuated in its ability to
establish labyrinthitis following cochlear inoculation [66, 67], and is currently being
evaluated as a live, attenuated vaccine in the GRCMV model.

In addition to studies of preconception immunization, the GPCMV model has also been used
for study of therapeutic intervention during pregnancy. This intervention has taken two
forms: passive immunization studies, based on administration of neutralizing antibody to the
pregnant dam [68, 69], and antiviral therapy of agents active against GPCMV [70, 71]. Both
strategies have been successful in interrupting transmission of GPCMV from dam to fetus,
and were shown to improve the outcome of pregnancy. Human clinical trials of passive
immunoglobulin transfer have been performed, and suggest that CMV immune globulin can
favorably impact the outcome of pregnancy in the setting of maternal-fetal transmission /in
utero[72]. Continued study of immune globulin and antiviral therapies in the pregnant
guinea pig can help provide important clues about the potential toxicities and benefits of
candidate interventional strategies prior to human clinical trials.

Future perspective

In summary, GPCMV has served as a useful model for human disease for several decades,
and has been exploited for vaccine, antiviral, vaccine, and pathogenesis. Moreover, the
GPCMV has experienced a renaissance in interest in recent years, as more laboratories, both
in academia and in industry, are investing resources into studying this uniquely useful model
CMV infection. This increased interest has been driven by several factors. First of all, there
is increasingly awareness of the urgent need to find a solution for congenital CMV infection
[73-75]. Congenital CMV infection produces considerable morbidity in newborns, and
increased awareness has in turn driven interest in basic and translational research aimed at
exploring pathogenesis and developing therapeutic interventions: in this context, the guinea
pig model is of great interest. Secondly, there has been success reported in a clinical trial of
a CMV vaccine [13]. This represents the first report of efficacy of any CMV vaccine for
prevention of infection, and this positive result will drive interest in future vaccine studies
for congenital CMV. The guinea pig model can serve as a useful screening system for
vaccine and antiviral strategies, and may be useful in prioritizing what approaches should
move forward in clinical trials. Third, the GRCMV genome has been recently characterized
in detail, and tools and reagents are now available to move this model forward. The
convergence of these events should result in an increased use of the GPCMV model in the
years ahead, until such time as the development of a vaccine or antiviral intervention has
solved the problem of congenital CMV infection. Other directions that can be anticipated in
the next 5-10 years include an expanded panel of guinea pig-specific immunological
reagents for studying the immune response to infection and vaccination, and the
development of additional recombinant GPCMV:s for use as live, attenuated vaccine
candidates. The GRCMV model may ultimately prove to be the pivotal model for
determining whether novel antiviral interventions should move forward in phase | human
clinical trials for prevention of the important clinical problem of maternal-fetal CMV
infection.
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Executive Summary
Congenital cytomegalovirus (CMV) infection Isa major public health issue
o CMV is transmitted /n uteroto up to 2% of all newborns.

» Congenital CMV is the most common infectious disease associated with
sensorineural hearing loss (SNHL) in children.

» Congenital CMV infection leads to other neurodevelopmental disabilities, such
as mental retardation, cerebral palsy, and seizure disorders.

»  Although preconception maternal immunity to CMV helps protect the fetus,
there is no licensed vaccine for prevention of CMV infection.

The guinea pig provides a uniquely useful model for study of congenital CMV
* Human CMV cannot infect animals due to the species-specificity of CMVs.

*  Among the small animal CMVs, the guinea pig CMV (GPCMV) is the only
CMV that crosses the placenta and infects the fetus, analogous to the biology of
human CMV.

» The guinea pig has a long gestational period and a hemochorial placenta,
structurally and histologically similar to human placenta but distinct from rodent
placentas.

» Congenitally infected guinea pigs demonstrate intrauterine growth retardation,
brain involvement, and sensorineural hearing loss, similar to CMV disease in
infants.

I ntervention strategies prevent fetal and neonatal diseasein the GPCMV model

»  Subunit vaccine strategies based on the glycoprotein B and pp65 homologs of
human CMV provide protection against congenital GRCMYV infection and
disease.

e The cloning of the GRCMV genome as an infectious BAC has enabled
generation of novel live, attenuated vaccines with immunogenicity and safety.

»  Other clinically relevant interventions, such as immune globulin and antiviral
therapies, are successful in interrupting GPCMV transmission and preventing
disease.

Future strategies for improving the usefulness of the GPCMV model

» Refining endpoints for vaccine studies to focus on neuropathogenesis and
SNHL.

» Expand available immunological tools for a more detailed assessment of guinea
pig vaccine immune responses (cytokine responses, T cell responses, NK
responses).

» Resolve the question of the relative merits of subunit vaccination vs. live,
attenuated vaccination for prevention of congenital CMV infection and disease.

» Explore novel strategies for preventing congenital CMV transmission using the
GPCMV maodel as a preclinical screening model prior to phase I studies.

Future Virol. Author manuscript; available in PMC 2013 January 08.
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Fig. 1.

Key constituents of the GPCMV virion. Left panel, Coomassie stain of SDS-PAGE analysis
of sucrose gradient-purified GPCMV virus particles. Right panel, western blot analysis of
virus particles following hybridization with a polyclonal anti-GPCMV antibody (lane 1);
antibody specific for gB (GP55) homolog (lane 2); gH (GP75) homolog (lane 3); gN (GP73)
homolog (lane 4); and pp65 (GP83) homolog. These proteins are highly conserved between
GPCMV and human CMV, and represent potential vaccine targets.
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