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Abstract

Ganciclovir (GCV), the therapy of choice for human cytomegalovirus (CMV) infections and
foscarnet, a drug used to treat GCV-resistant CMV infections were approved more than twenty
years ago. Although cidofovir and a prodrug of GCV have since been added to the
armamentarium, a highly effective drug without significant toxicities has yet to be approved. Such
a therapeutic agent is required for treatment of immunocompromised hosts and infants, which bear
the greatest burden of disease. The modest antiviral activity of existing drugs is insufficient to
completely suppress viral replication, which results in the selection of drug-resistant variants that
remain pathogenic, continue to replicate, and contribute to disease. Sustained efforts, largely in the
biotech industry and academia, have identified highly active lead compounds that have progressed
into clinical studies with varying levels of success. A few of these compounds inhibit new
molecular targets, remain effective against isolates that have developed resistance to existing
therapies, and promise to augment existing therapies. Some of the more promising drugs will be
discussed with an emphasis on those progressing to clinical studies. Their antiviral activity both in
vitro and in vivo, spectrum of antiviral activity, and mechanism of action will be reviewed to
provide an update on the progress of potential new therapies for CMV infections.

1. Background and Introduction

Significant advances have been made in the treatment of many of the infections caused by
members of the herpesvirus family. The impressive efficacy of acyclovir and famciclovir
against herpes simplex virus (HSV) and varicella-zoster virus infections provided the first
examples of truly effective antiviral therapies and are used routinely to manage these
infections (Dworkin et al., 2007; Leung and Sacks, 2000). Yet, the few approved therapies
for other herpesviruses are wanting and new drugs are required. Human cytomegalovirus
(CMV) shares many common characteristics with other members of the herpesvirus family,
but significant biological differences including lengthy replication cycle, increased coding
capacity, and comparatively high sequence diversity set it apart. The modest antiviral
activity of currently approved therapies coupled with dose-limiting toxicities limits their
effectiveness and often results in the development of resistance, particularly in
immunocompromised hosts. New therapies are required that have improved efficacy as well
as reduced toxicity to allow extended courses of therapy to suppress viral replication in the
target population. The search for such therapies has identified several new inhibitors with
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superior antiviral activity but currently remain unproven in clinical studies. Candidate
molecules in various stages of development will be discussed below and compared with
existing therapies to provide perspective on their potential advantages.

2. Need for new therapies to treat CMV infections

Infection with CMV remains a significant problem in congenitally infected infants and
immunocompromised individuals, including transplant recipients and those co-infected with
human immunodeficiency virus (HIV) (Torres-Madriz and Boucher, 2008). This virus also
infects up to 1% of all newborns and is the leading cause of brain damage and nonsyndromic
sensorineural hearing loss in the United States (Morton and Nance, 2006; Stagno, 2001).
Severe sequelae are associated with primary maternal infection and hearing loss occurs in
almost half of infants with symptomatic congenital CMV infection (Fowler et al., 1992;
James et al., 2009). Preexisting maternal immunity provides some measure of protection to
the infant, although it is incomplete (Boppana et al., 1999; Ross et al., 2006). Detectable
hearing loss also occurs in up to 7% of congenitally infected, but otherwise normal
appearing, newborn infants (Nassetta et al., 2009; Rosenthal et al., 2009). While a six week
course of ganciclovir (GCV) therapy to symptomatic infants has been reported to prevent
further deterioration in hearing, it also appeared to induce the development of neutropenia
during the course of treatment (Kimberlin et al., 2003). Costs associated with CMV hearing
loss exceed $2 billion annually in the United States (Nassetta et al., 2009), thus better
therapies to treat these infections may both improve health and reduce associated costs.

Infection with CMV is also a significant cause of morbidity and mortality in transplant
recipients with severity of disease generally correlating with the degree of
immunosuppression. Infection promotes events that lead to graft rejection following renal
transplant, life-threatening pneumonitis in stem cell transplant recipients, and accelerated
atherosclerosis following heart transplant (Griffiths, 2001; Potena and Valantine, 2007;
Torres-Madriz and Boucher, 2008). The advent of highly effective HIV therapies has greatly
reduced the incidence and severity of CMV infections, although maintenance is still required
for some individuals and retinitis remains a cause of vision loss in this population (Kedhar
and Jabs, 2007). The persistence of CMV infections in immunocompromised hosts generally
requires long term therapy and the development of resistance to GCV is frequently observed
in this population (Chou et al., 1997; Gilbert and Boivin, 2005; Scott et al., 2007).
Resistance to this drug can arise with either preemptive or prophylactic therapy, with the
highest incidence (5-10%) in seronegative transplant recipients receiving tissue from
seropositive donors (Li et al., 2007; Limaye et al., 2000; Limaye et al., 2002; Lurain et al.,
2002). Mutations that confer resistance typically map to the UL97 kinase, which catalyzes
the initial phosphorylation of this drug, but can also be found in the DNA polymerase
(Gilbert and Boivin, 2005). Many mutations that confer resistance to this drug also reduce
susceptibility to second line therapies, although cross resistance to foscarnet (PFA) is
somewhat less frequent (James et al., 2009).

3. Summary of approved therapies

Each of the three drugs approved and in use for the systemic therapy of CMV infections is
effective (Jacobson, 1994), although moderate efficacy and dose limiting toxicities
significantly limit their clinical utility (Andrei et al., 2008; Biron, 2006b; Griffiths, 2001).
All of the compounds are related in that they target the viral DNA polymerase and inhibit
viral DNA synthesis. An antisense phosphorothioate oligonucleotide complementary to the
IE2 mRNA encoding IE2, formivirsen, has also been approved for the therapy of CMV
retinitis in patients with HIV infection that are unable to receive other approved therapies for
this condition (de Smet et al., 1999). Although the intravitreous injection of this compound
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has been reported to be effective (2002), it is used infrequently and will not be discussed
further.

3.1 Ganciclovir and valganciclovir

GCV therapy has been shown to provide some clinical benefit in immunocompromised
hosts (Jacobson, 1994), yet resistance to this drug occurs rather frequently in this population
and appears to be related to low levels of viral replication that occur notwithstanding
sustained GCV therapy (Emery and Griffiths, 2000; Griffiths, 2001). A prodrug of GCV,
valganciclovir (VGCV), has been shown to have ten-fold greater oral bioavailability than the
nucleoside (Jung and Dorr, 1999), provides adequate drug exposure (Perrottet et al., 2009),
and has been shown to be effective against CMV infections in the clinic (Kimberlin et al.,
2008; Snoeck et al., 2002).

Although the CMV DNA polymerase is the molecular target of the drug, it must first be
phosphorylated to the active triphosphate metabolite. The initial phosphorylation step is
specifically catalyzed by the UL97 kinase (Sullivan et al., 1992), and two subsequent
phosphorylation steps are performed by host cellular kinases (Faulds and Heel, 1990).
Competitive inhibition of the viral DNA polymerase by GCV triphosphate results in the
termination of DNA elongation (Biron et al., 1985). Since GCV is a substrate for the UL97
kinase and GCV triphosphate is a substrate for DNA polymerase, mutations that confer
resistance to GCV can occur in either or both open reading frames.

3.2 Cidofovir

Therapy with cidofovir (CDV) has also been shown to be effective in the treatment of CMV
infections in individuals infected with HIV, however, its nephrotoxicity and lack of oral
bioavailability has generally limited its use (Jacobson, 1997; Safrin et al., 1997). This drug
is an acyclic deoxycytidine monophosphate analog with antiviral activity against a very
broad range of DNA viruses including the herpesviruses, adenoviruses, polyomaviruses, and
orthopoxviruses (De Clercq and Holy, 2005; De Clercq et al., 1986; Snoeck and De Clercq,
2002; Snoeck et al., 1988). No initial phosphorylation step by UL97 kinase is required; the
conversion to the diphosphoryl metabolite, which inhibits the DNA polymerase, is catalyzed
by cellular enzymes (Cihlar and Chen, 1996).

3.3 Foscarnet

Foscarnet (PFA) can also be effective in the treatment of CMV infections in those co-
infected with HIV (Walmsley et al., 1988). This pyrophosphate analog reversibly inhibits
DNA polymerase in many herpesviruses by binding to and blocking the viral polymerase’s
pyrophosphate binding site (Wagstaff and Bryson, 1994). This noncompetitive inhibition
interferes with pyrophosphate cleavage from incoming deoxynucleoside triphosphates and
results in the inhibition of viral DNA synthesis (Crumpacker, 1992). Because PFA acts
directly on viral DNA polymerase, it does not require any activation by either viral or host
phosphorylative enzymes. This compound is also useful for the treatment GCV-resistant
infections, although its associated renal toxicity limits its usefulness (Torres-Madriz and
Boucher, 2008).

3.4 Resistance to approved therapies

GCV remains the therapy of choice for CMV infections, but resistance to this molecule can
be problematic in the target population of immunocompromised hosts (Gilbert et al., 2002;
Griffiths, 2001). The persistent nature of CMV infections in this population requires
prolonged therapy to suppress viral replication and the modest efficacy of GCV drives the
development of resistance that arises when low levels of viral replication persist in the

Virus Res. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prichard and Kern

Page 4

presence of the drug (Drew, 2000; Emery and Griffiths, 2000; Limaye et al., 2000). The
development of resistance has proven to be a significant concern in solid organ transplant
recipients (Ahmed et al., 2004; Zamora, 2004). Although the emergence of GCV-resistant
viruses in human stem cell transplant recipients has been reported (Marfori et al., 2007), it
appears to be less common in this population than in solid organ transplant recipients
(Bhorade et al., 2002; Gilbert et al., 2001; Nichols et al., 2001). Most infections that are
resistant to GCV remain susceptible to PFA since cross-resistance between these drugs is
rare and is typically mediated by mutations in different genes. More than 90% of GCV-
resistant isolates contain one or more mutations in UL97 kinase (Erice, 1999), which
catalyzes the phosphorylation of the drug (Sullivan et al., 1992). Since the enzymatic
activity of UL97 kinase is critical for viral replication (Gill et al., 2009; Prichard et al.,
1999), mutations associated with resistance are typically point mutations or small deletions
in conserved regions of the kinase that impair GCV phosphorylation, yet do not substantially
impact kinase activity (Gilbert and Boivin, 2005). Most mutations occur in conserved
regions with codons 460, 594, and 595 accounting for around 70% of GCV-resistant CMV
strains (Boivin et al., 2001; Chou et al., 2002). By contrast, mutations in the DNA
polymerase gene, UL54, can confer resistance to GCV, CDV, or PFA and the distribution of
polymorphisms associated with resistance is much more diffuse. Mutations have been
described in conserved regions 1, IV, V, IV and 3-region C (Chou et al., 2000; Cihlar et al.,
1998; Gilbert et al., 2002; Scott et al., 2007).

4. Specific inhibitors of CMV replication

The replication cycle of CMV is complex and offers a wealth of potential targets. The search
for novel inhibitors has not only taken advantage of conventional targets, such as the DNA
polymerase, but has resulted in the discovery of new molecular targets and greatly improved
our understanding of the biology of this virus. Novel inhibitors of CMV infection will be
reviewed with respect to their efficacy, spectrum of antiviral activity, and their molecular
targets insofar as they have been described. Although many inhibitors of cellular targets
have been identified that impact viral replication, this review will focus primarily on
inhibitors that specifically target viral gene products with an emphasis on those with
increased potential to become new therapies, i.e. are highly effective in the treatment of
CMV infections in experimental model infections or in phase 2 clinical studies. A broader
review of all compounds that inhibit CMV replication, including those that target cellular
processes, was published recently by De Clercq and coworkers (Andrei et al., 2008; Andrei
et al., 2009). Here, compounds will be presented in order of the stage of viral replication
they block to highlight those with novel molecular targets. A summary of the virus life cycle
and selected compounds that disrupt each stage is depicted in Figure 1.

4.1 Attachment inhibitors

CMV replication commences with binding events at the cell surface that are mediated by
viral glycoproteins and results in the penetration of the nucleocapsid into the cytoplasm
(Britt and Mach, 1996). Preparations of intravenous immune globulin (IVIG) have been
shown to neutralize CMV and theoretically could impact disease by interfering with the
binding of the virus to host cells, however, its efficacy in transplant recipients appears to be
nominal and has been difficult to document (Sokos et al., 2002). More specific therapies
have been developed against glycoprotein B (gB), an abundant membrane glycoprotein that
is essential for viral infectivity and provides initial interactions with the cell via heparin
sulfate (Compton et al., 1993). Inhibitors of membrane fusion have been developed using f3-
amino acid oligomers that mimic the heptad repeats of gB (English et al., 2006). These
inhibitors are specific for CMV, inhibit fusion, and are thought to interact with the heptad
repeat segment of gB or gH and block either homo- or hetero-protein-protein associations
required to induce membrane fusion. A small molecule fusion inhibitor, CFI02, has also
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been identified that blocks membrane fusion and can inhibit the cell-cell spread of the virus
(Jones et al., 2004). Further development of any attachment inhibitors will likely require
clinical trials since animal models of CMV infection are currently inadequate to evaluate
such an approach.

4.2 Inhibitors of DNA synthesis

The synthesis of viral DNA represents the next stage of viral replication targeted by specific
inhibitors (Fig. 2). Indeed, a wealth of active compounds has been described that inhibit the
DNA polymerase including the approved therapies GCV, CDV, and PFA, as well as non
nucleoside inhibitors (Wathen, 2002). Another highly effective class of new compounds is
the acyclic nucleoside phosphonates, some of which have antiviral activity against CMV
(De Clercq and Holy, 2005). The efficacy of these analogs can also be increased
tremendously through the formation of alkoxyalkyl ester prodrugs, which improve
pharmacokinetics as well as oral bioavailability (Hostetler, 2009). Molecules undergoing
active development will be summarized.

4.2.1 CDV, CMX001, and other nucleoside phosphonate analogs—Cidofovir has
greater activity against CMV in vitro and in vivo than any of the other licensed drugs for the
treatment of CMV infection (Hitchcock et al., 1996; Kern, 1991; Kern et al., 2001; Snoeck
et al., 1988), and is approved for the treatment of CMV retinitis. Although CDV exhibits
potent antiviral activity against CMV, it lacks oral bioavailability, has dose limiting toxicity,
and often results in severe nephrotoxicity (Lalezari et al., 1997; Safrin et al., 1997). The
synthesis of alkylglycerol phosphate or alkylpropyl phosphate esters of ACV, penciclovir, or
GCV were reported previously to improve antiviral activity when administered orally in
animal models of HSV, experimental models of CMV, or hepatitis infections (Hostetler,
2009; Hostetler et al., 1997; Hostetler et al., 2001). A similar approach was used to improve
the oral bioavailability of CDV and a series of ether lipid ester analogs of CDV or cyclic
CDV (cCDV) were prepared and evaluated for activity against herpesviruses and poxviruses
(Beadle et al., 2002; Keith et al., 2004).

We have reported previously that this series of ether lipid ester prodrugs of CDV,
particularly hexadecyloxypropyl CDV (HDP-CDV, now known as CMX001) and
octadecyloxyethyl CDV (ODE-CDV) analogs exhibited greatly enhanced in vitro efficacy
against all the human herpesviruses including CMV (Williams-Aziz et al., 2005). It has also
been reported that some of these analogs including CMX001 were 1000-fold more potent in
vitro than CDV against CMV and MCMV (Wan et al., 2005). The analogs retained their
activity against drug resistant isolates that have mutations in the UL97 and UL54 genes and
remain active against ganciclovir-resistant isolates of CMV. We have also reported that
CMX001 and ODE-CDV had markedly enhanced activity in vitro against vaccinia and
cowpox viruses (Keith et al., 2004), and were shown to have activity when administered
orally in pharmokinetic (Ciesla et al., 2003), and efficacy studies in mice (Kern et al.,
2004b; Quenelle et al., 2004). This drug is broadly active against other DNA viruses
including BK virus and adenovirus (Hartline et al., 2005; Randhawa et al., 2006).

Since there are no animal models that closely simulate human CMV disease, the surrogate
viruses, murine CMV(MCMV), rat CMV and guinea pig CMV have been used for
preclinical evaluation of potential therapies for CMV infections (Bravo et al., 2006;
Glasgow et al., 1982; Kern, 1991; Kern et al., 2004b; Li et al., 1990; Stals et al., 1991). We
have used the MCMV model extensively for evaluation of new compounds and have
reported previously that CDV and the alkoxyalkyl analogs had greater activity than GCV
(Kern, 1991; Kern, 1997; Kern, 1999). In addition, CDV and the phosphonate analogs also
exhibited good therapeutic activity against HCMYV infections in SCID mice implanted with
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human retinal or thymus/liver tissue (Bidanset et al., 2004a; Bidanset et al., 2004b; Kern et
al., 2001).

In experiments reported previously, the efficacy of CMX001 and ODE-CDV given orally
was compared with that of CDV given parenterally for their ability to alter mortality and
virus replication in target organs of mice infected with MCMV (Kern et al., 2004b). Since
CDV has been reported to have a long intracellular half-life (Cundy et al., 1996), it is still
efficacious when administered to mice 1-3 times weekly, rather than once or twice daily
(Kern, 1991; Quenelle et al., 2003). It was further determined that these ether lipid esters,
such as CMX001, were also effective in reducing mortality of mice when administered
either once daily, twice weekly, or as a single dose (Kern et al., 2004b).

Further studies in vivo to evaluate CMX001 confirmed that the compound was effective
when administered orally against MCMV (Kern et al., 2004b), CMV (Bidanset et al.,
2004a), orthopoxviruses (Parker et al., 2008; Quenelle et al., 2004), and adenoviruses (Toth
et al., 2008). Additionally, combinations of CMX001 and ST-246, an inhibitor of late stage
poxvirus replication, were also shown to synergistically reduce mortality in animals infected
with cowpox virus which confirmed the in vitro combination results (Quenelle et al.,
2007b).

The antiviral activity of related alkoxyalkyl esters of HPMPA also translated into in vivo
efficacy against CMV and MCMV (Quenelle et al., 2008), as well as the orthopoxviruses
(Quenelle et al., 2007a). Related alkoxyalkyl derivatives of 9-(S)-(3-hydroxy-2-
phosphonomethoxypropyl)adenine also exhibited good activity against CMV and the
orthopoxviruses (Beadle et al., 2006). Similarly, alkoxyalkyl esters of
phosphonopropoxymethyl-guanine and phosphonopropoxymethyl-diaminopurine also
potently inhibited CMV, HSV and the orthopoxviruses (Ruiz et al., 2006; Ruiz et al., 2007).
A similar strategy using 5-phosphono-pent-2-en-1-yl nucleosides and their alkoxyalkyl
phosphonoesters also improved the efficacy of the compounds against CMV and other DNA
viruses (Choo et al., 2007). In fact, this approach appears to improve the efficacy of purine
and pyrimidine nucleoside phosphonates generally and also resulted in greatly improved
efficacy against HIV (Valiaeva et al., 2006), as well as the herpesviruses (Prichard et al.,
2008). Improvements in efficacy were sufficiently large that it effectively expanded the
spectrum of activity of the compounds and suggests that this approach might be used to
develop broad spectrum antiviral drugs with activity against HIV as well as the
herpesviruses. The increased in vitro efficacy afforded by the esterification with alkoxyalkyl
groups also resulted in the reevaluation of (S)-3-hydroxy-2-(phosphonomethoxy)propyl
analogs of guanine, adenine, cytosine, diaminopurine and thymidine (Valiaeva et al., 2009).
This analysis showed that the ODE esters of all of the analogs exhibited good to excellent
antiviral activity against vaccinia virus and the herpesviruses, whereas the unesterified
compounds were poorly active or inactive.

The in vitro and animal model data summarized above taken together with results from
pharmacokinetic, metabolic, and toxicologic studies were used to select CMX001 as a
candidate for clinical evaluation (Painter and Hostetler, 2004; Painter et al., 2008), and
CMX001 has successfully completed Phase 1 clinical trials. This compound proved to be
well tolerated and confirmed earlier studies in mice that showed significantly reduced
accumulation of the compound in the kidney, therefore avoiding the nephrotoxicity that is
observed frequently with the parent compound, CDV (Ciesla et al., 2003; Painter et al.,
2008; Quenelle et al., 2010). CMXO001 is currently being evaluated in Phase 2 clinical
studies for treatment of BK virus and CMV infections (ClinicalTrials.gov identifier:
NCTO00793598 and NCT00942305), and for single cases of adenovirus and poxvirus
infections.
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4.2.2 Cyclopropavir and other methylenecyclopropane analogs—The
methylenecyclopropanes represent a relatively new series of molecules modeled after allene
analogs, which have been shown to exhibit antiviral activity (Zemlicka, 1993). The first
generation of these analogs was essentially bioisosteric analogs of acyclovir where the C-O-
C moiety was replaced by the methylenecyclopropane moiety. In a similar fashion, the
second generation of methylenecyclopropane analogs is related more closely to ganciclovir
(Zhou et al., 2004a). Both Z- and E-isomeric analogs were generated for each series of
compounds. We have reported previously that Z isomers of the first generation of
methylenecyclopropane analogs are potent agents against some members of the herpesvirus
family (Chen et al., 2003; Kushner et al., 2003; Qiu et al., 2000; Qiu et al., 1998a; Qiu et al.,
1999; Qiu et al., 1998b; Rybak et al., 2000; Rybak et al., 1999). These analogs had strong
antiviral activity against CMV, MCMV, rat CMV, rhesus monkey CMV, guinea pig CMV
(Rybak et al., 2000), human herpesvirus 6 (HHV-6) (Kushner et al., 2003; Rybak et al.,
2000; Zemlicka, 2002), and human herpesvirus 8 (HHV-8) (Kushner et al., 2003). Some of
these compounds significantly reduced mortality and virus replication in animal models of
human and murine CMV (Kern et al., 2004a; Rybak et al., 1999). More recently, a second
generation of methylenecyclopropane analogs, the 2, 2-bis-hydroxymethyl derivatives were
synthesized (Zhou et al., 2004a). One member of this new series of compounds, ZSM-1-62,
which has been given the name cyclopropavir (CPV), has been reported to be very effective
in preventing mortality of mice infected with MCMYV and in reducing replication of virus in
visceral organs from mice infected with MCMV and in human fetal tissue implanted into
SCID mice and infected with CMV (Kern et al., 2004a). This compound, CPV, was
evaluated for activity against all the human herpesviruses and we reported that it was active
in vitro against CMV, HHV-6A, HHV-6B and HHV-8 (Kern et al., 2005). In CMV
infection, this compound was reported to require the UL97 kinase for its antiviral activity,
but retained activity against most GCV-resistant isolates and clinical isolates. More recent
work showed that the UL97 kinase is stereoselective and phosphorylates CPV to its (+)-
monophosphate (Gentry et al., 2010).

Further studies indicated that phosphonate analogs of cyclopropavir also had antiviral
activity against CMV and retained activity against GCV-resistant isolates with mutations in
the UL97 kinase as would be expected for these monophosphate analogs (Mhaske et al.,
2009). Valine esters of CPV also appeared to offer improved pharmacokinetic parameters
over the parent compound (Wu et al., 2009). Another class of halogenated
methylenecyclopropane analogs was identified including the (Z)- and (E)-[2-Fluoro-2-
(hydroxymethyl)cyclopropylidene]methyl-purines and -pyrimidines, which exhibited
activity against CMV, HSV, VZV, and EBV (Zhou et al., 2009; Zhou et al., 2004b; Zhou
and Zemlicka, 2007; Zhou et al., 2007). The lead molecule for the methylenecyclopropane
series, CPV, is highly active against CMV in vitro and in vivo and will soon be evaluated in
phase 1 clinical studies.

4.3 Cleavage/Packaging of viral DNA

Considerable quantities of viral DNA accumulate during CMV replication, yet little is
packaged into mature virions. Replicative intermediates appear to form very large,
potentially branched concatemers that require further processing to resolve unit length
genomes suitable for packaging in capsids (Courcelle and Mocarski, 2001; Pari, 2008).
Terminase subunits encoded by UL89 and UL56 together with the virion portal protein
encoded by UL104 form a complex that directs the cleavage/packaging of viral genomes and
has been reviewed recently (Bogner, 2002). This essential process presents novel targets for
antiviral chemotherapy and at least three classes of inhibitors have been identified (Fig. 3).
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4.3.1 Benzimidazole Ribosides—Halogenated benzimidazole analogs were the first
molecules identified that blocked the cleavage/packaging of viral genomes and were shown
to eliminate the formation of monomer viral genomes in infected cells (Underwood et al.,
1998). The prototype compound, 1H-B-D-ribofuranosyl-2-bromo-5,6-dichlorobenzimidazole
(BDCRB) is an excellent inhibitor of CMV replication both in vitro (Townsend et al., 1995),
and in vivo (Kern et al., 2004c). This series of compounds has been recently reviewed
(Drach et al., 2006). In infected cells treated with BDCRB, DNA packaging is initiated, yet
cleavage signals are not recognized (McVoy and Nixon, 2005). Although this molecule is a
nucleoside analog, it does not require phosphorylation for antiviral activity (Krosky et al.,
2002), and targets components of the viral terminase (Krosky et al., 1998). The rapid
degradation of this molecule by 8-oxoguanine DNA glycosylase and N-methylpurine DNA
glycosylase precluded further development (Lorenzi et al., 2006), but a more stable analog,
GW275175X, was synthesized that appears to have similar mechanism of action
(Underwood et al., 2004) and retains good activity against CMV (Kern et al., 2004c;
Williams et al., 2003). Of these compounds, GW275175X is the best candidate for further
development; however, no clinical studies are currently in progress.

4.3.2 BAY 38-4766—A second series of compounds were identified that also inhibit the
packaging of CMV DNA including the lead compound, BAY 38-4766 (Reefschlaeger et al.,
2001). This report indicated that its spectrum of antiviral activity was broader than that of
BDCRB, and exhibited good antiviral activity in mice infected with MCMV. The molecule
also possessed good pharmacokinetic parameters and was well tolerated in animals
(McSharry et al., 2001a). Despite structural differences with BDCRB, mutations that confer
resistance to its antiviral activity also map to both UL56 and UL89 and confirm that the
terminase complex is the ultimate molecular target (Buerger et al., 2001).

4.3.3. AIC246—A third class of inhibitors with excellent antiviral activity has been
recently described with AIC246 as the lead compound (Lischka et al., 2010). Although
components of the terminase have not been formally ascribed as the targets of this molecule,
it appears to inhibit a very late stage in viral replication and likely inhibits cleavage/
packaging. This molecule was inactive against MCMV, but retained efficacy against several
clinical isolates of CMV, including GCV-resistant isolates. It also inhibited the replication
of CMV in human cells using the gelfoam implant model of CMV infection in mice
(Lischka et al., 2010). Currently, the drug is in phase 2 clinical trials and has been reported
to be well tolerated.

4.4 Inhibitors of UL97 protein kinase

The UL97 kinase phosphorylates a host of viral and cellular proteins and is important for the
replication of the virus. Pleiotropic effects that occur in the absence of its enzymatic activity
make it difficult to unambiguously identify a stage of viral replication affected by its
inhibitors (Prichard, 2009). Since their most profound effects occur late in infection, they are
included in a separate category with other inhibitors of late events.

Critical functions performed by the UL97 kinase make it an excellent target for the
development of antiviral drugs (Prichard, 2009). Although this kinase is not essential for
virus replication, the absence of its activity severely compromises the ability of the virus to
replicate and results in virus titers that are reduced by at least two orders of magnitude
(Prichard et al., 1999). Several inhibitors of its activity have been identified and represent a
new class of antiviral drugs (Biron et al., 2002; Herget and Marschall, 2006; Mercorelli et
al., 2008). These include indolocarbazoles (Marschall et al., 2001; Marschall et al., 2002;
Zimmermann et al., 2000), quinazolines (Herget et al., 2004), as well as benzimidazole
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analogs (Biron et al., 2002). With the exception of maribavir, none of these compounds have
progressed to clinical studies.

4.4.1 Maribavir—Maribavir (MBV) is a benzimidazole L riboside and is the only highly
specific inhibitor of the UL97 kinase, and this literature has been reviewed recently (Biron,
2006a). It exhibits favorable pharmacokinetic properties, is well tolerated, and holds
promise as a new drug for the treatment of CMV infections (Koszalka et al., 2002; Lalezari
et al., 2002; Ma et al., 2006). Inhibition of UL97 kinase activity by MBV was established
early in the development of the drug and its complex mechanism of action corresponds to
the UL97 null phenotype (Prichard, 2009; Prichard et al., 1999). Studies with the drug have
contributed significantly to our understanding of UL97 function and have been reviewed
recently (Chou, 2008). Drug resistant mutants can be selected in the laboratory, and arise
more frequently in strains of the virus that contain mutations in the exonuclease domain Il of
the DNA polymerase (Chou and Marousek, 2008). Resulting mutations are distinct from
those of GCV-resistant mutants and some lie outside the conserved kinase domains (Chou,
2008; Chou et al., 2002; Chou et al., 2007). Consistent with these observations, the drug
remains active against GCV-resistant strains and should be useful in the treatment of drug
resistant infections (Biron et al., 2002; McSharry et al., 2001b; Williams et al., 2003).
However, the inhibition of UL97 kinase activity by MBV may interfere with the activation
of GCV if administered concomitantly (Evers et al., 2002), and it has been reported to occur
in cell culture (Chou and Marousek, 2006). Clinical studies need to be designed with this
issue in mind, but strategies to minimize this effect clearly exist. Interestingly, most resistant
strains isolated in the laboratory do not have mutations in UL97, but rather map to the UL27
gene (Chou et al., 2004; Komazin et al., 2004). The resistance conferred by mutations within
UL27 is modest compared to those in the kinase, but they appear to occur much more
frequently. The protein product of this gene, pUL27, has no reported function, but its
deletion results in a modest half log reduction in viral replication in vitro with no apparent
effect on replication in vivo (Prichard et al., 2006). It is unclear how pUL27 impacts the
activity of MBV, but it is possible that it modulates pUL97 activity by some mechanism and
our understanding of these effects will elucidate an important new aspect of the UL97
phenotype. In a phase 3 clinical study drug-treated patients did not meet the clinical end-
point objectives and the future of this drug is uncertain.

5.0 Conclusions

Existing drugs for the therapy of CMV infections have proven to be relatively safe and
effective, yet their associated toxicities and modest efficacy after long term therapy leaves
these infections underserved. These shortcomings are particularly apparent in
immunocompromised hosts, besieged by insidious infections that require extended therapy.
The incomplete suppression of viral replication afforded by existing agents leads to the
selection of drug-resistant variants. Development of additional therapies with improved
efficacy and reduced potential for toxicity is clearly required.

Progress towards better therapies for CMV infections has been rather slow and reflects
difficulties in finding effective agents that can be administered for prolonged periods
without any untoward side effects. The development of HAART therapies for HIV infection
has reduced the numbers of patients requiring therapy for CMV retinitis and resulted in the
cessation of many programs focused on the development of new therapies. However,
numbers of immunosuppressed individuals are increasing as organ transplantation has
become more common and a few new compounds are progressing into clinical trials. It is
critical that these efforts continue.
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Combination therapy will likely be required to treat infections in immunocompromised hosts
to improve the current standard of care. The development of new molecules that target viral
proteins other than the DNA polymerase will be particularly valuable in such therapeutic
regimens. Obvious candidate combinations would likely include polymerase inhibitors, as
well as other compounds with distinct molecular targets to minimize the development of
resistance. Given that extended therapies are required to suppress viral replication in
immunocompromised hosts, combinations of agents will likely be required to keep residual
viral replication to a minimum and prevent the selection of resistant isolates. ldeal
combination therapies would exhibit broad spectrum antiviral activity against not only
CMV, but all the human herpesviruses that plague individuals with a compromised immune
system and could improve significantly the health and long term outcome of this target
population.
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Figure 1.

Summary of compounds that inhibit various stages of CMV replication. Infection is initiated
by virions that bind to receptors at the cell surface and can be prevented through the
inactivation of virions by purified immunoglobulins (IVIG) or other attachment inhibitors.
Several nucleoside inhibitors are capable of inhibiting the subsequent synthesis of viral
DNA, including the approved therapies. The coordinated steps of genome cleavage/
packaging are inhibited by three separate classes of inhibitors and prevent the stable
encapsidation of nascent viral DNA. Inhibitors of the viral UL97 kinase, such as maribavir,
impact both early and late events in viral replication and inhibit the egress of mature capsids
into the cytoplasm.
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Figure 2.
Selected inhibitors of viral DNA synthesis.
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