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ABSTRACT

Human cytomegalovirus (HCMV) is a pathogen that can be life-threatening in immunocompromised
individuals. Valganciclovir and its parent drug ganciclovir are currently the principle drugs used for
the treatment or prevention of HCMV disease. The development of HCMV resistance to ganciclovir/val-
ganciclovir has been documented in treated patients and is associated with the emergence of amino acid
substitutions in the viral proteins pUL97, pUL54 or both. Generally, single amino acid substitutions asso-
ciated with clinical resistance that alone do not confer decreased ganciclovir susceptibility in cell culture

Keywords: . have been disregarded as causative or clinically significant. This review focuses on the analysis and mech-
Cytomegalovirus . L . . . . ..
Ganciclovir anisms of antiviral drug resistance to HCMV. We also conducted a review of publicly available clinical and
Valganciclovir nonclinical data to construct a comprehensive list of pUL97 and pUL54 amino acid substitutions that are
Resistance associated with a poor clinical response to the first line therapies ganciclovir and valganciclovir, or asso-
Cidofovir ciated with reduced HCMV ganciclovir susceptibility in cell culture. Over 40 putative ganciclovir/val-
Foscarnet ganciclovir resistance-associated substitutions were identified in this analysis. These include the
commonly reported substitutions M4601/V and C592G in pUL97. There were additional substitutions that
are not widely considered as ganciclovir/valganciclovir resistance-associated substitutions, including
V466M in pUL97 and E315D in pUL54. Some of these ganciclovir/valganciclovir resistance-associated
substitutions may confer cross-resistance to other HCMV therapies, such as cidofovir and foscarnet. Based
on this review, we propose that there are more potential HCMV ganciclovir/valganciclovir resistance
pathways than generally appreciated. The resulting comprehensive list of putative ganciclovir/valganci-
clovir resistance-associated substitutions provides a foundation for future investigations to characterize
the role of specific substitutions or combinations of substitutions, which will enhance our understanding
of HCMV mechanisms of ganciclovir/valganciclovir resistance and also provide insight regarding the
potential for cross-resistance to other HCMV therapies.
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1. Introduction

As antiviral therapy has become widely used in various viral
diseases, including disease associated with human cytomegalovi-
rus (HCMV) infection, it has also become crucial to understand
the mechanisms and clinical consequences of antiviral drug resis-
tance, including the relevant virus, host and drug-related factors.
Knowledge of the mechanisms of antiviral drug resistance has al-
lowed for development of genotypic and phenotypic techniques
for the timely diagnosis of resistance. Consequences of drug resis-
tance for any viral infection may range from toxicity inherent in
the use of antivirals designated as second-line in treatment guide-
lines to severe disease and even death from progressive viral infec-
tion when no effective alternative treatments are available. While
the mechanisms and clinical impact of antiviral drug resistance
have been well described for human immunodeficiency virus
(HIV-1), hepatitis C virus (HCV), hepatitis B virus (HBV) and influ-
enza virus, they have been less well characterized for HCMV even
though drug-resistant HCMV is also a major clinical concern.

Cytomegaloviruses are members of the Herpesviridae family,
and are capable of causing a variety of acute, latent and recurrent
infections in humans and animals. HCMV, also designated as the
human herpesvirus 5, is the prototype of the betaherpesvirus
group (Roizman et al., 1981). The HCMV genome is about 230 kb
and encodes more than 250 open reading frames. HCMV infection
can be primary or secondary. Primary infection occurs in a HCMV
seronegative susceptible host, whereas secondary infection repre-
sents reactivation of a latent infection or reinfection of a seroposi-
tive host.

As a general rule for all viral infections and antiviral drugs, anti-
viral drug pressure can select for the emergence of pre-existing
drug resistant variants by conferring a survival advantage to those
subpopulations that are relatively less susceptible to the antiviral
agent. Alternatively, spontaneous changes in the viral genome gen-
erated during viral replication in the presence of drug selection can
lead to the emergence of a drug resistant viral population. In either
case, secondary consequences of resistance-associated nucleotide
or amino acid substitutions can include alterations in viral patho-
genicity, transmissibility, and genetic stability. Development of
antiviral resistance can often increase in frequency and signifi-
cance as antiviral agents are utilized more widely. Great strides
have been made in the methods to characterize the mechanisms
and development of antiviral drug resistance using biochemical as-
says or cell culture models, but there are still many limitations to
these approaches. While these assays have become more sensitive,
they often do not identify certain indirect mechanisms that may
contribute towards clinically relevant drug resistance, such as
compensatory viral fitness amino acid substitutions (Bloom et al.,
2010), viral substitutions that only confer resistance when present
in combination with other substitutions (Kobayashi et al., 2011;
Sun et al., 2012), or viral- or host-specific (e.g., ribavirin, (Ibarra
et al,, 2011)) changes that impact drug metabolism. As an example

of a potentially indirect mechanism of drug resistance for HCMV,
the pUL54 K805Q substitution improved the fitness of a virus har-
boring the pUL54 T821I substitution associated with resistance to
foscarnet (Martin et al., 2010a), although the clinical relevance of
this particular observation remains unclear.

While many of the concepts and approaches to studying antivi-
ral drug resistance generally apply to all viruses, HCMV brings
along several unique challenges. In this article we review the cur-
rent state of the field regarding the treatment of HCMV disease,
specifically focusing on the study, mechanisms and clinical conse-
quences of antiviral drug resistance. We also conducted a review of
publicly available non-clinical and clinical data to construct a com-
prehensive list of amino acid substitutions that are associated with
resistance to the most commonly used treatments for HCMV infec-
tion, ganciclovir and valganciclovir, and we discuss the potential
for cross-resistance to other HCMV therapies. Finally, we highlight
some of the major knowledge gaps in HCMV drug resistance to
help stimulate further studies, which may ultimately help guide
the development of new therapies and rational strategies that ad-
dress the challenges of HCMV drug resistance.

2. HCMV infection and disease

The prevalence of HCMV infection is estimated to vary from
about 45% in developed countries to near 100% in developing coun-
tries. Primary infection usually occurs during the first decades of
life and humans are believed to be the only host of the virus. Trans-
mission sources of HCMV include saliva, urine, semen, cervical and
vaginal secretions, milk, stool, blood, cells, tissues, and organ trans-
plants. Primary infection in immunocompetent adults is mainly
asymptomatic or it may be associated with a self-limited mononu-
cleosis-like syndrome and leads to a life-long latent infection.
However, in patients with immature or compromised immune sys-
tems (i.e., congenitally infected newborns, patients with AIDS and
transplant patients) HCMV infections are often symptomatic, caus-
ing a range of symptoms such as colitis and pneumonitis, and are
associated with increased morbidity and mortality.

2.1. Congenital HCMV infection

In the United States, it is estimated that approximately 44,000
infants are born each year with congenital HCMV infection (Stagno
and Britt, 2006). Approximately 10% of infected newborns are
symptomatic at birth. Mortality in symptomatic infants is about
12% and approximately 90% of survivors experience significant
morbidity from the infection, including mental retardation, senso-
rineural hearing loss, microcephaly, seizures, or other medical
problems. No drugs are FDA-approved for antiviral treatment of
congenital HCMV infection. However, a report by Kimberlin and
his colleagues (Kimberlin et al., 2003) suggests that 6 weeks intra-
venous ganciclovir may have a role in treatment of neonates with
symptomatic HCMV infection.
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2.2. HCMV infection in AIDS patients

HCMV disease is common in patients with advanced HIV dis-
ease. Before the availability of highly active antiretroviral regimen
(HAART), up to 45% of patients with AIDS acquired HCMV disease
(Masur et al., 1996). HCMV retinitis is by far the most common
manifestation of HCMV disease in patients with AIDS, accounting
for 85% of the cases (Gallant et al., 1992). The introduction of
HAART decreased the incidence of HCMV disease in patients with
AIDS by more than 80% (Jabs et al., 2007). Currently FDA-approved
drugs for the treatment of HCMV retinitis in patients with AIDS in-
clude intravenous ganciclovir, oral ganciclovir, ganciclovir intraoc-
ular implant, oral valganciclovir, intravenous foscarnet, and
intravenous cidofovir. Oral valganciclovir is frequently used for ini-
tial treatment (Stewart, 2010).

2.3. HCMV infection in transplant recipients

HCMYV is the most frequent opportunistic pathogen in trans-
plant patients contributing significantly both to patient morbidity
and mortality. The risk of developing HCMV disease after trans-
plantation depends on a number of different factors, including
the HCMV serologic status of both the donor and recipient, the type
of transplant, and the level of immunosuppression. The clinical
symptoms of HCMV infection range from asymptomatic HCMV
viremia to tissue invasive HCMV disease. Because of the increased
morbidity and mortality associated with HCMV infection in trans-
plant patients, prevention of HCMV disease is a preferred strategy
over waiting for established disease to occur and treating. Prophy-
lactic therapy and pre-emptive therapy are the two major strate-
gies used for prevention of HCMV disease (Boeckh and Ljungman,
2009; Tomblyn et al., 2009; Kotton et al., 2010; Razonable et al.,
2013).

Although there have been no large studies comparing the two
approaches, prophylaxis with oral valganciclovir has emerged as
the most common strategy in solid organ transplant recipients
due in part to the once daily dosing with this drug (Kotton,
2013). Valganciclovir has also emerged as the drug of choice for
pre-emptive therapy and treatment of mild-to-moderate HCMV
disease in solid organ transplant recipients. Intravenous ganciclo-
vir, with or without administration of intravenous immunoglobu-
lin, remains the standard for treatment of established severe
HCMV disease (Kotton, 2013).

HCMYV disease appears to be more severe in allogeneic stem cell
recipients compared to the solid organ transplant recipients be-
cause of the more potent immunosuppressive therapy. Pneumonia
is the most serious manifestation of HCMV disease, which is asso-
ciated with a >50% mortality rate (Ljungman, 1995; Boeckh et al.,
1996). Although prophylaxis is the preferred approach in prevent-
ing HCMV disease in solid organ transplant patients, pre-emptive
therapy is more widely used in stem cell transplant patients be-
cause of the bone marrow toxicities of the current anti-HCMV
drugs (Boeckh and Ljungman, 2009). Intravenous ganciclovir is
the recommended drug of choice for pre-emptive therapy
(Ljungman et al., 2011). Intravenous ganciclovir with or without
administration of intravenous immunoglobulin is also the first-line
treatment for established HCMV disease (Boeckh and Ljungman,
2009).

3. Antiviral agents for HCMV

There are limited therapeutic options for the treatment or
prevention of HCMV disease in immunocompromised patients.
Currently, four drugs have received FDA approval for the systemic
treatment of HCMV disease: ganciclovir and its prodrug
valganciclovir, foscarnet, and cidofovir. Another dug, fomivirsen,

is approved for treatment of HCMV retinitis by intraocular
injection.

3.1. Ganciclovir/valganciclovir

Ganciclovir (Cytovene®), in its intravenous formulation, was the
first antiviral agent approved by FDA for the treatment of HCMV
disease. It is an acyclic nucleoside analogue of 2’-deoxyguanosine,
and must be phosphorylated to the triphosphate form to exert its
antiviral activity by inhibiting viral DNA replication. It is not effi-
ciently phosphorylated in most uninfected cells, thereby reducing
toxicity, but is phosphorylated to ganciclovir monophosphate in
HCMV-infected cells by the viral protein kinase (pUL97). Further
phosphorylation to the triphosphate form occurs by cellular
kinases.

Safety risks coupled with the inconvenience of administering
the drug for a prolonged period of time led to the development
of oral ganciclovir. Oral ganciclovir is approved for the prevention
of HCMV disease in solid organ transplant recipients and in indi-
viduals with advanced HIV-1 disease at risk for developing HCMV
disease. Oral ganciclovir is also approved for maintenance treat-
ment only for HCMV retinitis in immunocompromised patients
including patients with AIDS, in whom retinitis is stable following
appropriate induction therapy. The poor bioavailability of the oral
formulation raised concerns that the lower systemic exposure
could be suboptimal and lead to emergence of drug resistance. In
addition, the high pill burden for prophylaxis (four capsules three
times daily) makes compliance challenging. These limitations lead
to the development of valganciclovir (Valcyte®), a more orally bio-
available form of ganciclovir.

Valganciclovir is an r-valyl ester of ganciclovir. After oral
administration, valganciclovir is rapidly absorbed and hydrolyzed
by intestinal and hepatic esterases to ganciclovir. The absolute bio-
availability of ganciclovir from oral valganciclovir tablets (~60%) is
up to 10 times greater than the bioavailability of oral ganciclovir
(6-9%) (Brown et al., 1999). Valganciclovir is approved for the
treatment of HCMV retinitis in adults with AIDS, the prevention
of HCMV disease in adult solid organ transplant (SOT) patients at
high risk for HCMV disease (Paya et al., 2004), and the prevention
of HCMV disease in pediatric kidney and heart transplant patients
>4 months of age. Valganciclovir has not only replaced oral ganci-
clovir for the prevention of HCMV disease but has also become the
recommended and most commonly used agent to treat solid organ
transplant recipients with mild-to-moderate HCMV disease (As-
berg et al., 2007).

3.2. Other agents used for HCMV therapy

Foscarnet (Foscavir®) was the second drug approved for the
treatment of HCMV retinitis in AIDS patients. Foscarnet sodium
is the trisodium salt of phosphormophonic acid, a pyrophospho-
nate analogue. Foscarnet inhibits the activity of the viral DNA poly-
merase by binding to the pyrophosphate binding site and blocking
cleavage of pyrophosphate from the terminal nucleoside triphos-
phate added to the growing DNA chain. Foscarnet does not require
phosphorylation by kinases and is therefore active against pUL97
kinase variants that confer resistance to ganciclovir/valganciclovir
(mechanism of drug resistance is described in greater detail be-
low). Foscarnet is considered a second-line therapy due to its rela-
tively toxic safety profile. Its role in HCMV infections has been
limited to patients who are failing ganciclovir therapy, presumably
due to drug resistance, or those who cannot be treated with ganci-
clovir due to dose-limiting neutropenia (Razonable and Emery,

2004),
Cidofovir (Vistide®, CDV) is an acyclic monophosphate nucleo-

tide analogue of 2’-deoxycytidine with cell culture antiviral
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activity against various DNA viruses including herpesviruses and
adenovirus (De Clercq and Holy, 2005). Viral kinases are not
needed for the initial phosphorylation because a single phosphate
group is present in its native form. Cidofovir inhibits DNA replica-
tion by viral DNA polymerase after phosphorylation to its active
diphosphate form by cellular kinases. Cidofovir is approved for
the treatment of HCMV retinits in AIDS patients. It is available only
as an intravenous formulation because of its poor oral bioavailabil-
ity, although the relatively long half-life of the active metabolite al-
lows for an intermittent dosing schedule (Yang and Datema, 1991).
The clinical use of cidofovir is limited because of adverse events
such as nephrotoxicity and neutropenia. Additionally, cidofovir
has been shown to be carcinogenic, teratogenic, and to cause hyp-
ospermia in animal studies (Vistide Package Insert, 1996). In clin-
ical practice, cidofovir is generally used in patients with
established HCMV disease who are failing treatment with ganciclo-
vir/valganciclovir, foscarnet or both.

Fomivirsen (Vitravene®) is an antisense phosphorothioate oli-
gonucleotide that blocks the replication of HCMV mRNA. It is 21
nucleotides long, comprised of a sequence that is complementary
to the mRNA transcribed from the major immediate-early tran-
scriptional unit of HCMV (Mulamba et al., 1998). Fomivirsen was
approved by FDA in 1998 for treatment of HCMV retinitis, but is
no longer marketed in the United States.

Acyclovir (Zovirax®, ACV) is a guanosine analogue with cell cul-
ture antiviral activity against various DNA viruses including herpe-
sviruses (O’Brien and Campoli-Richards, 1989). It is converted into
acyclo-guanosine monophosphate (acyclo-GMP) by viral thymi-
dine kinase. Subsequently, the monophosphate form is further
phosphorylated into the active triphosphate form, acyclo-guano-
sine triphosphate (acyclo-GTP), by cellular kinases. As a substrate,
acyclo-GTP is incorporated into viral DNA, resulting in premature
chain termination. Acyclovir is approved for the treatment of her-
pes simplex virus (HSV) and varicella zoster virus (VZV) infections.
High doses of acyclovir and its prodrug valacyclovir have been used
off label for HCMV prophylaxis. However, due to the high pill bur-
den and the risk of neurologic adverse events, valganciclovir has
become the preferred drug for prophylaxis.

Leflunomide (Arava®) is an immunomodulatory drug inhibiting
mitochondrial enzyme dihydroorotate dehydrogenase which plays
a key role in the de novo synthesis of the pyrimidine ribonucleo-
tide uridine monophosphate (rUMP) (Fukushima et al.,, 2007).
There are published reports of a beneficial effect of leflunomide
in some cases (Levi et al., 2006; Mossad and Avery, 2007), but fail-
ures (in haemopoietic transplantation) in other cases (Battiwalla
et al., 2007).

3.3. Investigational anti-HCMV agents

A number of other anti-HCMV agents are in development and in
the future may provide alternatives to currently approved drugs.
New agents with greater antiviral potency or novel mechanisms
of action may be particularly important for the treatment of HCMV
infections that are resistant to one or more of the currently avail-
able therapies.

Investigational anti-HCMV drugs currently include maribavir,
CMXO001, letermovir, cycloprapavir, and artesunate. Maribavir is a
novel inhibitor of the pUL97 kinase and has been investigated for
prophylaxis of HCMV. Unfortunately, the drug failed to demon-
strate efficacy in two Phase III trials; one in allogeneic hematopoi-
etic stem cell transplant recipients (Marty et al., 2011) and the
other in liver transplant recipients at high risk for HCMV disease
(Winston et al., 2012). CMX001 is a cidofovir analog with enhanced
oral bioavailability and activity active against a broad range of
herpes viruses including many drug-resistant HCMV isolates
(Quenelle et al., 2010). Letermovir (AIC246) inhibits the replication

of HCMV by a novel mechanism, presumably by targeting the
pUL56 subunit of the viral terminase complex (Goldner et al.,
2011; Lischka et al., 2010). Cyclopropavir (MBX-400) is a methyl-
enecyclopropane guanosine nucleoside analog with a mechanism
of action similar to that of ganciclovir/valgancyclovir (Gentry
et al., 2010). Artesunate (ART) is a derivative of the Chinese herb
Artemisia annua and has been used to treat malaria (Reyburn,
2010), but has also been reported to have anti-HCMV activity in
nonclinical and clinical studies (Efferth et al., 2002; Efferth et al.,
2008; Kaptein et al., 2006; Schnepf et al., 2011; Wolf et al., 2011;
Shapira et al., 2008).

4. HCMV gene targets of antiviral drugs
4.1. HCMV replication components involved in current treatment

In general, HCMV gene expression is divided into three sequen-
tial kinetic classes: o (immediate early), B1 and B2 (delayed early),
and y1 and y2 (late), based on the time of expression after virus
infection (Grant et al., 1981; Stinski et al., 1991). Expression of
and 7y gene products requires the synthesis of functional o gene
products that act as transcriptional trans-activators. Delayed early
B1 genes are transcribed between 4 and 8 h post-infection, while
B2 genes are expressed approximately between 8 and 24 h post-
infection. Most of the B2 gene products, such as viral DNA polymer-
ase, are involved in viral DNA synthesis (Wright et al., 1964).

The HCMV DNA polymerase, pUL54, which is a B2 delayed early
product encoded by the UL54 gene (also referred as the HCMV pol
gene), is the central enzyme involved in viral DNA replication and
the primary drug target for current therapies. It is a relatively large,
140 kD protein, consisting of 1242 amino acids based on the AD169
HCMV reference strain. Its range of activities includes viral DNA
synthesis, as well as a 3'- to 5'-exonuclease proof-reading activity
to increase replication fidelity (Kouzarides et al., 1987; Pari and
Anders, 1993). Both DNA and amino acid sequence analyses have
revealed that the UL54 gene has significant homology to the pol
genes of other herpesviruses, such as herpes simplex virus type 1
(HSV-1) and Epstein-Barr virus (EBV) (Shepp et al., 1985). In addi-
tion, herpesvirus DNA polymerases share striking sequence simi-
larities with eukaryotic DNA polymerases o and & and many
other DNA polymerases of viruses and bacteriophages in several
discrete regions that define a family of o-like polymerases (Wong
et al.,, 1988; Sullivan et al., 1993). This homology has been used
to define seven conserved regions of the pUL54 protein, labeled
I-VII in order of decreasing homology.

The UL97 gene, which is also a B2 delayed early gene and has
conserved homologues in all herpes sub-families (Michel et al.,
1998), encodes pUL97. This protein has homologies with protein
kinases, and may impair HCMV growth (Michel et al., 1996; Prich-
ard et al., 1999; Wolf et al., 2001; Gill et al., 2012). The pUL97 ki-
nase activity plays a key role in the phosphorylation of the
nucleoside ganciclovir, which is necessary for generation of the ac-
tive triphosphate polymerase inhibitor (Littler et al., 1992; Sullivan
et al, 1992). Experiments with recombinant vaccinia viruses
expressing a range of mutant pUL97 proteins have indicated the
C-terminal region of pUL97 (amino acids 292-707) binds and
phosphorylates ganciclovir, while the central portion (amino acids
305-365) has a role in phosphorylating both ganciclovir and pUL97
itself (Michel et al., 1998). The N-terminal region of pUL97 (amino
acids 1-199) contains a nuclear localization signal.

4.2. Mechanisms of resistance to HCMV drugs

Variants with reduced susceptibility to ganciclovir/valganciclo-
vir occur naturally in circulating HCMV (Drew et al., 1993).
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Furthermore, antiviral resistance develops in a stepwise fashion
(Muller and Krausslich, 2009; Nijhuis et al., 2009). Prior to treat-
ment, the entire virus population contains a small fraction of less
drug susceptible variants due to error-prone replication by the vir-
al DNA polymerase. When subsequent antiviral treatment does not
suppress viral replication completely, for example due to subopti-
mal levels of antiviral drugs or extreme immunosuppression of the
host, a selection process favoring these variants occurs. For exam-
ple, ganciclovir-resistant pUL97 mutants may have some subtle
loss of growth fitness, as supported by in vivo viral population dy-
namic studies (Emery et al., 1999). Since they can replicate in the
presence of the antiviral drug, they are able to evolve and acquire
additional amino acid substitutions that enhance replicative fitness
and possibly increase resistance, ultimately resulting in a large
population of highly resistant and replication competent viruses.
This model is supported by the observation that major risk factors
for HCMV drug resistance are the residual capacity of the host’s im-
mune system to control viral replication and the overall level and
duration of viremia in the presence of drug (Drew, 2000). Clinicians
should keep these selection mechanisms in mind when monitoring
viral loads in treated patients. Furthermore, the timing of samples
obtained for antiviral drug susceptibility testing combined with
the sensitivity of applied assays has to be considered. For example,
analyzing phenotypic susceptibility early during antiviral treat-
ment may not predict eventual treatment failure due to an under-
lying drug resistant viral population that has yet to predominate in
the viral population.

The development of resistance to ganciclovir has been docu-
mented during the treatment of HCMV retinitis in patients with
AIDS. Before HAART was introduced, HCMV antiviral treatment
was usually administered in the presence of overt disease, followed
by lifelong maintenance therapy. The incidence of HCMV-related
complications and death in patients with AIDS has declined due
to the introduction of HAART (Palella et al., 1998; Kedhar and Jabs,
2007), but still remains a concern in patients with low CD4* T cell
counts. Therefore, diagnosis and monitoring of active HCMV vire-
mia and, in many cases, long-term antiviral therapy against HCMV
are life-saving for patients at risk for severe HCMV disease. Unfor-
tunately, the likelihood of drug resistance emergence in patients
with AIDS appears to increase with duration of therapy. Jabs
et al. (1998) reported that approximately 2-7% of patients with
AIDS have ganciclovir resistant HCMV after 2-3 months of drug
therapy, while a study by Boivin et al. (2001) demonstrated that
up to 15-28% of patients have drug resistant virus after 9 or
18 months of therapy. Ganciclovir-resistant HCMV is a clinical
problem in organ transplant recipients as well (Bhorade et al.,
2002; Limaye, 2002; Boivin et al., 2009). Patients with drug-resis-
tant HCMV strains often have virological failure and might have
unfavorable clinical outcomes (Boivin et al., 2001).

Pathways leading to the development of resistance to ganciclo-
vir have been reported from selection of resistant virus in cell cul-
ture passage experiments, as well as treatment studies of HCMV
retinitis in patients with AIDS (Lurain and Chou, 2010; James and
Prichard, 2011). Amino acid substitutions conferring resistance to
ganciclovir have been detected in the pUL97 kinase (decreasing
phosphorylation of ganciclovir) and in the pUL54 DNA polymerase
(decreasing inhibition of the viral DNA polymerase by ganciclovir
triphosphate), sometimes occurring in both within a single resis-
tant variant. The passage of laboratory HCMV strain AD169 in cell
culture in the presence of increasing concentrations of ganciclovir
(from 1.5 to 3000 M) resulted in the selection of amino acid sub-
stitutions in pUL97 (M460I and L595S) and in pUL54 (L545S,
V812L, P829S and D879G) (Gilbert and Boivin, 2005). Resistance
to ganciclovir has also been studied in other herpesviruses. Similar
to what was found in HCMV, amino acid substitutions conferring
resistance to ganciclovir have been detected in the kinase and

DNA polymerase in HSV and HHV-6 (Freifeld and Ostrove, 1991;
Nakano et al., 2009; Isegawa et al., 2009; Baldwin, 2011).
Resistance to foscarnet in the laboratory or clinical setting has
been mapped to amino acid substitutions in pUL54. Cross-resis-
tance has been observed between ganciclovir and foscarnet in sev-
eral laboratory and clinical isolates with both genotypic and
phenotypic resistance. Resistance to cidofovir has been difficult
to select in the laboratory (Cihlar et al., 1998a), and has not been
reported in clinical isolates, although this may be due to the short-
er treatment duration and limited use of this agent. Nevertheless,
several ganciclovir-resistant HCMV clinical isolates or laboratory-
selected strains with specific pUL54 amino acid substitutions are
clearly cross-resistant to cidofovir (Gilbert and Boivin, 2005).

5. Methodologies used for resistance analysis

5.1. Phenotypic methods used to characterize resistance to HCMV
drugs

Phenotypic testing of clinical isolates was the primary method
for HCMV drug susceptibility testing before the establishment of
genotypic testing. The gold standard for phenotypic characteriza-
tion of HCMV drug susceptibility has historically been the plaque
reduction assay (PRA), which measures viral spread in cell culture
based on the quantity of newly formed viral plaques that emerge in
the presence of different antiviral drug concentrations (Table 1).
However, inter-assay and especially inter-laboratory standardiza-
tion of the PRA has been hampered by technical challenges and of-
ten poor reproducibility of the assay (Landry et al., 2000).
Consequently, efforts have been made to develop new assays that
are more amenable to standardization.

Several other phenotypic or combined genotypic/phenotypic
methods have been used to characterize HCMV drug susceptibility
and resistance (Table 1). Reporter cell lines have been developed to
measure HCMV spread in cell culture reflected by cell-expressed
luciferase activity (Gilbert and Boivin, 2005), green fluorescent
protein (GFP) (Ueno et al., 2006; Ueno and Ogawa-Goto, 2009),
or enhanced green fluorescent protein (EGFP) (Luganini et al.,
2008). Another approach uses quantitative real-time PCR to mea-
sure the declining number of HCMV genome copies in cell culture
due to different concentrations of the antiviral agent (Schnepf
et al., 2009). Marker transfer approaches have been developed to
generate recombinant HCMV viruses and characterize the impact
of specific genetic changes or entire gene cassettes on viral suscep-
tibility and resistance to antiviral drugs. These recombinant viruses
may express various reporter proteins in infected cells, such as se-
creted alkaline phosphatase (Chou et al., 2005), GFP (Marschall
et al., 2000), enhanced yellow fluorescent protein (Dal et al,
2008) or EGFP (Chevillotte et al., 2009). Finally, a biochemical assay
has been developed to measure the incorporation of digoxigenin-
labeled nucleotides by recombinant pUL54 polymerase enzymes
(Ducancelle et al., 2007). These relatively newer methods of pheno-
typic analysis are often easier to perform and better standardized
than the PRA, and are important tools to identify and characterize
resistance-associated amino acid substitutions. However, all as-
says, including the PRA, generally have not been in widespread
use for routine clinical decision making as they lack clinically val-
idated data defining cutoffs in ECsq values that likely reflect clinical
drug resistance.

An important limitation of phenotypic analysis of clinical iso-
lates is the impact of mixed populations of wild-type and drug
resistant virus and the potential bias of the assays for detecting
wildtype virus phenotypic susceptibility. Detection of mixed viral
populations has been reported in patients with HCMV viremia
(Eckle et al., 2004; Jabs et al., 2006; Ross et al., 2011), and while
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Phenotypic assays used to characterize resistance to HCMV drugs.
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Phenotypic assay/

Summary of methodology

Technical/practical challenges

readout
Plaque reduction assay a. Clinical or recombinant isolates grown in presence of a. Inter-assay and inter-laboratory standardization very difficult.
varying drug concentrations. b. Technically challenging and time consuming, and not

b. Viral spread in culture quantified by plaque assay. amenable to automated or high throughput analysis.

c. Drug effective concentrations (e.g., ECso values) calculated c. Potential bias to wild-type phenotype when clinical isolates
and compared for different isolates. include a mixture of wild-type and drug resistant variants.

Reporter cell lines a. Clinical or recombinant isolates grown in presence of a. No standardization for different reporter cell lines.
varying drug concentrations. b. Although genotypic data may be informative, construction and

b. Cell line used for infection carries a reporter gene (e.g., phenotypic analysis of recombinant viruses not amenable to
luciferase) under the control of HCMV promoter. routine clinical use.

c. Viral spread in culture quantified by reporter assay (e.g., c. Potential bias to wild-type phenotype when clinical isolates
plate reader, flow cytometry). include a mixture of wild-type and drug resistant variants.

d. Drug effective concentrations (e.g., ECso values) calculated
and compared for different isolates.

Real-time PCR a. Clinical or recombinant isolates grown in presence of a. Relatively expensive.
varying drug concentrations. b. DNA readout does not distinguish between infectious and

b. Viral spread in culture quantified by measuring the noninfectious virus particles.
declining number of genome copies. c. Potential bias to wild-type phenotype when clinical isolates

c. Drug effective concentrations (e.g., ECso values) calculated include a mixture of wild-type and drug resistant variants.
and compared for different isolates.

Marker transfer a. Recombinant viruses are generated to encode specific a. Most direct method to understand impact of specific genetic
genetic changes or entire gene cassettes. changes on HCMV drug susceptibility, but mutant strains

b. Viral spread in culture quantified by reporter or other assay. technically challenging to generate.

c. Drug effective concentrations (e.g., ECso values) calculated b. Although genotypic data may be informative, construction and
and compared for different isolates, or for parental and phenotypic analysis of recombinant viruses not amenable to
recombinant HCMV constructs. routine clinical use.

c. Results may be impacted by background sequence.
Polymerase a. HCMV UL54 DNA polymerase gene amplified by PCR. a. Does not recapitulate entire viral life cycle.
Biochemical assays b. Construct expression vectors harboring the HCMV DNA b. Cannot characterize impact of other viral proteins (pUL97

polymerase.

. DNA polymerase activity assayed by measuring the

incorporation of digoxigenin deoxyuridine triphosphate

. Require

kinase).Cannot account for impact on viral fitness.
cidofovir  diphosphate/ganciclovir triphosphate
(active forms) for conducting assay.

(DIG-dUTP) into the growing DNA chain.

Abbreviation: ECso, 50% effective concentration.

HCMV phenotypic assays can sometimes detect minority drug
resistant populations, the sensitivity of these assays likely varies
depending on the specific viral variants. Drew et al. (2001) state
that a phenotypic assay probably only exceeds the cut-off level
for resistance when at least 50% of the viral population is resistant.
Poor sensitivity of phenotypic assays for detecting mixed popula-
tions of drug resistant and drug susceptible virus has been noted
for other viruses including influenza (Wetherall et al., 2003) and
HCV (Verbinnen et al., 2012).

Marker transfer is generally the method of choice to provide a
link between viral genetic changes and phenotypic drug suscepti-
bility. In these experiments, amino acid substitutions suspected
to confer resistance are introduced into a well-defined, drug-sensi-
tive viral background, and the recombinant viruses are tested phe-
notypically. Early protocols for marker transfer were based on
either co-transfection of HCMV DNA or transfection of HCMV in-
fected cells with linear DNA containing the mutated sequence.
After recombination of the DNA in the transfected cell, recombi-
nant viruses bearing the desired amino acid substitution could be
reconstituted and then plaque purified in order to avoid wild-type
virus contamination (Lurain et al., 1992; Sullivan et al., 1992; Bal-
danti et al., 1996; Bourgeois et al., 1997; Cihlar et al., 1998a; Faizi
et al., 1998; Chou et al., 2000; Mousavi-Jazi et al., 2001a, 2001b).
These approaches do not always produce a clonal virus population
due to residual wild-type virus contamination or the introduction
of other substitutions during the viral amplification process, influ-
encing the results of drug susceptibility testing.

Other methods use a drug-sensitive parental HCMV strain that
bears unique restriction sites in the target gene. The parental
DNA is digested with restriction enzymes and cotransfected with
a plasmid encoding the amino acid substitution(s) of interest in
the respective gene. Recombination between overlapping

sequences in the plasmid and the digested parental DNA in
cotransfected cells results in viable recombinant virus harboring
the desired gene cassette or amino acid substitution(s) (Chou,
2008; Chou and Marousek, 2008; Chou et al., 2003, 2005; Drew,
2006; Iwasenko et al., 2009; Marfori et al., 2007; Scott et al.,
2007; Springer et al., 2005; Weinberg et al., 2003). This method
highly increases the selective pressure for the formation of recom-
binant virus compared to wild-type virus, but plaque purification is
still necessary. Of note, the problem of wild-type virus contamina-
tion is circumvented using a biochemical assay, where only the
mutated enzymes, and not viruses, are generated and tested for
drug susceptibility (Ducancelle et al., 2005, 2007).

More recently, bacterial artificial chromosome (BAC) technol-
ogy has been applied to generate clonal recombinant viruses for
marker transfer experiments. Since all progeny viruses start from
BAC DNA from one single bacterial colony, clonal virus populations
are generally obtained (although the potential for other changes
during viral amplication can still apply). Several protocols have
been published for the generation of recombinant BACs for HCMV
marker transfer purposes, based on a flp recombinase (Martin
et al., 2006), RED recombinase (Chou, 2009), or RED-GAM recombi-
nase system (Chevillotte et al., 2009). Only the latter two are mark-
erless mutagenesis methods, meaning that they leave no trace of
the recombination procedure in the BAC sequence (Tischer et al.,
2006; Warming et al., 2005). BAC mutagenesis is efficient and rel-
atively fast, and is now becoming the method of choice for the
characterization of the many still uncharacterized resistance-asso-
ciated substitutions.

Although marker transfer experiments offer a powerful ap-
proach to better understand the mechanisms of HCMV drug resis-
tance, several limitations remain. One concern is that the genetic
background may influence the ability of a particular substitution
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to confer resistance. Furthermore, the number of needed marker
transfers has increased as it is becoming clearer that combinations
of substitutions play an important role in HCMV drug resistance.
For example, certain combinations of resistance-associated substi-
tutions in the UL97 and UL54 gene products have been shown to
have a synergistic effect on drug resistance (Ducancelle et al.,
2007; Mousavi-Jazi et al., 2001a, 2001b; Scott et al., 2007), while
others have been shown to partially compensate for replicative fit-
ness defects caused by individual substitutions (Ijichi et al., 2002;
Martin et al., 2010a). However, these results have been conflicting.
In the case of the pUL54 D605E substitution, there are also reports
that show it does not have compensatory effects (Chou et al.,
2005). Another important limitation of marker transfer-based as-
says, and phenotypic assays in general, is that the length of drug
exposure is generally not representative of the drug exposure in
treated patients. For these and other reasons noted above, substi-
tutions associated with clinical drug resistance do not always con-
fer obvious reductions in phenotypic susceptibility in cell culture
or biochemical assays (Chou et al., 2002). Therefore, the lack of a
phenotypic fold-shift by itself does not necessarily prove that a
particular genetic variant has no impact on drug resistance. De-
spite the numerous challenges and lack of standardization of phe-
notypic assays, a >5-fold reduction in HCMV phenotypic
susceptibility to GCV has been proposed as a basis for switching
therapy (Kotton et al., 2010).

5.2. Genotypic methods used to characterize resistance to HCMV drugs

Genotypic assays take advantage of knowing specific resis-
tance-associated substitutions in the drug target gene(s). Geno-
typic drug resistance testing is used extensively for guiding
treatment decisions for other viruses, particularly HIV and hepati-
tis B virus, but are used relatively less frequently for HCMV. As an
example for ganciclovir genotypic resistance testing, the UL97 and
UL54 genes can be amplified by PCR, the PCR product analyzed by
Sanger DNA sequencing, and amino acid coding substitutions al-
ready known to be associated with ganciclovir resistance can be
identified and reported. Other HCMV genotypic methods that have
been used include restriction fragment length polymorphism of
PCR products (Novak et al., 2008; Pignatelli et al., 2003), and geno-
type-specific PCR assays (Mattick et al., 2004). Genotypic assays
can be directly applied to clinical samples if there is sufficient
HCMV DNA in, for example, plasma or cerebrospinal fluid, or can
be used on cultured isolates. Several commercial laboratories can
perform HCMV genotypic assays, which have a typical turnaround
time of <3 days.

The main limitation with genotypic assays used in clinical prac-
tice is that they require prior knowledge of key drug resistance-
associated substitutions to distinguish them from other sequence
substitutions/polymorphisms believed to have no impact on drug
activity. The known drug resistance-associated substitutions are
typically those that have been demonstrated to confer reduced
HCMV drug susceptibility in phenotypic assays, and substitutions
that may contribute less directly towards drug resistance (as dis-
cussed above) are generally disregarded as being clinically relevant
and often are not even reported. Another limitation of some cur-
rent HCMV genotypic analysis methods is they are not capable of
detecting and quantifying minority drug resistant viral popula-
tions. Next-generation sequencing (NGS) technologies (Gorzer
et al., 2010) can enable detection of far smaller viral subpopula-
tions, and have been explored in the context of HIV-1, HBV, and
HCV (Margeridon-Thermet et al., 2009; Simen et al., 2009; Svarovs-
kaia et al., 2012). While the NGS technology has not been fully
developed for routine HCMV diagnostic purposes, in the future it
may provide the ability to identify drug resistance at an earlier

stage, prior to the predominance of drug resistant viral populations
(Sahoo et al., 2013).

A major advantage with the use of genotypic assays is the po-
tential to identify novel mechanisms of HCMV drug resistance. Vir-
al genetic changes associated with treatment or prophylaxis failure
can be identified, reported and further characterized as appropriate
to determine their potential impact on HCMV drug susceptibility,
including cross-resistance to other drugs. Continually monitoring
HCMV genetic changes for potentially novel resistance mecha-
nisms could lead to further refinement of genotypic and pheno-
typic drug resistance assays, which in turn could help optimize
treatment decision making.

6. Analysis of ganciclovir/valganciclovir resistance pathways

Amino acid changes that confer reduced HCMV susceptibility to
ganciclovir/valganciclovir are believed to map entirely to the
pUL97 kinase and pUL54 DNA polymerase (Lurain and Chou,
2010; James and Prichard, 2011). There are numerous pathways
for HCMV to become resistant to ganciclovir/valganciclovir and
many different resistance-associated substitutions have been re-
ported. Multiple resistance pathways are possible complicating
the identification of resistance pathways from clinical samples.
An additional complication is the lack of a baseline comparator
for resistance analyses in isolates from patients experiencing fail-
ure in prophylaxis studies.

To better understand the full breadth of potential mechanisms
of ganciclovir/valganciclovir resistance, we conducted a compre-
hensive review of the literature to identify and compile specific
amino acid substitutions potentially associated with resistance to
ganciclovir/valganciclovir. Although both clinical efficacy and phe-
notype data were considered, our analysis focused primarily on
amino acid substitutions that have been clinically associated with
resistance to ganciclovir/valganciclovir. We use the term “clinically
associated” to refer to substitutions that have been observed in
subjects who failed ganciclovir/valganciclovir treatment.

The list of resistance-associated amino acid substitutions were
constructed based on the following criteria:

e single substitution with supporting phenotypic data (>2-fold
reduction in susceptibility to ganciclovir),

e substitutions at positions identified in cell culture selection
studies,

e substitutions reported at conserved positions from multiple

independent studies in literature (=2 patients failing ganciclo-

vir or valganciclovir treatment or prophylaxis),

substitutions at conserved positions with other known resis-

tance-associated substitutions,

codon usage (e.g., multiple nucleotide changes within a codon

required for a substitution),

e clear treatment-emergent amino acid substitution in >2
patients.

“Conserved” positions are defined as any position having 100%
identity based on a BLAST search from GenBank using the AD169
pUL97 or pUL54 sequences. A potential limitation of this definition
is that unlike other viruses like HIV-1 and influenza, there are not
as many HCMV sequences (~200) deposited to GenBank, which
could lead to underestimation of codon variability. For example,
a few amino acid positions, such as A692, the collection of com-
plete UL54 putative wildtype sequences from GenBank did not re-
veal any heterogeneity and therefore the percent identity is listed
as 100% (i.e. all sequences were A692). Nonetheless, both A692S
and A692V have been reported in the literature (Lurain and Chou,
2010). The sequences containing A692S and A692V may not have
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been deposited to GenBank or may have been partial pUL54 se-
quences. Nevertheless, there are some clear examples of conserved
amino acid motifs that are identical throughout the herpesvirus
polymerases, such as 3’-5' exonuclease domain (Exo I through
[lI) and polymerization domain (I through VII) (Lurain et al,
1992; Ito and Braithwaite, 1991). There are also some conserved
subdomains and residues present in all serine-threonine kinases,
including the three glycines in the P-loop, the lysine amino acid
position 355, and some other residues in the catalytic and activa-
tion loops (Hanks et al., 1988; Wilks et al., 1989; He et al., 1997;
Marschall et al., 2001; Gershburg and Pagano, 2008).

6.1. pUL97 kinase

Using the resistance analysis criteria outlined above, there were
33 amino acid substitutions and 6 amino acid deletions, all at
either conserved positions or at same positions at well-established
resistance-associated substitutions, which were identified as being
associated with resistance to valganciclovir or ganciclovir (Table 2).
Most of these amino acid substitutions were reported in multiple
studies in the literature, including the well established resistance
substitutions M460V/I, H520Q, C592G, A594V, L595S, C603W.
Amino acid substitutions L405P, M460I/V/T, V466G, C518Y,
H520Q, C592G, AS594E/G/T/V/P, L595F/S/W, E596G, K599T,
C603W/R, C607Y, and all of the deletion variants were reported
to confer at least a 2-fold reduction in susceptibility to ganciclovir
in phenotypic assays.

Amino acid substitutions V466M, A591V, L595T, C603S, and
C607F have been observed in patients failing treatment or prophy-
laxis, but have been shown to confer a <2-fold reduction in suscep-
tibility to ganciclovir in phenotypic assays. Despite the lack of a
clear resistance phenotype, each of these substitutions occurs at
a conserved site where other substitutions have been shown to
be associated with ganciclovir/valganciclovir resistance. Addition-
ally, reductions in susceptibility of <2-fold have been reported to
be clinically significant (Chou et al., 2002).

We are not aware of any published phenotypic data to charac-
terize amino acid substitutions A591D, E596D, K599E/M, C603Y,
and C607S. However, each substitution occurs at the same position
as a confirmed resistance-associated amino acid substitution, and
all have been observed in patients failing treatment or prophylaxis.
Amino acid substitution G598S does not have a ganciclovir ECsq
value reported directly in comparison to a wild-type reference,
although based on recombinant phenotyping it appears to confer
significant ganciclovir resistance (Baldanti et al., 2002a, 2002b).

Other less common resistance-associated substitutions would
be relatively difficult to generate at the molecular level. For exam-
ple, A594E, L595T and L595W require either a transversion muta-
tion or 2 nucleotide mutations to generate the specific amino acid
substitution, which would not be enriched frequently by DNA rep-
lication error alone in the absence of drug selection.

6.2. pUL54 DNA polymerase

There were 32 amino acid substitutions and 1 amino acid dele-
tion that were identified as being associated with resistance to val-
ganciclovir or ganciclovir (Table 3). All of these substitutions/
deletions occur at conserved sites or at the same positions as
well-established resistance-associated substitutions. Amino acid
substitutions D301N, N408D/K/S, N410K, F412C/L/S, D413AJE,
L501F/I, T503I, K513E/N/R, 1521T, P522A/S, L545S/W, Q578H,
D588N, E756K, V781l, V787L, L802M, A809V, T813S, T821l],
A834P, G841A, A987G, and del 981-982 are reported to confer a
> 2-fold reduction in susceptibility to ganciclovir. Amino acid sub-
stitutions F412V, P488R, L516R, C539R, and V812L were identified
only in cell culture selection studies and were reported to confer a
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Table 2
Ganciclovir resistance-associated amino acid substitutions in the pUL97 kinase.
AA Fold shift in susceptibility to  Reference(s)
GCV
L405P 2.5-2.7 1,2
M4601/V] 1. 4 3,4,5,6,7,8,9 10, 11,12, 13,
T V: 5-10 36
T:9.3
V466G/M  G: 3.5-7 2,14,15
M: 1.3
C518Y 12 38
H520Q 5-10 16, 17,18, 19
del 590- 3-10 20
593
A591D/V D: NA 8,18,21,22,23
V:13
C592G 2-3 3,12,22,24
A594E/G/ E:3 2,3,5,6,8,11,12, 13,18, 24,
T/V[P G: 135 25, 26. 36, 37
T: 2.7
V: 8.6
P: 2.9
L595F/S/ F: no ECsg ratio available, 2,3,5,9,11, 12,13, 18, 22, 36
W/|T ECs0=31.9 uM
S: 8.5
W: 5.1
T: no ECsq ratio available,
ECs0=17.6 uM
del 595 13 27
del 595- 8.4 28
603
E596D/G D: NA 5, 18,23
G:23
K599E/M/ E: NA 23,29
T M: NA
T: 5.9
del 597- NA 35
600
del 600- NA 24
601
del 601- 15 7
603
C603W/R/ W:5-10 2,5,12, 13,15, 23, 30
SIY R: 3.6
S: 1.9
Y: NA
C607F/S/Y F: 1.6 14, 18, 31, 32, 33, 34, 35
S: NA
Y: 125

1: Martin et al. (2006); 2: Chou (2010); 3: Chou et al. (2005); 4: Lurain et al. (1994);
5: Boutolleau et al. (2009); 6: Scott et al. (2004); 7: Marfori et al. (2007); 8: Wolf
et al. (1995); 9: Gilbert and Boivin (2005); 10: Palmer et al. (2010); 11: Arslan et al.
(2010); 12: Hantz et al. (2010); 13: Myhre et al. (2011); 14: Boivin et al. (2001); 15:
Martin et al. (2010b); 16: Hanson et al. (1995); 17: Li et al. (2007); 18: Chou et al.
(2002); 19: Schreiber et al. (2009); 20: Sullivan et al. (1992); 21: Erice (1999); 22:
Smith et al. (1997); 23: Wolf et al. (1998); 24: Hu et al. (2002); 25: Bourgeois et al.
(1997); 26: Kuo et al. (2003); 27: Baldanti et al. (1995); 28: Chou and Meichsner
(2000); 29: Faizi et al. (1998); 30: Chou et al. (1997); 31: Baldanti et al. (1998); 32:
Reddy et al. (2007); 33: Lurain et al. (2002); 34: Baldanti et al. (2002a,b); 35:
Campanini et al. (2012); 36: Chou and Bowlin (2011); 37: ljichi et al. (2002); 38:
Zhang et al. (2013).
2 Developed in cell culture studies only.

>2-fold reduction in susceptibility to ganciclovir (Chou et al.,
2003; Cihlar et al., 1998b; Gilbert and Boivin, 2005). Other single
amino acid substitutions selected in cell culture have been re-
ported to confer <2-fold reductions in ganciclovir susceptibility
(F595I1, L862F, V946L), or have an unclear phenotype (P829S)
(Gilbert et al., 2011).

Amino acid substitutions E315D, P522L, Q578L, D588E, S695T,
[726T/V, D879G, and A972V have been shown to confer a <2-fold
reduction in susceptibility to ganciclovir in phenotypic assays.
However, most of these substitutions occur at a conserved site.
Substitutions P522L, Q578L, D588E, and A972V are located at
the same position as confirmed resistance-associated amino acid
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Table 3
Ganciclovir resistance-associated amino acid substitutions in the pUL54 DNA polymerase.
AA Fold Shift in Susceptibility to GCV Cross-Resistance to CDV/FOS Reference
D301N 2.6 (viral fitness defect) CDV: 3X, FOS: 0.5X 1
E315D 0.8 2,3
N408D/K/S D: 49 D: CDV: 5.6X, FOS: 1.3X 4,5,6,7,8,39
K: 5.3 K: CDV: 5.4X, FOS: 1.6X
S: 3.1 S: CDV: 7.5
N410K 2.9 CDV: 3X, FOS: 0.8X 1
F412C/L/S/V* C: 3.6 C: CDV: 10X, FOS: 1.2-2.5X 5,7,9,10,11, 12,35
L: 4.6 L: CDV: 94X, FOS: 1.1X
S: 5.3 S: CDV: 13X, FOS: 0.8X
V:43 V: CDV: 15.5, FOS: 1.1
D413A/E A: 6.5 A: CDV: 10.9X%, FOS: 0.8X 1,8,13,14, 15
E 48 E: CDV: 4.3X%, FOS: 0.8X
P488R* 3.5 CDhV: 7.9 12
L501F/1 F: no ECsq ratio available, EC5o = 80.9 uM F: CDV: NA, FOS: no ECsq ratio available, EC5g = 234.1 uM 5,7,11, 14,16, 17,18, 19

I: 6-20 I: CDV: 9X, FOS: 1.4X
T5031 2.9 CDV: 6.1X, FOS: 0.5X 1,5
K513E/N/R E: 5 E: CDV: 9.1, FOS: 1.4 5,7,9, 20,21, 22
N: 6 N: CDV: 12.5, FOS: 1.1
R: no ECsg ratio available, ECso = 36.7 pM R: no ECsg ratio available, CDV ECsq = 7.2 uM, FOS ECs = 200 uM
L516R* 2.1 CDV: 5.1X, FOS: 0.8X 1
1521T 3 CDV: 3.9X%, FOS: 0.9X 23,24
P522A/L/S A: 3 A: CDV: 4.1X, FOS: 1.0X 7,14,17, 23, 25, 26
L: 1.3 L: CDV: 1.4X, FOS: 1.2X
S:3 S: CDV: 3.6, FOS: 1.1
C539R* 32 CDV: 13.3 12
L545S/W S:3-74 S: CDV: 9X, FOS: 1.2X 7,12, 27, 28,29
W: 4.9 W: CDV: 6.3, FOS: 1.3X
Q578H/L H: 33 H: CDV: 2.3, FOS: 4.5 12,38
L: 1.9 L: CDV: 0.8, FOS: 3.0
D588E°/N E: 1.3 E: CDV: 1.1X, FOS: 2.3X 5,7,30
N: 4 N: CDV: 2.7X, FOS: 3.2X
F595I° 13 CDV: 1.2X, FOS: 2.0 12,36
G629S NA NA 2,27
S695T 1.1 CDV: 0.5X, FOS: 1.2 27,37
1726T/V T: 1.9 T: CDV: 1.8, FOS: 1.1 5,38
V: 1.8 V: CDV: 1.9, FOS: 1.2
E756K K35 K:CDV: 2.2X, FOS: >8X 1,14
V7811 1-4 CDV: 1.2X, FOS: 5.2X 579
V787L 2-3 CDV: 1X, FOS: 4.1X 25, 31
L802M 4 CDV: 1.8X%, FOS: 10.8X 5,8,9,10
A809V 2.4 CDV: 1.9X%, FOS: 3.3X 32,33
v8121* 2.5 CDV: 3.2X, FOS: 2.9X 22,29
T813S 2.5 CDV: 2.7X, FOS: 4.9X 32
T8211 4.5 CDV: 1.9X, FOS: 21X 57
P829S* Unclear, too many other aa substitutions 29
A834P 6.1 CDV: 3.0, FOS: 6.4 4,8,17
G841A/S A:3.2 A: CDV: 2.6X, FOS: 4.3X 14, 32, 38
S: NA S: NA
L862F* 1.7 CDV: 0.9X%, FOS: 1.1X 12
D879G 1.2 CDV: 0.9X%, FOS: 0.9X 29, 36
V946L* 1.1 CDV: 0.9X, FOS: 2.4 12
A972V 1 CDV: 0.9X%, FOS: 0.9X 9,18, 37
del 981-982 8.3 CDV: 2.8X%, FOS: 3.6X 1,20
A987G 53 CDV: 11.3X, FOS: 1.2X 6,7, 8, 20, 25,34

1: Chou et al. (2003); 2: Boutolleau et al. (2009); 3: Chou et al. (2010); 4: Scott et al. (2007); 5: Smith et al. (1997); 6: Kuo et al. (2003); 7: Cihlar et al. (1998a); 8: Hantz et al.
(2010); 9: Mousavi-Jazi et al. (2001a,b); 10: Chou et al. (1997); 11: Lurain et al. (1992); 12: Hakki and Chou (2011); 13: Marfori et al. (2007); 14: Erice et al. (1997); 15: Seo
et al. (2001); 16: Ducancelle et al. (2004); 17: Reddy et al. (2007); 18: Scott et al. (2004); 19: Lurain et al. (2002); 20: Drew et al. (2006); 21: Smith et al. (1998); 22: Cihlar
et al. (1998b); 23: Chou et al. (2008); 24: Eckle et al. (2000); 25: Jabs et al. (2001); 26: Foulongne et al. (2004); 27: Boivin et al. (2005); 28: Erice (1999); 29: Gilbert and Boivin
(2005); 30: Springer et al. (2005); 31: Levi et al. (2006); 32: Chou et al. (2007a,b); 33: Chou et al. (1998); 34: Sullivan et al. (1993); 35: Chou (2011); 36: Gilbert et al. (2011);

37: Chevillotte et al. (2010); 38: (Valcyte Package Insert, 2013); 39: Hantz et al. (2013).

¢ Developed in cell culture studies only.

b Neither emerged in cell culture nor in vivo but subjected to recombinant phenotyping.

substitutions and have been observed in patients failing treat-
ment or prophylaxis. Substitutions E315D and D879G have also
been observed in multiple patients failing treatment or
prophylaxis.

We are not aware of any published phenotypic data for amino
acid substitutions G629S, and G841S. Substitution G629S has been
observed in multiple patients failing prophylaxis. Substitution
G841S occurs at the same position as the established resistance-
associated substitution G841A.

Although we expect some of these single amino acid substitu-
tions in Tables 2 and 3 to have little direct impact on HCMV sus-
ceptibility to ganciclovir, they may augment the effect of other
substitutions in HCMV, either by directly enhancing resistance or
indirectly by increasing fitness. For example, the HCMV DNA poly-
merase amino acid substitution K805Q improved the fitness of the
T8211 amino acid substitution associated with high levels of resis-
tance to foscarnet (Martin et al., 2010a). It has also been demon-
strated that combination of amino acid substitutions in pUL97
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and pUL54 resulted in greater reduction in susceptibility to ganci-
clovir than in HCMV with either amino substitution alone (Chou
et al,, 2007a,b; Gilbert et al., 2011). In one recent study, a recombi-
nant virus with pUL54 amino acid substitution D413A exhibited
ganciclovir and cidofovir resistance but remained susceptible to
foscarnet (Chou and Marousek, 2008). Moreover, after a limited
number of passages in the absence of selective pressure, the plat-
ing efficiency of the unpurified D413A recombinant virus under
400 puM foscarnet was about 30-fold greater than that of the paren-
tal strain passaged under the same conditions. These results indi-
cate that at least some amino acid substitutions listed in Table 3
could facilitate the subsequent development of other substitutions
associated with drug resistance.

7. Cross-resistance between ganciclovir/valganciclovir and
other drugs

Antiviral drugs with similar targets and mechanisms of action
often have overlapping resistance pathways. Given that all ap-
proved HCMV drugs target the pUL54 polymerase to inhibit viral
DNA replication, it is conceivable that some degree of cross-resis-
tance will occur between all of the drugs. Cross-resistance between
ganciclovir/valganciclovir and cidofovir or foscarnet has been re-
ported for several amino acid substitutions in the DNA polymerase
(Table 3). Amino acid substitutions D301N, N408D, N410K, F412C/
V, D413AJE, L5011, T5031, L516R, 1521T, P522A, L545S, D588N,
E756K, V812L, T813S, G841A, A987G, and del 981-982 all confer
a >2-fold reduction in susceptibility to cidofovir in phenotypic as-
says. Amino acid substitutions D588N, V781I, V787L, L802M,
A809V, V812L, T813S, T821l, and G841A all confer a >2-fold
reduction in susceptibility to foscarnet. There are multiple reports
of treatment failure associated with some of these amino acid sub-
stitutions, indicating possible cross-resistance (Smith et al., 1997,
Eckle et al., 2000; Scott et al., 2004). There are no controlled clinical
trials that have been conducted to support the use of specific treat-
ment options where HCMV resistance to ganciclovir/valganciclovir
is suspected. Clinical management guidelines have been proposed
based largely on expert opinion assessing published case reports
and anecdotal experience (Boeckh and Ljungman, 2009; Kotton
et al., 2010; Preiksaitis et al., 2005; Schreiber et al., 2009).

Two independent genes have been reported to be associated
with maribavir drug resistance in cell culture. The first gene is
UL97 (Biron et al., 2002; Chou et al., 2007a,b; Chou and Marousek,
2008) and the second is UL27 (Komazin et al., 2003; Chou et al.,
2004). No cross-resistance has been detected between most of
the viruses resistant to maribavir and those resistant to one or
more of the current HCMV antiviral drugs (Drew et al., 2006). How-
ever, there was a recent report of amino acid substitutions F342S,
V356G, V466G, and P521L in the pUL97 conferred reduced suscep-
tibility to ganciclovir, maribavir and cyclopropavir (Chou et al.,
2013). There are currently ongoing Phase 2 studies evaluating
the activity of high doses of maribavir in subjects with HCMV
refractory or resistant to ganciclovir/valganciclovir or foscarnet.

The frequency with which prior treatment with acyclovir elicits
ganciclovir resistance remains unclear. In one study, subjects
receiving prolonged high-dose acyclovir did not have evidence of
ganciclovir resistance (Drew et al., 1995). However, there is a re-
port of preexisting resistance before receiving any ganciclovir but
after receiving acyclovir (Erice et al., 1989).

8. Conclusions and future directions

There are five drugs that have received FDA approval for the
treatment of systemic or localized HCMV disease: ganciclovir and
its prodrug valganciclovir, foscarnet, cidofovir, and fomivirsen.

HCMV drug resistance studies have been limited by technical chal-
lenges and the lack of standardization of antiviral susceptibility as-
says. The recognition that specific amino acid substitutions in
pUL97 and pUL54 are associated with different antiviral suscepti-
bility patterns has prompted the development of molecular labora-
tory methods for the detection of drug resistant strains in clinical
specimens.

Our review and analysis of the literature indicate there are
potentially more HCMV ganciclovir/valganciclovir resistance path-
ways than generally appreciated. We compiled a listing of 85 resis-
tance-associated amino acid substitutions and 7 deletions in
pUL97 and pUL54. In clinical isolates, seven pUL97 substitutions,
(M460V/1, H520Q, C592G, A594V, L595S, C603W) are the most fre-
quently reported and validated ganciclovir resistance-associated
substitutions. Although we identified several potentially novel
amino acid substitutions that appear to be clinically associated
with ganciclovir/valganciclovir resistance, and potentially associ-
ated with cross-resistance to other drugs, we anticipate that with
further characterization not all substitutions will necessarily be
proven causally related to ganciclovir/valganciclovir resistance.
Questions that remain to be addressed include: What is the precise
clinical impact of these resistance-associated substitutions and
deletions alone or in combination? Does their impact vary in the
context of prophylaxis versus treatment? Why do some substitu-
tions that are clinically associated with resistance have no obvious
effect on HCMV phenotypic resistance to ganciclovir, and are there
other reasons (e.g., unrelated to drug resistance or replicative fit-
ness) for the detection of these?

Because of these remaining questions the listings included in
this review are not intended to guide treatment decisions at this
time, as additional studies are clearly needed, particularly for
potentially novel resistance substitutions and in the context of
both available and investigational therapies. These listings are in-
tended to generate hypotheses and guide future studies aimed at
better understanding how to detect and minimize the impact of
drug resistance in clinical practice. Examples of next steps include
the continued phenotypic evaluation of clinical isolates, systematic
phenotypic characterization of complex combinations of amino
acid substitutions observed in clinical isolates, and evaluations of
specific amino acid substitutions on HCMV replication capacity/fit-
ness. Additionally, genotypic analyses of clinical isolates should
continue to be conducted to substantiate uncommon but clinically
relevant drug resistance pathways, and also to identify potentially
novel resistance pathways for further characterization. As detec-
tion of antiviral resistance improves and new treatment options
are introduced, additional strategies to combat the emergence of
antiviral resistance can be developed and existing strategies
refined.
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