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Summary
Antiviral drug resistance is an increasing concern in immunocompromised patient populations, where
ongoing viral replication and prolonged drug exposure lead to the selection of resistant strains. Rapid
diagnosis of resistance can be made by associating characteristic viral mutations with resistance to
various drugs as determined by phenotypic assays. Management of drug resistance includes
optimization of host factors and drug delivery, selection of alternative therapies based on knowledge
of mechanisms of resistance, and the development of new antivirals. This article discusses drug
resistance in herpesviruses and hepatitis B.
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In the setting of intensive immunosuppression for the management of rejection in solid organ
transplant (SOT) recipients, or graft-versus-host disease (GVHD) in hematopoietic stem cell
transplant (HSCT) recipients, antiviral therapy is commonly used and drug resistant viruses
are increasingly encountered. Prolonged antiviral drug exposure and ongoing viral replication
due to immunosuppression are key factors in the development of antiviral drug resistance,
which may manifest as persistent or increasing viremia or disease despite therapy.
Consequences of drug resistance range from toxicity inherent in use of second-line antivirals,
to severe disease and even death from progressive viral infection when no effective alternative
treatments are available. In this article, we review the mechanisms, implications, and
management of resistance to antiviral drugs used to treat several viral infections that play a
significant role in the clinical course of transplant recipients and oncology patients:
cytomegalovirus (CMV), herpes simplex virus (HSV), varicella-zoster virus (VZV), and
hepatitis B virus (HBV).
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Herpesviruses
Antiviral agents and mechanism of action

All of the currently licensed drugs for systemic therapy of herpesvirus infections share the
same target, viral DNA polymerase. The most commonly used drugs are the nucleoside analogs
acyclovir and ganciclovir. Acyclovir, its more bioavailable prodrug valacyclovir, and
famciclovir (the prodrug of penciclovir) are used for HSV and VZV infections but have weak
anti-CMV activity. Ganciclovir and its valine ester prodrug valganciclovir have in vitro activity
against HSV, VZV, and CMV, and are FDA-approved for CMV infection, where antiviral
potency outweighs the increased toxicity as compared with acyclovir.

Acyclovir is mono-phosphorylated by thymidine kinase (TK) expressed by HSV (UL23) or
VZV (ORF36) and then converted by cellular kinases to the active form, acyclovir triphosphate.
Acyclovir triphosphate inhibits HSV and VZV replication by competitive inhibition of viral
DNA polymerase and by chain termination of viral DNA strands [1,2]. Selectivity is related
to preferential activation of acyclovir by viral TK and to the greater sensitivity of viral
compared with cellular DNA polymerase to acyclovir triphosphate. Penciclovir, the active
metabolite of famciclovir, has a similar mechanism of activation and action. Ganciclovir is
mono-phosphorylated by the CMV UL97 kinase, or HSV or VZV TK, with subsequent
antiviral action analogous to acyclovir. Unlike acyclovir, ganciclovir is not an obligate chain
terminator, but rather causes a slowing and subsequent cessation of viral DNA chain elongation
[3].

Foscarnet, a pyrophosphate analog, and cidofovir, a nucleotide analog, do not depend on prior
activation by viral enzymes. Foscarnet binds selectively to viral DNA polymerase at the
pyrophosphate-binding site, blocking cleavage of the pyrophosphate moiety from
deoxynucleotide triphosphates, in turn halting DNA chain elongation. Cidofovir is
phosphorylated by cellular enzymes, and once activated acts as a potent inhibitor of the viral
DNA polymerase. Foscarnet and cidofovir are typically used as second- and third-line
herpesvirus drugs respectively, when there is either suspected or documented resistance to
initial therapy or dose-limiting toxicities of first-line drugs.

Use of these antiviral drugs may be affected by dose-limiting toxicities. While acyclovir is
usually considered relatively nontoxic, high doses are associated with nephrotoxicity [4], and
encephalopathy [5,6]. High-dose valacyclovir has been associated with thrombotic
microangiopathy in immunocompromised hosts [7]. Ganciclovir and valganciclovir frequently
cause myelosuppression, especially neutropenia [8,9]. Foscarnet is associated with significant
nephrotoxicity and electrolyte abnormalities [10,11]. Cidofovir is associated with
nephrotoxicity and neutropenia when administered intravenously [12], and with application
site irritation when administered topically [13].

In vitro evaluation of antiviral susceptibility
In vitro drug susceptibility testing of herpesviruses is by phenotypic and/or genotypic assays.
Phenotypic assays measure drug susceptibility by culturing a calibrated viral inoculum under
serial drug dilutions, thereby arriving at the drug concentration required to inhibit viral growth
by 50 or 90% from the level observed without drug, referred to as the IC50 or IC90 respectively.
The IC50 is the value usually reported because it is more reproducible than the IC90 value.
The IC50 threshold for susceptible strains is assay-dependent, with the cutoff for sensitivity
typically set at three to five times the mean IC50 for susceptible strains. In the classical plaque
reduction assay (PRA), viral growth is measured as the number of visible plaques formed in
cell culture monolayers after a fixed incubation period. The PRA is poorly standardized as to
what constitutes a viral plaque, is labor-intensive and affected by a variety of culture conditions
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such as the type, density and growth phase of cells, the viral inoculum, and the drug
concentration range. Efforts were made to standardize a PRA technique for CMV susceptibility
testing [14], though in practice a great deal of variability remains, and the assay is clinically
impractical because of the slow growth of CMV and the increasing use of molecular diagnostic
assays that do not yield a live isolate for phenotypic testing. On the other hand, phenotypic
testing for the more rapidly growing HSV is a preferred approach to resistance testing for this
virus. In order to improve assay efficiency and reduce subjectivity, plaque counting can be
replaced by viral quantitation methods that depend on assay of viral antigen or nucleic acid,
or a reporter gene that is activated by viral infection. A reporter-based yield reduction system
has been used for rapid phenotypic testing of HSV clinical isolates and laboratory strains
[15].

Genotypic assays depend on knowledge of the viral mutations causing resistance to specific
antiviral drugs and the level of resistance and cross-resistance conferred by single and multiple
mutations. These assays work best when a limited number of characteristic mutations are
regularly encountered in connection with resistance to a specific drug, and are well supported
by an accessible information database necessary for accurate interpretation. Genotypic tests
have a faster turnaround time than phenotype assays and use a common technology of PCR
amplification of viral sequences followed by analysis for diagnostic mutations. A viral culture
isolate is not needed and viral DNA can be amplified directly from blood, fluid or tissue
specimens. Limitations of genotypic assays include difficulties with interpretation of viral
sequence changes not found in the current information database, and the effective levels of
resistance that result from combinations of mutations. There are also technical issues relating
to DNA amplification and the sensitivity of detection of viral mutations when present as a
minor subpopulation mixed with wild type virus.

Genotype-phenotype correlations are confirmed by recombinant phenotyping, also known as
marker transfer, where individual mutations suspected of causing drug resistance are
transferred to baseline viral strains and their effect on drug susceptibility is established by
phenotypic assays. A large volume of this work has been done for CMV because of the
dominant role of genotypic resistance testing for this virus. Recombinant phenotyping has also
been done to determine the significance of various TK and DNA polymerase gene mutations
for HSV and VZV drug resistance [16,17], but given the number and variety of TK resistance
mutations, resistance testing of HSV and VZV isolates is more reliant on phenotypic
approaches.

Herpes Simplex Virus
Epidemiology of antiviral resistance

Acyclovir, valacyclovir and famciclovir are drugs of choice for mucocutaneous HSV infections
and for preventive treatment, while intravenous acyclovir is used for serious invasive disease
such as encephalitis. The first clinical cases of acyclovir-resistant HSV were reported in 1982,
shortly after initial use of systemically-administered acyclovir [18,19]. Despite the subsequent
widespread use of acyclovir, clinically evident drug-resistance remains largely confined to the
immunocompromised population, and the frequency of isolation of acyclovir-resistant HSV
has remained stable over time [20]. Drug-resistant HSV disease is rare in immunocompetent
hosts (less than 1% in various reports), and typically is cleared without adverse clinical outcome
[20–24]. In immunocompromised hosts the prevalence ranges from 3.5% to 14%, with the
most the most immunosuppressed subset having the highest risk for resistance [20–25].
Prolonged use of acyclovir is an important risk factor for resistant HSV, but drug-resistant
HSV has been isolated in the absence of a known history of acyclovir exposure [26].
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Mechanisms of resistance
Resistance of HSV to acyclovir is related to viral TK or DNA polymerase mutations [27]. As
viral TK is not essential for HSV replication, over 90% of acyclovir resistance in clinical
isolates is associated with TK mutations [28]. TK mutations may result in either a loss of TK
activity (TK deleted or deficient virus) or, less commonly, an alteration in TK substrate
specificity (TK altered virus) [28]. Mutations in the TK gene are often due to addition or
deletion of nucleotides in homopolymer runs of guanines and cytosines, resulting in
frameshifting and loss of TK function [29,30]. The specific TK mutations resulting from
penciclovir exposure differ from those selected by acyclovir, but cross-resistance is expected
with TK deficient mutants, though certain acyclovir-resistant TK altered mutants appear to
retain in vitro sensitivity to penciclovir [31]. Additionally, resistance to ganciclovir is presumed
in the case of TK deficient mutants [32]. Drug-resistant TK mutants retain susceptibility to
drugs that are not dependent on virally mediated phosphorylation, including foscarnet and
cidofovir, unless a viral DNA polymerase mutation is also present. Given the essential role of
viral DNA polymerase in viral replication, mutations in this gene occur less frequently and
have been observed to cluster in functional domains II and III. The cross-resistance patterns
of these mutations vary and are evaluated by recombinant phenotyping [3,33].

Clinical implications and management of resistant virus
The clinical implications of antiviral-resistant HSV are related both to the direct effects of viral
infection as well as the toxicities of second-line agents. Unchecked viral replication can lead
to progressive and sometimes fatal invasive HSV disease [32,34,35]. Recurrent, chronic, and
extensive mucocutaneous HSV ulcerations have been observed in immunocompromised
individuals with drug-resistant virus [36]. Drug-resistant HSV has been associated with
decreased neurovirulence in murine models when compared with wild-type virus [37,38], with
TK null mutants having the greatest reduction in virulence [39]. While previously thought to
lack the ability to establish and reactivate from latency, it is now appreciated that TK null
mutants may be able to do so by way of reversion, due to ribosomal frameshifting or replication
errors that create subpopulations of TK altered virus [40,41]. Human data for decreased
pathogenicity of drug-resistant HSV are lacking.

In clinical practice, management of suspected or proven acyclovir-resistant HSV is generally
with foscarnet, or less often with cidofovir. This is often done empirically based on the
frequency of TK mutations, but cross-resistance may result from DNA polymerase mutations,
and emergence of both foscarnet and cidofovir resistance while on therapy has been reported
[36,42]. Vidarabine, a purine analog phosphorylated by cellular kinases with selectivity for
HSV DNA polymerase, has in vitro activity against HSV [43], but clinical experience has been
disappointing for acyclovir-resistant HSV in the HIV-infected population [44]. Topical
imiquimod, an immunomodulatory agent, or topical cidofovir have been used successfully to
treat some cases of drug-resistant mucocutaneous HSV infection [45,46]. Topical treatments
avoid the potential nephrotoxicity of systemically administered foscarnet or cidofovir.
Management of drug-resistant HSV should include efforts to improve the immune status of
the patient, when possible, by decreasing immunosuppressive therapy.

Varicella Zoster Virus
Epidemiology of antiviral resistance

The same antiviral drugs are used for VZV as for HSV. Given that acyclovir has less potent
activity against VZV than HSV, intravenous administration, frequent and high oral doses, or
the more bioavailable oral prodrugs (valacyclovir or famciclovir) are needed to ensure
therapeutic antiviral blood levels [47]. Acyclovir-resistant VZV clinical isolates have been
reported uncommonly and mostly in the HIV population [48–51] with a few cases in oncology
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and transplant recipients [52,53]. Unlike HSV, there are no large surveillance studies of
antiviral drug-resistant VZV, and available information exists as case reports and series.
Interestingly, there are two cases in the pediatric oncology literature of chronic disseminated
varicella disease attributable to the VZV vaccine strain Oka with in vitro documentation of
acyclovir resistance [54,55].

Mechanisms of resistance
Like HSV, VZV also expresses a TK, and VZV drug resistance is for the most part attributable
to TK mutations [3], which often result in a premature stop codon that makes the virus TK
deficient. Other resistance mutations appear to cluster at particular VZV TK gene loci [3,53].
Overall data, which are quite limited, suggest that acyclovir-resistance mutations in this gene
are generally distinct from those conferring resistance to foscarnet and cidofovir [3]. Not much
is known of penciclovir-resistant clinical isolates. While acyclovir and penciclovir may select
in vitro for different patterns of cross-resistance to other antivirals, cross-resistance between
the two drugs is expected [56].

Clinical implications and management of resistant virus
Similar to HSV, the clinical implications of drug-resistant VZV relate to the direct effects of
viral replication and to the toxicities of alternative antiviral agents. Cases of visceral
dissemination and death due to progressive VZV infection unresponsive to antiviral treatment
were reported in HIV-infected subjects [51]. A chronic verrucous form of VZV is associated
with drug-resistant virus in immunocompromised hosts [52,55,57,58]. Some VZV DNA
polymerase mutants selected under foscarnet in cell culture have a slow-growth phenotype
[59], perhaps suggesting attenuated virulence, though this has not been clinically validated.

Management of suspected or proven acyclovir-resistant VZV is generally with foscarnet, as
described mostly in HIV-infected individuals [51,60], and some oncology patients [52,54,
55]. Emergence of foscarnet resistance was detected in a few patients being treated with the
drug for acyclovir-resistant VZV [60,61], and attributed to a viral DNA polymerase mutation
[61] While the literature on cidofovir treatment for drug-resistant VZV is very limited [62],
cidofovir is expected to retain activity against acyclovir-resistant TK mutants [63]. Vidarabine
shows in vitro activity against VZV DNA polymerase mutants [64], though clinical experience
is limited [65]. Susceptibility testing of VZV isolates should be performed when drug resistance
is suspected on clinical grounds, and any immunosuppressive therapy should be minimized.

Cytomegalovirus
Epidemiology of antiviral resistance

CMV is a well-recognized opportunistic pathogen in those with AIDS, in SOT and HSCT
recipients, and occasionally in non-transplant oncology patients, particularly following major
T-cell suppressive regimens [66]. Ganciclovir and valganciclovir are currently the principal
drugs used for prevention and treatment of CMV infection and are widely used in transplant
populations. Shortly following the introduction of ganciclovir in the late 1980s, cases of
ganciclovir resistance in immunocompromised hosts began to appear in the literature [67].
Much of our knowledge about CMV drug resistance comes from studies of CMV retinitis in
the AIDS population in the 1990s [68,69]. More recently, studies have highlighted the problem
in the SOT population [70–78]. The overall incidence of ganciclovir resistance among SOT
recipients is 0% to 13%, and varies according to the type of organ transplant, the
immunosuppressive regimen and antiviral prophylaxis used, and the specific criteria for
determining resistance [79]. CMV seronegative recipients of organs from seropositive donors
(D+/R− subset), those with prolonged ganciclovir exposure and potent immunosuppression,
and lung transplant recipients are at higher risk for developing antiviral drug resistance. In the
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HSCT setting, the development of ganciclovir resistance is reported to be uncommon and
generally limited to case reports and small case series [80–85], with the exception of the
pediatric population where there have been reports of rapid emergence of resistance [86–88];
this may relate to less ganciclovir exposure in the HSCT population, where a preemptive as
opposed to a prophylactic approach to CMV disease prevention is favored. Emergence of
resistance to foscarnet and cidofovir has also been reported in the SOT and HSCT population
[76,80,81,86,89–91].

Mechanism of resistance
The literature on CMV drug resistance mutations is extensive [92–99], especially for
ganciclovir. Over 90% of resistant CMV isolates obtained following ganciclovir exposure
contain one or more characteristic mutations in the viral UL97 kinase gene [98], which
apparently decrease the phosphorylation of ganciclovir without impairing the important
functions of this kinase in viral replication [98,100,101]. Unlike the case with HSV TK
mutations, CMV UL97 drug-resistance mutations cluster tightly at codons 460, 520, and 590–
607 (Figure 1). Mutations M460V/I, H520Q, C592G, A594V, L595S, and C603W are among
the most frequently encountered in ganciclovir-resistant isolates [98]. These mutations
individually confer moderate ganciclovir resistance, with an IC50 ratio of 5 to 10, except for
C592G which confers low-level ganciclovir resistance, with an IC50 ratio of about 2.5 [98].
These IC50 ratios are based on recombinant phenotyping data [99], which are also available
for many other less common UL97 mutations. The accumulated genotype-phenotype
correlations are the basis for the CMV genotypic resistance testing that is available in various
commercial and academic laboratories.

CMV UL54 DNA polymerase mutations can confer resistance to any or all of the current anti-
CMV drugs Many ganciclovir resistance mutations are located in the exonuclease domains
(Figure 2) and typically confer cross-resistance to cidofovir [92,94]. Mutations in and between
catalytic regions II (e.g., codons 700 and 715), III (e.g., codons 802 and 809), and VI (e.g.,
codon 781) and at some nonconserved loci (e.g., codon 756) confer foscarnet resistance, as
well as low-grade ganciclovir or cidofovir cross-resistance in the case of mutations at region
III [3,92,95]. Uncommonly, single UL54 mutations can confer simultaneous resistance to
ganciclovir, cidofovir, and foscarnet [89,94,97]. The serial emergence of multiple mutations
in patients on prolonged CMV antiviral therapy is well-documented [93,102]. Typically, a
UL97 mutation conferring ganciclovir appears first, followed by the addition of one or more
UL54 polymerase mutations after prolonged therapy. The eventual phenotype of these isolates
is often high-level resistance to ganciclovir, with additional resistance to foscarnet and/or
cidofovir.

Clinical implications and management of resistant virus
As with untreated CMV infection, the clinical consequences of infection with drug-resistant
CMV range from asymptomatic to severe. While asymptomatic infection with drug- resistant
virus has been noted especially in clinical antiviral trials for disease prevention [103], and
persistent viremia without overt disease also occurs, severe or fatal disease has been reported
more commonly in connection with drug-resistant CMV [75,77,80,83,84], probably because
the host factors that predispose to serious CMV disease are the same as those that favor the
emergence of drug resistance. There is insufficient evidence to assess the relative clinical
virulence of wild type and drug-resistant CMV strains, even though a number of drug-resistant
CMV DNA polymerase mutants have been reported to have a slow-growth phenotype in vitro
[3,80,86,96].

CMV drug resistance should be suspected in the setting of high or rising viral load and/or
progressive CMV disease despite appropriate induction doses of antiviral therapy for at least
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2 weeks, and with a history of cumulative antiviral drug exposure of at least 6 weeks, except
in some pediatric settings as noted above. When resistance is suspected, laboratory testing for
resistance should be pursued and immunosuppressive therapy should be minimized. It is
important to note that there are no controlled studies to guide the treatment of drug-resistant
CMV infection. The degree of drug resistance, the antiviral drug(s) and dose used, the
competence of host immune response, and the site and extent of CMV disease all play a role
in determining outcome.

In the absence of immediate, life- or sight-threatening CMV disease, selection of antiviral
therapy should be guided by genotypic analysis of UL97 and UL54 genes. The degree of
phenotypic resistance known to be associated with a particular gene mutation(s) has significant
implications for choice of therapy. Low-grade ganciclovir resistance in the case of non life- or
sight-threatening disease can potentially be addressed with higher dose IV ganciclovir [78,
79,104,105]. High-grade ganciclovir resistance with a major UL97 resistance mutation and
suspected resistance in the case of life- or sight-threatening disease is best managed with
foscarnet. Use of foscarnet is often complicated by nephrotoxicity, and long-term use is rarely
tolerated. Cidofovir is another option for ganciclovir-resistant CMV, providing there is not a
polymerase mutation conferring cross-resistance to ganciclovir and cidofovir. Significant
nephrotoxicity has been associated with cidofovir use in HSCT recipients [106], however, the
experience in SOT recipients is limited. Combination therapy with ganciclovir and foscarnet
has been recommended for treatment of drug-resistant CMV infection, based on limited in
vitro data [107] and a small case series advocating reduced-dose ganciclovir and escalating-
dose foscarnet [108]. Despite the lack of controlled studies, combination treatment is a common
practice in cases of documented multi-drug resistance or cases of life- or sight-threatening
disease unresponsive to monotherapy.

Given the significant limitations of the currently available therapies for drug-resistant CMV
infection, alternative agents, both investigational compounds and drugs currently licensed for
other indications, have been studied for this indication. Maribavir, a benzimidazole riboside,
is a potent inhibitor of the CMV UL97 kinase, an enzyme important in various aspects of CMV
replication. Since maribavir inhibits UL97-mediated ganciclovir phosphorylation, it
antagonizes the antiviral action of ganciclovir, but may have an additive anti-CMV effect when
combined with foscarnet or cidofovir [109]. No cross-resistance has been observed between
maribavir and other current anti-CMV drugs [110]. Maribavir-resistant laboratory CMV strains
have been isolated in vitro [111,112], and found to contain mutations in the UL97 and/or UL27
genes, which confer high- and low-grade resistance respectively [111–113]. Maribavir was
successfully tested in Phase I and II trials, which suggested low toxicity and in vivo antiviral
activity [114]. However, two Phase III trials as a CMV prophylactic agent in HSCT and liver
transplant recipients did not meet expectations of antiviral efficacy at the dosing regimens
chosen. Higher doses of maribavir could still be useful in treating drug-resistant CMV, though
clinical experience to date is limited to several transplant recipients, some of whom may have
benefited, but maribavir-resistant virus was isolated in one case [115].

Other experimental anti-CMV therapies are considerably less clinically developed than
maribavir. Inhibitors of viral DNA cleavage and processing include tomeglovir
(BAY-384766), and a benzimidazole D-riboside, GW-275175X, both of which underwent
preliminary clinical studies to demonstrate tolerability, but neither one has proceeded to more
advanced clinical trials [116]. In vitro resistance to tomeglovir maps to the CMV UL89, UL56
and UL104 genes [117], supporting the novel mechanism of action and expected lack of cross-
resistance to current drugs. A lipid ester oral prodrug of cidofovir (hexadecyloxypropyl-CDV,
or CMX001) has been shown to have in vitro and in vivo activity against CMV, with excellent
oral bioavailability and minimal nephrotoxicity in preclinical studies [118–120]. This may
offer a better alternative to the intravenous cidofovir formulation currently available.

Strasfeld and Chou Page 7

Infect Dis Clin North Am. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cyclopropavir, a purine nucleoside analog, has been shown to have potent in vitro and in
vivo activity against CMV [121,122] but has not undergone clinical trials. While cyclopropavir
appears to have a mechanism of action similar to ganciclovir, one study reported that some
ganciclovir-resistant isolates exhibited only slightly reduced susceptibility to cyclopropavir
[122]; more data are needed on the extent of cross-resistance between the two drugs.

Several drugs licensed for other indications and with no defined viral target appear to have
anti-CMV activity, though clinical experience is limited to case reports, small case series, and
retrospective cohort studies, with no controlled treatment data available. Their role in the
treatment of drug-resistant CMV is unclear at this time but would likely be adjunctive to other
antivirals. A number of retrospective studies in SOT recipients [123–129], as well as a few
studies in HSCT recipients [130,131], have demonstrated a lower incidence of CMV infection
in patients who have received immunosuppressive regimens that included a target of rapamycin
inhibitor (TOR-I), either sirolimus or everolimus. Leflunomide, an immunosuppressive drug
with an indication for the treatment of rheumatoid arthritis, has been demonstrated to inhibit
CMV replication in vitro and in a rat model [132]. Clinical data on the use of leflunomide for
treatment of CMV infection in transplant recipients is mixed. When used as adjunctive therapy,
a few successes have been reported in the treatment of drug-resistant CMV [81,133]; however,
leflunomide is associated with significant hematologic and hepatic toxicity, and treatment
failures have been reported as well [134]. Lastly, the antimalarial drug artesunate has been
shown to have inhibitory activity against CMV in vitro and in vivo [135,136]. Artesunate
appears to have additive effects with ganciclovir, foscarnet, and cidofovir [135]. There is one
report of successful use in a HSCT recipient with foscarnet- and ganciclovir-resistant CMV
infection [137].

Hepatitis B virus
Antiviral agents and mechanism of action

There are currently seven FDA-approved agents for the treatment of hepatitis B. Three are
nucleoside analogs (lamivudine, entecavir, and telbivudine) and two are nucleotide analogs
(adefovir and tenofovir). Alpha interferon, approved in 1992 for this indication, and more
recently pegylated interferon, remains an important treatment option. Lastly, passive
immunization with hepatitis B immune globulin (HBIG) remains a mainstay of therapy
following liver transplantation, when it is used in combination with a nucleoside or nucleotide
analog for the prevention of HBV recurrence [138,139].

All of the nucleoside and nucleotide analogs selectively target HBV DNA polymerase, which
includes reverse transcriptase activity. Drugs in this class are phosphorylated by cellular
enzymes to active form and then incorporated into growing DNA, resulting in premature chain
termination, amongst other inhibitory functions related to viral replication. While drug-related
side effects are generally minimal with this class, adefovir is associated with nephrotoxicity in
up to 12% of liver transplant recipients [140,141], and caution is advised in patients receiving
concomitant nephrotoxins. While these antiviral compounds are effective to varying degrees
in providing long-term suppression, they do not eradicate HBV, which persists in hepatocytes
in the form of covalently closed circular DNA (cccDNA) [142]. In vitro studies have
demonstrated that antiviral therapy has little or no effect on cccDNA [143]. Therefore,
treatment for chronic HBV infection is typically prolonged and issues of antiviral drug
resistance become quite important.

Historically, sequential and combination therapy was used to treat chronic HBV infection, with
changes made in response to the frequent emergence of antiviral drug resistance. More recently,
because of higher potency and lower rates of resistance, entecavir and tenofovir have largely
supplanted lamivudine and adefovir as preferred first-line agents for antiviral naïve individuals
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[144]. For the significant number of patients who have been successfully treated with
lamivudine and adefovir, with undetectable serum HBV DNA, there is no recommendation to
change therapy

In vitro evaluation of antiviral susceptibility
Genotypic resistance testing involves the detection of characteristic HBV polymerase gene
mutations, which can be performed at varying levels of sensitivity using various broadly
applicable methods, such as standard sequencing of PCR products, restriction fragment length
polymorphism, reverse hybridization, and single genome sequencing [145]. Automated
dideoxy sequencing is insensitive at detecting minor subpopulations of mutant virus that
comprise <20% of the circulating virus population. The more sensitive assays can detect HBV
DNA mutants that represent 5% to 10% of the entire HBV quasispecies, potentially allowing
for earlier identification of genotypic resistance. With the advent of newer sequencing
technologies, such as “ultra-deep” pyrosequencing, mutants comprising <1% of the viral pool
can be identified and characterized [146]. The clinical utility and value of these more sensitive
techniques remains to be determined. Genotypic testing is standard clinical practice as it is
rapid and practical, but subject to the usual limitation that it cannot interpret novel or previously
uncharacterized mutations and cannot directly assess such properties as the replication fitness
of drug-resistant mutants.

Standardized phenotypic testing for HBV drug susceptibility has been limited by the absence
of a cell culture system that allows fully permissive infection. A human hepatoma cell line
maintained with DMSO and hydrocortisone to promote cell differentiation and phenotypic
stability [147] has been developed as a means of comparing the relative antiviral susceptibility
and growth fitness of HBV mutants [148]. Cell culture systems may involve transient
transfection of HBV clones or construction of cell lines that permanently express drug-resistant
mutants [149]. Alternatively, biochemical assays of expressed HBV polymerase have been
used to assess inhibition by drug, independent of cell culture. Although current HBV
recombinant phenotyping approaches may not accurately model viral replication in vivo, they
are necessary for validating the interpretation of genotypic resistance testing data.

Epidemiology of antiviral resistance
Given the high viral replication rate and the error-prone nature of HBV reverse transcriptase,
emergence of drug resistance is expected [150]. Drug resistance has been associated with a
variety of patient and viral factors. Host factors that contribute to an increased risk for drug
resistance include older age, high body mass index, medication noncompliance,
immunosuppression, high pre-treatment HBV DNA levels, baseline hepatic enzyme
elevations, and abundant replication space (large number of uninfected hepatocytes, as in a
newly transplanted liver) [151–156]. The viral mutation frequency, the magnitude and rate of
virus replication, and the overall replication fitness of the mutant are critical viral determinants
in risk for drug resistance [157].

Apart from host and virus factors, the potency and genetic barrier to resistance of the antiviral
drug is of critical importance in determining risk for drug resistance [150]. The genetic barrier
reflects the number and type of mutations that must be accumulated in order for the virus to
develop significant drug resistance while maintaining adequate growth. Lamivudine is an
intermediate potency drug with a low genetic barrier to resistance, resulting in high resistance
rates. Adefovir is a low potency drug with an intermediate genetic barrier to resistance, and
therefore an intermediate rate of resistance. Telbivudine is a high potency drug, though with a
low genetic barrier to resistance, and so resistance rates are intermediate. Lastly, entecavir and
tenofovir are considered high potency antivirals, with a high genetic barrier to resistance, and
therefore low rates of resistance. Among antiviral-naïve patients, drug resistance has been
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reported in up to 70% of patients treated with 5 years of lamivudine therapy, 29% after 5 years
of adefovir, 20% after 2 years of telbivudine, and 1% after 5 years of entecavir [152,158–
162]. Resistance rates are significantly higher in patients with prior exposure to lamivudine,
with rates of up to 18% at 1 year following switch to adefovir monotherapy and 51% at 5 years
following switch to entecavir [150,163].

Mechanism of resistance
The HBV polymerase gene is the target for nucleoside and nucleotide analogs. The enzyme
has four functional domains (terminal protein, spacer, Pol/rt, and RNaseH), with seven catalytic
subdomains (A–G) in the Pol/rt region [150] (Figure 3). Antiviral drug-resistant strains have
signature mutations in the reverse transcriptase domains of the viral polymerase gene, with
most substitutions occurring in domains B, C, and D. Resistance mutations alter the interaction
between HBV polymerase and drug [164]. Molecular modeling studies of the interaction of
wild-type and mutant HBV polymerase with natural thymidine triphosphate substrate and with
anti-HBV agents highlight the important conformational changes in mutants that confer drug-
resistance [165]. While the interaction of each nucleoside or nucleotide analog with HBV
polymerase appears to be mechanistically unique with regard to binding affinity and shifting
after ligand attachment, all drug-resistant mutants seem to exhibit either altered binding of
substrate and/or downstream structural changes that interfere with the inhibitory effect of drug
on viral polymerase. After emergence of primary resistance mutations, compensatory
mutations that restore replication capacity may arise, as well as secondary resistance mutations
that increase drug resistance when they accumulate on the same viral genome.

High-level lamivudine resistance is most often caused by mutations M204I/V, which are in the
YMDD (tyrosine-methionine-aspartate-aspartate) motif in the C domain of the polymerase
gene [166], and infrequently by A181V/T mutations [167]. M204V is almost always
accompanied by compensatory mutations L180M and/or V173L, resulting in restored fitness
of the mutant [166,168]. The M204I mutation confers high-level cross-resistance to
telbivudine, but M204I/V mutations do not appear to reduce susceptibility to adefovir and
tenofovir [162,169]. The signature mutation associated with telbivudine resistance is M204I,
either alone or in association with the secondary mutations L80I/V or L180M [162].

N236T and A181V/T are adefovir-resistance mutations [159,170]. Although the resistance
conferred by these mutations is less than that associated with M204I/V and lamivudine
resistance, virological breakthrough is seen [169–171]. The N236T mutation reduces viral
replicative capacity in vitro and confers cross-resistance to tenofovir but not to lamivudine or
telbivudine [172].

Resistance to entecavir appears to occur though a 2-hit mechanism, whereby classic
lamivudine-resistant mutants (L180M, M204I/V) are selected in patients on lamivudine, or,
less frequently, in patients on primary therapy with entecavir [173]. During continued entecavir
treatment, additional mutations at I169T and M250V or T184G and S202I are selected,
conferring resistance to entecavir [174–176].

Resistance to tenofovir currently appears to be unusual [177], though more experience with
this drug for treatment of chronic HBV is needed. There is a report of virologic breakthrough
on tenofovir in two HBV/HIV coinfected patients with prior lamivudine exposure (L180M-
M204V mutations) and an A194T mutation [178]. However, A194T was not shown to confer
resistance to tenofovir in vitro [179], suggesting that it may instead be a viral sequence
polymorphism or a lamivudine compensatory mutation [180].
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Clinical implications and management of resistant virus
With the availability of safe and effective oral HBV antiviral agents in the late 1990s and the
switch from HBIG monotherapy to combination therapy (HBIG plus antivirals) in HBV-
infected liver transplant recipients, HBV recurrence rates have decreased significantly [181–
183]. Antiviral drug resistance remains an important factor in HBV reinfection after liver
transplantation. Clinical consequences of the emergence of drug-resistant HBV range from
asymptomatic viremia to serum transaminase flares, worsening liver histology, hepatic
decompensation and occasionally death [152,171,184]. Drug resistance is associated with
virologic breakthrough [185], defined as an increase in serum HBV DNA by at least 1.0
log10 (10-fold) above nadir or the reappearance of serum HBV DNA with previously
undetectable HBV DNA on ≥2 occasions at least 1 month apart while on treatment and after
initial response is achieved in a medication-compliant patient [145]. Ultimately, biochemical
breakthrough, defined by elevation of hepatic transaminase values (hepatitis flare), occurs.

Genotypic resistance testing is important because not all virologic breakthrough is attributable
to drug resistance. As many as 30% to 50% of viral breakthroughs observed in clinical trials
are due to medication noncompliance [145], a figure likely to be higher in clinical practice.
When virologic breakthrough is associated with the emergence of resistance mutation(s), the
inferred cross-resistance phenotype is used to develop a timely plan of action, such as a change
to another drug or combination therapy [186].

Management of lamivudine-resistant virus has involved the addition of adefovir, a strategy
which has been shown to result in high rates of virologic suppression and a lower rate
emergence of adefovir resistance than sequential monotherapy [186,187]. Tenofovir, a potent
antiviral drug with excellent activity against lamivudine-resistant virus, appears to be superior
to adefovir monotherapy for treatment of lamivudine-resistant virus [188]; comparison of
tenofovir with combination adefovir-lamivudine in this setting, however, has not yet been
reported in large-scale clinical studies. Entecavir is not a good option for lamivudine-resistant
virus given the observed emergence of resistance [176,189]. Telbivudine resistance is
associated with the M204I mutation, and while there is in vitro data demonstrating telbivudine
activity against the M204V lamivudine-resistant mutant [190], clinical data are not available
at this time. Telbuvidine should not be relied upon for treatment of lamivudine-resistant virus,
and management of telbivudine resistance should be similar to management of lamivudine
resistance.

Management of adefovir-resistant virus is dependent upon the type of mutation(s) and the
antiviral drug history of the patient. Lamivudine has proven effective in suppressing adefovir-
resistant HBV with the N236T mutation [170,191], and it is presumed that telbivudine would
also be effective based on in vitro data [190]. The durability of response in patients with
previous lamivudine resistance, however, is unclear, with report of re-emergence of lamivudine
resistance after reintroduction of drug [192]. There are in vitro data to suggest that entecavir
may be a reasonable choice for N236T mutants [193], with the caveat that the benefit may be
short-lived in patients with prior lamivudine resistance. For patients with the N236T mutation,
options include switching to or adding entecavir, adding lamivudine (or telbivudine), or
switching to tenofovir. The activity of lamivudine (and likely telbivudine) against the A181V
adefovir-resistant mutants is decreased compared with wild type HBV [167]. While the A181T
mutant has been shown in vitro to have decreased susceptibility to tenofovir [167], in the
clinical setting entecavir and tenofovir have been effective in suppressing replication of A181T
adefovir-resistant mutants [194,195]. In the case of an A181T mutation, management options
include switching to or adding entecavir, or switching to tenofovir; lamivudine should not be
used in this scenario given the risk of cross-resistance [167].
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There are no large-scale clinical studies yet available to guide the treatment of entecavir-
resistant HBV. From in vitro data and case reports it appears that adefovir and tenofovir are
effective for entecavir-resistant HBV [176,196,197]. Based for the most part on expert opinion,
a recommended approach for entecavir-resistant virus is to add tenofovir or adefovir [145,
150,194]. Data on management of tenofovir-resistant HBV is not yet available, given the low
rate of resistance observed with early use of this drug.

Emtricitabine, a potent nucleoside analog that is currently FDA approved for the treatment of
HIV, is currently in late phase clinical trial for management of chronic HBV [198]. At the
target treatment dose of 200mg daily, resistance to emtricitabine was observed in 9% of
treatment-naïve patients at 1 year and rose to 20% after 2 years [198]. Emtricitabine resistance
is conferred by the M204I/V mutation with or without the accompanying L180M and V173L
mutations, therefore implying cross-resistance to lamivudine and telbivudine.

The future
As antiviral therapy becomes widely used in immunosuppressed patient populations, concerns
about drug resistance will require a better understanding of the relevant virus, host and drug-
related factors. Knowledge of genetic mechanisms and associated viral mutations has allowed
for development of genotypic techniques for the timely diagnosis of resistance. The accuracy
of this testing will be improved by recombinant phenotyping data that validates the drug
resistance properties associated with the many viral sequence changes detected in clinical
specimens. An accessible and authoritative database of drug resistance mutations needs to be
available for each virus in order to guide therapeutic decisions. More comprehensive
information on the epidemiologic, host and drug exposure factors that favor the emergence of
resistant virus can be used to develop better strategies for prevention, early detection and
appropriate treatment change. Ideally, controlled trials are needed to compare sequential and
combination use of alternative therapies, optimize dosing schedules, and evaluate adjunctive
therapies that seek to improve host conditions for antiviral drug efficacy. There is an ongoing
need for less toxic but potent new antiviral drugs that preferably target different aspects of viral
replication to reduce the risk of cross-resistance.
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Figure 1.
Map of CMV UL97 gene functional domains and resistance mutations. Ganciclovir resistance
(GCVr) mutations are clustered at codons 460, 520 and 590–607. In the latter region mutations
A594V, L595S, C592G and C603W are some of the most common, but a variety of point and
in-frame deletion mutations are known to confer varying degrees of GCV resistance. Not all
sequence changes at codons 590–607 confer ganciclovir resistance.
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Figure 2.
Map of CMV DNA polymerase functional domains, resistance mutations, and associated
phenotypes. All listed mutations have been found in clinical isolates and validated by
recombinant phenotyping. Shaded regions indicate where resistance mutations are clustered,
with associated phenotypes indicated below. Updated from [92].
GCVr = ganciclovir resistance. CDVr = cidofovir resistance. FOSr = foscarnet resistance.
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Figure 3.
Map of HBV polymerase gene functional domains (terminal protein, spacer, Pol/rt =
polymerase/reverse transcriptase, RNaseH), catalytic subdomains (A–G), and resistance
mutations.
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