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Abstract

Purpose of review—updated information on diagnosis of CMV drug resistance, treatments for 

drug-resistant infection and potential uses of experimental antiviral compounds.

Recent findings—For established CMV antivirals, uncommon viral UL97 kinase and UL54 

DNA polymerase drug resistance mutations are sporadically described that expand an extensive 

existing database. Some novel mutations reported from treated patients have no drug resistant 

phenotype and may be genotyping artifacts. Next generation sequencing technology may enable 

earlier detection of emerging resistance mutations in treated patients. Management options for 

drug-resistant infection include optimization of host defenses, antiviral dose escalation, 

substitutions or combinations of standard or experimental antivirals. Maribavir and letermovir 

have antiviral targets distinct from the classic DNA polymerase. UL97 mutations elicited by 

ganciclovir and maribavir are different, although a single p-loop mutation can confer significant 

cross-resistance. High-grade resistance mutations in the UL56 terminase gene are readily selected 

in vitro under letermovir and await clinical correlation.

Summary—Technical advancements can enhance the accurate and timely genotypic detection of 

drug resistance. Antivirals undergoing clinical trial offer the prospect of new viral targets and drug 

combinations, but unresolved issues exist with regard to their therapeutic potential for drug-

resistant CMV and their genetic barriers to resistance.
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Introduction

CMV antiviral drug resistance may be suspected in transplant recipients who have received 

several weeks of full dose standard antiviral treatment yet show a persistent or increasing 

CMV load or disease progression. Because this scenario can also result from fluctuation in 

host conditions and antiviral drug delivery, clinical management involves assessment of 

patient risk factors, antiviral treatment history and sequential viral loads, followed as 
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appropriate by laboratory confirmation and empiric or genotype-guided changes in antiviral 

regimen. This update is intended to integrate original data published in years 2013 and 2014 

into the framework of existing reviews and guidelines [1–5].

Risk factors for CMV drug resistance

Continued CMV replication in the presence of antiviral therapy poses a risk for development 

of drug resistance, rising in proportion to the level of viral replication and duration of drug 

exposure. As new drugs with different antiviral targets are being introduced, one should also 

consider their relative barriers to the development of resistance, reflecting the extent to 

which viral mutations that confer drug resistance also impair viral growth fitness. While 

extensive experience with existing CMV DNA polymerase inhibitors indicates that drug 

resistance typically occurs after months of antiviral drug exposure [1,5], the timing and 

incidence of resistance may vary with newly introduced treatments.

The most prominent risk group for CMV drug resistance consists of CMV-seronegative 

recipients of seropositive donor organs (D+R− subset), where the absence of pre-existing 

immunity and post-transplant immunosuppression combine to increase the intensity and 

duration of viral replication [3]. Currently available antiviral therapy is often incompletely 

effective in these circumstances and resistance may develop in 5–12% [2]. Recent literature 

has drawn attention to other groups at risk of drug resistance, including haploidentical or 

allogeneic stem cell transplant recipients [6,7] and congenital CMV infection [8].

Because of the difficulty in treating established end-organ CMV disease (especially 

pneumonia), longstanding emphasis has been given to suppressing post-transplant CMV 

activity at or before the anticipated time of onset [5]. Antiviral prophylaxis can be given for 

months to all patients within defined risk groups, or serial viral load monitoring can be used 

to initiate treatment at defined viral activity thresholds, hopefully before tissue invasive 

disease occurs. A prophylaxis approach exposes a larger number of patients to longer total 

durations of treatment, but because most patients will have no active viral loads, the 

incidence of resistance remains low (up to 3%) [3]. The higher frequency of drug resistance 

after pre-emptive treatment offsets the benefit of more selective antiviral usage [2,5,6].

Adequate delivery of active drug to intracellular sites of viral replication is important. 

Selection of resistant mutants may follow subtherapeutic drug levels [9] resulting from 

insufficient dosing, inadequate absorption or conversion of oral prodrugs, and variation in 

drug clearance. Greater use of therapeutic drug level monitoring has been suggested [10] but 

is not routine and has not been validated by prospective studies [3]. Intracellular levels and 

half lives of active drug, e.g. ganciclovir triphosphate or cidofovir diphosphate may vary 

significantly from plasma levels of precursor molecules.

Genetic mechanisms of CMV drug resistance

Seven viral UL97 kinase mutations (amino acid substitutions M460V/I, H520Q, C592G, 

A594V, L595S and C603W) are established as the genetic basis of ganciclovir resistance in 

most cases [1]. A recent tally from a large diagnostic laboratory also listed other mutations 

at codon 595 (L595F/W) as relatively common [11]. These mutations decrease the 
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phosphorylation of ganciclovir required for antiviral activity, while preserving biologically 

important UL97 kinase function [1]. They confer a 5- to 15-fold increase in the ganciclovir 

concentration required to reduce viral growth by 50% (EC50), except 3-fold for C592G [1]. 

Other UL97 mutations in the codon range 590–607, including in-frame deletions of one or 

more codons, occasionally emerge to confer varying levels of ganciclovir resistance. Rare 

mutations are described elsewhere in UL97, as in recent reports listed in Table 1 [12–16]. 

These are notable for unusual features such as being detected only after in vitro selection 

experiments, as minor sequence subpopulations, association with significant growth 

impairment or borderline resistance phenotypes.

As an ATP-competitive UL97 kinase inhibitor, the experimental drug maribavir elicits a 

different set of UL97 mutations clustered around the ATP binding site, usually amino acid 

substitutions V353A, T409M and H411Y/N/L which were initially observed in vitro and 

confer 9- to 80-fold increased maribavir EC50 without ganciclovir cross-resistance [1,2]. 

The second reported clinical case of maribavir resistance evolved the same associated UL97 

mutations as the first, T409M and H411Y/N [17]. Mutations that knock out UL97 kinase 

activity, e.g. by altering a critical residue such as K355, are inherently highly resistant to 

maribavir and cross-resistant to ganciclovir, but have no demonstrated clinical relevance 

because of the resulting severe viral growth impairment [12,15]. This includes some of the 

mutants in Table 1 that show high-level maribavir resistance (>200-fold increased EC50). 

However, the p-loop mutation F342S confers moderate dual ganciclovir and maribavir 

resistance while preserving biochemical kinase activity and relatively normal growth in cell 

culture [12]. It has not so far been observed in vivo, although the usual clinical diagnostic 

assays [11] do not detect it.

Viral UL54 DNA polymerase gene mutations can confer resistance to any or all of the 

traditional CMV polymerase inhibitors ganciclovir, foscarnet and cidofovir. Unlike UL97, 

there is no compact list of canonical resistance mutations; instead diverse mutations cluster 

in certain functional domains with characteristic associated resistance phenotypes [1,2,4,5]. 

New UL54 mutations affecting drug susceptibility continue to be reported regularly (Table 

2) [13,18–21]. In most cases they are close to known mutations of similar phenotype but are 

sometimes in unexpected locations, e.g. at codon 726 in Table 2. In general, mutations 

conferring ganciclovir and cidofovir cross-resistance map to the exonuclease and thumb 

domains. Although such mutations were speculated to favor the excision of misincorporated 

nucleotide analogs from replicating DNA, a recent biochemical study [22] suggests that 

these mutations actually overcome the stalling of the polymerase complex to enable 

continued chain extension beyond the misincorporated base. Since the experimental drug 

brincidofovir (formerly CMX001) is a lipid conjugate of cidofovir and intracellularly 

converted to the active form of the parent drug, resistance is expected to involve the same 

UL54 mutations, although in vitro propagation under brincidofovir may select for novel 

cidofovir resistance mutations such as D542E [21]. Foscarnet resistance mutations 

encountered in clinical practice tend to cluster in the palm and finger polymerase structure 

domains and may confer a low-grade ganciclovir ± cidofovir cross-resistance [5]. These 

mutations differ from those preferentially selected under ganciclovir, are often growth-

attenuated, and high-grade foscarnet resistance is rare, with the typical mutations conferring 

only 3- to 5-fold increased EC50s.
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The experimental drug letermovir (formerly AIC246) is a CMV terminase complex inhibitor 

[23]. This complex includes the products of viral genes UL56, UL89 and UL51, acting in 

concert with others involved in viral DNA packaging. Against wild type CMV, letermovir is 

potently inhibitory, with nanomolar EC50 values. However, in vitro propagation under the 

drug readily selects for UL56 mutations in the codon range 231–369 that can confer 

impressive levels of resistance [24]. For example, mutation C325Y effectively confers 

absolute resistance to non-cytotoxic letermovir concentrations (EC50 >5000 fold over 

baseline), with no perceptible in vitro growth impairment [24]. This suggests that critical 

letermovir binding residues are not critical to the biological function of the terminase 

complex, implying a low genetic barrier to resistance. Our understanding remains quite 

incomplete of the diversity, relative frequency and therapeutic implications of letermovir 

resistance mutations.

Laboratory diagnosis of CMV drug resistance

Confirmation of drug resistance is desirable because suboptimal responses to treatment may 

have other causes, and empiric changes in therapy may have adverse effects. Laboratory 

testing is based on genotypic analysis of clinical specimens such as blood or plasma for the 

presence of viral mutations known to confer drug resistant phenotypes. A recent study of 

serial specimens received for genotypic testing indicated that the first submitted specimen 

tested negative for resistance mutations in more than half of the patients, although about 

two-thirds eventually turned positive with repeated testing [11]. A consensus guideline [5] 

suggests a criterion of at least 6 weeks of antiviral drug exposure including 2 or more weeks 

of full dose therapy before testing for suspected drug resistance, although the schedule may 

be accelerated by poor host factors and extreme viral loads (e.g. >106 IU/mL), and may vary 

with newer drugs of different antiviral mechanism.

For ganciclovir, genotypic testing is usually straightforward in that a canonical UL97 kinase 

mutation is expected, corresponding to a known level of drug resistance. UL54 DNA 

polymerase mutations are typically selected after prolonged ganciclovir exposure to increase 

the level of drug resistance and add cross-resistance to cidofovir or sometimes to foscarnet 

[1]. Interpretation becomes more complicated when unrecognized mutations are detected in 

UL97 and especially in UL54. New genotype-phenotype correlations are still being reported 

after more than 20 years of experience with existing antivirals (Tables 1 and 2). A recent 

analysis of atypical mutations encountered (especially as partial sequence populations) in a 

large valganciclovir trial concluded that many of them were not reproducible on repeated 

testing of the same sample and were rarely authenticated as new resistance mutations [18]. 

Many were probably artifacts of PCR amplification. A report of an unrecognized mutation 

or one known to confer a severe growth defect should be followed by independent 

confirmatory testing, particularly if mixed with wild type sequence and the tested specimen 

had a low viral load.

Conversely, the current diagnostic Sanger sequencing technology lacks sensitivity to detect 

mutant sequence subpopulations of less than 20–30%. Evolving next-generation deep 

sequencing technologies [25] can detect much smaller subpopulations of 1%–3%, with 

suitable precautions for errors introduced during amplification and sequencing. Recent pilot 
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studies demonstrate increased sensitivity of detection of resistance mutations in samples 

tested in parallel using old and new technologies [26], including detection of emerging 

resistant mutant subpopulations weeks earlier in serial samples, along with a greater variety 

of mutations than traditional testing [19]. However, the new technologies are in flux and 

have not yet been adequately standardized or quality controlled to enter routine clinical 

diagnostic practice.

Phenotypic assays of clinical CMV culture isolates directly against antiviral compounds are 

impractical [1]. Instead, the drug susceptibility phenotypes of newly encountered mutations 

are determined by mutagenesis of cloned baseline CMV laboratory strains followed by 

quantitative growth assays, often using reporter genes under increasing drug concentrations, 

a process known as recombinant phenotyping [1,13,27]. Newly introduced phenotyping 

assays need to be calibrated using mutations conferring known levels of drug susceptibility.

Treatment strategies for drug-resistant CMV

Consensus management guidelines were recently updated [5] but remain undocumented by 

controlled studies. Variation in host factors greatly influences the outcome of CMV 

infection, drug-resistant or not, and along with individual differences in antiviral drug 

exposure and viral loads will make it very difficult to perform and interpret any controlled 

comparisons of treatment strategies. Proposed treatment algorithms [3,5] must also take 

these factors into account.

The first consideration is to optimize host defenses by reducing immunosuppression as 

feasible. Adoptive T-cell transfers have been described as beneficial [28] but may be 

logistically complicated. For UL97 mutations that confer lower levels of ganciclovir 

resistance, dose escalation may be an attractive interim option as used in some recently 

published cases [29]. The idea is that a limited but beneficial amount of ganciclovir 

phosphorylation may still occur in the presence of UL97 mutants and a higher ganciclovir 

level. This option is less appealing if there are additional UL54 mutations increasing the 

overall level of resistance. Hematologic toxicity must be closely monitored when using 

nonstandard high doses.

Despite doubt about its ultimate efficacy as salvage therapy, e.g. in lung transplant recipients 

[30], foscarnet is currently the principal alternative to ganciclovir [5], as the extent of cross-

resistance is limited and usually low-grade. Foscarnet therapy is complicated by metabolic 

and renal adverse effects, and intravenous administration of high fluid volumes. Cidofovir is 

the least documented treatment option for drug-resistant CMV. It tends to appear in reports 

of multiply relapsing cases as a salvage treatment of transient efficacy, with resistance 

seemingly selected fairly quickly [19], probably accelerated by prior exposure to 

ganciclovir, since significant ganciclovir-cidofovir cross-resistance is the rule among UL54 

mutations [1,5]. Nephrotoxicity becomes dose-limiting after a few weeks.

Given the limited options for standard CMV antivirals, there are ongoing suggestions to use 

drugs that alter cellular metabolic pathways to reduce the rate of CMV replication, such as 

mTor inhibitors, artesunate [31] and leflunomide [32]. These adjunctive measures have had 

mixed success in overcoming negative host factors that contributed to the development of 
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drug resistance, but adjusting post-transplant immunosuppression in favor of an mTor 

inhibitor may be practical in the absence of adverse drug interactions or other concerns [5].

Experimental CMV antiviral compounds

Three experimental oral CMV antivirals have entered late stage clinical trial: the cidofovir 

lipid conjugate brincidofovir, the UL97 kinase inhibitor maribavir, and the terminase 

inhibitor letermovir.

Despite overlapping drug resistance mechanisms, brincidofovir may have a role in treating 

drug-resistant CMV because of its oral bioavailability, in vitro potency, intracellular drug 

concentrations, and antiviral activity shown in a phase II trial [33], where no development of 

resistance mutations was noted. Higher than expected doses were needed for full effect and 

were limited by gastrointestinal toxicity. Although brincidofovir resistance is not rapidly 

selected in vitro [21], continued viral replication during treatment may be a risk, as prior 

ganciclovir therapy may have selected for undetected subpopulations of cross-resistant 

mutants.

Maribavir has been at various stages of clinical trial over an extended period. After failed 

phase III prophylaxis trials [5], the drug has completed a phase II trial for the salvage 

treatment of resistant CMV infection, with no results announced as of early 2015. 

Uncontrolled reports suggest mixed success as salvage therapy [34]. Therapeutic utility is 

more probable in cases with lower viral loads and less impaired host immune function, given 

the fast emergence of maribavir resistance in two cases with high viral loads [17].

Letermovir recently entered phase III trials as CMV prophylaxis after stem cell 

transplantation following a successful phase II trial [23]. As with brincidofovir, higher doses 

were needed than projected from the nanomolar in vitro EC50s. The distinct viral target is 

appealing but the apparently low genetic barrier to letermovir resistance may compromise 

utility as a single agent in treating high-grade active infection. The phase II report [23] 

provided no information on letermovir resistance mutations in the observed cases of CMV 

breakthrough during prophylaxis.

Combination antiviral therapy involving multiple antiviral targets is a well-established 

concept for treatment of HIV and hepatitis C infections that should in principle apply to 

CMV. Historical attempts to combine polymerase inhibitors such as ganciclovir and 

foscarnet were limited by tolerability and cross-resistance [5], but the advent of newer 

options involving different antiviral targets may provide new opportunities for rational 

combinations that lower the risk of treatment failure and drug resistance.

Conclusion

Risk factors and approaches to diagnosis of CMV drug resistance are now quite well 

established and updated with periodic published details of specific patient populations and 

relevant mutations. Genotypic diagnosis may benefit from quality control and improved 

detection sensitivity of newer technology. Because of limited treatment options using 

currently licensed drugs, all targeting the viral DNA polymerase, there is great interest in 
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developing alternative antiviral targets. The genetic barriers and pathways to resistance for 

experimental antivirals need better definition, and information is awaited on the efficacy of 

these compounds singly or in combination for the treatment of drug-resistant CMV disease.
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Key Points

• Incomplete suppression of CMV replication during therapy risks the eventual 

development of drug resistance

• Resistance to current DNA polymerase inhibitors typically requires months of 

antiviral drug exposure, but the interval may be shortened by adverse host or 

drug factors permitting higher ongoing levels of viral replication

• Genotypic testing for relevant viral mutations can be improved with attention to 

quality control and use of newer technologies offering higher sensitivity of 

detection of mutant subpopulations

• Experimental drugs with different antiviral mechanisms, used singly or in 

combination, may offer better options for treating drug-resistant CMV infection

• Further definition is needed of the mutations and genetic barriers to resistance 

applicable to drugs targeting different antiviral gene products.
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Table 1

Recently published CMV UL97 kinase mutations that decrease drug susceptibility

Amino acid change
Fold increase EC501 for

Reference Circumstances of detection2
Ganciclovir Maribavir

F342S 7.8 18 [12] in vitro, cyclopropavir

V356G 5.5 108 [12] in vitro, cyclopropavir minor subpopulation

D456N 12 278 [15] in vitro, methylenecyclopropane nucleoside

C480R 9 243 [15] in vitro, methylenecyclopropane nucleoside

C518Y 12 [16] clinical isolate

P521L 17 428 [12] clinical specimen, genotypic test result

A613V 2.3 [14] clinical specimen, genotypic test result

Y617del3 10 372 [15] in vitro, methylenecyclopropane nucleoside

E655K 1.7 [13] clinical specimen, genotypic test result

1
Increase in drug concentration required to reduce viral growth 50% (EC50) compared with wild type

2
Partial or complete mutant populations in clinical specimens or after in vitro passage under drug

3
In frame deletion of codon 617
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