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Background. This drug resistance analysis of a randomized trial includes 234 patients receiving maribavir and 116 receiving 
investigator-assigned standard therapy (IAT), where 56% and 24%, respectively, cleared cytomegalovirus DNA at week 8 
(treatment responders).

Methods. Baseline and posttreatment plasma samples were tested for mutations conferring drug resistance in viral genes UL97, 
UL54, and UL27.

Results. At baseline, genotypic testing revealed resistance to ganciclovir, foscarnet, or cidofovir in 56% of patients receiving 
maribavir and 68% receiving IAT, including 9 newly phenotyped mutations. Among them, 63% (maribavir) and 21% 
(IAT) were treatment responders. Detected baseline maribavir resistance mutations were UL27 L193F (n = 1) and UL97 F342Y 
(n = 3). Posttreatment, emergent maribavir resistance mutations were detected in 60 (26%) of those randomized to maribavir, 
including 49 (48%) of 103 nonresponders and 25 (86%) of the 29 nonresponders where viral DNA initially cleared then 
rebounded while on maribavir. The most common maribavir resistance mutations were UL97 T409M (n = 34), H411Y (n = 26), 
and C480F (n = 21), first detected 26 to 130 (median 56) days after starting maribavir.

Conclusions. Baseline maribavir resistance was rare. Drug resistance to standard cytomegalovirus antivirals did not preclude 
treatment response to maribavir. Rebound in plasma cytomegalovirus DNA while on maribavir strongly suggests emerging drug 
resistance.

Clinical Trials Registration. NCT02931539.
Keywords. antiviral drug resistance; antiviral therapy; cytomegalovirus; maribavir.

Received 31 May 2023; editorial decision 21 July 2023; accepted 27 July 2023; published 
online 28 July 2023

Correspondence: Sunwen Chou, MD, Division of Infectious Diseases L457, Oregon Health 
and Science University, 3181 SW Sam Jackson Park Road, Portland, OR 97239 (chous@ 
ohsu.edu). Martha Fournier, MD, Takeda Development Center Americas, Inc., 300 Shire 
Way, Lexington, MA 02421 (martha.fournier@takeda.com).

The Journal of Infectious Diseases® 2024;229:413–21 
© The Author(s) 2023. Published by Oxford University Press on behalf of Infectious Diseases 
Society of America. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution- 
NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/by-nc-nd/4.0/), which 
permits non-commercial reproduction and distribution of the work, in any medium, provided 
the original work is not altered or transformed in any way, and that the work is properly cited. 
For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/infdis/jiad293

For a long time, the only approved systemic antiviral drugs for 
treatment of human cytomegalovirus (CMV) infections con
sisted of ganciclovir, its prodrug valganciclovir, foscarnet, 
and cidofovir, all targeting the viral DNA polymerase. 

Recently, maribavir was approved for treatment of CMV infec
tions refractory (with or without resistance) to standard thera
py. After promising phase 2 trials [1, 2], a phase 3 randomized 
trial showed that 56% of 234 patients who received maribavir 
and 24% of 116 receiving investigator-assigned standard thera
py (IAT, chosen from the polymerase inhibitors listed above) 
achieved confirmed plasma viral DNA clearance at study 
week 8 and were classified as treatment responders [3]. This 
study involved patients at higher risk for adverse treatment out
comes, who were refractory to prior therapy, and the majority 
of whom had baseline genotypic data showing a known drug 
resistance mutation (DRM). Maribavir treatment avoided the 
hematologic toxicity of ganciclovir and the nephrotoxicity of 
foscarnet, both of which contributed to a higher rate of early 
discontinuation of therapy and impact on response rates [3].

Maribavir is a potent and selective benzimidazole L-riboside 
inhibitor of the CMV UL97 kinase [4] that has multiple 
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activities important for viral replication [5, 6]. Knockout of 
UL97 kinase activity severely reduces but does not eliminate vi
ral growth [5]. Another activity of the UL97 kinase is the initial 
phosphorylation of ganciclovir needed for generation of its tri
phosphate as a CMV DNA polymerase inhibitor [7]. Mutations 
in the UL97 gene that impair ganciclovir phosphorylation with 
little impact on viral replication have long been known to be the 
principal mechanism of CMV ganciclovir resistance [8]. The 
most common of these mutations, at codons 460, 520, and 
591–607, do not overlap the UL97 mutations that commonly 
confer maribavir resistance, such as substitutions T409M and 
H411Y described in vitro before late-stage clinical trials were 
conducted [9]. However, more recent phase 2 trials have shown 
ganciclovir-maribavir cross-resistance arising in vivo resulting 
from the UL97 substitutions F342Y and C480F [10]. Because 
resistance to the newer CMV antivirals letermovir (approved 
for use as prophylaxis [11]) and maribavir appears to be readily 
selected in vitro [10, 12, 13], their incidence of drug resistance 
in clinical use requires attention.

Importantly, the previous report on maribavir resistance 
during phase 2 trials highlighted the prominence of UL97 sub
stitutions T409M, H411Y, and C480F, and a rebound of plasma 
CMV during maribavir therapy as indicators of emerging resis
tance [10]. This analysis of genotyping data from a phase 3 ran
domized trial expands the earlier information and provides a 
comparison with the baseline and emergent resistance muta
tions for maribavir and the standard CMV DNA polymerase 
inhibitor drugs.

METHODS

Study Population, CMV Treatment and Primary End Point

As previously published [3], this phase 3 trial (SOLSTICE, 
NCT02931539) enrolled 352 solid organ or hematopoietic 
cell transplant recipients with CMV infection resistant or re
fractory to treatment with standard therapy, who were ran
domized to receive either maribavir or IAT for 8 weeks in a 
2:1 ratio. As part of the phase 3 trial, all patients/legal guardians 
provided written informed consent, and the trial was approved 
by the institutional review board of each participating institu
tion. The resistance analysis study population consisted of 
the 350 patients who received at least 1 dose of study drug 
(234 maribavir and 116 IAT). Of those receiving IAT, the 
investigator-assigned drug was foscarnet (n = 47), ganciclovir 
(n = 28), valganciclovir (n = 28), foscarnet combined with gan
ciclovir or valganciclovir (n = 7), or cidofovir (n = 6) [3].

The primary end point (criterion for treatment responder) 
was defined as clearance of plasma CMV DNA to <137 IU/mL 
(lower limit of detection) in consecutive samples obtained at 
least 5 days apart, when assessed at the end of study week 
8. CMV DNA quantitation was done in a central laboratory 
using the COBAS AmpliPrep/COBAS TaqMan assay (Roche 

diagnostics). Nonresponders included those who had missing 
virologic data at week 8, usually because of early discontinua
tion of study drug, or who were transitioned to alternative ther
apy before this time point, including 22 receiving IAT who were 
switched to maribavir (rescue therapy). Those who initially 
cleared their plasma CMV DNA but had a rebound of viral 
DNA at the 8-week timepoint were also classified as nonre
sponders [3].

Resistance Analysis Protocol

Baseline genotypic analysis was a scheduled event, along with 
repeated genotypic analysis for plasma CMV DNA >455 IU/mL 
at weeks 4, 8 (end of treatment), 16, and 20 (follow-up period), 
as well as with discontinuation of therapy or rebound of viral 
load after previous clearance or nadir load at least 1 log lower. 
Resistance genotyping was performed by a central laboratory 
on DNA extracts of frozen plasma samples by nested polymer
ase chain reactions (PCRs) and fluorescent dideoxy (Sanger) 
sequencing [14] using primers providing overlapping sequence 
coverage of the entire viral genes UL97, UL54, and UL27. 
Sequences were aligned with those of the reference strain 
AD169. Automated readouts of amino acid substitutions 
were rechecked by visual inspection of sequencing chromato
grams in cases of novel appearance of previously unknown 
mutations, or mixed sequence populations in low copy number 
specimens (<1000 IU/mL). Readouts with low quality scores or 
lacking confirmatory chromatograms were rejected [10, 14]. 
Detected amino acid substitutions were classified as known 
DRMs documented by recombinant phenotyping data [8], pre
sumptive resistance mutations based on unpublished pheno
type data or other known resistance mutations at the same 
codon locations, sequence polymorphisms previously observed 
in untreated baseline specimens, and variants of unknown phe
notype. Sequencing data for each gene were considered incom
plete if information was missing for codon ranges known to be 
involved in drug resistance.

For purposes of this study, all counts of DRMs include phe
notypically confirmed resistance mutations, based on the num
ber of patients (n) in whom they were detected. Tallies of 
maribavir-DRMs or IAT-DRMs (mutations conferring resis
tance to ganciclovir, cidofovir, and/or foscarnet) include the 
counting of maribavir-ganciclovir dual-resistant mutations 
UL97 F342Y and C480F in both categories, and IAT-DRM 
counts include those for any of the licensed CMV DNA poly
merase inhibitors regardless of the specific IAT drug assigned 
for an individual case. Treatment-emergent mutations were 
those that appeared in posttreatment specimens without the 
same readout in a baseline specimen where available.

Recombinant Phenotyping

The drug susceptibility phenotypes of presumptive resistance 
mutations were determined by recombinant transfer of the 
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individual mutations to a baseline bacterial artificial chromo
some clone of CMV laboratory strain AD169 followed by a 
reporter-based yield reduction assay to determine the drug 
concentration required to reduce viral growth by 50% (EC50), 
as previously published [10]. Resistance is defined as a drug 
EC50 > 1.9-fold increased over that of a wild-type control.

RESULTS

Sequence Variants Observed at Baseline

At baseline, genotyping for 1 or more viral genes (UL27, UL54, 
and UL97) was available for 320 (91%) of the 350 individuals in 
the resistance analysis group. Those without data in any gene 
(n = 30) had baseline viral loads of less than 455 IU/mL, too 
low for reliable genotyping. Figure 1 shows the frequency of de
tection of baseline DRMs according to the randomized treat
ment and viral gene. As expected, UL97 ganciclovir-DRMs 
were the most common, detected in 53% and 67%, respectively, 
of those assigned to maribavir and IAT who had baseline UL97 
data. Considering both UL97 and UL54 baseline data, 121 
(56%) patients receiving maribavir and 70 (68%) receiving 

IAT had genotypic evidence of IAT-DRMs. Baseline resistance 
to maribavir was limited to 1 instance of UL27 L193F (mariba
vir arm) and 3 instances of UL97 F342Y (IAT arm).

Supplementary Table 1 lists the specific DRMs detected at 
baseline. The 26 distinct UL97 amino acid substitutions con
firm the historical status of M460V/I, H520Q, C592G, 
A594V, L595S, and C603W as the 7 most common ganciclovir 
resistance mutations [8], although the low-grade resistance 
substitution C592G appears to be declining in frequency [14]. 
Adding to the 7 canonical mutations are others in the estab
lished codon range 590–607, including in-frame codon dele
tions, as well as the more recently identified K359N/Q and 
F342Y [15]. The 33 distinct UL54 mutations include the exonu
clease domain mutations mapping to codons 408–545 that 
characteristically confer dual cidofovir-ganciclovir resistance, 
followed by amino-terminal, palm and finger domain muta
tions conferring primarily foscarnet resistance, with notable 
triple-drug resistance resulting from Q578H, A834P, G841A, 
and D981del2 [8]. The UL27 substitution L193F was observed 
in vitro [16] to confer low-grade (2.6-fold increased EC50) mar
ibavir resistance.

Received study drug 

n=350

Maribavir

n=234

With baseline genotype data (n=217)

DRM Detected (n=121, 56%)

UL27 (n=206, [3])*

Maribavir DRM (n=1)

UL54 (n=204, [2])*

Ganciclovir DRM (n=35, 17%)
Cidofovir DRM (n=34, 17%)
Foscarnet DRM (n=10, 5%)

UL97 (n=212, [9])*

Ganciclovir DRM (n=113, 53%)
Maribavir DRM (n=0)

IAT

n=116

With baseline genotype data (n=103)

DRM Detected (n=70, 68%)

UL27 (n=98, [2])*

Maribavir DRM (n=0)

UL54 (n=100, [0])*

Ganciclovir DRM (n=20, 20%)
Cidofovir DRM (n=17, 17%)
Foscarnet DRM (n=8, 8%)

UL97 (n=98, [1])*

Ganciclovir DRM (n=66, 67%)
Maribavir DRM (n=3, 3%)

Figure 1. Baseline drug resistance mutations by assigned drug and viral gene. Asterisks indicate number of patients with genotyping in the indicated gene, and in square 
brackets the number of patients with incomplete data for the gene. Abbreviations: DRM, drug resistance mutation; IAT, investigator-assigned therapy.
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Supplementary Table 2 lists 175 uncharacterized amino acid 
variants encountered at baseline that are not classified as 
known polymorphisms or resistance mutations. As in prior 
CMV drug trials [17], the list is long, especially for UL54.

Baseline Drug Resistance Mutations and Subsequent Treatment Response

Among 121 maribavir recipients with detected baseline 
IAT-DRMs (Figure 1), 76 (63%) had a treatment response, as 
compared with the 56% of all study patients who received mar
ibavir [3]. The 76 responders received a median of 57 days of 
maribavir treatment (range 54–60 days). The patient with base
line UL27 L193F denoting low-grade maribavir resistance 
(Figure 1) was a nonresponder; the mutation persisted over 
the 8-week maribavir treatment duration and UL97 F342Y addi
tionally evolved beginning at 4 weeks. Among those randomized 
to IAT (Figure 1), the 70 with any detected baseline IAT-DRMs 
included 15 (21%) treatment responders, as compared with a 

30% response rate in the 33 IAT recipients without a detected 
baseline DRM. Premature discontinuations strongly affected re
sponse rates to IAT [3]. All 15 responders received ≥28 days of 
study drug (median 56 days, range 28–58). Of the 55 nonre
sponders, only 32 (58%) received ≥28 days of study drug (medi
an 36, range 4–64). Among 50 patients receiving foscarnet, only 
1 (a nonresponder treated for 19 days) had a baseline 
foscarnet-DRM. The foscarnet response rate of 26% rose to 10 
(71%) of the 14 who received >52 days of therapy. The 47 
patients receiving valganciclovir or ganciclovir (without foscar
net) had a 26% response rate. Of the 31 with a baseline 
ganciclovir-DRM, 5 (16%) were responders, as were 4 (27%) of 
15 who received >52 days of therapy. None of 6 cidofovir recip
ients were responders despite a baseline cidofovir DRM detected 
in only 1. The 3 patients with UL97 F342Y implying dual ganci
clovir and maribavir resistance at baseline were all IAT nonre
sponders; 1 received ganciclovir and 2 received foscarnet.

All treated pa�ents (n=350)

All DRM (n=91, 26%)
IAT DRM (n=62, 18%)
Maribavir DRM (n=65, 19%)

Maribavir (n=234)

IAT DRM (n=46, 20%)
Maribavir DRM (n=60, 26%)
UL97 F342Y|C480F (n=24, 10%)

Responder with recurrence 
a!er therapy (n=66)

IAT DRM (n=9, 14% )
Maribavir DRM (n=11, 17%)
UL97 C480F (n=1, 1.5%)

Nonresponder (n=103)

IAT DRM  (n=37, 36%)
Maribavir DRM (n=49, 48%)
UL97 F342Y|C480F (n=23, 22%)

Nonresponder with recurrence 
during therapy (n=29)

IAT DRM (n=18, 62%)
Maribavir DRM (n=25, 86%)
UL97 C480F (n=15, 52%)

IAT only (n=94)

IAT DRM (n=11, 12%)
Maribavir DRM (n=0) 

Responder with recurrence
a!er therapy (n=11) 

IAT DRM  (n=3, 27%)

Nonresponder (n=66)

IAT DRM  (n=8, 12%)

IAT with maribavir rescue (n=22)

IAT DRM (n=5, 23%)
Maribavir DRM (n=5, 23%) 

Figure 2. Treatment-emergent drug resistance mutations by patient category. Each treatment and outcome category is listed in bold with the number of patients (n). The 
number and percent of each group that developed maribavir-DRMs or IAT-DRMs is listed. UL97 F342Y and C480F are counted under both maribavir-DRMs and IAT-DRMs, and 
also listed separately if present. Abbreviations: DRM, drug resistance mutation; IAT, investigator-assigned therapy.
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Sequence Variants Observed After Receiving Study Drug

The incidence of treatment-emergent (not detected at baseline) 
DRM in various study subsets is shown in Figure 2. Among 
234 patients randomized to maribavir, posttreatment 
maribavir-DRMs were detected in 26%, and IAT-DRMs in 
20%, including the 10% who developed mutations UL97 
F342Y and C480F classified as both maribavir-DRMs and 
IAT-DRMs. Among 94 patients randomized to IAT who did 
not receive maribavir rescue therapy, none developed 
maribavir-DRMs and 12% had IAT-DRMs detected. Among 
the 22 randomized to IAT and later switched to maribavir res
cue therapy, all 5 who developed maribavir-DRMs did so after 
maribavir, while 3 of 5 who developed IAT-DRMs did so before 
maribavir treatment.

The incidence of maribavir resistance mutations varied by 
treatment outcome (Figure 2). Those who responded to mari
bavir but developed a CMV recurrence after the end of therapy 
had a 17% incidence of maribavir-DRMs, while those who did 
not respond had a 48% incidence of maribavir-DRMs, includ
ing 86% of nonresponders who had a rebound in viral load 
while on therapy after initially achieving a viral load below 
the quantitation limit.

Too few of those randomized to IAT developed treatment- 
emergent DRMs to allow a meaningful breakdown of incidence 
by the specific IAT drug and outcome; of the 16 (IAT with 
or without maribavir rescue) who developed IAT-DRMs 
(Figure 2), 7 received foscarnet, 5 received ganciclovir, and 
≤2 received valganciclovir with or without foscarnet or cidofovir.

The relative frequency of treatment-emergent maribavir- 
DRMs is shown in Table 1. All emergent maribavir resistance 
was attributable to a total of only 6 UL97 mutations. Amino 
acid substitutions T409M, H411Y, and C480F were by far 
the most common, and confer moderate to high-grade 
maribavir resistance. Combinations of maribavir-DRMs were 

observed in some patients, including 9 instances of H411Y 
and T409M, 6 instances of T409M and C480F, and 3 instances 
of H411Y and C480F, suggesting that the initial selection of a 
lower-grade DRM may lead to additional mutations that in
crease the level of maribavir resistance.

Among the 60 randomized to maribavir who developed mar
ibavir resistance, the time from start of therapy to first detection 
of maribavir-DRMs ranged from 26 to 130 days (median 56 
days); their starting viral loads varied widely from 145 to 
1.67 × 106 IU/mL (median 10 277 IU/mL), as compared with 
a median of 3521 IU/mL for all who were randomized to mar
ibavir. The distribution of starting viral loads and time to emer
gence of a maribavir resistance mutation is shown in 
Supplementary Figure 1, with poor correlation of these param
eters (Pearson coefficient −0.17).

Table 2 lists the treatment-emergent IAT-DRMs in those 
who received maribavir or IAT. The maribavir-ganciclovir 
dual-resistant mutations UL97 F342Y and C480F are omitted 
from this table because they are included in Table 1; no IAT re
cipient developed these mutations. A similar number of IAT 
and maribavir recipients developed a comparable number of 
IAT-DRMs that have no known connection with maribavir re
sistance, including UL97 mutations that have been shown to 
confer no maribavir resistance. This finding makes it difficult 
to distinguish IAT-DRMs selected by prior IAT drugs (not de
tected at baseline) from mutations that were newly selected 
during the period of study drug exposure to maribavir or IAT.

Supplementary Table 3 lists the 64 uncharacterized 
treatment-emergent sequence variants detected in this trial. 
These are not documented polymorphisms, but not many are 
in the proximity of known DRMs. Almost all were detected 
in a single individual per variant. None of these variants 
plausibly alter the highly concentrated mapping of 
maribavir-DRMs to the mutations listed in Table 1.

Retreatment After Development of Maribavir Resistance

No protocol was specified for selecting and monitoring 
the treatment of the 65 who developed emergent 
maribavir-DRMs (Figure 2). Study records indicate that within 
4 weeks of ending maribavir (or first appearance of 
maribavir-DRMs, if later), 31 received ganciclovir or valganci
clovir, 27 received foscarnet, 2 received cidofovir, and 7 re
ceived letermovir. Some received more than 1 drug, and no 
treatment data were available for 13. Among the 52 with follow- 
up treatment history, 30 (58%) were recorded as having 
achieved viral clearance within 2 months of ending maribavir 
treatment, including 13 (62%) of 21 who developed UL97 
F342Y or C480F that confer ganciclovir cross-resistance. 
Among 19 who developed C480F, the 12 who were successfully 
treated included 8 who received only ganciclovir or valganci
clovir. Foscarnet was used to treat 2 patients who developed 
F342Y, 1 successfully.

Table 1. Distribution of Treatment-Emergent Maribavir DRM

rMed Gene
Amino Acid  
Substitution n

Fold Increase  
Maribavir EC50

Reference 
for EC50

IATa UL97 T409M 4 78–90 [10, 15]

IATa UL97 H411L 1 69 [18]

IATa UL97 H411Y 2 12–18 [15, 18]

Maribavir UL97 F342Yb 3 4.5 [15]

Maribavir UL97 T409M 30 78–90 [10, 15]

Maribavir UL97 H411L 1 69 [18]

Maribavir UL97 H411N 3 9 [18]

Maribavir UL97 H411Y 24 12–18 [15, 18]

Maribavir UL97 C480Fc 21 224 [10]

Abbreviations: EC50, drug concentration that reduces viral growth by 50%; DRM, drug 
resistance mutation; IAT, investigator-assigned therapy; rMed, randomized medication 
assignment.  
aGenotyped after receiving maribavir rescue.  
bAlso has 6-fold increased ganciclovir EC50.  
cAlso has 2.3-fold increased ganciclovir EC50.
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Phenotypes of Presumptive Resistance Mutations

Table 3 shows the drug susceptibility data of recombinant vi
ruses validating the phenotypes of presumptive resistance mu
tations. The EC50 data confirm that all 9 newly constructed 

mutant viruses show some degree of drug resistance. The 
UL97 mutants E596Q and A594P confer, respectively, lower 
and higher levels of ganciclovir resistance consistent with 
some other mutations at those codons. The various UL54 exo
nuclease domain mutants N408H, L501F, T503A, K513Q, 
P522T, and L545F confer the characteristic ganciclovir and ci
dofovir dual resistance to varying degrees (borderline for 
P522T and higher level for K513Q/L545F). The UL54 amino- 
terminal mutation C590F confers low-grade foscarnet resis
tance and a borderline <2-fold elevation of cidofovir and gan
ciclovir EC50, comparable to findings reported for nearby 
mutations UL54 S585A [19], D588E/N [20, 21], and F595I [19].

DISCUSSION

In this phase 3 study, 26% of transplant recipients receiving up 
to 8 weeks of maribavir therapy for CMV infection after failing 
conventional therapy developed genotypic evidence of mariba
vir resistance. Treatment nonresponders, particularly those 
who experienced a viral load rebound while on therapy, were 
at higher risk and merit closer monitoring for resistance. The 
most common genotypic resistance markers for maribavir re
sistance are confirmed to be UL97 T409M, H411Y, and 
C480F. Baseline resistance to standard therapy (IAT) did not 
preclude a treatment response to maribavir, and a majority of 
those who developed maribavir resistance eventually achieved 
viremia clearance with alternative therapy.

This resistance analysis is broadly in agreement with findings 
reported for the phase 2 maribavir treatment trials [10], now 
with a more complete genotypic dataset and comparison of 

Table 2. Distribution of Treatment-Emergent IAT DRM

rMed IAT rMed MBV

Gene Amino Acid Substitution n Gene Amino Acid Substitution n

UL54 F412V 1 UL54 S290R 2

UL54 L516P 2 UL54 N408D 1

UL54 P522S 1 UL54 L501I 1

UL54 L545S 1 UL54 T503I 1

UL54 Q578H 3 UL54 K513N 1

UL54 C590F 1 UL54 L516P 1

UL54 E756K 1 UL54 P522T 1

UL54 L773V 1 UL54 C590F 1

UL54 L776M 1 UL54 V715M 1

UL54 A809V 1 UL54 L773V 1

UL54 A834P 1 UL54 G841A 1

UL54 G841A 2 UL54 G841S 1

UL97 K359E 1 UL54 A987G 1

UL97 M460V 1 UL97 K359E 1

UL97 H520Q 1 UL97 M460V 2

UL97 A594V 2 UL97 H520Q 1

UL97 L595F 1 UL97 A594V 3

UL97 L595S 1 UL97 L595F 1

UL97 C603W 2 UL97 L595S 1

UL97 E596G 1

UL97 C603W 1

UL97 F342Y and C480F, listed in Table 1, are not repeated here.  

Abbreviations: DRM, drug resistance mutation; IAT, investigator-assigned therapy; MBV, 
maribavir; rMed, randomized medication assignment.

Table 3. Genotypes and Phenotypes of Recombinant Viruses

Straina Genotypeb

Cidofovir EC50, µM Ganciclovir EC50, µM Foscarnet EC50, µM

Mean SD n Ratioc Mean SD n Ratioc Mean SD n Ratioc

Control strains

4198 UL54 WT 0.24 0.05 33 … 1.22 0.31 30 … 37 9 35 …

4200 UL97 WT … … … … 1.31 0.25 9 … … … … …

4376 UL54 D981del2 1.00 0.25 43 4.2 8.12 2.59 36 6.7 112 25 37 3.0

New recombinants (n = 9)

4540 UL54 N408H 0.79 0.21 12 3.3 2.38 0.41 10 2.0 41 8 10 1.1

4539 UL54 L501F 0.91 0.20 10 3.8 3.12 0.72 8 2.6 48 11 10 1.3

4543 UL54 T503A 0.88 0.25 15 3.7 3.79 1.24 10 3.1 55 11 14 1.5

4544 UL54 K513Q 4.38 1.14 13 18 8.04 2.93 11 6.6 38 9 10 1.0

4541 UL54 P522T 0.47 0.13 16 2.0 2.56 0.84 13 2.1 51 13 17 1.4

4542 UL54 L545F 2.57 0.59 10 11 4.84 1.12 11 4.0 44 10 10 1.2

4499 UL54 C590F 0.39 0.07 14 1.6 1.98 0.36 14 1.6 85 12 12 2.3

4538 UL97 A594P … … … … 10.7 3.08 9 8.1 … … … …

4537 UL97 E596Q … … … … 3.61 0.83 8 2.7 … … … …

Bold indicates EC50 > 1.9 ×  WT control. All EC50 ratios >1.4 denote a significant EC50 shift from WT. P < 1.1 × 10−4, Student t test, 2-tailed unequal variances.  

Abbreviations: EC50, drug concentration that reduces viral growth by 50%; n, number of replicate assays; SD, standard deviation of the EC50 values; WT, wild type.  
aSerial number of recombinant CMV strain.  
bUL54 amino acid substitution shown. D981del2 = in-frame deletion of codons 981–982.  
cRatio = EC50 of mutant virus/EC50 of WT control.
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findings with IAT. Early in vitro studies had already established 
UL97 T409M and H411Y as important maribavir-DRMs [18], 
but F342Y and C480F are more recently confirmed 
maribavir-DRMs [10, 15] that call for expanded diagnostic 
UL97 genotyping beyond what was customary for assessing 
ganciclovir resistance [14]. These 4 mutations confer widely 
differing degrees of maribavir resistance (Table 1). The more 
common ones, T409M, H411Y, and C480F, likely abrogate 
any useful therapeutic activity of maribavir and may appear 
in combination to further degrade its effect. Despite the high- 
grade maribavir resistance conferred by C480F, the mutant is 
only moderately attenuated in growth in vitro [10, 22], consis
tent with its frequent emergence in treated patients (Table 1). 
This contrasts with UL97 knockout strains of CMV that are 
highly resistant to maribavir but also severely growth impaired 
[5, 8, 10] and have not been authenticated in clinical specimens.

DRMs conferring dual resistance to maribavir and ganciclo
vir in clinical practice have gained more attention with the 
characterization of UL97 F342Y [15] and C480F [10, 22]. 
Data from this trial showing detection of F342Y at baseline in 
3 patients, as well as emerging after maribavir in 3 other pa
tients, indicate that either maribavir or ganciclovir therapy 
can select for this mutation to confer cross-resistance to the 
other. On the other hand, C480F has not been reported as se
lected by prior ganciclovir therapy. The low-grade ganciclovir 
resistance conferred by C480F is comparable to that of the ca
nonical UL97 C592G substitution that has better growth fitness 
[10] and would not be expected to out-compete in the presence 
of ganciclovir. It remains possible that small subpopulations of 
C480F are selected after prior ganciclovir exposure to facilitate 
emergence after maribavir treatment. The successful treatment 
with ganciclovir or valganciclovir of 8 patients who developed 
C480F after maribavir is consistent with current management 
guidelines [23] that do not rule out use of ganciclovir in the 
presence of mutations conferring low-grade resistance. Apart 
from F342Y and C480F, the common maribavir and ganciclo
vir DRMs have not been reported to confer cross-resistance; in
stead, the ganciclovir-DRM M460V/I are hypersensitive to 
maribavir [14].

Remarkably, the first clinical detection of UL27 mutation 
(substitution L193F) conferring maribavir resistance was at 
baseline. The origin of this mutation is unclear, as it has not 
been documented as a polymorphism [24], but maribavir resis
tance based on UL27 mutation appears to be uncommon in 
clinical practice [10]. Few UL27 variants emerged after expo
sure to maribavir (Supplementary Table 3), a comparable num
ber emerged after IAT, and the variant codon loci are close to 
many documented UL27 polymorphisms.

The documentation of additional IAT-DRMs (Table 3) ex
tends the history of occasional appearance of novel DRMs 
even after decades of use of these drugs, although the ones val
idated here are mostly alternative amino acid substitutions at 

the same codons as known DRMs. Most of the uncharacterized 
variants listed in Supplementary Tables 2 and 3 are likely poly
morphisms unrelated to resistance, but additional phenotypic 
analyses could reveal some new genotypic markers for resis
tance and risk of treatment failure.

Among limitations of the current study, this phase 3 trial of
fered no reliable comparison of the incidence of drug resistance 
after treatment with maribavir or IAT. Although 48% of mar
ibavir nonresponders developed maribavir resistance muta
tions and 12% of IAT nonresponders developed IAT 
resistance mutations (Figure 2), interpretation is complicated 
by the premature discontinuation of IAT in many patients 
(shorter exposure to drug while on study) and selection of 
DRM by prior IAT drugs that may not have been detected at 
baseline. Posttreatment IAT resistance mutations (not detected 
at baseline) without maribavir cross-resistance appeared in 
similar proportions in both maribavir and IAT recipients 
(Figure 2), suggesting a fluctuating sensitivity of detection of 
mutations selected by prior antiviral therapy rather than the 
study drug. Validated deep sequencing technologies may offer 
improved sensitivity of detection of mutant subpopulations at 
baseline and during therapy [8]. Randomized studies that do 
not involve as many prior antiviral treatments or baseline 
DRMs, and adjusted for starting viral loads and duration of 
drug exposure, will be more informative as to the relative inci
dence of drug resistance after therapy with maribavir or other 
CMV antivirals.

In conclusion, viral mutations may appear after several 
weeks of maribavir treatment and their detection requires a 
wider scope of UL97 genotypic testing than was prevalent in 
the past. This testing may be especially indicated where a re
bound in viral load occurs while on maribavir therapy. 
Maribavir resistance mutations are generally distinct from 
those associated with other antivirals, except that certain 
UL97 substitutions, such as F342Y or C480F, confer a degree 
of maribavir-ganciclovir cross-resistance that needs to be con
sidered when selecting alternative therapy. Future research in
cludes surveillance for other UL97 or UL27 mutations that may 
affect maribavir susceptibility.
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Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy
edited and are the sole responsibility of the authors, so ques
tions or comments should be addressed to the corresponding 
author.
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