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Background. In separate phase 2 trials, 120 patients received maribavir for cytomegalovirus (CMV) infection failing conven-
tional therapy (trial 202) and 119 received maribavir for asymptomatic infection (trial 203). Overall, 172 cleared their CMV infection 
(CMV DNA <200 copies/mL) within 6 weeks.

Methods. Baseline and posttreatment plasma samples were tested for mutations in viral genes UL97, UL54, and/or UL27. 
Selected viral mutants were phenotyped for drug susceptibility.

Results. Baseline samples revealed UL54 mutations newly phenotyped as conferring resistance to standard DNA polymerase 
inhibitor(s), including K493N, P497S, K513T, L565V, V823A, A987V, and E989D. Of 29 patients (including 25 from trial 202) who 
cleared but later experienced recurrent CMV infection while on maribavir, 23 had available UL97 genotyping data; 17 had known 
resistance mutations (T409M or H411Y) and 5 additional had UL97 C480F alone. The newly phenotyped mutation C480F conferred 
high-grade maribavir resistance and low-grade ganciclovir resistance. Among 25 who did not respond to >14 days of therapy, 9 
showed T409M or H411Y and 4 others showed C480F alone.

Conclusions. After maribavir therapy (400–1200 mg twice daily), UL97 mutations T409M, H411Y, or C480F emerge to confer 
maribavir resistance in patients with recurrent CMV infection while on therapy or no response to therapy.
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The treatment of systemic cytomegalovirus (CMV) infection 
and end-organ disease has long relied on the nucleoside an-
alog ganciclovir and other compounds targeting the DNA pol-
ymerase encoded by the viral UL54 gene. Although successful 
in many cases, particularly when used before the onset of symp-
tomatic disease [1], toxicity and the emergence of drug resist-
ance have prompted the development of alternative therapies 
with different antiviral targets and improved tolerability. An 
example is the terminase inhibitor letermovir, which was re-
cently approved for the prevention of CMV infection in stem 

cell recipients [2]. The role of letermovir as treatment of active 
CMV infection has yet to be defined.

The UL97 kinase inhibitor maribavir is a benzimidazole 
l-riboside that showed high antiviral potency in vitro [3] 
and favorable properties during preclinical and early clin-
ical testing [4], including a benign toxicity profile without 
myelosuppression or nephrotoxicity and notable mainly for 
dysgeusia (taste disturbance). The UL97 kinase has important 
roles in the replication of CMV, such that genetic knockout 
or maribavir suppression of its function severely impairs viral 
growth but does not prevent it entirely [5]. Phase 3 trials 
showed that low-dose maribavir (100  mg twice a day) lacked 
efficacy for prevention of CMV infection in transplant recipi-
ents [6, 7]. These were followed by phase 2 trials of higher doses 
(400, 800, and 1200 mg twice a day) for the treatment of CMV 
infection resistant or refractory to conventional therapy (trial 
202, NCT01611974) [8], or treatment of asymptomatic CMV 
infection in immunocompromised transplant recipients (trial 
203, EudraCT 2010-024247-32) [9]. The recently published re-
ports of these trials indicate that 67%–77% of patients success-
fully cleared their plasma CMV DNA (<200 copies/mL) within 
6 weeks, although some of them later went on to develop recur-
rent CMV infection after initially clearing.
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Figure 1. The genotyping study population. In top level boxes, N is the number 
of patients who received study drug, including 40 given valganciclovir in trial 
203. Numbers in lower level boxes are the count of patients with available gen-
otypic data at baseline (all patients) or with different outcomes after maribavir 
(MBV) therapy. Nonresponder group received maribavir for >14  days. Viral DNA 
sequencing was performed at the central laboratory (C), supplemented by local lab-
oratory testing (L) at baseline. Baseline genotypic data included portions of genes 
UL27, UL54, and UL97, and posttreatment data included UL27 and UL97. Not all 
patients had coverage of all targeted genes.

This analysis reports on the viral mutations and associ-
ated drug-resistance phenotypes detected at baseline and after 
maribavir therapy in patients enrolled in trials 202 and 203.

METHODS

Clinical Trial Samples

The characteristics and treatment outcomes of 120 patients 
(trial 202) and 119 patients (trial 203) who received maribavir 
at doses of 400, 800, or 1200 mg twice daily have been published 
[8, 9]. Trial 203 included 40 additional patients randomized to 
valganciclovir. Plasma specimens for genotyping were sched-
uled at the time of study entry (baseline) in all patients, and at 
follow-up in those who had a detectable posttreatment plasma 
CMV load representing scenarios of (1) initial viral clearance 
after receiving maribavir as judged by 2 consecutive undetect-
able viral loads (<200 copies/mL) at least 5 days apart, followed 
by recurrence of CMV infection while remaining on maribavir 
therapy, as judged by 2 consecutive measurable viral loads 
(≥200 copies/mL) at least 5 days apart; (2) initial viral clearance 
after receiving maribavir and recurrence of infection after drug 
discontinuation; and (3) no documented CMV clearance by the 
end of the maribavir treatment period (nonresponder). The 
number of patients in each of these categories with available 
genotype information is shown in Figure 1. Baseline genotyping 
was not performed on all patients, not all patients had follow-up 
genotyping as intended, and genotyping was done on only 1 
posttreatment specimen in most cases. In trial 202, the study 
sites often submitted locally acquired genotyping data to sup-
port an entry criterion of CMV infection resistant to conven-
tional therapy [8].

Genotyping Protocol

The genotyping protocol and viral gene sequencing targets 
were developed before study initiation without input from the 
present authors [8, 9]. Frozen DNA extracts of plasma sam-
ples were sent to a designated central laboratory where nested 
polymerase chain reaction (PCR) was performed to amplify 
regions of viral genes as follows: (1) UL97 from codon 270 to 
482, (2) UL54 from codon 389 to 852 and from 943 to 1058, 
and (3) UL27 from codon 108 to 424, using primers as listed 
in Supplementary Table 1. After fluorescent dideoxy DNA 
sequencing of the PCR products (Supplementary Table 1), re-
sults were compiled by the central laboratory and reported 
as amino acid substitutions relative to CMV strain AD169. 
Because the same primers were used for sequencing as for tem-
plate preparation, bidirectional reads were feasible 15–20 co-
dons inside each of the ranges listed above, while codons at the 
extremes of the amplified range were covered in only 1 direction 
of sequencing. For example, the UL97 codon range targeted for 
bidirectional coverage was 288–468, which notably excludes 
most of the canonical ganciclovir-resistance mutations that are 

beyond UL97 codon 468. Therefore, meaningful genotypic de-
tection of emerging resistance was impossible for the patients in 
trial 203 who received valganciclovir as a comparator.

Sequencing Interpretation and Quality Control

Important mutation readouts provided by the central labora-
tory, including the well-known maribavir-resistance muta-
tions at UL97 codons 409 and 411, as well as uncharacterized 
mutations, were reassessed by manual review of the original 
sequencing chromatograms. Known resistance mutations re-
quired at least 1 visually distinct readout with a quality value 
score of 30 or better in the read vicinity and a compatible readout 
in the opposite direction, while previously undocumented mu-
tations (absent in published literature and genetic databases) re-
quired confirmation on both DNA strands with a quality value 
score of 30 or better. Readouts of unclear authenticity were re-
commended for independent PCR and resequencing, but this 
was feasible in only a few cases because of loss of the original 
samples or their DNA extracts.

Interpretation of amino acid substitutions as sequence 
polymorphisms was based on their presence among genomic 
CMV sequences posted in the Genbank database without indi-
cation of antiviral drug exposure. UL54 variants between codons 
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600 and 695 were tentatively classified as polymorphisms be-
cause no drug-resistance mutations have mapped to this region 
that contains many documented polymorphisms [10, 11]. 
Because of the abundance of polymorphisms in UL27, baseline 
variants (present before receiving maribavir) were also tenta-
tively classified as polymorphisms. Known resistance mutations 
are those confirmed by a recombinant phenotype, while sus-
pected resistance mutations and candidates for phenotyping 
are those that emerged as a change from baseline, especially at 
codons already implicated in drug resistance or at the same or 
similar location as known resistance mutations.

Recombinant Phenotyping

This process for assigning a drug susceptibility profile to a spe-
cific mutation consists of recombining the desired mutation 
into a baseline susceptible cloned laboratory CMV strain ex-
pressing a secreted alkaline phosphatase (SEAP) reporter gene 
for viral growth quantitation, confirming the transferred mu-
tation by sequencing, and performing yield reduction suscep-
tibility testing in ARPEp cell cultures with 8 or more replicates 
over at least 4 setup dates, all as previously described and stand-
ardized [12, 13]. Susceptibility is expressed as the drug concen-
tration required to reduce SEAP growth by 50% (half maximum 
effective concentration, EC50).

RESULTS

The genotyping study population is outlined in Figure  1. 
At follow-up, more patients in trial 202 than in trial 203 had 
genotyping done after nonresponse to therapy or recurrence of 
infection while still receiving maribavir, consistent with a his-
tory of treatment-refractory or drug-resistant CMV infection.

Validation of Genotyping Data

Review of 2353 amino acid substitutions reported from the 
central laboratory revealed 283 that were not verifiable from 
original sequence chromatograms according to quality control 
criteria described in the “Methods” section (Supplementary 
Table 2). These rejected data involved 58 distinct substitu-
tions, 34 in UL27, 21 in UL54, and 3 in UL97. In many cases, 
the amino acid substitution was unspecified (marked “X”) be-
cause no clear readout was possible from the multiple peaks and 
unstable baselines. There were 200 unexplainable readouts of 
UL54 I833M across trials 202 and 203. Certain substitutions 
such as UL27 S352R, A397P, R399G, M418I, and Q424H were 
reported in multiple samples, where no results from any of 
the samples supported the readout. A limited set of 7 samples 
was independently amplified and sequenced in another refer-
ence laboratory, with results shown in Supplementary Table 3. 
Substitutions that appeared in Supplementary Table 2, such as 
UL27 Y168C and L169W, or UL54 I833M, were not reproduc-
ible on resequencing.

Sequence Variants Observed at Baseline

Baseline UL97 sequence findings in trial 202 have been sepa-
rately published [13]. In addition to the expected abundance of 
canonical ganciclovir-resistance mutations after prior therapy 
as reported by the local study sites, a P-loop mutation F342Y 
conferring ganciclovir-maribavir cross-resistance and atypical 
ganciclovir-resistance mutations K359E and K359Q were docu-
mented. In trial 203, 118 patients had baseline UL97 sequencing 
done at the central laboratory, and no known or suspected re-
sistance mutations were detected in the designated codon range 
(288–468).

Baseline UL54 mutations reported by local study sites for 
trial 202 are shown in Supplementary Table 4. Most of the 14 
distinct mutations were confirmed by the central laboratory 
for the same patients, although in several cases the concordant 
baseline mutations were detected only on reinspection of the se-
quence chromatograms. The central laboratory tested for UL54 
variants in baseline samples from 86 patients in trial 202 and 
93 patients in trial 203. After filtering out known and suspected 
polymorphisms (Supplementary Table 4), 29 variants of interest 
are shown in Table 1, of which 15 were known drug-resistance 
mutations [11], 8 were selected for recombinant phenotyping, 
and 6 remain uncharacterized. Among the latter, the variant 
V998I was observed at baseline in a valganciclovir trial without 
subsequent treatment failure [14], and no mutations at codons 
beyond 1000 have yet been shown to confer drug resistance.

Baseline UL27 sequence variants were reported by the central 
laboratory for 89 patients in trial 202 and 100 patients in trial 
203. These are listed in Supplementary Table 5. Among over 
1000 readouts of UL27 variation reported in these specimens, 
98% were known polymorphisms [15, 16] and the remainder 
were presumptive polymorphisms as they did not reflect any 
prior exposure to maribavir.

Sequence Variants Observed After Maribavir Therapy

Follow-up UL97 genotyping results are shown in Table 2 for trial 
patients who successfully cleared their plasma CMV DNA (<200 
copies/mL) but later developed a recurrence of CMV DNA while 
still receiving maribavir. Genotyping was attempted on all 29 pa-
tients across both trials and was successful in 23 cases. The previ-
ously characterized UL97 mutations [12, 17], T409M that confers 
75 to 90-fold increased maribavir EC50, and H411Y that confers 12 
to 18-fold increased EC50, were well represented with 14 and 3 pa-
tients, respectively, testing positive. A previously uncharacterized 
substitution, UL97 C480F, was discovered in 6 patients on review 
of original chromatogram data (Supplementary Figure 1). Both 
C480F and T409M were detected in 1 patient. Overall, 22 patients 
in this category tested positive for T409M, H411Y, or C480F, after 
42 to 168 days of maribavir therapy, representing 96% of the 23 
with UL97 genotyping data and 76% of those with CMV recur-
rence while on maribavir.
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Table 1. UL54 DNA Polymerase Variants Detected at Baseline (Central Laboratory)

Trial Substitution n Polymerase Domain Mutation Category Resistance Conferreda

202 N408K 1 ExoII Known CDV, GCV

202 F412C 1 ExoII Known CDV, GCV

202 F412L 1 ExoII Known CDV, GCV

202 K493N 1 Exo Newly phenotyped CDV, GCV, FOS

202 N495K 1 Exo Known FOS

202 P497S 1 Exo Newly phenotyped CDV, (GCV)

202 T503I 2 ExoIII Known CDV, GCV

202 K513N 1 ExoIII Known CDV, GCV

202 K513T 1 ExoIII Newly phenotyped CDV, GCV

202 L545S 1 ExoIII Known CDV, GCV

202 L565V 1 NH2 Terminal 2 Newly phenotyped (CDV), (GCV), FOS

202 Q578H 1 NH2 Terminal 2 Known CDV, GCV, FOS

202 Q578R 1 NH2 Terminal 2 Uncharacterized …

202 D594N 1 NH2 Terminal 2 Newly phenotyped None

202 T700A 1 Palm 1 Known FOS

202 V715M 2 Palm 1 Known FOS

203 V715M 1 Palm 1 Known FOS

202 E756Q 1 Palm 1 Known FOS

202 L773V 1 Finger Known CDV, GCV, FOS

203 V781I 1 Finger Known GCV, FOS

202 V823A 1 Finger Newly phenotyped CDV, GCV

202 A834P 2 Palm 2 Known CDV, GCV, FOS

203 A987G 1 Thumb Known CDV, GCV

202  A987V 1 Thumb Newly phenotyped FOS

203  E989D 1 Thumb Newly phenotyped (CDV), GCV, FOS

202 V998I 2 Thumb Uncharacterized …

203 R1017H 1 Thumb Uncharacterized …

202 R1037C 1 Thumb Uncharacterized …

203 V1040M 1 Thumb Uncharacterized …

203 H1049Y 1 Thumb Uncharacterized …

n = number of patients with the listed substitution detected.

Abbreviations: CDV, cidofovir; EC50, half maximum effective concentration; FOS, foscarnet; GCV, ganciclovir.
aParentheses denote borderline resistance (<2-fold increased EC50).

Table 3 shows the UL97 genotyping results of nonresponders 
who did not clear their CMV DNA after receiving more than 
14  days of maribavir. Overall, 13 of 25 patients tested posi-
tive for UL97 mutation T409M, H411Y, or C480F after 46 to 
116 days of maribavir therapy, which is 52% of those with geno-
type data and 33% of nonresponder patients. One patient tested 
positive for both T409M and C480F; the sample containing a 
mixture of C480F as a minority subpopulation was independ-
ently sequenced in a second reference laboratory with the same 
finding (Supplementary Table 3).

Patients with CMV recurrence after maribavir discontinu-
ation showed no evidence of UL97 mutation in available fol-
low-up samples from 2 of 5 patients in trial 202 and 11 of 18 
patients in trial 203, including reinspection of sequencing chro-
matograms for C480F. In 1 patient from trial 202 who initially 
responded to maribavir, a day 57 plasma sample was positive 
for UL97 mutation H411L that confers approximately 70-fold 
increased maribavir EC50 [17]. When maribavir was stopped at 

day 58, the case did not meet protocol criteria for recurrence 
while on maribavir (2 positive viral loads at least 5 days apart), 
although this criterion would have been met using locally 
obtained viral loads.

Follow-up UL27 genotyping was performed on 39 patients in 
trial 202 and 43 patients in trial 203. The only uncharacterized 
UL27 variant detected that was not among those detected at 
baseline (Supplementary Table 5) was G344D, found in a day 
15 sample from a patient whose viral load increased from 500 
copies/mL at baseline to 10 000 copies/mL. There was no baseline 
UL27 sequencing in this patient but the G344D readout at day 15 
was confirmed in a second laboratory (Supplementary Table 3).

Recombinant Phenotyping

Uncharacterized mutations selected for phenotyping included 
UL27 G344D and UL97 C480F in Table 4 and 8 UL54 muta-
tions in Table  5. UL27 G344D conferred no maribavir resist-
ance, UL97 C480F conferred high-grade maribavir resistance 
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and low-grade ganciclovir resistance. The C480F mutant was 
growth retarded by about 1  day at days 6 and 7 (Figure  2), a 
slower growth than the T409M mutant but better than the ki-
nase knockout mutant K355del.

The UL54 DNA polymerase K513T mutant has the cidofovir-
ganciclovir resistant and foscarnet-sensitive phenotype char-
acteristic of exonuclease domain mutations, including K513N 
[18], K513R [19], and K513E [20]. The K493N and P497S mu-
tations, while located within the broadly defined exonuclease 
region, are not within specific ExoI to ExoIII domains [11] and 
have divergent phenotypes. The foscarnet resistance conferred 
by K493N is similar to that of nearby N495K [21] but is ac-
companied by a low-grade ganciclovir and cidofovir resistance, 

while P497S has only the low-grade ganciclovir-cidofovir resist-
ance without foscarnet resistance.

The foscarnet resistance and borderline ganciclovir-cidofovir 
resistance of mutant L565V is compatible with phenotypes of 
mutations Q578H and D588N in the same polymerase amino 
terminal domain [22]. Unlike D588N, D594N did not confer 
significant resistance. The finger domain mutant V823A is close 
to many other foscarnet-resistance mutations but was found 
instead to have a low-grade ganciclovir-cidofovir–resistance 
phenotype. The foscarnet-resistant thumb domain mutant 
A987V has the opposite phenotype of the well-known mutant 
A987G that shows ganciclovir and cidofovir resistance without 
foscarnet resistance [20, 23]. Finally, the thumb domain mutant 

Table 2. UL97 Genotyping Follow-up on Patients With CMV Clearance and Recurrence While on Maribavir

Characteristic

Both Trials Trial 202 Trial 203

All Doses All Doses 400 mg 800 mg 1200 mg All Doses 400 mg 800 mg

No. of patients with recurrence on 
maribavir after clearance

29 25 6 9 10 4 2 2

No. of patients with UL97 follow-up 
genotyping data

23 19 5 9 5 4 2 2

 Median treatment duration, d 95 111 95 160 76 70 74 57

 Median starting CMV load, copies/mL 10 000 10 000 10 000 10 000 20 000 5500 5500 6500

 Median study day at follow-up
  genotyping

84 86 106 87 83 71 75 62

  Study day range at follow-up 52–169 70–169 85–122 71–169 70–161 52–80 69–80 52–72

UL97 mutation detected, No.a

 T409M 14 (61%) 10 2 5 3b 4 2 2

 H411Y 3 (13%) 3 2 1 0 0 0 0

 C480F 6 (26%) 6 0 3 3b 0 0 0

 T409M, H411Y, or C480F 22 (96%) 18 4 9 5 4 2 2

Abbreviations: CMV, cytomegalovirus.
aPercentages based on number with available UL97 genotyping data.
bOne patient had UL97 C480F and T409M detected.

Table 3. UL97 Genotyping in Nonresponders Who Received >14 Days of Maribavir

Characteristic

Both Trials Trial 202 Trial 203

All Doses All Doses 400 mg 800 mg 1200 mg All Doses 400 mg 800 mg 1200 mg

Nonresponders who received maribavir for >14 d 39 26 11 11 4 13 5 5 3

Patients with UL97 follow-up genotyping data 25 16 7 6 3 9 3 4 2

 Median treatment duration, d 55 62 61 59 70 46 45 58 49

 Median starting CMV load, copies/mL 40 000 50 000 50 000 30 000 200 000 14 500 14 500 155 000 11 500

 Median study day at follow-up genotyping 58 59 59 59 58 54 46 68 50

  Study day range at follow-up 15–140 15–140 15–140 47–116 52–91 21–83 46–53 54–83 21–78

UL97 mutation detected, Noa 

 T409M 7 (28%) 5 1 3b 1 2 0 2 0

 H411Y 2 (8.3%) 2 1 1 0 0 0 0 0

 C480F 5 (21%) 3 0 3b 0 2 1 0 1

 T409M, H411Y or C480F 13 (52%) 9 2 6 1 4 1 2 1

 F342Y 1   1c      

Abbreviation: CMV, cytomegalovirus.
aPercentages based on number with available UL97 genotyping data.
bOne patient had both UL97 C480F and T409M detected.
cThis mutation was present at baseline and later detected in combination with H411YJ.
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Table 5. Genotypes and Phenotypes of UL54 Recombinant Viruses

Straina Genotypeb

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

Mean SD n Ratio Mean SD n Ratio Mean SD n Ratio

Control strains

4198 UL54 WT 0.24 0.06 27  1.22 0.22 44  37 7 43  

4376 D981del2 0.90 0.18 24 3.7 7.64 1.82 25 6.2 115 19 34 3.1

New recombinants (n = 8)

4460 K493N 0.50 0.10 15 2.0 5.05 1.28 15 4.1 124 25 10 3.3

4484 P497S 0.58 0.14 12 2.4 2.30 0.40 16 1.9 29 4 10 0.8

4485 K513T 4.71 1.16 12 19 5.98 0.94 16 4.9 36 4 8 1.0

4471 L565V 0.39 0.04 12 1.6 2.22 0.30 14 1.8 138 31 14 3.7

4465 D594N 0.24 0.07 10 1.0 1.28 0.48 11 1.0 36 5 12 1.0

4404 V823A 0.87 0.27 11 3.6 3.00 0.59 15 2.4 20 6 11 0.5

4473 A987V 0.22 0.05 10 0.9 1.06 0.24 12 0.9 116 17 12 3.1

4474 E989D 0.46 0.08 13 1.9 3.91 0.70 10 3.2 213 31 8 5.7

Ratio = EC50 of mutant virus/EC50 of wild type control. Bold indicates EC50 >1.5 × WT control (all significant at P < 2 × 10−8, Student t test, 2-tailed, unequal variance).

Abbreviations: EC50, half maximum effective concentration; n, number of replicate assays; SD, standard deviation of the EC50 values; WT, wildtype.
aSerial number of recombinant CMV strain
bUL54 amino acid substitution shown. D981del2 = in frame deletion of codons 981–982.

E989D is severely growth retarded (by about 3 days) and shows 
a triple-resistant phenotype.

DISCUSSION

This combined genotypic analysis of samples from clinical trials 
202 and 203 confirms the known UL97 mutations at codons 409 
and 411 as major causes of maribavir resistance in those who did 
not clear or had recurrence of CMV while on prolonged therapy. 
In addition, UL97 C480F is newly characterized as an important 
resistance mutation in those receiving maribavir as dosed in these 
trials, despite some technical limitations in the genotypic analysis. 
Taken together, T409M, H411Y, or C480F were frequently found in 
those with recurrence of CMV infection while on maribavir therapy 
(Table 2) and in a lower proportion of those who did not clear their 

CMV infection (Table 3), perhaps consistent with the shorter me-
dian treatment duration at the time of genotyping and varying 
reasons for drug discontinuation. The shortest maribavir exposure 
associated with a resistance mutation (T409M, H411Y, or C480F) 
was 6 weeks.

The status of UL97 T409M and H411Y as principal genotypic 
markers of maribavir resistance was anticipated by in vitro se-
lection data [17] and initial case reports [24, 25]. These muta-
tions confer moderate (H411Y) to moderately high (T409M) 
maribavir resistance, with no ganciclovir cross-resistance, and 
map to a hinge region of the ATP-binding site of the UL97 ki-
nase that is the target of competitive inhibition by maribavir 
[17]. Statistics for T409M and H411Y among those with CMV 
recurrence in trial 202 (Table 2) are the same as in the primary 

Table 4. Genotypes and Phenotypes of UL27 and UL97 Recombinant Viruses

Straina Genotypeb

Maribavir EC50, µM Ganciclovir EC50, µM

Mean SD n Ratio Mean SD n Ratio

Control strains

 4200 UL97 WT 0.12 0.029 16  1.35 0.16 22  

 4344 UL27 WT 0.12 0.033 13      

 4207 UL97 C592G     4.14 0.68 21 3.1

 4352 UL97 T409M 10 1.9 10 78     

 4353 UL97 H411Y 1.9 0.40 6 15     

New recombinants

 4375 UL27 G344D 0.11 0.03 13 0.9     

 4459 UL97 C480F 28 3.6 10 224 3.10 0.53 19 2.3*

Ratio = EC50 of mutant virus/EC50 of wild type control. Bold indicates drug resistance. WT control including silent Frt motif upstream of indicated gene in all strains.

Abbreviations: EC50, half maximum effective concentration; n, number of replicates; WT, wild type.
aSerial number of recombinant CMV strain.
bGene and amino acid substitution.

*Significantly elevated from WT control (P < 5 × 10−12, Student t test, 2-tailed, unequal variance).
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publication [8], with additional instances as shown in Table 3 
for nonresponders. The primary publication of trial 203 [9] 
mentioned 2 cases of T409M among CMV recurrences at study 
week 6 (800 mg dose in Table 2) but additional cases exist, as 
shown in Table 2 and Table 3. The H411L mutation, observed 
once in trial 202, has also been selected in vitro to confer mod-
erately high maribavir resistance.

UL97 C480F lies in a conserved kinase catalytic loop out-
side the UL97 codon range specified for analysis by the central 
laboratory and was not described in the primary publication 
for either trial 202 or 203 [8, 9], but was retrospectively iden-
tified with a frequency between those of T409M and H411Y. 
It was fortuitously included in the PCR product amplified for 
sequencing but not verified with bidirectional sequencing. The 
available chromatograms (Supplementary Figure 1) and con-
firmatory sequencing on 1 sample, however, make it very likely 
that the finding is clinically significant. C480F was previously 
reported in a clinical specimen from a maribavir-treated patient 
[26] and C480R was identified in vitro as conferring maribavir 
and ganciclovir resistance [27]. C480F confers the highest de-
gree of maribavir resistance (224-fold; Table  4) of any single 
mutation encountered so far in vivo, along with low-grade (2.3-
fold) ganciclovir cross-resistance. Emergence of C480F may be 
favored at higher maribavir doses.

A concern about cross-resistance is that prior ganciclovir 
therapy may select for mutant subpopulations such as C480F 
or the recently characterized F342Y [13] to facilitate the de-
velopment of clinical maribavir resistance. There is currently 

insufficient evidence to address this possibility. Relevant factors 
include the growth fitness of the cross-resistant mutants, which 
is fairly well preserved for F342Y and C480F (Figure 2), and the 
relative frequency of selection of such mutants compared with 
the well-established ganciclovir-resistance mutations at UL97 
codons 460, 520, and 590–607, which do not confer maribavir 
cross-resistance. Baseline UL97 sequencing in trial 202 de-
tected only 1 case of F342Y potentially impairing response to 
maribavir therapy, but the sensitivity of detection of minor 
mutant subpopulations by Sanger sequencing is inadequate. 
Further evidence may emerge from deep sequencing analyses 
of maribavir pretreatment samples.

Limited sequencing data did not suggest a major clinical role 
for UL27 mutations in maribavir resistance. The variant G344D 
that was detected only in postbaseline specimens was phenotyped 
as maribavir susceptible. In theory, any of the multitude of known 
and suspected baseline polymorphisms could influence maribavir 
susceptibility, but the low-level effects of UL27 mutation [28] are 
expected to have less impact than the resistance phenotypes docu-
mented for the main UL97 mutations.

Despite the large number of UL54 resistance mutations al-
ready mapped, the 8 newly characterized amino acid substi-
tutions listed in Table  5 offer new insights. These include the 
foscarnet-resistance conferred by K493N, the differential sus-
ceptibilities of L565V and D594N that are on either side of 
known mutations Q578H and D588N, and the opposite pheno-
types of A987G and A987V. The findings reinforce the difficulty 
of estimating the phenotypes of newly observed UL54 muta-
tions from similar or nearby mutations and the continuing need 
for accurate phenotypes to guide treatment decisions.

There were technical limitations in this genotypic analysis. 
A  single timepoint of follow-up genotyping may be subop-
timal. The limited range of UL97 codons (288–468) targeted 
for sequencing omitted coverage of important resistance mu-
tations and did not allow for comparison with valganciclovir 
in trial 203. Many central laboratory readouts, including those 
listed as ambiguous and multiple occurrences of specific ones 
(Supplementary Table 1), were unsupportable on reinspection 
of original chromatograms, and some were demonstrably irre-
producible (Supplementary Table 2). There were falsely negative 
readouts of some resistance mutations (Supplementary Table 4 
and UL97 C480F). Resequencing to confirm the authenticity of 
questionable mutations was not possible in most cases without 
adequate archived specimens. More rigorous genotypic testing 
planned for the ongoing phase 3 maribavir treatment trials 
should further elucidate the genetics of maribavir resistance in 
clinical use, including the relative frequency of C480F and other 
mutations.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
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Figure 2. Comparative growth curves of viral strains. WT control virus and UL97 
mutants were inoculated at equal multiplicity of infection of 0.02 as calibrated by 
culture supernatant SEAP activity at 24 hours. At each of 4 to 8 days post inocu-
lation, culture supernatants were assayed for SEAP activity (RLU) as a measure of 
viral growth. Data points are the mean and standard deviation of 4 replicates set up 
simultaneously. Abbreviations: SEAP, secreted alkaline phosphatase; RLU, relative 
light unit; WT, wild type.

582 • JID 2022:226 (15 August) • Chou et al

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa462#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa462#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa462#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa462#supplementary-data


benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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