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Abstract

Resistance to the experimental human cytomegalovirus (CMV) UL97 kinase inhibitor maribavir
has been mapped to UL97 mutations at codons 353, 397, 409 and 411, in the kinase ATP-binding
region, and to mutations in the UL27 gene. We studied the maribavir susceptibility phenotypes of
additional UL97 mutations observed in vitro and in clinical trials, and the effect of simultaneous
mutation in both UL97 and UL27. In vitro selection under maribavir identified a new locus of
UL97 mutation within the conserved kinase p-loop (L337M), which conferred low grade
maribavir resistance (3.5-fold increased EC50) without ganciclovir cross-resistance. During
maribavir Phase I11 CMV prevention clinical trials, 3 previously unknown UL97 sequence variants
were detected in plasma samples after 27 to 98 days of drug exposure (1324V, S334G and S386L.).
These variants did not confer any drug resistance despite proximity to mutations that confer
maribavir resistance. The UL27 resistance mutation R233S, when added to strains containing
UL97 mutations L337M or V353A, doubled their maribavir EC50s. These results expand the
range of UL97 maribavir-resistance mutations into another part of the kinase ATP-binding region,
but offer no genotypic evidence that development of drug resistance affected the outcomes of
Phase Il maribavir clinical trials after drug exposure of up to 14 weeks. There is a potential for
increased maribavir resistance in UL27-UL97 double mutants.
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1. Introduction

The human cytomegalovirus (CMV) UL97 kinase is prominently involved in antiviral
therapy for this leading opportunistic viral pathogen. By enabling the initial phosphorylation
of ganciclovir that is necessary for its antiviral activity, the UL97 kinase provides selective
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drug activation in virus-infected cells, and UL97 mutation is the dominant pathway for
ganciclovir resistance (Chou, 2008). UL97 also plays major facilitating roles during normal
viral replication (Marschall et al., 2011), as illustrated by the severe growth defect of CMV
strains lacking a functioning UL97 gene product (Prichard, 2009). Thus, UL97 is itself an
antiviral drug target.

The UL97 kinase inhibitor maribavir (MBV) has undergone considerable antiviral drug
development. Favorable preclinical studies showing good in vitro anti-CMV potency (Biron
et al., 2002) and early clinical studies indicating a significant in vivo antiviral effect without
dose-limiting toxicity (Lalezari et al., 2002; Winston et al., 2008) were followed by Phase
I11 clinical trials that showed a surprising lack of efficacy of low-dose MBV in preventing
CMV viremia or disease after stem cell transplantation (Marty et al., 2011); a parallel trial in
liver transplantation was halted. Case reports of MBV at higher doses as salvage therapy of
CMV disease refractory to existing therapy suggest potential therapeutic utility of the drug
(Avery et al., 2010) while providing a cautionary instance of MBYV resistance (Strasfeld et
al., 2010).

In vitro studies showed that UL97 mutations at codons 353, 397, 409 and 411 in the ATP
binding region confer moderate to high-level MBV resistance without ganciclovir cross-
resistance (Biron et al., 2002; Chou and Marousek, 2008; Chou et al., 2007). Subsequently,
some of the same mutations T409M and H411Y/N were identified in vivo (Strasfeld et al.,
2010). Diverse mutations in the CMV gene UL27 can also confer low-grade MBV
resistance (Chou, 2009; Komazin et al., 2003). Since further treatment trials are planned for
MBYV, continued study of MBV resistance is needed.

2. Materials and Methods

2.1 Viral strains and clones

CMV laboratory strains and their bacterial artificial chromosome (BAC) clones, modified
from reference strain AD169 to incorporate a secreted alkaline phosphatase (SEAP) reporter
gene for rapid viral quantitation, have been used extensively for recombinant phenotyping
(Chou, 2009, 2010; Chou and Marousek, 2008).

2.2 In vitro viral propagation under MBV

Ten new in vitro propagation experiments of the error-prone exonuclease mutant T2294
(UL54 D413A) under increasing concentrations of MBV were performed as previously
described (Chou and Marousek, 2008). Extracts of infected cell cultures were sampled
approximately every 5 passages for the emergence of mutations in UL97 and UL27.

2.3 Clinical study specimens

Studies 300 (ClinicalTrials.gov identifier NCT00411645) (Marty et al., 2011) and 301
(ClinicalTrials.gov identifier NCT00497796) were Phase 111, multi-center trials in allogeneic
hematopoietic cell transplantation (HCT) (study 300) or liver transplantation (study 301)
where subjects were randomized to receive prophylactic MBV 100 mg orally twice daily
versus placebo (study 300) or oral ganciclovir (study 301) for 12—-14 weeks after
transplantation, or until the detection of CMV viremia. Plasma samples were collected
weekly while on study drug and periodically after discontinuation. CMV plasma viral loads
were monitored using the commercial COBAS Amplicor PCR-based assay (Roche).

2.4 Genotypic analysis

Plasma samples with CMV loads >2000 copies/mL were selected from subjects who
received MBYV in studies 300 and 301, regardless of duration of drug exposure. The latest
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sample was analyzed from subjects with multiple CMV-positive samples. Nested PCR was
performed on plasma DNA extracts using Taq polymerase to amplify UL97 nucleotides 761
to 1504, and UL27 nucleotides —69 to 1640. Automated fluorescent dyedeoxy sequencing
data (Big Dye version 3.1, Applied Biosystems) were compared to CMV reference strain
AD169 (Genbank X17403) for UL97 codons 301-460 and UL27 codons 1-450. DNA
extracts from in vitro selection experiments were similarly amplified and sequenced, except
without the need for nested PCR, and sequencing included all 608 codons of UL27.

2.5 Recombinant phenotyping

3. Results

This was accomplished by mutagenesis of a baseline BAC clone of a drug-susceptible CMV
strain, followed by viral yield reduction assay for drug susceptibility (Chou, 2010; Hakki et
al., 2011). UL97 mutations were introduced by cotransfection of a transfer vector with BAC
BA12 (for strain T3138), or in all other cases by recombination of a transfer vector and BAC
BADY, as previously described (Chou, 2010). The UL27 mutation R233S known to confer
low-grade MBYV resistance (Chou et al., 2004) was introduced into BAC clones by “en
passant” mutagenesis using long primers specific for this mutation, as described (Hakki et
al., 2011). Other UL27 mutations were introduced by recombination of a transfer vector
with BAC BA101 followed by Flp recombinase induction, as described (Hakki et al., 2011).
BAC DNA was transfected into human foreskin fibroblast (HFF) cultures and the resulting
live virus strains were validated for intended sequences in the genes being mutagenized
(Chou, 2010; Hakki et al., 2011). Yield reduction assays for MBV susceptibility were
performed in human embryonic lung (HEL) fibroblast cultures to determine the drug
concentration required to reduce supernatant SEAP production by 50% (EC50) (Chou, 2009;
Chou and Marousek, 2008; Hakki et al., 2011). Viral growth curves and ganciclovir
susceptibility were determined in HFF cultures (Chou, 2010; Chou et al., 2007).

3.1 In vitro selected UL97 and UL27 mutations

Table 1 shows the outcome of 10 new in vitro MBYV selection experiments. All except one
evolved previously reported mutations (Chou and Marousek, 2008), typically beginning
with UL97 mutations H411Y/N, followed by mutations such as V353A that combined to
confer high-level MBYV resistance (Chou and Marousek, 2008). In experiment M58, UL97
mutation L337M and UL27 mutation D534Y were first detected at passage 7, each as an
approximately equal mixture with wild type sequence. By passage 10, wild type sequence
was no longer detected at these codons, and by passage 20, UL97 mutation H411L had
completely replaced its wild type counterpart. The newly discovered mutation L337M is
located in the UL97 ATP-binding kinase subdomain | (codons 337-345) (Hanks et al., 1988;
Lurain et al., 2001). UL27 mutations D534Y and R448P (experiment M76) are also new.

3.2 Genotypic analysis of clinical trial specimens

Among a total of 598 subjects who received MBV, CMV genotypic data were obtained on
60 and 50 plasma samples respectively in studies 300 and 301. The samples had a median
viral load of 6765 copies/mL in study 300, and 5685 copies/mL in study 301. The duration
of MBV exposure prior to sampling ranged from 2 to 85 days (median 24.5 days) in study
300 and 43 to 106 days (median 95 days) in study 301. Sequence data were analyzed for all
samples at UL97 codons 301-460 and UL27 codons 1-450, which include the locations of
all known MBYV resistance mutations when the study was conducted (Chou, 2009; Chou and
Marousek, 2008). The UL97 sequence was well conserved; only 6 samples showed any
amino acid variation from the AD169 reference sequence. There were 2 instances of Q449K
a known baseline sequence polymorphism (Lurain et al., 2001) one instance of M460l, a
known ganciclovir-resistance mutation (Chou, 2008) that increases MBV susceptibility
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(Shannon-Lowe and Emery, 2010), and 3 previously unknown sequence variants as shown
in Table 2. Because of the prophylactic design of the clinical trials, there were no pre-
therapy viral sequences for comparison. 1324V and S334G are located just upstream of
subdomain I (Lurain et al., 2001) while S386L is near the mutation L397R known to confer
high-grade MBV resistance (Biron et al., 2002; Chou and Marousek, 2008).

In UL27, all samples except one showed some amino acid variation from the AD169
reference sequence, reflecting considerable sequence polymorphism in this gene (Chou et
al., 2004; Hantz et al., 2009). None contained a UL27 mutation known to confer MBV
resistance (Chou, 2009; Chou et al., 2004; Komazin et al., 2003). However, among MBV
recipients, uncharacterized UL27 amino acid changes were found in 15 of 60 (25%) samples
in study 300 and 13 of 50 (26%) samples in study 301 (Table 3). UL27 sequences were also
determined for a sample of placebo recipients in study 300 and 8 of 15 (53%) cases showed
uncharacterized UL27 changes. Among the 3 specimens with unknown UL97 changes
(Table 2), only one had unknown UL27 changes, which were distant from known MBV
resistance mutations (Chou, 2009; Chou et al., 2004; Komazin et al., 2003).

3.3 Recombinant phenotyping of new UL97 and UL27 mutations

Two independently constructed UL97 L337M mutant viruses showed the same low grade
MBYV resistance (3.4- to 3.5-fold increased EC50), less than the 9- to >200-fold increased
EC50 reported for other UL97 MBV-resistance mutations (Table 4) (Chou, 2008). The
L337M mutation did not affect ganciclovir susceptibility (EC50 = 1.17 £ 0.33 uM in 8
replicates, vs. 1.14 + 0.40 pM for control strain T3261 (Chou, 2010)). The mutant grew
normally in cell culture (Fig. 1), similar to other MBV-resistant UL97 mutants (Chou et al.,
2007). UL97 variants 1324V, S334G and S386L conferred no MBYV resistance. UL27
mutants R448P and D534Y had slightly reduced MBV susceptibilities (~50% increases in
EC50; p<0.001 for both mutations vs. wild type control, by unpaired Student t test).

3.4 MBV susceptibility of UL27-UL97 double mutants

While the clinical relevance of UL97 and UL27 mutations that individually confer low-
grade MBYV resistance in vitro remains unclear, mutations occurring in both UL27 and UL97
might combine to result in a greater overall degree of resistance. Because this had not been
tested by recombinant phenotyping, CMV strains containing the well-characterized UL27
mutation R233S (Chou et al., 2004; Hakki et al., 2011) and the UL97 mutations L337M or
V353A were constructed (Table 4). The introduction of UL27 mutation R233S into strains
containing UL97 mutations L337M or VV353A resulted in an approximately 2-fold increase
in MBV EC50 over that of the UL97 single mutants, consistent with the effect of R233S
alone (Table 4). Thus, the combination of two low-grade resistance mutations in UL27 and
UL97 had a multiplier effect, resulting in a level of MBV resistance over baseline
comparable to the level of ganciclovir resistance commonly observed in clinical isolates
(Chou, 2008).

4. Discussion

New in vitro data expand the range of CMV UL97 structural domains involved in MBV
resistance to include the conserved kinase p-loop, but nearby UL97 sequence variants
detected in Phase I11 clinical trials did not confer MBV resistance.

Based on previous structure models of MBV binding to UL97 (Chou and Marousek, 2008)
and biochemical evidence of MBV as an ATP-competitive UL97 kinase inhibitor (Shannon-
Lowe and Emery, 2010), it was anticipated that MBV resistance mutations might occur in
the ATP-binding p-loop (subdomain I, codons 337-345), which contains the 3 characteristic
glycine resides at positions 338, 340 and 343 (Hanks et al., 1988). We now show that the p-
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loop mutation L337M is uncommonly selected in vitro to confer low-grade MBV resistance.
The L337 residue is well conserved among diverse kKinases (Hanks et al., 1988) but is
evidently tolerant of mutation without significant impact on CMV replication (Fig. 1).

Despite proximity to known MBV resistance mutations, the unknown UL97 sequence
variants 1324V, S334G and S386L encountered in the clinical trials did not affect MBV
susceptibility when assessed by recombinant phenotyping. These variants may represent
unrecognized baseline polymorphism, given that UL97 codons below 400 are not routinely
sequenced in the current diagnostic assay for ganciclovir resistance.

In contrast to the case of MBV resistance that developed within 10 weeks of drug exposure
in an attempt to treat a starting plasma viral load of 1.8 million copies/mL, and associated
with emergence of UL97 mutations T409M, H411Y and H411N (Strasfeld et al., 2010), no
UL97 mutations known to confer MBV resistance were found in the Phase 11l CMV
prevention clinical trials, including in study 301 where 50 samples represented a median
duration of drug exposure of 14 weeks. The median viral load of ~6000 copies/mL, being
orders of magnitude less than in the case report, is the most likely explanation for the
difference in outcomes. In ganciclovir and valganciclovir CMV prevention trials involving
similar patient populations, genotypic evidence of resistance was uncommon (0-3% of
subjects), with no clear disease association when detected (Boivin et al., 2005; Chou et al.,
2010).

Diverse mutations in the poorly understood CMV gene UL27 that slightly decrease MBV
susceptibility continue to be discovered in vitro, including R448P and D534Y (Table 1).
These mutations appear to be an adaptation to loss of UL97 kinase activity (Chou, 2009),
possibly related to the proposed function of UL27 in downregulating the cellular protein
Tip60 early in the viral infection cycle (Reitsma et al., 2011) and/or nucleolar localization of
UL27 (Hakki et al., 2011). The clinical significance of UL27 mutations that confer low-level
resistance (2—3 fold) remains uncertain. By permitting continued viral replication in the
presence of MBV, such mutations may facilitate the emergence of additional mutations that,
either singly or in combination with the pre-existing mutation, result in greater resistance to
MBV. As shown here by construction of UL27-UL97 double mutants, two low-level
resistance mutations together can have a multiplier effect on the MBV EC50.

Approximately 25% of the specimens from MBYV recipients in the clinical trials contained
uncharacterized UL27 amino acid variants, but so did an even larger fraction of specimens
from placebo recipients, presumably reflecting the incompletely explored sequence
polymorphism of this gene. The same fraction of samples showing such variants in studies
300 and 301 despite the much longer median MBYV exposure duration in study 301 also
suggests that most of these changes are unrecognized baseline sequence polymorphisms. A
considerable recombinant phenotyping effort would be required to determine the effect of
each of the new UL27 variants on MBV susceptibility, including possible effects in
combination with changes in UL97, but some of the uncharacterized UL27 variants found in
MBYV recipients were also noted in placebo recipients or in connection with clinical isolates
that tested susceptible (Table 3).

This study was focused on UL97 because of the consistent selection of localized UL97
mutations after MBV exposure in vitro. Without detection of any UL97 mutations similar to
those that confer MBV resistance in vitro, it is implausible that drug resistance was an
important factor in the MBV studies 300 and 301 failing to achieve their intended endpoints.
Long experience with ganciclovir has shown that in vitro selected mutations were a reliable
guide to the UL97 codon ranges later found to be mutated in resistant clinical isolates
(Chou, 2008). However, genotypic resistance testing in the Phase 111 trials was limited to
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viral genes and codon ranges containing established MBV resistance mutations. It is
possible that mutations elsewhere in the CMV genome can affect MBYV susceptibility. This
is a continuing area of investigation that will be guided by further in vitro selection studies
and by genotypic data from future MBV recipients.

In the context of current results and the favorable toxicity profile of MBV, it would appear
reasonable to explore further the clinical use of the drug. There is a need to optimize dosing
and consider study endpoints (Marty and Boeckh, 2011), drug combinations and host cell
conditions that may affect antiviral utility (Chou, 2008). A new Phase Il dose ranging trial
has recently been registered in Europe to compare MBV and valganciclovir for treatment of
CMV infections in transplant recipients without end-organ disease (EudraCT number
2010-024247-32).

5. Conclusions

51

5.2

5.3

The CMV UL97 kinase region known to be involved in maribavir resistance is now
expanded to include the ATP-binding p-loop (Hanks subdomain I), as exemplified by
mutation L337M.

Previously unknown UL97 sequence variants 1324V, S334G and S386L., encountered in
Phase Il maribavir clinical trials after 4 to 14 weeks of drug exposure, were shown to have
no effect on maribavir susceptibility in vitro.

Mutations in UL27 and UL97 that individually conferred low-level maribavir resistance
combined to confer a moderate level of maribavir resistance similar to that seen in typical
ganciclovir-resistant clinical isolates.
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Figure 1. Growth curves of UL97 L337M mutant (T3178) and wild type CMV (T3261)

Growth was assayed in HFF cultures by supernatant SEAP activity (shown as 10° RLU,
relative light units) at days 4 to 8 following equivalent low multiplicity infection as
calibrated by SEAP activity at 24 hours post-infection (Chou et al., 2007). Each data point is
the mean + standard deviation of 4 replicates. Results shown are representative of 4
independent experiments.
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Table 1

UL97 and UL27 mutations selected /7 vitro under MBV

Expt. No.2  UL97 mutations? UL 27 mutations®  MBV concn (uM)©
M53 H411Y (6) 05
M54 H4LIN/Y (6) 05
M57 H4L1N (6) 05
M58 L337M (7) H411L (16) D534Y (7) 5
M71 H411L (5) V353A (15) 15
M72 H411Y (10) V353A (15) T409M (18) 5
M73 H4LLN (5) H411L (10) V353A (15) 25
M74 H411Y (5) V353A (10) 10
M75 T409M (5) HALLY (15) V353A (15) 15
M76 H411Y (5) V353A (10) R448P (10) 5

a . S . . .
Each numbered experiment is an independent serial propagation of virus under drug

b ] . . .
Passage number at first detection of mutation shown in parentheses.

Newly identified mutations shown in bold

c . . .
MBYV concentration at the highest culture passage number listed
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