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Cytomegalovirus resistance to antivirals is a major problem in transplant recipients. We evaluated the impact of five mutations
(A594V, L595F, and E655K in the UL97 gene and V526L and E756K in the UL54 gene), detected in a blood sample from a stem
cell transplant recipient, on drug susceptibilities and replicative capacities of recombinant viruses.

Cytomegalovirus (CMV) infection remains a leading cause of
morbidity and mortality in hematopoietic stem cell transplant

(HSCT) recipients (1). Three antiviral agents (ganciclovir [GCV],
foscarnet [FOS], and cidofovir [CDV]) are approved for the treat-
ment of CMV diseases (2). Prophylaxis and preemptive treatment
with GCV may result in the emergence of drug resistance (3).
Genotypic testing, which can be achieved directly in blood sam-
ples, is increasingly being used for the diagnosis of drug resistance
mutations in UL97 phosphotransferase and UL54 DNA polymer-
ase genes. However, the detection of newly emerging mutations
not previously linked to drug resistance requires their transfer into
recombinant viruses to assess drug phenotypes (4). Resistance
mutations are detected most often in the UL97 gene and confer
resistance to GCV alone (5). In general, UL54 mutations emerge
after prolonged GCV exposure and thereby increase the level of
GCV resistance conferred by mutations already present in the
UL97 gene (6–9). Infections with multidrug-resistant CMV iso-
lates that contain several mutations in the UL97 and/or UL54
genes were reported in immunocompromised patients (10–12).
Such CMV infections may be associated with a single isolate that
harbors multiple mutations in the UL97 and/or UL54 genes or
may result from mixed virus subpopulations that harbor different
mutations (6). Three mutations in the UL97 gene (A594V, L595F,
and E655K) and two mutations in the UL54 gene (V526L and
E756K) were detected in a blood sample from an HSCT recipient
who was not responding to GCV therapy. In this report, we char-
acterize the role of the unknown E655K and V526L mutations and
analyze the impact of the five mutations introduced alone or in
different combinations on the drug resistance phenotypes and
replicative capacities of recombinant viruses.

A 4-year-old child was diagnosed with acute lymphoblastic
leukemia (ALL) for which she received chemotherapy in August
2001. She experienced a relapse of ALL in December 2004 and
later received an allogeneic cord blood transplant (CMV-seropos-
itive recipient, CMV-seronegative donor) on 27 February 2005.
The child did not receive anti-CMV prophylaxis other than intra-
venous (i.v.) acyclovir from 3 days before to 20 days after the
transplant. CMV reactivation in her blood was first evidenced by a
qualitative nucleic acid sequence-based amplification (NASBA)
assay (Organon Teknika) on 7 April 2005. Intravenous GCV was
administered at a dose of 5 mg/kg of body weight twice daily (BID)
from 12 April to 17 June 2005, at which time the CMV viral load
(as measured by the Cobas Amplicor Monitor test [Roche Diag-

nostics]) was negative (i.e., �600 copies/ml). The NASBA and
Amplicor CMV Monitor assays rapidly became positive in July
2005, and i.v. GCV was resumed from 20 July to 15 September
2005. The patient’s viral load remained positive on therapy, which
prompted a switch to FOS therapy along with CMV hyperimmu-
noglobulins (Cytogam; CSL Behring) on 16 September 2005 and a
request for a genotypic assay on 19 September 2005 (after a total of
120 days of GCV and 3 days of FOS). A total of five mutations,
three (A594V, L595F, and E655K) in the UL97 gene and two
(V526L and E756K) in the UL54 gene, were detected by Sanger
sequencing on a single clinical sample. In the absence of a viral
isolate and further cloning analysis, we were unable to determine
whether these mutations were present in a single virus population
or in a number of distinct virus subpopulations. The patient’s viral
load subsequently became undetectable after 4 October 2005.
During that period, the patient had suspected CMV pneumonitis
based on diffuse interstitial lung infiltrates in a computed tomog-
raphy (CT) scan performed on 21 April 2005. However, no bron-
choalveolar lavage was performed to confirm this diagnosis. The
patient was still alive as of August 2014.

Human lung fibroblasts (MRC-5; ATCC CCL-171 cell line)
and human foreskin fibroblasts (HFFs) were maintained in min-
imal essential medium (MEM) (Gibco/Invitrogen) supplemented
with 10% fetal bovine serum (FBS) (Gibco/Invitrogen). We used a
bacterial artificial chromosome (BAC) plasmid containing the
wild-type CMV genome derived from the laboratory strain
AD169, i.e., pHB5 (13), in which we integrated the Gaussia lucif-
erase (GLuc) reporter gene under the control of the CMV major
immediate early promoter, i.e., pHB5-GLuc (14). The different
mutations were introduced alone or sequentially in the UL97
and/or UL54 gene of pHB5-GLuc by en passant mutagenesis, as
previously described (14, 15). MRC-5 cells were transfected with
wild-type and mutant pHB5-GLuc by electroporation, and the
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reconstituted recombinant viruses were collected after 2 to 3
weeks. The introduction of the desired mutation(s) was con-
firmed by sequencing the entire UL97 and UL54 genes of mutated
pHB5-GLuc and reconstituted viruses.

Testing of the wild-type and mutant recombinant virus sus-
ceptibilities to antiviral agents was performed in HFFs by the GLuc
yield reduction assay (14). Briefly, newly confluent cells were in-
fected with different recombinant viruses at a multiplicity of in-
fection (MOI) of 0.002 to 0.004 in MEM plus 2% FBS. Infected
cells were incubated with increasing concentrations of GCV (0 to
800 �M), FOS (0 to 2,000 �M), or CDV (0 to 40 �M) (all from
Sigma-Aldrich) in MEM plus 2% FBS. The 50% effective concen-
tration (EC50) that reduced GLuc activity by 50% was determined
in each cell culture supernatant by using the coelenterazine sub-
strate (14). Drug resistance was defined by an EC50 that was �3-
fold higher than that for the wild type, whereas a ratio between 2
and 3 was considered to indicate a borderline level of resistance.

The replicative capacities of wild-type and mutant recombi-
nant viruses were determined in HFFs by the GLuc reporter-based
assay (14). Newly confluent HFFs were infected with the different
recombinant viruses at an MOI of 0.002, and the GLuc activities
were assayed in cell culture supernatants that were collected daily
for 7 days.

We analyzed the impact on drug susceptibility phenotypes of
the five mutations detected in this patient after they were intro-
duced alone or in different combinations in the UL97 and/or
UL54 genes of recombinant viruses. As previously reported (16),
the A594V and L595F mutations in the UL97 gene conferred 6.4-
fold and 11.4-fold increases, respectively, in the GCV EC50s over
that for the wild type (Table 1). The unknown E655K mutation,
localized outside UL97 regions usually associated with GCV resis-
tance (4), corresponded to polymorphism (1.7-fold increase in
the EC50). The E756K mutation in the UL54 gene conferred resis-
tance to GCV, FOS, and CDV (8.1-, 8.0-, and 2.7-fold increases in
the EC50s, respectively), as previously reported (6). The unknown
V526L mutation in the UL54 gene conferred resistance to GCV
(5.5-fold increase) and a borderline level of resistance to CDV
(2.5-fold increase) but did not alter the susceptibility to FOS (1.8-
fold increase). Mutations localized in the �-region C/ExoIII con-
served region of the DNA polymerase typically confer various lev-
els of resistance to GCV and CDV but not to FOS (4). The
combinations of A594V with E756K or V526L were additive for
resistance to GCV (12.7- or 13.2-fold increases, respectively),
whereas the levels of resistance to FOS and CDV remained almost
similar to that conferred by E756K or V526L mutation alone. Sim-
ilarly, the GCV EC50 was additive (18.9-fold increase) for the
L595F and V526L double-mutant recombinant virus compared to
single mutants, without marked changes for susceptibilities to
FOS and CDV. A combination of the V526L and E756K mutations
resulted in a significant increase of the GCV EC50 (�25.0-fold
increase; P � 0.001), without notable effects for FOS and CDV
susceptibilities. The sequential introduction of the three UL97
mutations (E655K, L595F, and A594V) to the V526L-E756K UL54
double mutant resulted in viable recombinant viruses with high-
level GCV resistance.

The viral growth of UL97 mutant recombinant viruses was
similar to that of the wild-type virus (Fig. 1A). As previously re-
ported (6, 17), the E756K mutation in the UL54 gene caused a
significant decrease in the replicative capacity compared with that
of the wild type (0.25-log reduction on day 7 postinfection; P � T
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0.001) (Fig. 1B). The unknown V526L mutation conferred a slight
replicative defect that was more evident on day 7 (0.13-log reduc-
tion; P � 0.001) postinfection. The replicative capacity of the
V526L-E756K double mutant was affected to an extent similar to
that of the E756K single mutant, whereas the sequential addition
of UL97 mutations had no effect.

In conclusion, the emergence of multiple UL97 and/or UL54
mutations might result in a multidrug-resistant CMV variant with
an extremely high GCV resistance level associated with a slightly
reduced in vitro replicative capacity. Our results highlight the need
to develop new antiviral strategies that target other viral proteins
(18).
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