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In pediatric and adult patients after stem cell transplantation (SCT) disseminated infections caused by human
cytomegalovirus (HCMV) can cause life threatening diseases. For treatment, the three antivirals ganciclovir
(GCV), foscarnet (PFA) and cidofovir (CDV) are approved and most frequently used. Resistance to all of these
antiviral drugs may induce a severe problem in this patient cohort. Responsible for resistance phenomena are
mutations in the HCMV phosphotransferase-gene (UL97) and the polymerase-gene (UL54). Most frequently
mutations in theUL97-gene are associatedwith resistance to GCV. Resistance against all three drugs is associated
tomutations in the UL54-gene.Monitoring of drug resistance by genotyping ismostly done by PCR-based Sanger
sequencing. For phenotyping with cell culture the isolation of HCMV is a prerequisite. The development of
multidrug resistance with mutation in both genes is rare, but it is often associated with a fatal outcome. The
manifestation of multidrug resistance is mostly associated with combined UL97/UL54-mutations. Normally,
mutations in the UL97 gene occur initially followed by UL54 mutation after therapy switch. The appearance of
UL54-mutation alone without any detection of UL97-mutation is rare. Interestingly, in a number of patients
the UL97 mutation could be detected in specific compartments exclusively and not in blood.

© 2015 Göhring et al. Published by Elsevier B.V. on behalf of the Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

TheHumanCytomegalovirus (HCMV) belongs to the Betaherpesvirus
family and leads, after primary infection, to a lifelong latency. Under
ogy and Epidemiology of Viral
ny. Tel.: +49 7071 2980177.
n.de (K. Göhring).

V. on behalf of the Research Network
special condition such as immunosuppression, the virus can be
reactivated and may lead to severe diseases. The HCMV genome
comprised about 230 kb with more than 250 open reading frames.
Transplant recipients have a high risk to develop a primary infection
or recurrent infection with human cytomegalovirus (HCMV) [1]. The
incidence depends on different risk factors as serostatus, duration of
treatment and immunosuppressive regimen. Antiviral drugs for the
therapy of disseminated HCMV infection are ganciclovir (GCV),
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cidofovir (CDV) and foscarnet (PFA) [2]. All three drugs target the
UL54-gene which encodes for the viral DNA polymerase. GCV has
to be phosphorylated by the viral phosphotransferase UL97. Muta-
tions in both genes can lead to an antiviral resistance. Because GCV
is the drug of choice for primal therapy, most resistance mutations
can be detected in the UL97 gene. In some cases additional mutation
in the UL54 gene can be detected after a therapy switch to either PFA
or CDV.

The development ofmultidrug resistant HCMV infection and disease
with mutations in the UL97- and the UL54-gene after allogeneic hema-
topoietic cell transplantation (HCT) can be life-threatening. Therefore a
rapid and close meshed monitoring of HCMV infection and viral load
under therapy after HCT is mandatory [3–5].

Diagnosis of resistant HCMV infection is mostly performed by geno-
typic assays of UL97 and UL54 genes. A basic problem is the interpreta-
tion of unknown or rarely reported point mutations. To concern this,
Marker Transfer Analysis is needed and a web-based data base for
HCMV drug resistance mutations was established [6].

New compounds with different mechanism of action are under
investigation [7–9]. The clinical effectiveness ofMaribavir is still investi-
gated in clinical trials and is not commercially available up to now
[10–12]. This short review will focus on the development of drug- and
multidrug resistance and the characterization of newly detected
mutations.

2. The UL97 Open Reading Frame

The UL97 gene encodes for the viral phosphotransferase. Beside
many other targets like for example pUL44, pUL69 [13] or IFI16 [14], it
is responsible for the phosphorylation of GCV. The UL97-protein
contains several conserved subdomains with specific functions
(Fig. 1). The subdomain I is responsible for ATP binding, subdomains
II, III, VIB and VII are involved in the phosphate transfer and subdomain
IX is essential for substrate binding. Mutations in the UL97 gene might
cause resistance to GCV [13].
(A)

(B)

Fig. 1. (A) Position of the UL54 and the UL97 open reading frame in the genome of HCMV strain
gene. Mutations can lead to resistance to GCV, CDV or PFA and can also cause multidrug resis
Mutations in the UL97 gene can cause resistance to GCV.
3. The UL54 Open Reading Frame

The UL54 gene of HCMV encodes for the viral DNA polymerase. Like
a wide range of DNA polymerases, the UL54 protein has conserved
functional regions (Fig. 1). Mutations in the HCMV polymerase gene
might cause resistance to GCV, CDV and PFA and can also generate
multidrug resistance phenotypes [13].
4. Risk Groups and Factors

Risk groups for the development of disseminated HCMVdiseases are
patients with impaired immune system including patients with AIDS,
transplant recipients, congenitally HCMV-infected premature infants
and patients with immune deficiency, but prevalence data are limited.
The risk to develop a resistant HCMV infection in transplant patients
depends on different factors such as serostatus, type of transplant
and the level of immunosuppression [7]. For the prevention of HCMV
disease in transplant patient, two different strategies are used.
Prophylactic treatment using valganciclovir seems to be a common
strategy in organ transplant recipients [1]. Patients after stem cell trans-
plantation have a high risk to develop a severe HCMV disease [13]. This
is due to a high immunosuppressive therapy and to long term donation
of antiviral drugs. Normally these patients received pre-emptive
therapy [15]. The development of a resistant HCMV infection can be
observed after prolonged drug exposure over weeks or months with
the greatest risk for CMV seronegative patients after solid organ
transplantation receiving an organ from a seropositive donor with a
frequency of 5–10% [16]. In kidney transplant recipients the incidence
increased up to 12.5% and seems to be still higher in lung transplant
recipients [13,17–19]. Besides antiviral potency, bioavailability and
effectiveness of drug delivery are important factors for the development
of antiviral drug resistance [13]. This is also of importance in the context
of the development of antiviral drug resistance in different
compartments.
(C)

TB40E [50]. (B) UL54 open reading framewith conserved subdomains (black boxes) of the
tance. (C) UL97 open reading frame including the conserved subdomains (black boxes).
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5. Antiviral Therapy

Therapy against HCMV diseases is due to three antiviral drugs.
The nucleoside analogue ganciclovir (GCV) is used as gold-standard.
The L-valyl ester of ganciclovir valganciclovir (ValGCV) can be adminis-
trated orally and is rapidly absorbed and hydrolyzed to ganciclovir [7]. It
is phosphorylated by the viral UL97-gene product and cellular kinases
and is afterwards incorporated in the growing DNA-chain and leads to
elongation stop. Adverse effects of ValGCV and GCV are neutropenia
and teratogenic and hematotoxic effects [18]. Cidofovir (CDV), a
nucleotide analogue, is phosphorylated by cellular kinases and stops
also chain elongation, since viral DNA polymerase is the final target
molecule. It has severe secondary effects like nephrotoxicity and
neutropenia which limits the clinical application. The pyrophosphate
analogue foscarnet (PFA) interacts directly with the viral polymerase
for the pyrophosphate binding site, encoded by the UL54 open reading
frame, and inhibits the enzyme reversible [20–22]. The treatment with
PFA showed many adverse effects like electrolyte abnormalities,
anemia and granulocytopenia that limit the clinical use of the drug
[18]. Mutations in the HCMV phosphotransferase-gene (UL97) and the
polymerase gene (UL54) are responsible for resistance to ganciclovir
(GCV), cidofovir (CDV) and foscarnet (PFA). Over 90% of all GCV-
resistant clinical isolates do have mutations in the UL97 gene [2,7].
Special mutations in conserved subdomains of the UL54-gene can
cause resistance to GCV, CDV and PFA as well as cross-resistance
between all three antiviral drugs. Resistance to Maribavir is mediated
by mutations in the UL97- and the UL27 gene [8,13,22].

6. Laboratory Diagnostics

6.1. Genotypic Assays

The gold standard and mostly used genotypic method for the detec-
tion of resistant HCMV strains is Sanger sequencing of PCR products
from the UL97 and the UL54 genes [13]. Different new techniques
have been established [23]. Deep sequencing methods allow the detec-
tion of minorities of mutations in a patient isolate mixture [24,25].
However, the importance of minor subpopulations in context of treat-
ment remains unclear [26].

Other methods for the detection of drug resistance associated muta-
tions are restriction fragment length polymorphism (RFLP) and real
time PCR assays. Both methods allow a detection of resistant mutations
in the UL97 gene. The RFLP is based on restriction endonuclease recog-
nition sites in PCR products of theUL97 gene.Mutations result in gain or
loss of these restriction sites and in comparison to a wildtype control,
detection of mutations can be performed by digest of the PCR product
followed by agarose gel electrophoresis. With different enzymes a
pattern of fragments could be compared. Other advantages are that
amplification can be made directly from material of the patient; it is
fast, cost saving, easy to perform and mixtures of wildtype and mutant
strains can be detected. Nevertheless, the RFLP analysis is restricted to
known mutations that lead to a gain or loss of restriction sites. New
mutations cannot be detected using thismethod [27–32], and an appro-
priate assay for detection of gain or loss of a defined point mutation has
to be available. The most important canonical UL97 mutations are
detectable via RFLP (recognition site), like M460V (NlaIII), M460I
(Mse I) [47], A591V (HaeIII), C592G (FseI) [90,91], A591V/C592G
(HaeIII/Fse I/Taq I) [47], A594V (Hin6I), L595S (Taq I), L595F (Mse
I) [29], C603W [91], and C607Y [71]. RFLP assays for HCMV UL54 have
no diagnostic value, since they are distributed over the whole gene.

Real-time PCR using melting curve analysis for the detection of
specific UL97-mutation is a very fast and sensitivemethod. It also allows
a semiquantitative detection of wildtype and mutant mixtures out of
patient material and a simultaneously detection of different mutations
in the same approach. Equally to RFLP analysis, the real time PCR
approaches can only detect known mutations. The assays cannot
distinguish between different mutations and polymorphisms near
knownmutations can influence themelting curve [33,34]. Nevertheless,
these assays are a good tool for a rapid screening of the most common
UL97-mutations out of patient materials.

6.2. Phenotypic Assays

The phenotypic characterization of isolates extracted from patient
materials is very time consuming for HCMV and has only restricted
use in routine diagnostics, since it is prerequisite to get a viral isolate.
Nevertheless if a viral isolate is available, it is possible to check beside
GCV the susceptibility also to PFA and cidofovir. However it remains
important in cases with unclear genotypic results or detecting of new
mutations.

Different types of Plaque reduction assays (PRAs) were described
which are based on the determination of a required drug concentra-
tion necessary to reduce viral growth in cell culture, the ID50 (inhib-
itory dose 50%) values which define the halfmaximal reduction of the
number of HCMV plaques resulting from in vitro culture without
anitiviral compound. Standardization of these PRAs is still a problem,
especially in context of definitions of cut-off levels for resistance,
which also depends on the availability of suitable therapy-naïve
wild-type virus strains. Nevertheless, these assays are necessary to
confirm new mutations and to clarify unclear genotypic results
[35–38].

An interesting tool for the correlation of genotypic results to a
specific potentially resistant phenotype was published by Chevillotte
et al. [39]. Comparable to databases for HBV or HIV drug resistance,
the platform allows a correlation of Marker Transfer verified UL97-
and UL54 mutations to a correspondent phenotype.

7. Marker Transfer

Marker Transfer Analysis comprised the incorporation of a not
described UL97- or UL54- mutation in the wildtype background of
HCMV followed by o phenotypic characterization of the resulting
recombinant HCMV strain in comparison to the wildtype. The large
and complex genome of HCMVwas a huge problem in early time period
of antiviral testing. Using homologous recombination by cotransfection,
multiple segments of HCMV-DNA was cotransfected into HFF [29,40].
One segment contained the mutation which should be characterized;
the other segments were wildtype HCMV DNA. The resulting virus
had to be propagated and finally plaque purified. Recombination
events are normally very rare and cannot be controlled in cell culture.
Therefore the generation of HCMV mutant using this method was
time consuming and often not successful. Also the co-transfection of
cosmid clones was very hard to perform [41].

A milestone for the generation of recombinant HCMV mutants was
the development of HCMV as bacterial artificial chromosome (BAC).
Different methods for the reconstitution of HCMV-BAC mutants were
described [42–44]. BAC clones are very stable and the mutagenesis can
be performed in specific Escherichia coli strains where the recombina-
tion of HCMV BAC with a PCR product containing the unknown muta-
tion, can be controlled. The most effective one was published by
Tischer et al. [45,46] and allows the generation of HCMV mutants in
E.coli without any foreign sequences. The resulting BAC mutant DNA is
then transfected into HFF and after propagation, phenotypic character-
ization can be performed. The characterization of the recombinant
HCMV-BACs is normally done using PRA.

8. Multidrug Resistance

Multidrug resistance in patients under antiviral treatment of HCMV
diseases is described by different groups [3,4,39,48,49]. The appearance
of resistant phenotype against all available drugs often leads to a fatal
outcome.



Table 1
Resistance mutations in the UL97 gene confirmed by Marker Transfer or recombinant
phenotype.

Mutation GCV ratio References

L405P 2.5 [46]
M460I 5 [31,47–52]
M460T 9.3 [46]
M460V 8.3 [22,25,31,49–56]
V466G 3.5 [57]
H520Q 10 [22,25,31,49,54,58,59]
Del591–594 3–10 [22,25,34,49]
Del591–607 6.2 [49]
C592G 2.9 [50,51,53,55]
A594E 3.0 [46]
A594G 13.5 [50,61]
A594P na [31,48,50,60]
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Typically, multidrug resistance phenotypes appear after long term
treatment span weeks or months. Normally therapy of a HCMV disease
with a positiveDNAemia inwhole blood or plasma startswith the dona-
tion of GCV as drug of choice. In most cases the viral load decreases.
Mutations in the UL97 gene can be observed shortly before a first viral
peak value. After a therapy switch to either PFA or CDV the viral load
decreases again. After weeks of treatment, additional UL54 mutations
can be observed before the viral load increases again [48]. Isolated
UL54-mutations leading to a resistance phenotype are rarely reported.
Phenotypic assay normally confirms and completes the genotypic
results. Newly detected mutations have to be confirmed by Marker
Transfer Analysis. Also combination of different mutation In UL97-
and UL54 gene have to be investigated [48]. The mutations character-
ized up to now are illustrated in Tables 1 and 2.
A594T 2.7 [22,25,31,48–51]
A594V 8.3 [22,25,31,48,49,51–54,59]
L595F 15.7 [49–52]
L595S 9.2 [22,25,31,48,49,51,53–55,85]
L595W 5.1 [31,49,54]
L595del 13.3 [62]
Del595–603 8.4 [63]
E596G 2.3 [48,49]
E596Y 6.4 [69]
G598S na [64]
K599T 5.3 [65]
L600del 1.9 [49]
T601del Nq [66]
Del601–603 11 [56]
C603R 3.6–8.3 [31,46,57]
C603S 1.9 [31,46]
C603W 8 [22,31,46,48–51,59,85]
C607F 1.9 [22,49,50]
C607Y 12.5 [31,49,50,67]
I610T 2.6 [69]
A613V 2.3 [68]
L405P 2.5 [51]
M460I 5 [37,52–54,18,55,56]
M460T 9.3 [51]
9. Summary

The development of drug- or multidrug resistant HCMV infection in
patients after SCT might cause severe clinical problems. Mutations in
the UL97 can lead to resistance to GCV while mutations in the UL54
gene region can cause resistance to all three antiviral drugs GCV, CDV
and PFA. Since GCV is the first choice for treatment, mutations in the
UL97 gene appearfirst followed by UL54mutations after therapy switch
resulting in a multidrug resistant phenotype.

There are limited reports about the development of multidrug
resistance in transplant recipients [3,4,39,48,49]. Multidrug resistant
HCMV infection can cause potential lethal HCMV disease. Close
monitoring of HCMV reactivation by PCR and to follow up the viral
load under therapy after HCT as well as after organ transplantation is
mandatory. The role of specific combinations of UL97- and UL54-
mutations as well as polymorphisms associated mutations have to be
further analyzed with regard to the clinical outcome and treatment
failure.
M460V 8.3 [18,28,31,37,54–60]
V466G 3.5 [61]
C518Y 12 [92]
H520Q 10 [28,31,37,54,58,61,46]
Del591–594 3–10 [28,31,40,54]
Del591–607 6.2 [54]
C592G 2.9 [18,55,57,59]
A594E 3.0 [51]
A594G 13.5 [18,65]
A594P Na [18,37,53,64]
A594T 2.7 [18,28,31,37,53–55]
A594V 8.3 [28,31,37,46,53–58]
L595F 15.7 [18,54–56]
L595S 9.2 [28,31,37,53–55,57–59,89]
L595W 5.1 [37,54,58]
L595del 13.3 [66]
Del595–603 8.4 [67]
E596G 2.3 [53,54]
E596Y 6.4 [73]
G598S Na [68]
K599T 5.3 [69]
L600del 1.9 [54]
T601del Nq [70]
Del601–603 11 [60]
C603R 3.6–8.3 [37,51,61]
C603S 1.9 [37,51]
C603W 8 [18,28,37,46,51,53–55,89]
C607F 1.9 [18,28,54]
C607Y 12.5 [18,37,54,71]
I610T 2.6 [73]
A613V 2.3 [72]
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Table 2
Resistancemutations in theUL54gene confirmedbyMarker Transfer. Resistance ratios are
marked in bold numbers.

Mutation GCV ratio PFA ratio CDV ratio References

D301N 2.6 0.5 3 [70]
N408D 4.9 1.3 5.6 [35]
N408K 4.2 0.7 21 [71]
N410K 2.9 0.8 3 [70]
F412C 4.2 1.2 18 [72]
F412V 4.3 1.1 15.5 [35]
D413A 6.5 0.8 11 [56]
D413E 4.8 0.8 4.3 [70,87]
N495K 1.1 3.4 1.1 [73]
L501I 6 1.4 9.1 [35]
T503I 2.9 0.5 6.1 [70]
K513E 5 1.4 9.1 [35]
K513N 6 1.1 12.5 [74]
D515E 2.4 1.1 1.6 [69]
L516R 2.1 0.8 5.1 [70]
I521T 3.1 0.9 3.9 [75]
P522A 3 1 4.1 [75]
P522S 3.1 1.1 3.6 [35]
L545S 3.5 1.2 9.1 [35]
D588E 1.3 2.3 1.1 [35,77]
D588N 3.8 3.2–9 2.7 [76]
T700A 0.9 4.7 1.5 [78]
V715M 1 5.5 1.1 [78]
E756D 1.2 3.4 0.7 [70]
E756K 3.5 N8 2.2 [70,87]
E756Q 1.7 4.3 1 [79]
L776M 2.5 3.5 1 [80]
V781I 1–4 4–5.2 1.2 [35,76]
V787L 2.4 4.1 1 [79]
L802M 1.1–3.5 3.2–10.8 0.9–1.8 [35,72]
K805Q 1 0.18 2.2 [35]
A809V 2.6 6.3 1.7 [81]
V812L 2.5 2.9 3.2 [74]
T813S 2.5 4.9 2.7 [82]
T821I 4.5 21 1.9 [35]
A834P 5.4 6.4 3 [71]
T838A 1.8 2.4 0.8 [77]
G841A 3.2 4.3 2.6 [82]
Del918–982 8.3 3.6 2.8 [83]
A987G 5.3 1.2 11.3 [84]
D301N 2.6 0.5 3 [74]
N408D 4.9 1.3 5.6 [41]
N408K 4.2 0.7 21 [75]
N408S 3.1 Nd 7.5 [92]
N410K 2.9 0.8 3 [74]
F412C 4.2 1.2 18 [76]
F412V 4.3 1.1 15.5 [41]
F412L 4.6 1.1× 9.4× [93]
F412S 5.3 0.8× 13× [93]
D413A 6.5 0.8 11 [77]
D413E 4.8 0.8 4.3 [74,91]
P488R 3.5 Nd 7.9 [93]
N495K 1.1 3.4 1.1 [77]
L501I 6 1.4 9.1 [41]
T503I 2.9 0.5 6.1 [74]
K513E 5 1.4 9.1 [41]
K513N 6 1.1 12.5 [78]
D515E 2.4 1.1 1.6 [73]
L516R 2.1 0.8 5.1 [74]
I521T 3.1 0.9 3.9 [79]
P522A 3 1 4.1 [79]
P522S 3.1 1.1 3.6 [41]
C539R 3.2 Nd 13.3 [93]
L545S 3.5 1.2 9.1 [41]
L545W 5.9 1.3× 6.3× [93]
Q578H 3.3 4.5 2.3 [93]
Q578L 1.9 3.0 0.8 [93]
D588E 1.3 2.3 1.1 [41,81]
D588N 3.8 3.2–9 2.7 [80]
T700A 0.9 4.7 1.5 [82]
V715M 1 5.5 1.1 [82]
E756D 1.2 3.4 0.7 [74]
E756K 3.5 N8 2.2 [74,91]
E756Q 1.7 4.3 1 [83]

Table 2 (continued)

Mutation GCV ratio PFA ratio CDV ratio References

L776M 2.5 3.5 1 [84]
V781I 1–4 4–5.2 1.2 [41,80]
V787L 2.4 4.1 1 [83]
L802M 1.1–3.5 3.2–10.8 0.9–1.8 [41,76]
K805Q 1 0.18 2.2 [41]
A809V 2.6 6.3 1.7 [85]
V812L 2.5 2.9 3.2 [78]
T813S 2.5 4.9 2.7 [86]
T821I 4.5 21 1.9 [41]
A834P 5.4 6.4 3 [75]
T838A 1.8 2.4 0.8 [81]
G841A 3.2 4.3 2.6 [86]
Del981–982 8.3 3.6 2.8 [87]
A987G 5.3 1.2 11.3 [88]

157K. Göhring et al. / Computational and Structural Biotechnology Journal 13 (2015) 153–159
[17] Myhre HA, Haug Dorenberg D, Kristiansen KI, Rollag H, Leivestad T, Asber A, et al.
Incidence and outcome of ganciclovir-resistant cytomegalovirus infections in 1244
kidney transplant recipients. Transplantation 2011;92:217–23.

[18] Schreiber A, Härter G, Schuber A, Bunjes D, Mertens T, Michel D. Antiviral treatment
of cytomegalovirus infection and resistant strains. Expert Opin Pharmacother 2009;
10:191–209.

[19] Hakki M, Chou S. The biology og cytomegalovirus drug resistance. Curr Opin Infect
Dis 2011;24:605–11.

[20] Lischka P, Zimmermann H. Antiviral strategies to combat cytomegalovirus infections
in transplant recipients. Curr Opin Pharmacol 2008;8:541.

[21] Andrei G, De CE, Snoeck R. Drug targets in cytomegalovirus infection. Infect Disord
Drug Targets 2009;9:162.

[22] Eid AJ, Arthurs SK, Deziel PJ, WilhelmMP, Razonable RR. Emergence of drug resistant
cytomegalovirus in the era of valganciclovir prophylaxis: therapeutic implications
and outcomes. Clin Transplant 2008;48:162.

[23] Schuurman R, Demeter L, Reichelderfler P, Tijnagel J, De Groot T, Boucher C. World-
wide evaluation of DNA sequencing approach for identification of drug resistance
mutations in human immunodeficiency virus type 1 reverse transcriptase. J Clin
Microbiol 1999;37:2291–6.

[24] Margeridon-Thermet S, Shulman NS, Ahmed A, Shahari R, Liu T, Wang C, et al. Ultra-
deep pyrosequencing of hepatitis B virus quasispecies from nucleoside and nucleo-
tide reverse-transcriptase inhibitor (NRTI-)-treated patients and NRTI-naïve pa-
tients. J Infect Dis 2009;199:1275–85.

[25] Wang C, Mitsuya Y, Gharizadeh B, Ronaghi M, Shafer RW. Characterization of muta-
tion spectra with ultra-deep pyrosequencing: application to HIV1 drug resistance.
Genome Res 2007;17:1195–201.

[26] Göhring K, Feuchtinger T, Mikeler E, Lang P, Jahn G, Handgretinger R, et al. Dynamics
of the emergence of a drug resistant human cytomegalovirus strain in a pediatric
stem cell transplant recipient detected by a new real-time PCR approach. J Mol
Diagn 2009;11:364–8.

[27] Boivin G, Chou S, Quirk MR, Erice A, Jordan MC. Detection of ganciclovir resistance
mutations of cytomegalovirus (CMV) DNA in leucozytes of patients with fatal
disseminated CMV diseases. J Infect Dis 1996;173:523–8.

[28] Boivin G, Gilbert C, Gaudreau A, Greenfield I, Sudlow R, Roberts NA. Rate of
emergence of cytomegalovirus (CMV) mutations in leucocytes of patients with
acquired immunodeficiency syndrome who are receiving valganciclovir as induc-
tion and maintenance therapy for CMV retinitis. J Infect Dis 2001;184:1598–602.

[29] Chou S, Erice A, Jordan MC, Vercellotti GM, Michels KR, Talarico CL, et al. Analysis of
the UL97 phosphotransferase coding sequence in clinical cytomegalovirus isolates
and identification of mutations conferring ganciclovir resistance. J Infect Dis 1995;
171:576–83.

[30] Chou S, Guentzel S, Michels KR, Miner RC, Drew WL. Frequency of UL97
phosphotransferase mutations related to ganciclovir resistance in clinical
cytomegalovirus isolates. J Infect Dis 1995;172:239–42.

[31] Erice A, Gil-Roda JL, Perez L, Balfour HH, Sannerud KJ, Hanson MN, et al. Antiviral
susceptibilities and analysis of UL97 and DNA polymerase sequences of clinical cyto-
megalovirus isolates from immunocompromised patients. J Infect Dis 1997;175:
1087–92.

[32] Gilbert C, Handfiels J, Toma E, Lalonde R, Bergeron MG, Boivin G. Emergence and
prevalence of cytomegalovirus UL97 mutations associated with ganciclovir
resistance in AIDS patients. AIDS 1998;12:125–9.

[33] Göhring K, Mikeler E, Jahn G, Hamprecht K. Rapid simultaneous detection by real-
time PCR of cytomegalovirus UL97 mutations in codons 460 and 520 conferring
ganciclovir resistance. J Clin Microbiol 2006;44:4541–4.

[34] Göhring K, Mikeler E, Jahn G, Rohde F, Hamprecht K. Rapid semiquantitative real-
time PCR for the detection of human cytomegalovirus UL97 mutations conferring
ganciclovir resistance. Antivir Ther 2008;13:461–6.

[35] Chou S. Antiviral drug resistance in human cytomegalovirus. Transpl Infect Dis 1999;
1:105–14.

[36] Landry ML, Stanat S, Biron K, Brambilla P, Britt W, Jokela J, et al. A standardized
plaque reduction assay for determination of drug susceptibilities of cytomegalovirus
clinical isolates. Antimicrob Agents Chemother 2000;44:688–92.

[37] Lurain NS, Bhorade SM, Pursell KJ, Avery RK, Yeldandi VV, Isada CM, et al. Analysis
and characterization of antiviral-drug-resistant cytomegalovirus isolates from solid
organ transplant recipients. J Infect Dis 2002;186:760–8.

http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0080
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0080
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0080
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0085
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0085
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0085
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0090
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0090
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0095
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0095
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0100
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0100
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0105
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0105
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0105
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0110
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0110
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0110
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0110
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0115
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0115
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0115
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0115
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0120
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0120
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0120
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0125
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0125
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0125
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0125
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0130
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0130
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0130
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0135
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0135
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0135
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0135
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0140
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0140
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0140
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0140
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0145
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0145
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0145
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0150
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0150
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0150
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0150
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0155
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0155
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0155
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0160
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0160
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0160
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0165
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0165
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0165
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0170
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0170
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0175
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0175
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0175
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0180
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0180
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0180


158 K. Göhring et al. / Computational and Structural Biotechnology Journal 13 (2015) 153–159
[38] Prix L, Maierl J, Jahn G, Hamprecht K. A simplified assay for screening of drug
resistance of cell-associated cytomegalovirus strains. J Clin Virol 1998;24:29–37.

[39] Chevillotte M, Schubert A, Mertens T, von Einem J. Fluorescence-based assay for
phenotypic characterization of human cytomegalovirus polymerase mutations
regarding drug susceptibility and viral replicative fitness. Antimicrob Agents
Chemother 2009;53:3752–61.

[40] Sullivan V, Talarico CL, Stanat SC, Davis M, Coen DM, Biron KK. A protein kinase ho-
mologue controls phosphorylation of ganciclovir in human cytomegalovirus-
infected cell. Nature 1992;358:162–4.

[41] Cihlar T, Fuller MD, Cherrington JM. Characterization of drug resistant associated
mutations in human cytomegalovirus DNA polymerase gene by using recombi-
nant mutant virus generated from overlapping DNA fragments. J Virol 1998;
72:5927–36.

[42] Warming S, Constantino SN, Court DL, Jenkins NA, Copeland NG. Simple and highly
efficient BAC recombineering using galK selection. Nucleic Acids Res 2005;33:e36.

[43] Martin M, Gilbert E, Covington E, Boivin G. Characterization of human
citomegalovirus (HCMV) UL97 mutations found in a valganciclovir/oral ganciclovir
prophylactic trial by use of bacterial artificial chromosom containing the HCMV
genome. J Infect Dis 2006;194:579–83.

[44] Borst EM, Hahn G, Koszinowski UH, Messerle M. Cloning of the human
cytomegalovirus (HCMV) genome as an infectious bacterial artificial chromosome
in Escherichia coli: a new approach for construction of HCMV mutants. J Virol
1999;73:8320–9.

[45] Tischer BK, von Einem J, Kaufer B, Osterrieder N. Two-step mediated recombination
for versatile high-efficiency markerless DNA manipulation in Escherichia coli.
Biotechniques 2006;40:191–7.

[46] Tischer BK, Smith GA, Osterrieder N. En passant mutagenesis: a two step markerless
recombination system. Methods Mol Biol 2010;634:421–30.

[47] Eckle T, Jahn G, Hamprecht K. High impact of an expanded restriction fragment
length polymorphism assay on detection of gancoclovir- resistant UL97 mutants of
human cytomegalovirus. Antimicrob Agents Chemother 2003;47(1):242–3.

[48] Göhring K, Wolf D, Bethge W, Mikeler Faul C, Vogel W, et al. Dynamics of coexisting
HCMV UL97- and UL54 drug resistance assicoated mutations in patients after
haematopoetic cell transplantation. J Clin Virol 2013;57:43–9.

[49] Iwanesko JM, Scott GM, Ziegler JB, Rawlinson WD. Emergence and persistence of
multiple antiviral-resistant CMV strains in a highly imunocompromised child. J
Clin Virol 2007;40:152–5.

[50] Sinzger C, Hahn G, Digel M, Katona R, Sampaio KL, Messerle M, et al. Cloning and se-
quencing of a highly productive, endotheliotropic virus strain derived fromhuman cy-
tomegalovirus TB40/E. J Gen Virol 2008;89:359–68.

[51] Chou S. Recombinant phenotyping of cytomegalovirus UL97 kinase sequence
variants for ganciclovir resistance. Antimicrob Agents Chemother 2010;54:
2372–8.

[52] Abraham B, Lastere S, Reynes J, Bibollet-Ruche F, Vidal N, SegondyM. Ganciclovir re-
sistance and UL97 gene mutations in cytomegalovirus blood isolates from patients
with AIDS treated with ganciclovir. J Clin Virol 1999;13:141–8.

[53] Boutolleau D, Deback C, Bressollette-Bodin C, Varnous S, Dhedin N, Barrou B,
et al. Resistance pattern of cytomegalovirus (CMV) after oral valganciclovir ther-
apy in transplant recipients at high-risk for CMV infection. Antiviral Res 2009;
81:174–9.

[54] Chou S, Waldemer RH, Senters AE, Michels S, Kemble GW, Miner RC, et al. Cytomeg-
alovirus UL97 phosphotransferase mutations that affect susceptibility to ganciclovir.
J Infect Dis 2002;185:162–9.

[55] Smith IL, Cherrington JM, Jiles RE, Fuller MD, Freeman WR, Spector SA. High-level
resistance of cytomegalovirus to ganciclovir is associated with alterations in both
the UL97 and DNA polymerase genes. J Infect Dis 1997;176:69–77.

[56] Wolf DG, Smith IL, Lee DJ, Freeman WR, Flores-Aguilar M, Spector SA. Mutations in
human cytomegalovirus UL97 gene confer clinical resistance to ganciclovir and
can be detected directly in patient plasma. J Clin Invest 1995;95:257–63.

[57] Chou S, Van Wechel LC, Lichy HM, Marousek GI. Phenotyping of cytomegalovirus
drug resistance mutations by using recombinant viruses incorporating a reporter
gene. Antimicrob Agents Chemother 2005;49:2710–5.

[58] Jabs DA, Martin BK, Forman MS, Dunn JP, Davis JL, Weinberg DV, et al. Longitudinal
observations on mutations conferring ganciclovir resistance in patients with ac-
quired immunodeficiency syndrome and cytomegalovirus retinitis. The Cytomega-
lovirus and Viral Resistance Study Group Report Number 8. Am J Ophthalmol
2001;132:700–10.

[59] Limaye AP, Corey L, Koelle DM, Davis CL, Boeckh M. Emergence of ganciclovir-
resistant cytomegalovirus disease among recipients of solid-organ transplants.
Lancet 2000;356:645–9.

[60] Marfori JE, Exner MM, Marousek GI, Chou S, Drew WL. Development of new
cytomegalovirus UL97 and DNA polymerase mutations conferring drug resistance
after valganciclovir therapy in allogeneic stem cell recipients. J Clin Virol 2007;38:
120–5.

[61] Martin M, Goyette N, Ives J, Boivin G. Incidence and characterization of
cytomegalovirus resistance mutations among pediatric solid organ transplant
patients who received valganciclovir prophylaxis. J Clin Virol 2010;47:321–4.

[62] Hanson MN, Preheim LC, Chou S, Talarico CL, Biron KK, et al. Novel mutation in the
UL97 gene of a clinical cytomegalovirus strain conferring resistance to ganciclovir.
Antimicrob Agents Chemother 1995;39:1204–5.

[63] Limaye AP, Raghu G, Koelle DM, Ferrenberg J, Huang ML, et al. High incidence of
ganciclovir-resistant cytomegalovirus infection among lung transplant recipients
receiving preemptive therapy. J Infect Dis 2002;185:20–7.

[64] Ijichi O, Michel D, Mertens T, Miyata K, Eizuru Y. GCV resistance due to the mutation
A594P in the cytomegalovirus protein UL97is partially reconstituted by a second
mutation at D605E. Antiviral Res 2002;53:135–42.
[65] Bourgeois C, Sixt N, Bour JB, Pothier P. Value of a ligase chain reaction assay for
detection of ganciclovir resistance-related mutation 594 in UL97 gene of human
cytomegalovirus. J Virol Methods 1997;67:167–75.

[66] Baldanti F, Silini E, Sarasini A, Talarico LC, Stanat SC, et al. A three-nucleotide deletion
in the UL97 open reading frame is responsible for the ganciclovir resistance of a
human cytomegalovirus clinical isolate. J Virol 1995;69:796–800.

[67] Chou S, Meichsner LC. A nine-codon deletion mutation in the cytomegalovirus UL97
phosphotransferase gene confers resistance to ganciclovir. Antimicrob Agents
Chemother 2000;44:183–5.

[68] Baldanti F, Michel D, Simoncini L, Heuschmid M, Zimmermann A, Minisini R, et al.
Mutations in the UL97 ORF of ganciclovir-resistant clinical cytomegalovirus isolates
differentially affect GCV phosphorylation as determined in a recombinant vaccinia
virus system. Antiviral Res 2002;54:59–67.

[69] Faizi Khan R, Mori S, Eizuru Y, Kumura Ishii K, Minamishima Y. Genetic analysis of a
ganciclovir-resistant human cytomegalovirus mutant. Antiviral Res 1998;40:
95–103.

[70] Hantz S, Michel D, Fillet AM, Guigonis V, Champier G, Mazeron MC, et al. Early selec-
tion of a new UL97 mutant with a severe defect of ganciclovir phosphorylation after
valaciclovir prophylaxis and short-term ganciclovir therapy in a renal transplant re-
cipient. Antimicrob Agents Chemother 2005;49:1580–3.

[71] Baldanti F, Underwood MR, Talarico CL, Simoncini L, Sarasini A, Biron KK, et al. The
Cys607Tyr change in the UL97 phosphotransferase confers ganciclovir resistance
to two human cytomegalovirus strains recovered from two immunocompromised
patients. Antimicrob Agents Chemother 1998;42:444–6.

[72] Fischer L, Laib-Sampaio K, Jahn G, Hamprecht K, Göhring K. Generation and charac-
terisation of defined HCMV UL97- and UL54-mutants conferring drug resistance.
Antiviral Res 2013;100:575–7.

[73] Fischer L, Laib-Sampaio K, Jahn G, Hamprecht K, Göhring K. Identification of newly
detected, drug-related HCMV UL97- and UL54- mutations using a modified plaque
reduction assay. J Clin Virol 2015 [submitted for publication].

[74] Chou S, Lurain NS, Thompson KD, Miner RC, DrewWL. Viral DNA polymerase muta-
tions associated with drug resistance in human cytomegalovirus. J Infect Dis 2003;
188:32–9.

[75] Scott GM, Weinberg A, Rawlinson WD, Chou S. Multidrug resistance conferred by
novel DNA polymerase mutations in human cytomegalovirus isolates. Antimicrob
Agents Chemother 2007;51:89–94.

[76] Chou S, Marousek G, Guentzel S, Follansbee SE, Poscher ME, Lalezari JP, et al. Evolu-
tion of mutations conferring multidrug resistance during prophylaxis and therapy
for cytomegalovirus disease. J Infect Dis 1997;176:786–9.

[77] Ducancelle A, Champier G, Alain S, Petit F, Le PorsMJ, MazeronMC. A novel mutation
in theUL54 gene of human cytomegalovirus isolates that confers resistance to
foscarnet. Antivir Ther 2006;11:537–40.

[78] Cihlar T, Fuller MD, Mulato AS, Cherrington JM. A point mutation in the human
cytomegalovirus DNA polymerase gene selected in vitro by cidofovir confers a
slow replication phenotype in cell culture. Virology 1998;248:382–93.

[79] Chou S, Marousek G, Li S, Weinberg A. Contrasting drug resistance phenotypes
resulting from cytomegalovirus DNA polymerase mutations at the same
exonuclease locus. J Clin Virol 2008;43:107–9.

[80] Mousavi-Jazi M, Schloss L, Drew WL, Linde A, Miner RC, Harmenberg J, et al. Varia-
tions in the cytomegalovirus DNA polymerase and phosphotransferase genes in re-
lation to foscarnet and ganciclovir sensitivity. J Clin Virol 2001;23:1–15.

[81] Springer KL, Chou S, Li S, Giller RH, Quinones R, Shira JE, et al. How evolution of mu-
tations conferring drug resistance affects viral dynamics and clinical outcomes of
cytomegalovirus-infected hematopoietic cell transplant recipients. J Clin Microbiol
2005;43:208–13.

[82] Baldanti F, Underwood MR, Stanat SC, Biron KK, Chou S, Sarazini A, et al. Single
amino acid changes in the DNA polymerase confer foscarnet resistance and slow-
growth phenotype, while mutations in the UL97-encoded phosphotransferase con-
fer ganciclovir resistance in three double-resistant human cytomegalovirus strains
recovered from patients with AIDS. J Virol 1996;70:1390–5.

[83] Weinberg A, Jabs DA, Chou S, Martin BK, Lurain NS, FormanMS, et al. Mutations con-
ferring foscarnet resistance in a cohort of patients with acquired immunodeficiency
syndrome and cytomegalovirus retinitis. J Infect Dis 2003;187:777–84.

[84] Shapira MY, Resnick IB, Chou S, Neumann AU, Lurain NS, Stamminger T, et al.
Artesunate as a potent antiviral agent in a patient with late drug-resistant cytomeg-
alovirus infection after hematopoietic stem cell transplantation. Clin Infect Dis 2008;
46:1455–7.

[85] Chou S, Marousek G, Parenti DM, Gordon SM, LaVoy AG, Ross JG, et al. Mutation in
region III of the DNA polymerase gene conferring foscarnet resistance in cytomega-
lovirus isolates from 3 subjects receiving prolonged antiviral therapy. J Infect Dis
1998;178:526–30.

[86] Chou S, Marousek GI, Van Wechel LC, Li S, Weinberg A. Growth and drug resis-
tance phenotypes resulting from cytomegalovirus DNA polymerase region III
mutations observed in clinical specimens. Antimicrob Agents Chemother 2007;
51:4160–2.

[87] Chou S, Miner RC, DrewWL. A deletion mutation in region V of the cytomegalovirus
DNA polymerase sequence confers multidrug resistance. J Infect Dis 2000;182:
1765–8.

[88] Sullivan V, Biron KK, Talarico C, Stanat SC, Davis M, Pozzi LM, et al. A point mutation
in the human cytomegalovirus DNA polymerase gene confers resistance to ganciclo-
vir and phosphonylmethoxyalkyl derivatives. Antimicrob Agents Chemother 1993;
37:19–25.

[89] Hamprecht K, Eckle T, Prix L, Faul C, Einsele H, Jahn G. Ganciclovir-resistant
cytomegalovirus disease after allogeneic stem cell transplantation: pitfalls of
phenotypic diagnosis by in vitro selection of an UL97 mutant strain. J Infect Dis
2003;187(1):139–42.

http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0185
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0185
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0190
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0190
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0190
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0190
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0195
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0195
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0195
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0200
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0200
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0200
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0200
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0205
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0205
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0210
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0210
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0210
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0210
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0215
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0215
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0215
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0215
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0220
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0220
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0220
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0225
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0225
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0230
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0230
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0230
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0235
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0235
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0235
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0240
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0240
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0240
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0245
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0245
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0245
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0250
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0250
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0250
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0255
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0255
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0255
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0260
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0260
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0260
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0260
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0265
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0265
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0265
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0270
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0270
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0270
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0275
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0275
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0275
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0280
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0280
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0280
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0285
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0285
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0285
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0285
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0285
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0290
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0290
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0290
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0295
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0295
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0295
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0295
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0300
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0300
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0300
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0305
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0305
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0305
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0310
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0310
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0310
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0315
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0315
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0315
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0320
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0320
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0320
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0325
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0325
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0325
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0330
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0330
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0330
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0335
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0335
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0335
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0335
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0340
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0340
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0340
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0345
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0345
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0345
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0345
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0350
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0350
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0350
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0350
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0355
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0355
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0355
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0360
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0360
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0360
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0365
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0365
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0365
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0370
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0370
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0370
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0375
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0375
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0375
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0380
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0380
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0380
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0385
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0385
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0385
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0390
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0390
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0390
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0395
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0395
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0395
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0400
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0400
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0400
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0400
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0405
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0405
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0405
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0405
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0405
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0410
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0410
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0410
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0415
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0415
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0415
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0415
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0420
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0420
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0420
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0420
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0425
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0425
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0425
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0425
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0430
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0430
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0430
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0435
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0435
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0435
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0435
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0440
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0440
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0440
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0440


159K. Göhring et al. / Computational and Structural Biotechnology Journal 13 (2015) 153–159
[90] Prix L, Hamprecht K, Holzhüter B, Handgretinger R, Klingebiel T, Jahn G. A compre-
hensive restriction analysis of the UL97 region allows early detection of ganciclovir-
resistant human cytomegalovirus in an immunocompromised child. J Infect Dis
1999;180(2):491–5.

[91] Chevilotte M, Ersing I, Mertens T, von Einem J. Differentiation between
polymorphism and resistance-associated mutations in human cytomegalovirus
DNA polymerase. Antimicrob Agents Chemother 2010;54:5004–11.
[92] Zhang Y, Zhao Z, Sun J, Cao G, Zhao F, Hu J, et al. A new mutation in the human
cytomegalovirus UL97 gene may confer ganciclovir resistance in Chinese kidney
transplant recipients. Arch Virol 2013;158:247–50.

[93] Hantz S, Cotin S, Borst E, Couvreux A, Salmier A, Garrigue I, et al. Novel DNA
polymerase mutations conferring cytomegalovirus resistance: input of BAC-
recombinant phenotyping and 3D model. Antiviral Res 2013;98:130–4.

http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0445
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0445
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0445
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0445
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0450
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0450
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0450
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0475
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0475
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0475
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0460
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0460
http://refhub.elsevier.com/S2001-0370(15)00004-5/rf0460

	Antiviral Drug-� and Multidrug Resistance in Cytomegalovirus Infected SCT Patients
	1. Introduction
	2. The UL97 Open Reading Frame
	3. The UL54 Open Reading Frame
	4. Risk Groups and Factors
	5. Antiviral Therapy
	6. Laboratory Diagnostics
	6.1. Genotypic Assays
	6.2. Phenotypic Assays

	7. Marker Transfer
	8. Multidrug Resistance
	9. Summary
	References


