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Infection with cytomegalovirus (CMV) remains a significant cause of morbidity and mortality among
hematopoietic cell transplant (HCT) recipients. We describe two pediatric HCT recipients who developed
persistent and severe drug-resistant CMV infections. CMYV resistance to foscarnet and ganciclovir was detected
after only 6 and 11 weeks of therapy, respectively. Viral pol mutations associated with drug resistance in these
patients included T838A (a novel mutation) and D588N, which were shown by marker transfer to confer
foscarnet and multidrug resistance, respectively. Each of these mutations significantly reduced in vitro
replication of CMV, suggesting that they may decrease viral fitness. This finding was further supported by the
disappearance of mutations upon withdrawal of antiviral pressure in one patient. Novel antivirals or combi-
nation therapy may be required for the treatment of drug-resistant CMV in HCT recipients and perhaps in

other severely immunocompromised patients.

Immunocompromised hosts such as transplant recipients
and AIDS patients are targets of cytomegalovirus (CMV) in-
fection and its complications. There are only a few antivirals
available to treat CMV disease: the commonly used nucleoside
analog ganciclovir, the pyrophosphate analog foscarnet, and
the nucleotide analog cidofovir. Valganciclovir, the prodrug of
ganciclovir, is available in an oral formulation. Valacyclovir is
effective when used for prophylaxis but not treatment (33).
Resistance to antivirals may develop, complicating clinical
management.

Most of the data on CMV resistance mutations and their
clinical significance come from patients who are coinfected
with CMV and human immunodeficiency virus (HIV) (15), but
reports of CMV resistance in transplant recipients are increas-
ing (12, 16, 19, 22, 36, 37). Hematopoietic cell transplant
(HCT) recipients at risk for CMV infection (CMV-seroposi-
tive recipients and/or those with seropositive donors) are often
exposed to long courses of prophylactic or preemptive antiviral
therapy, which may lead to selection of resistance mutations.
Additional risk factors for development of CMV drug resis-
tance may include transplantation with T-cell-depleted grafts
and graft-versus-host disease (11, 36).

Two CMV gene products are implicated in resistance to the
available anti-CMV drugs: the CMV UL97 gene product,
which is responsible for the first phosphorylation step of gan-
ciclovir, a step necessary for its activity, and the UL54 (pol)
gene product, the primary target of all available antivirals.
Point mutations or deletions of portions of UL97 can lead to
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ganciclovir resistance. UL54 mutations, depending on their
locations, can confer resistance to one or more antivirals (3, 7,
8).

Antiviral resistance can be determined by genotypic or phe-
notypic assays. Phenotypic assays measure the concentration of
an antiviral agent necessary to inhibit viral replication. They
require a viral isolate, thus prolonging the time necessary for
completion of the test. Genotypic assays, which look for key
resistance mutations in the UL97 and ULS54 genes, can be
performed in a timely fashion by using clinical specimens.
Genotypic assays may be more sensitive than phenotypic assays
(35) but may be limited by incomplete characterization of all
the mutations that confer resistance.

In addition to the phenotypic characterization of all CMV
mutations, determining how the mutations alter the fitness and
ability of the virus to establish latency might help improve
current therapeutic strategies. Certain resistance mutations in
the HIV genome reduce fitness, attenuate pathogenicity, and
potentiate the activity of other antivirals (9, 25, 27). It has been
suggested that this may also be true for CMV (3, 14). In this
report, we describe two HCT recipients who developed disease
with drug-resistant CMV. The changing genotypic patterns of
CMYV in these hosts together with the in vitro growth charac-
teristics conferred by the resistance mutations suggest de-
creased fitness of the resistant CMV.

(This work was presented in part at the 41st Annual Meeting
of the Infectious Diseases Society of America, San Diego,
Calif., 9 to 12 October 2003 [K. L. Springer et al., Abstr. 41st
Annu. Meet. Infect. Dis. Soc. Am., abstr. 367, 2003]).

MATERIALS AND METHODS

Detection of CMV infection and disease. CMV infection was defined by active
viral replication at any site. Patients were monitored at least weekly after trans-
plant by blood PCR, pp65 antigenemia, and culture. CMV disease was defined by
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the presence of consistent clinical symptoms and the finding of virus in the
relevant organ or its secretions by histology or culture. CMV retinitis was diag-
nosed by ophthalmologic exam.

Phenotypic susceptibility. Phenotypic susceptibility was determined by plaque
reduction assay (PRA) performed as previously described (10), except that we
used human embryonic lung fibroblast (HEL) monolayers and cell-associated
virus. Control virus was stored in a glycerol-containing freezing medium, which
insures consistent infectivity after thawing. CMV isolates were titered by inocu-
lating 10-fold dilutions of the viral stocks into triplicate wells. After 6 to 10 days
of incubation, when viral plaques were fully developed, plates were fixed with
10% formaldehyde solution and stained with 0.8% crystal violet, and plaques
were counted by light microscopy. Thereafter, 100 PFU of each virus was inoc-
ulated into triplicate wells without antivirals and with serial dilutions of ganci-
clovir, foscarnet, and cidofovir. Plaques were counted as described above. The
50% inhibitory concentration (ICs,) for each compound, defined as the antiviral
concentration that reduced the number of plaques expected on the basis of
untreated virus-inoculated wells by 50%, was determined by using a linear re-
gression Excel program.

Genotypic testing. DNA extracted from culture isolates or clinical specimens
with a QIAamp DNA Mini kit (QIAGEN) was used for CMV UL97 and UL54
sequencing. The region encoding the C-terminal half of UL97, which contains
the known drug resistance mutations, was amplified by using the primers 5'-CT
GCTGCACAACGTCACGGTACATC-3' (forward) and 5'-CTCCTCATCGTC
GTCGTAGTCC-3' (reverse), which produce a 1,038-bp product (24). The entire
3.7-kb CMV pol coding region was amplified by using flanking primers (forward,
5'-GTCAGCCTCTCACGGTCCGCTAT-3'; reverse, 5'-CTCAGTCTCAGCA
GCATCATCAC-3"). PCR products generated with a GeneAMP XL PCR kit
(Applied Biosystems) were sequenced without cloning, with primers internal to
the amplified segment that produced overlapping coverage of the target se-
quences. Sequencing reactions were performed by dideoxy chain termination
chemistry with an automated sequencer (ABI 377) and fluorescent dideoxy
terminators (Applied Biosystems). Derived sequences of each isolate were
aligned with the strain AD169 reference sequence with a sequence text editor.
Amino acid differences were tabulated and compared with previously published
pol resistance mutations (5, 17, 32).

Marker transfer. The CMV pol gene mutations D588N and T838A which had
not been previously fully characterized were individually transferred to a labo-
ratory strain of CMV to determine the effect of these mutations on drug resis-
tance. The chosen laboratory strain, T1472, was derived from Towne strain
(ATCC VR977) and contains unique Pmel restriction sites within pol (3). A
Bluescript-cloned DNA segment of Towne strain (nucleotides 74828 to 82550,
based on the standard AD169 numbering scheme), modified with the same Pmel
and other changes as in T1472, was further mutagenized by PCR to contain
either mutation D588N or mutation T838A. Each plasmid containing D588N or
T838A was linearized by restriction digestion (Xbal and EcoRI) and cotrans-
fected into fibroblast cultures with Pmel-digested genomic T1472 DNA by the
calcium phosphate coprecipitation method as previously described (6). Because
of the targeted cleavage of the viral genomic DNA at the Pmel restriction sites,
no drug selection was needed or used to recover infectious recombinant CMV
containing the desired pol mutations from the transfected cultures. Extracellular
virus from the transfected cultures was assessed by DNA sequencing to confirm
the presence of the expected pol mutation and then plaque purified. The final
viruses were resequenced in their entire pol coding sequences to exclude changes
other than those intended and tested for drug susceptibility by PRA.

FFA. The growth characteristics of the D588N and T838A mutants were
compared with the parent T1472 strain by using the fluorescent focus assay
(FFA) technique. Each viral strain was inoculated at a multiplicity of infection of
1 into duplicate HEL-containing tubes. Aliquots of the supernatants were inoc-
ulated daily into HEL-containing shell vials. Shell vials were centrifuged at 800
X g for 40 min and incubated at 37°C for 48 h. Coverslips were then fixed in cold
acetone and stained with anti-pp72 mouse monoclonal antibody (Dupont) fol-
lowed by an anti-mouse fluorescein isothiocyanate-conjugated antiserum (Bar-
tels). The number of fluorescent foci (FF) was counted with a fluorescent mi-
croscope at X40 magnification across =3 to 4 high-power fields (HPF) for each
coverslip. The average number of FF per HPF was plotted for each time point to
construct the viral growth curves. Due to limitations in counting accuracy, when
the number of FF per HPF exceeded 100, an approximation was made.

RESULTS

Case histories. Patient 1 was diagnosed with severe congen-
ital combined immunodeficiency-like syndrome at 8§ months of
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age. Four months later, he received an HLA-matched alloge-
neic HCT from a sibling, which failed due to the lack of prior
conditioning. He then developed severe disseminated CMV
with pneumonitis, esophagitis, colitis, and possible cerebritis
(Fig. 1). He received 3 mg of ganciclovir/kg intravenously (i.v.)
three times daily (as per study protocol) but did not complete
the treatment due to drug-associated neutropenia. He subse-
quently spent many years dealing with unrelenting CMV in-
fection of the lungs and gastrointestinal tract, which resulted in
chronic reactive airway disease and malabsorption. At 8 years
of age, he developed CMV retinitis of both eyes. He was
initially treated for 21 days with ganciclovir (6 mg/kg i.v twice
daily) and foscarnet (90 mg/kg twice daily), followed by ganci-
clovir monotherapy (6 mg/kg iv. daily). The foscarnet was
continued for 6 weeks. CMV immunoglobulin (Ig) and i.v.
gamma globulin were also given. Over the next few years, in
spite of administration of ganciclovir suppressive therapy (5
mg/kg i.v. 3 to 5 times weekly), he was frequently admitted to
hospital for flares of CMV disease (pneumonitis, colitis, and/or
retinitis) for which he received higher doses of ganciclovir
and/or foscarnet. Initial resistance testing in 1995 showed wild-
type virus with no phenotypic resistance (Table 1). In 1996, a
pol mutation (V812L) was detected in a blood isolate; although
this mutation is known to confer low-level resistance to all
three antivirals (8), the PRA did not detect reduced suscepti-
bility. In early 1998, the UL97 mutation C592G was detected in
a gastric isolate, and phenotypic testing of the same specimen
showed partial or complete resistance to ganciclovir, foscarnet,
and cidofovir. A new pol mutation, DS88N, was detected after
over a year of foscarnet therapy and years of ganciclovir ther-
apy (November 1998). In November 1998, he underwent a
nonmyeloablative HCT using his previous donor. CMV-acti-
vated CD4™" cells from the donor were also administered (30,
34), but attempts to grow donor CMV-specific CD8" cells
failed. The patient continued to have CMV DNA-emia and
disease flares. Genotyping performed on a blood isolate ap-
proximately 2 months after transplantation revealed no change
from the previous isolate. Due to lack of engraftment, he
underwent a third HCT in March of 1999, preceded by a full
myeloablative conditioning regimen. CMV-specific CD4" T
cells were again administered. At day 14 after this transplant,
chimerism studies revealed only donor cells. The patient died
on posttransplant day 23 of liver necrosis presumed due to
Aspergillus fumigatus. Bronchoalveolar lavage cultures grew
CMYV and A. fumigatus, and CMV blood PCR remained pos-
itive at the time of death.

Patient 2 was an 18-year-old (year of birth, 1982) CMV-
seropositive female with chronic myelogenous leukemia who
underwent an unrelated HCT wusing a 5/6-HLA-class
I-matched, HLA class II-identical cord blood unit. CMV saliva
cultures from the donor baby were negative. She received 7
days of i.v. acyclovir (10 mg/kg i.v. three times daily) 6 weeks
after transplantation for cutaneous herpes simplex virus infec-
tion. On day 56 after transplant (Fig. 2), she was admitted for
CMV viral syndrome for which she received 4 days of foscarnet
(90 mg/kg twice daily) treatment followed by ganciclovir (5
mg/kg twice daily) and CMV Ig treatment. The ganciclovir
dose was reduced to once per day after 3 weeks as CMV PCR
and antigenemia assays became negative. Viremia soon re-
curred with biopsy-proven CMV gastritis and colitis and failed
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FIG. 1. Clinical course for patient 1. Bars on the bottom row indicate positive blood tests for CMV viremia (culture, PCR, and/or antigenemia
assay). Routine testing was not preformed prior to HCT 1. The patient had chronic progressive CMV disease of many organs throughout most
of his life. For antiviral treatment, dosing is not displayed. GCV, ganciclovir; FOS, foscarnet; CDV, cidofovir.

to resolve after 4 weeks of full-dose ganciclovir and CMV Ig
treatment. The first genotype (Table 1), performed on post-
transplant day 139 on a blood sample, revealed UL97 muta-
tions M460V and C592G, consistent with ganciclovir resistance
(2, 32). Therapy was changed to foscarnet. Viremia recurred
intermittently for several months, and her foscarnet dose was
changed accordingly. She remained on immunosuppressants
for chronic and acute graft-versus-host disease. Cidofovir was
prescribed for gastrointestinal adenovirus infection, during
which time foscarnet was administered on alternating weeks.
She subsequently developed respiratory syncytial virus pneu-

monitis for which she received ribavirin (2 g inhaled three
times daily for 7 days) and respiratory syncytial virus Ig (750
mg/kg i.v. daily for 2 days). Both infections resolved clinically
and virologically.

CMV recurred while on low-dose foscarnet (a dose lower
than standard maintenance dosing), prompting genotyping of a
respiratory isolate (day 426). Results revealed the A594V gan-
ciclovir resistance mutation in UL97 and the novel T838A
mutation in UL54. Cidofovir treatment was considered but was
not restarted due to renal insufficiency. Viremia persisted, and
she developed severe CMV colitis. Genotypic testing on day

TABLE 1. CMV resistance studies of two hematopoietic cell transplant recipients”

Date (day after UL97 resistance

ULS54 resistance

ICsy (pg/ml)

Patient transplant)” Source mutation(s) mutation(s) UL54 polymorphisms GCV FOS CDV
1 10/25/95 (before) None None V526M, A647V, N685S, A688V, 2.8 115 1.3
A885T, N898D, Y1047S
6/10/96 (before) Blood None V812L V526M, A647V, N685S, A688V, 4.0 100 ND
A885T, N898D
3/27/98 (before) Gastric biopsy C592G V812L Same as 6/10/96 27.46 445 7.92
11/6/98 (—4) Blood C592G V812L, D588N  Same as 6/10/96 13.74 479 3.96
12/28/98 (+48/—72) Blood C592G V812L, D588N  Same as 6/10/96 275 577 7.92
2 12/4/00 (+139) Blood M460V, C592G  None S655L, N685S, A885T, N898D, ND ND ND
T11211, A1122T
9/17/01 (+426) Respiratory A594V T838A Same as 12/4/00 ND ND ND
1/11/02 (+542) Respiratory A594V T838A Same as 12/4/00 ND ND ND
5/12/02 (+664) Respiratory None L802M Same as 12/4/00 337 1095 3.39

“ GCV, ganciclovir; FOS, foscarnet; CDV, cidofovir; ND, not done.

b Positive and negative (+ and —) numbers indicate days after the first transplant and days before the second transplant, respectively.
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FIG. 2. Clinical course for patient 2. For CMV viremia, bars indicate positive blood tests (culture, PCR, and/or antigenemia assay). For CMV
disease, spots indicate dates of diagnosis. For antiviral treatment, the height of the bar represents relative dosing (highest, induction; middle,
maintenance; lowest, lower than maintenance). #Patient was treated with 5 mg of cidofovir every other week (for adenovirus infection), alternating
with daily high-dose foscarnet during the other weeks. GCV, ganciclovir; FOS, foscarnet.

542, again on a respiratory isolate, revealed no change from
the previous isolate. On day 650 after transplant, she devel-
oped colonic pneumatosis and underwent ileostomy. She died
2 weeks later with respiratory failure and renal failure. Bron-
choalveolar lavage specimen studies at the time of death were
positive for both CMV and Pneumocystis carinii. CMV geno-
typing of this specimen revealed a new ULS54 mutation,
L802M, and disappearance of the previously detected resis-
tance mutations. Phenotypic results are shown in Table 1.

Phenotypic characteristics of D588N- and T838A-containing
viruses. Among the foscarnet resistance mutations identified in
these patients, V812L and L802M have been previously char-
acterized (4, 8). T838A was identified for the first time in this
study, and D588N was previously described but only partially
characterized (28). Marker transfer experiments were done to
create new recombinant viruses, T1911 and T1951, containing
pol mutations D588N and T838A, respectively. PRA showed
the following ICs, values (in pg/ml): for T1911 (D588N), 20.3
for ganciclovir, 461.8 for foscarnet, and 8.7 for cidofovir; for
T1951 (T838A), 9.8 for ganciclovir, 347.9 for foscarnet, and 2.7
for cidofovir (Table 2). In the same runs, the T1472 wild-type
CMYV parent to the recombinant viruses showed 1Csys of 5.4,
146.3, and 3.2 pg/ml, respectively. These data indicate that
T838A confers resistance to foscarnet and that D588N confers
resistance to ganciclovir, foscarnet, and cidofovir.

Growth characteristics of DS88N- and T838A-containing vi-
ruses. The effect of CMV pol mutations on viral fitness was
assessed by comparing the growth characteristics of T1911 and
T1951 mutants with the T1472 parent strain (Fig. 3). Growth

curves showed that T838A decreased replication capacity by 1
order of magnitude compared to that of wild-type control
virus. D588N also impaired growth, but to a lesser extent.
These data demonstrate that viruses containing either the
D588N or T838A mutation have reduced viral fitness in tissue
culture.

DISCUSSION

We describe two HCT recipients who died with persistent
CMYV infection complicated by resistance to antivirals. In our
patients, resistance developed quickly (resistance was detected
after only 6 weeks of foscarnet treatment in the first patient
and after 11 weeks of ganciclovir treatment in the second).
These findings are in accordance with those of other reports

TABLE 2. ICs, values for T1472 and
mutation-containing derivatives®

IC5, (pg/ml) (SEM)

Strain Mutation

Ganciclovir Foscarnet Cidofovir
T1472 wt 54 (1.1) 146.3 (26.0) 3.2(0.7)
T1911 D588N 20.3 (1.8) 461.8 (0.8) 8.7 (1.3)
T1951 T838A 9.8 (NA) 347.9 (NA) 2.7 (NA)

“ Data represent means (SEM). Values in boldface type represent =2-fold
decreased sensitivity. Assays were repeated four times for T1472, two times for
T1911, and one time for T1951. Triplicate wells were used for each antiviral
dilution in all assays. SEM, standard error of the mean; wt, wild type; NA, not
applicable.
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FIG. 3. Growth curves for the T1472 CMV strain and mutant viruses that use the T1472 backbone. Each virus was inoculated into duplicate
tube tissue cultures at a multiplicity of infection of 1. Tissue culture supernatants were harvested at the indicated number of days of infection and
inoculated into shell vials. FF were counted across four HPF. Means and standard errors of the means (SEM) of the number of FF/HPF are
represented in the figure. This technique provides accurate counts up to 100 FF/HPF. Above this number, the number of FF/HPF was

approximated to the nearest count, and SEM is not provided.

suggesting that resistance may develop more rapidly in severely
immunocompromised children (37) than in HIV-infected pa-
tients, in whom resistance to ganciclovir was generally detected
after =3 months of therapy (10, 20).

In this study, we characterized a new po/ mutation, T838A,
which is shown to confer resistance to foscarnet, by marker
transfer. In addition, the D58SN mutation, present in one of
our patients, was also marker transferred and phenotypically
characterized. In two independent experiments, D588N de-
creased ganciclovir susceptibility by 3.8-fold, foscarnet suscep-
tibility by 3.2-fold, and cidofovir susceptibility by 2.7-fold.
D588N was previously shown to confer foscarnet resistance
only (28). Variations in the techniques and cell types used for
marker transfer and viral phenotyping may account for the
observed differences.

Our data contribute important information toward achieving
full genotypic characterization of CMV antiviral resistance.
Genotypic assays are advantageous in clinical practice because
they provide rapid detection of resistance and can be more
sensitive than phenotypic assays. As is illustrated here and in
previous studies (35), PRA may fail to detect resistance asso-
ciated with mutations conferring two- to fourfold decreased
susceptibility and/or when the resistant strain virus represents
less than 20% of the total viral population. In contrast, geno-
typic assays detect resistance mutations if mutations are
present in =10% of the viral population. This underscores the
importance of further improving genotypic resistance testing
methods, particularly for transplant recipients—a group within
which the incidence of CMV resistance has been increasing
(19, 22, 23).

By marker transfer and FFA, we showed that viruses which
contain either of the newly characterized D588N and T838A
mutations exhibited reduced replication capacity. Previous
studies have also suggested decreased fitness of CMV strains
that contain drug-resistant mutations (1, 8, 13, 14, 18, 31). The
lack of standardized growth phenotyping methodology pre-
cludes any direct comparison of the degree of growth attenu-
ation of the mutants reported here with those previously re-
ported. The extent to which mutations affect viral growth might
be influenced by the location of the mutation and the experi-

mental conditions. T838A and D588N, which are located in the
highly conserved regions of the catalytic area of the CMV
DNA polymerase, seemed to decrease replication capacity by
10- and 2-fold, respectively.

The evolving drug resistance genotypes seen in case 2 reflect
the interplay of changing antiviral therapy selecting for partic-
ular mutations and the biological fitness of the viruses contain-
ing those mutations (Table 1 and Fig. 2). As ganciclovir was
discontinued after the day +139 specimen was collected, there
was no longer selection pressure for UL97 mutations. After the
day +542 specimen was collected, foscarnet was discontinued
and replaced with cidofovir, thus decreasing the selection for
the T838A pol mutation. Both the A594V and T838A muta-
tions were later replaced with a presumably better-growing
virus that was wild type in UL97 and contained a different pol
mutation. Evolving CMV resistance genotypes have been re-
ported previously (4), and the data reported here indicate that
it may be a fairly common occurrence after changing CMV
antiviral therapy, necessitating repeated testing to detect
changes in viral genotypes and resistance profiles.

The clinical settings in which combination anti-CMV ther-
apy should be used remain to be established. The observation
of attenuated growth in viruses with resistant genotypes (such
as the T838A and D588N pol mutations seen here) may help to
explain the reported superior clinical efficacy of combination
therapy compared with single-agent anti-CMV therapy (21),
even when one of the agents appears to have lost its activity
against CMV (29). Maintaining therapy with the drug to which
resistance has developed could be beneficial if the drug selects
for growth-impaired genotypes. Novel antivirals with different
mechanisms of action, when they become available, may pro-
vide another option for the treatment of resistant CMV. In-
terestingly, combination therapy did not show advantages over
single-agent therapy in preventing CMV disease (26). Future
studies should consider not only the resistant genotypes being
selected but also their potential effect on viral fitness. This may
require the development of a more standardized method of
comparing the growth effects of different CMV resistance mu-
tations.
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