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Rhesus and human cytomegalovirus (RhCMV and HCMV, respectively) exhibit comparable inhibition by
benzimidazole nucleosides, including 2,5,6-trichloro-(1-�-D-ribofuranosyl)benzimidazole (TCRB), and pyr-
rolo[2,3-d]pyrimidines. The two HCMV protein targets of TCRB, UL89 and UL56, are highly conserved with
their RhCMV homologues. These data indicate that infection of rhesus macaques with RhCMV represents a
useful model to test novel anti-HCMV drugs.

Human cytomegalovirus (HCMV) is a betaherpesvirus that
establishes a lifelong, persistent, but asymptomatic, infection in
healthy individuals. However, it can cause substantial morbid-
ity and mortality in immunocompromised patients (1), includ-
ing immunosuppressed transplant recipients and those with
AIDS. HCMV is also a leading cause of birth defects after
congenital infection of fetuses.

Antiviral drugs approved for therapy of HCMV infection
include ganciclovir (GCV), valganciclovir (vGCV), cidofovir
(CDV), foscarnet (phosphonoformic acid [PFA]), and fomi-
virsen. GCV, vGCV, CDV, and PFA all inhibit virus replica-
tion through interaction with the viral DNA polymerase, en-
coded by the HCMV UL54 gene. Each of these drugs has low
oral bioavailability and/or dose-related toxicities that have lim-
ited their clinical usefulness (16, 31). GCV and vGCV cause
substantial neutropenia and myelosuppression, and both CDV
and PFA cause renal toxicity. Drug resistance is another prob-
lem in therapy with GCV, vGCV, or PFA and has been shown
to occur in cell culture systems with CDV. HCMV resistance to
GCV occurs predominantly from mutations in the virally en-
coded phosphotransferase (UL97) (9, 26) but can also arise
from mutations in the DNA polymerase gene (UL54) (36).
Resistance to PFA or CDV arises from mutations in UL54 (10,
11). Some of the mutations in UL54 confer cross-resistance to
GCV and CDV or to GCV and PFA (10, 11, 34). Fomivirsen
is an antisense phosphorthioate oligonucleotide that is limited
to intravitreal treatment of HCMV retinitis only, whereas the
other approved drugs are used systemically. There are clear
clinical needs for safer anti-HCMV drugs with more favorable
pharmacological properties and a need to develop new drugs
that inhibit HCMV targets other than DNA polymerase.

One promising class of anti-CMV compounds is the benz-
imidazole nucleosides (39). Unlike other nucleoside analogs,
some members of this group that are active against HCMV are

not phosphorylated (21) and are not substrates for DNA poly-
merase (22, 40). Two potent members of this class, 2,5,6-tri-
chloro-1-(�-D-ribofuranosyl)benzimidazole (TCRB) and its
2-bromo derivative (BDCRB), exert their activity by blocking
the cleavage of concatemeric CMV DNA into genome-length
pieces for packaging (40). Resistance to TCRB or BDCRB is
conferred by mutations in HCMV genes UL89 and UL56 (22,
40).

An attractive animal model to help in the development of
anti-CMV drugs is infection of rhesus macaques (Macaca mu-
latta) with rhesus CMV (RhCMV). This model is a strong
recapitulation of the natural history of HCMV. RhCMV is
endemic in populations of macaques, and immunocompetent
monkeys do not display clinical signs of disease after natural
infection or experimental inoculation (23, 41). RhCMV infec-
tion results in a lifelong asymptomatic persistence, character-
ized by periodic shedding of virus (2, 14), similar to HCMV
infection of immunocompetent humans (1). However, like
HCMV, RhCMV causes significant morbidity in macaques
without a fully functional immune system. Fetal macaques
experimentally infected with RhCMV (6, 25, 38) or monkeys
coinfected with RhCMV and immunodeficiency-inducing ret-
roviruses (simian immunodeficiency virus [4, 17–19, 35] or type
D simian retrovirus [30]) exhibit clinical sequelae almost iden-
tical to those observed in HCMV-infected humans in compa-
rable clinical settings. Moreover, allograft recipients can de-
velop fulminant RhCMV infections during immunosuppressive
treatment (D. M. Bouley and P. A. Barry, unpublished data).
In addition to these similarities in pathogenicity, the genomes
of RhCMV and HCMV are essentially colinear, and viral pro-
teins representing identified or potential antiviral targets have
a high degree of amino acid identity (13). As would be ex-
pected with strong conservation of target proteins, RhCMV
has been shown to be similar to HCMV in susceptibility to
GCV or PFA (37). The potential utility of the nonhuman
primate model is further strengthened by the strong evolution-
ary relationship of the natural hosts of RhCMV and HCMV in
terms of development, physiology, and immunology.
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In the work reported here, we have examined the suscepti-
bilities of RhCMV to TCRB, selected other benzimidazole
nucleosides, and two pyrrolo[2,3-d]pyrimidine nucleoside ana-
logs that are also highly active against HCMV (15, 33). The
compounds used in this study are shown in Fig. 1. The synthe-
ses and antiviral properties of UMJD076 (TCRB), UMJD697
(5�-deoxy-TCRB), UMJD853, UMJD1311, and the pyr-
rolo[2,3-d]pyrimidine nucleoside analogs UMJD828 and
UMJD1028 have been published previously (27, 32, 33, 39).
The compound UMJD1466 was synthesized by a method sim-
ilar to that described for TCRB (39); antiviral activity data for
this compound have not been published previously.

The 68-1 strain of RhCMV (2) and the Towne strain of
HCMV (28) were used for these studies. RhCMV was propa-
gated in primary dermal fibroblasts (RhDF) from rhesus ma-
caques, and virus stocks were prepared as previously described
(5). HCMV was propagated in human embryonic lung fibro-
blasts (HELF) (kindly provided by J. Weideman, University of
California, Davis). Cultures were maintained in Dulbecco’s
modified Eagle medium (DMEM), supplemented with fetal
bovine serum (FBS) (20% for RhDF and 10% for HELF), 100
U of penicillin per ml, and 100 �g of streptomycin per ml at
37°C in a humidified atmosphere of 5% CO2.

Focus reduction assays were used for drug susceptibility
assays in RhDF cells for RhCMV and HELF for HCMV. Cells

were seeded into 24-well tissue culture plates at a density of 5
� 104 cells per well in 1 ml of culture medium and incubated
overnight. Prior to virus infections, culture medium was re-
moved, cells were washed three times with phosphate-buffered
saline (PBS), and cells were preincubated for 45 min in
DMEM containing 2% FBS and drugs at the concentrations to
be tested. After this preincubation, medium was removed and
cultures were infected with approximately 50 focus-forming
units of virus in 0.5 ml of DMEM with 2% FBS and drugs at
appropriate concentrations. After adsorption for 2 h at 37°C,
the inoculum was removed, and cells were overlaid with 1.5 ml
of DMEM containing 2% FBS, 0.8% agarose (Sea-Plaque),
and drugs at appropriate concentrations. After 7 to 10 days,
the overlay was removed, and cells were fixed with acetone-
methanol (1:1) at 4°C for 20 min, washed three times with PBS,
and stored at �20°C until immunocytochemical staining of
foci. Immediately prior to staining, fixed cells were washed
three times with PBS and then incubated for 2 h at 25°C with
either rabbit anti-RhCMV IE1 antibody (1:3,200 dilution in
PBS containing 0.1% Tween 20) or a monoclonal antibody to
HCMV IE1 (clone MAB810; Chemicon, Temecula, Calif.)
(23). Plates were subsequently washed three times with PBS
and then incubated with a 1:800 dilution of biotinylated goat
anti-rabbit antibody (Vector Laboratories) for 1 h. Plates were
washed three times with PBS and then incubated with horse-

FIG. 1. Structures of benzimidazole nucleosides and pyrrolo[2,3-d]pyrimidine analogs (UMJD828 and UMJD1028) active against human and
rhesus CMV.
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radish peroxidase-conjugated avidin-biotin complex (avidin-bi-
otin complex from Vector Laboratories) for 60 min. Foci of
infected cells were visualized by staining with the peroxidase
substrate 3,3�-diaminobenzidine and counted with a 10� ob-
jective on an Olympus CK40 microscope. Foci were considered
positive if there were, at least, four clustered cells that had IE1
nuclear staining. Data were plotted as a percentage of control
foci (no drug) versus inhibitor concentrations. The concentra-
tions required to inhibit focus formation by 50% (EC50) were
obtained directly from the linear portions of those plots.

The susceptibilities of RhCMV and HCMV to TCRB were
compared to determine whether the two primate CMVs exhib-
ited comparable sensitivities to a compound that is directed
against viral enzymes involved in the cleavage of DNA for
packaging. RhCMV was inhibited by TCRB with an EC50

slightly lower (threefold) than that of HCMV (Table 1). The
EC50 we observed for TCRB against HCMV in these studies

FIG. 2. GAP analysis of the HCMV and RhCMV UL89 proteins. The GAP program of SeqWeb, which is based on the algorithm of Needleman
and Wunsch (29), was used to align the UL89 proteins of RhCMV (GenBank accession number AY536265) and HCMV (AD169; SwissProt
number P16732). The two predicted ORFs are 87% identical and 91% similar, with three single amino acid gaps (.). Amino acids that are identical
(|), highly conserved (:), and less conserved (.) in the two ORFs are indicated between the two sequences. Exon-exon junctions (arrows) and
mutations in HCMV UL89 that cause resistance to TCRB and BDCRB (shading) are shown. The GenBank accession number for RhCMV UL89
is AY536265.

TABLE 1. EC50s for drugs against HCMV and RhCMV

Drug
EC50

a

HCMV RhCMV

Benzimidazole nucleosides
TCRB 2.5 0.90 (0.06)
5�-dTCRB (UMJD697) 0.37 0.04 (0.01)
UMJD853 3.2 5.0b

UMJD1311 0.24 0.76 (0.32)
UMJD1466 0.45 0.71 (0.14)

Pyrrolo[2,3-d]pyrimidines
UMJD828 0.62 1.4 (0.14)
UMJD1028 0.35 1.6 (0.23)

a EC50s are the means of three experiments (standard deviations shown in
parentheses) for RhCMV and the averages of two experiments for HCMV.

b Drug UMJD853 was analyzed in two experiments for RhCMV.
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(2.5 �M) was comparable to that (2.9 �M) of previous studies
(39). We also compared susceptibilities of RhCMV and
HCMV to other benzimidazole nucleosides that previously had
been shown (21, 27) to inhibit HCMV replication in vitro (Fig.
1). The 5�-deoxy analog of TCRB (5�-dTCRB) was more active
against HCMV (0.37 �M) than was TCRB (Table 1). The
EC50 we observed for 5�-dTCRB was comparable to that (0.58

�M) of previous studies (21). 5�-dTCRB was similarly more
active than TCRB against RhCMV (0.04 versus 0.9 �M) (Ta-
ble 1). RhCMV was inhibited by the three other benzimidazole
nucleosides (UMJD853, UMJD1311, and UMJD1466) with
EC50s slightly higher (1.6- to 3-fold) than the EC50s for
HCMV.

Because two of these compounds, UMJD1311 and

FIG. 3. GAP analysis of the HCMV and RhCMV UL56 ORFs. The two predicted ORFs are 82% identical and 86% similar, with seven gaps
(.) in the sequences. Amino acids that are identical (|), highly conserved (:), and less conserved (.) in the two ORFs are indicated between the two
sequences. The single mutation in HCMV UL56 that causes resistance to TCRB and BDCRB is indicated by shading. The RhCMV UL56 protein
sequence from the molecularly cloned fragment was identical to that found in the subsequently published sequence of the RhCMV genome (13)
(GenBank accession number AY186194). The HCMV UL56 sequence is from the Towne strain (SwissProt accession number AAC40818) (22).
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UMJD1466, act early in the virus replication cycle by a mech-
anism different from TCRB (J. C. Drach and L. B. Townsend,
unpublished observations), it was of interest to determine
whether two unrelated nonnucleoside antiviral agents that also
act early in the replication cycle of HCMV by an unknown
mechanism (15) were active against RhCMV. The pyrrolo[2,3-
d]pyrimidines UMJD828 and UMJD1028 (15, 32, 33) were
active against RhCMV (Table 1), although RhCMV was 2.2-
and 4.6-fold less sensitive, respectively, to these compounds
than HCMV.

The RhCMV genes for the two protein homologues of
HCMV that are targets of TCRB, UL89 and UL56, were
cloned and sequenced, and the predicted open reading frames
(ORFs) were determined. The UL56 ORF was contained
within a subgenomic, molecular clone that had been previously
characterized for the UL55 (glycoprotein B) ORF (20). Al-
most all of the UL89b ORF was contained within a restriction
fragment cloned from the RhCMV genome and identified by
sequence comparison to the HCMV genome (8; also data not
shown). The cDNA transcript was mapped for exon junctions
and the initiation or termination sites of transcription by
rapid amplification of cDNA ends (RACE) (12) using the
SMART-RACE cDNA kit from Clontech (Palo Alto, Calif.).
For 5� RACE, reverse transcription was initiated using primer
539 (5� GATACAGACCCACCGCGGCAATCC 3�), and
RNA purified from RhCMV-infected RhDF was used as a
template, similar to published protocols (5, 24). The 5� and 3�
RACE cDNAs were amplified with primers 537 (5� CCCGTA
CCAGAAGCCTTGCGGTTG 3�) and 536 (5� CGACAAAC
GCCTAGCCGTTGAACAG 3�), respectively, cloned into the
TOPO-TA vector (Invitrogen), and sequenced (Davis Se-
quencing, Davis, Calif.). All sequence analyses were performed
with SeqWeb (version 2; Accelrys, San Diego, Calif.).

There was an extremely high conservation of amino acid
sequence for both UL89 and UL56 (87 and 82% identity,
respectively) of these two viruses (Fig. 2 and 3). There was
100% identity in the regions of both genes contiguous to
known mutations in HCMV that confer resistance to TCRB
and BDCRB, amino acid 204 in UL56 (21) and amino acids
344 and 355 in UL89 of the Towne strain of HCMV (40). The
levels of identity for these two proteins were some of the
highest that have been observed between the RhCMV and
HCMV ORFs that have been analyzed (3, 7, 20, 24, 37; P. A.
Barry, unpublished data). By comparison, these two viruses
have 59 and 54% amino acid sequence identity in the DNA
polymerase (UL54) and phosphotransferase (UL97) proteins,
respectively (37). Differences between the UL89 ORF of pri-
mate CMV were evenly distributed throughout the predicted
protein (Fig. 2). RNA analysis of the RhCMV-infected cells
confirmed that the UL89 transcript consisted of a singly spliced
message with an intron of approximately 3.5 kbp (data not
shown). The DNA sequence of the intron termini contained
the consensus 5� GT. . .AG 3� bases. The terminal base of a
consensus polyadenylation sequence (5� AATAAA 3�) was
located 16 bases upstream of the site of polyadenylation. The
position of the exon-exon junction was identical for HCMV
and RhCMV (Fig. 2). For UL56, there was strong conservation
throughout the protein except for two areas of discordance
characterized by the presence of two gapped regions (amino

acids 435 to 495 and 774 to 815 [RhCMV coordinates]) (Fig.
3).

We conclude from these data that RhCMV and HCMV are
comparably inhibited by benzimidazole nucleosides, such as
TCRB, that act against DNA processing late in the viral rep-
lication cycle, and pyrrolo[2,3-d]pyrimidines that act at an un-
known early stage. The utility of the RhCMV model for future
studies is enhanced by the observations that the EC50s for
inhibition of murine, rat, or guinea pig CMV by BDCRB are
more than 50-fold higher than for HCMV or RhCMV (42).
The exceedingly high homologies within the UL56 and UL89
proteins of primate CMVs further suggest that in vivo analyses
of these compounds against RhCMV infection will be espe-
cially relevant to a better understanding of bioactivity and
mechanisms of drug resistance.

Expanding the available options of effective chemotherapeu-
tic agents would dramatically enhance treatment of HCMV
disease. Further utilization of the rhesus macaque model
should facilitate this expansion. As described above, the spec-
trum of diseases associated with HCMV have all been reported
for experimental studies of RhCMV, enabling testing of anti-
virals in clinical settings that accurately reflect the human con-
dition. The RhCMV genome has been sequenced recently
(13), and the RhCMV genome is closer in sequence to HCMV
than any other CMV used in an animal model. Sensitive assays
have been developed to quantify viral loads either by infection
in culture (5) or real-time PCR detection of RhCMV genomes
in plasma or mucosal fluids (14, 35). In sum, a sound founda-
tion is in place to test new drugs, such as the benzimidazole
ribonucleosides and pyrrolo[2,3-d]pyrimidines, in a primate
host.
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