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ABSTRACT

The UL128 complex of human cytomegalovirus (CMV) is a major determinant of viral entry into epithelial and endothelial cells
and a target for vaccine development. The UL/b= region of rhesus CMV contains several open reading frames, including or-
thologs of the UL128 complex. We recently showed that the coding content of the rhesus CMV (RhCMV) UL/b= region predicts
acute endothelial tropism and long-term shedding in vivo in the rhesus macaque model of CMV infection. The laboratory-pas-
saged RhCMV 180.92 strain has a truncated UL/b= region but an intact UL128 complex. To investigate whether the presence of
the UL128 complex alone was sufficient to confer endothelial and epithelial tropism in vivo, we investigated tissue dissemination
and viral excretion following experimental RhCMV 180.92 inoculation of RhCMV-seronegative rhesus macaques. We show the
presence of at least two virus variants in the RhCMV 180.92 infectious virus stock. A rare variant noted for a nontruncated wild-
type-virus-like UL/b= region, rapidly emerged during in vivo replication and showed high-level replication in blood and tissues
and excretion in urine and saliva, features similar to those previously reported in naturally occurring wild-type RhCMV infec-
tion. In contrast, the predominant truncated version of RhCMV 180.92 showed significantly lower plasma DNAemia and limited
tissue dissemination and viral shedding. These data demonstrate that the truncated RhCMV 180.92 variant is attenuated in vivo
and suggest that additional UL/b= genes, besides the UL128 complex, are required for optimal in vivo CMV replication and dis-
semination.

IMPORTANCE

An effective vaccine against human CMV infection will need to target genes that are essential for virus propagation and trans-
mission. The human CMV UL128 complex represents one such candidate antigen since it is essential for endothelial and epithe-
lial cell tropism, and is a target for neutralizing antibodies in CMV-infected individuals. In this study, we used the rhesus ma-
caque animal model of CMV infection to investigate the in vivo function of the UL128 complex. Using experimental infection of
rhesus macaques with a rhesus CMV virus variant that contained an intact UL128 complex but was missing several other genes,
we show that the presence of the UL128 complex alone is not sufficient for widespread tissue dissemination and virus excretion.
These data highlight the importance of in vivo studies in evaluating human CMV gene function and suggest that additional
UL/b= genes are required for optimal CMV dissemination and transmission.

Human cytomegalovirus (HCMV) is a ubiquitous betaherpes-
virus that has coevolved with humans over eons (1). The

�235-kbp genome of HCMV, the largest of all herpesviruses, con-
sists of unique long (UL) and unique short (US) genomic seg-
ments, which are each flanked by terminal (TRL and TRS) and
internal repeats (IRL and IRS), that together encode �165 open
reading frames (ORFs) (2). Genes encoding proteins essential for
replication in fibroblasts (termed essential genes) comprise �40%
of the genome, indicating that the importance of the remaining
ORF must be best assessed in either other cell types or in vivo. The
latter group (termed nonessential genes) of viral proteins include
those directing viral tropism to different cell types and those that
modulate host cell antigen presentation, activation, signaling,
trafficking, and metabolism (3–6). The distinction in HCMV
genes encoding proteins essential for infection/replication in fi-
broblasts and nonfibroblast cell types was emphasized by the ini-
tial discovery of differential viral genome stability in different cell
types (7).

In vitro propagation of HCMV on cultured fibroblasts can re-
sult in the rapid accumulation of point mutations, rearrange-
ments, and/or deletions in the genome that are primarily confined

to ORFs within the right end of the UL genome component,
termed UL/b= (2, 7–10). The UL/b= region contains multiple genes
that are dispensable for viral replication in cultured fibroblasts,
and laboratory strains of HCMV, extensively passaged on fibro-
blasts, typically contain one or more nonfunctional UL/b= genes
(3, 4, 11–14). UL/b= genes are implicated in various encoded func-
tions, including epithelial and endothelial cell tropism (UL128,
UL130, and UL131) (15), viral latency (UL133 and UL138) (16,
17), viral envelope structure (UL132) (18), neutrophilic chemoat-
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traction (UL146) (19), and modulation of several host immune
responses (UL141, UL142, and UL144) (20–22). The laboratory-
adapted Towne and AD169 HCMV strains have deletions of ap-
proximately 13- and 15-kbp segments within the UL/b= region
that correspond to a loss of 19 and 22 ORFs, respectively, present
in clinical isolates (7). Despite their ability to induce seroconver-
sion, the Towne and AD169 HCMV strains exhibit limited viru-
lence, as evidenced by absence of systemic infection and hemato-
logical abnormalities, reduced replication in several cell types,
such as endothelial and epithelial cells, and failure to recover virus
from the bodily fluids of experimentally inoculated volunteers
(15, 23–27).

Rhesus cytomegalovirus (RhCMV) is similar to HCMV in
pathogenesis, genomic content and structure, and genetic muta-
tions in fibroblast-adapted strains (28–41). Two laboratory strains
of RhCMV, 68-1 and 180.92, have been generated by propaga-
tion of clinical isolates on cultured fibroblasts (33, 39, 42). Se-
quencing of both strains has revealed divergence within the UL/b=
region compared to RhCMV wild-type (WT) isolates (30, 31, 33).
RhCMV 68-1 is missing UL128, the second exon of UL130, and
three chemokine-like ORF found in wild-type RhCMV. It con-
tains an inversion of UL146, UL147, UL148, and UL132. RhCMV
180.92, on the other hand, has an intact UL128-UL130-UL131
region (UL128 complex) but contains an �8.3-kbp deletion
within UL/b= that generated a fusion between UL148 and rh167
with concomitant deletion of ORFs implicated in viral persistence
and modulation of host immune response functions (33). As
demonstrated with HCMV strains, both RhCMV strains replicate
efficiently in fibroblasts in vitro. However, only RhCMV 180.92
carrying the intact UL128 complex and RhCMV 68-1 with re-
paired UL128 complex can infect rhesus retinal pigment epithelial
cells (43).

Several in vitro studies have identified the UL128 complex as a
major determinant of HCMV tropism for endothelial and epithe-
lial cells (11, 44, 45). The product of the UL128-UL131 locus
forms a pentamer complex with glycoprotein L (gL) and gH to
facilitate endocytic entry into epithelial and endothelial cells (14,
46). We have previously shown that variation in the RhCMV
UL/b= region influences cellular tropism, the nature of the inflam-
matory response, virus dissemination, shedding, and the trans-
mission of RhCMV in vivo, suggesting that an intact UL128 com-
plex and neutrophil chemotaxis-associated ORF are essential for
competent RhCMV infection in vivo (32, 47). Since RhCMV
180.92 contains an intact UL128 complex but has other ORFs
missing from the UL/b= region, we aimed here to investigate
strain-specific differences in viral parameters of infection in vivo.
Intravenous inoculation of RhCMV-seronegative rhesus ma-
caques with RhCMV 180.92 resulted in detectable RhCMV DNA
in plasma and fulminant RhCMV disease in an animal coinfected
with simian immunodeficiency virus (SIV). However, PCR anal-
ysis showed that viral dissemination and tissue distribution was
dominated by a WT-like RhCMV variant (RhCMV-WT) origi-
nally present at low levels in the virus stock. Dissemination of the
truncated RhCMV 180.92 variant was markedly attenuated with
limited to no viral shedding in saliva and urine. Even though the
wild-type variant accounted for a minor component in the
RhCMV 180.92 virus stock, it constituted the majority of virus
detected in vivo in plasma, tissues, saliva, and urine, suggesting
that an intact UL128 complex in the absence of other genes within

the UL/b= region is not sufficient for optimal virus dissemination
in vivo.

MATERIALS AND METHODS
Virus and animal inoculation. RhCMV 180.92 was originally isolated
from the lungs and gastrointestinal tract of SIV-infected macaque
(Mm180.92) at the New England Primate Research Center (NEPRC) and
passaged in vitro six times on human fibroblasts (MRC-5) and seven times
on primary rhesus macaque fibroblasts (33, 39). The virus stock of
RhCMV 180.92 used for experimental infection of RhCMV-seronegative
rhesus macaques was derived after transfection of virion DNA purified
from infected cells into primary rhesus macaque fibroblast lines. Five
SIV-negative and one SIV-infected RhCMV-seronegative rhesus ma-
caques were inoculated intravenously with 2 � 106 50% tissue culture
infective doses of RhCMV 180.92 virus. All macaques were housed in the
specific-pathogen-free colony of the NEPRC and maintained in accor-
dance with federal and institutional guidelines mandated by the Animal
Care and Use Committee of Harvard Medical School. The SIV-infected
macaque was euthanized 2 months after RhCMV infection due to dissem-
inated RhCMV infection and simian AIDS.

Sample collection and DNA extraction. Plasma and tissues collected
at the time of euthanasia in the SIV-infected macaque, and plasma, saliva,
and urine samples collected in the five SIV-negative RhCMV-infected
macaques were analyzed for RhCMV DNA by PCR. In addition, DNA was
extracted from archived mesenteric lymph node frozen at time of nec-
ropsy from animal Mm180.92, from which RhCMV 180.92 was originally
isolated. Fixed-volume plasma samples were collected 1 to 6 weeks after
RhCMV inoculation, and DNA was extracted from cell-free plasma by
using a QIAamp DNA minikit (Qiagen). Saliva and urine samples were
collected at 8 or 20 weeks after RhCMV inoculation. Saliva was collected
with cotton swabs by using Salivette tubes (Sarstedt) or as mouthwashes
using phosphate-buffered saline (PBS). Collected saliva was spun down at
1,500 rpm for 7 min, and the supernatant was concentrated with the
Ultracel YM-30 centrifugal filter units (Millipore). DNA was extracted
from 200 �l of the extract by using the QIAamp DNA minikit. Free-catch
urine samples were centrifuged for 10 min at 1,500 rpm at 4°C to remove
debris, and 2 ml of clarified urine was concentrated by using YM-30 cen-
trifugal filter units. DNA was extracted from 140 �l of concentrated urine
by using a QIAamp Viral RNA minikit (Qiagen). DNA was extracted from
frozen tissues collected at the time of necropsy by using a DNeasy Blood &
Tissue kit (Qiagen).

Histopathology. Five-micron sections of formalin-fixed paraffin-em-
bedded tissues collected at time of necropsy were utilized for microscopic
examination. Tissues were fixed in 10% neutral buffered formalin for 7
days prior to paraffin embedding and staining with hematoxylin and eosin
(H&E).

Conventional PCR. Specific primer pairs were designed to differen-
tially amplify either RhCMV 180.92 or RhCMV-WT as shown in Table 1.
A forward-primer (5=-AAAGCGGCCTTGGAGTGTGT-3=) and reverse-
primer (5=-TCCATCACGATGCCAGTGGT-3=) pair against rhesus �-ac-
tin (GenBank accession number NC_007860) amplified a 270-bp product
and was used as a positive control for the presence of cellular DNA in the
sample. Up to 200 ng of DNA was amplified (5 min at 94°C, followed by 39
cycles of 30 s at 94°C, 1 min at 65°C, 1 min at 72°C [or 5 min at 68°C for
larger products], with a final extension for 5 min at 72°C) using GoTaq
Green master mix (Promega) according to the manufacturer’s instruc-
tions.

Quantitative real-time PCR and plasmid construction. Primer-
probe sets to distinguish RhCMV 180.92 from RhCMV-WT by real-time
PCR were designed. A 912-bp PCR product amplified from RhCMV
180.92 and spanning the region of genomic truncation within the UL/b=
region was cloned into pGEM-T Easy Vector (Promega) to generate a
plasmid standard for absolute quantification (Fig. 1). Product insertion
and sequence homogeneity to parental virus were confirmed by sequenc-
ing the inserted amplicon using T7 and SP6 primers (data not shown).
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The primer-probe set specifically amplifying RhCMV 180.92 (accession
number DQ120516), referred to as RhCMV 180.92 primer-probe set,
consisted of a forward primer corresponding to residues 166276 to 166299
located within UL148 (5=-TTCAGGTGAATGGAGTGGTTTCGG-3=), a
reverse primer corresponding to residues 166383 to 166358 within rh167
(5=-GCTTGACGAGGATGTCTTCGAAGTGT-3=), and a probe spanning
a region of truncation corresponding to residues 166329 to 166353 (5=-
FAM-TTTGCCCAG-ZEN-GATGGGTGCCGCATCT-IABkFQ-3=) and
an amplicon size of 108 bp. A second primer-probe set, referred to as
B-region primer-probe set, targets a conserved region within the B seg-
ment of UL/b= (Fig. 1) present in all known strains of RhCMV (RhCMV
strains 180.92, 68-1, UCD52, and UCD59) and RhCMV endemic in ma-

caque breeding colonies (30, 33). The forward primer for the B-region
primer-probe set corresponded to residues 165948 to 165971 (5=-TTGT
CGCAGTAAGAACGGTGGTGA-3=) within UL132, the reverse primer
corresponded to residues 166140 to 166117 (5=-TTAATACCGACGCGG
GTTCACAGT-3=) within the intron spanning UL132 and UL148, and the
probe corresponded to residues 166027 to 166052 (5=-FAM-AGTGCTG
TT-ZEN-GGCAGTGGTGGTATTGT-IABkFQ-3=) and an amplicon size
of 193 bp. Viral DNA was quantitated in triplicate using Platinum Quan-
titative PCR SuperMix-UDG (Invitrogen), according to the manufactur-
er’s instructions, with an ABI 7900HT sequence detection system (Ap-
plied Biosystems). The PCR run conditions were 50°C for 2 min and 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The

TABLE 1 Conventional PCR primers for the detection of RhCMVa

Primer
pair

Primer sequence (5=-3=) and location
Expected amplicon
size

Forward primer Location Reverse primer Location
RhCMV-
WT

RhCMV
180.92

IE1 TCAGGGTGGCATGGAACTCAT UL123 TGCACACTCCCATTACCATGC UL123 171 171
UL146 TCAAACACCGACGGGTTACG UL146 AGGGTTCGGAACTACGTTGCAG UL146 172 Absent
�CED GCACAGTAGATGATGATACCCAAGAG UL132 GGCTTTCTGCATATCAGTGCTTTGGACGGG Upstream

rh167
9,179 912

ULb=-1 GCACAGTAGATGATGATACCCAAGAG UL132 GCACCATTCCAAATGGTAACGG rh161.2 3,875 Absent
ULb=-2 GCACAGTAGATGATGATACCCAAGAG UL132 GCAGCGTACTTCGTGTGCTGTACCGAAATC UL146 1,977 Absent
ULb=-3 GTGCGATGTACACTCGCAGGAAGTCT Upstream

UL146b
CTACATATGGCAAGATGCTCACGGCCTACA

TGTAC
UL144 1,868 Absent

ULb=-4 GGCTTTCTGCATATCAGTGCTTTGG
ACGGG

Upstream
UL145

CACCATCGTAATGGTGAGCCTGAC UL141 1,859 Absent

a Based on GenBank accession numbers EF990255 for RhCMV-WT and DQ120516 for RhCMV 180.92.

FIG 1 Molecular characterization of RhCMV 180.92 by variant-specific conventional and quantitative real-time PCR. Schematic representation of the UL/b=
region ORF and alignment of fibroblast-adapted RhCMV 180.92 (accession number DQ120516) to wild-type (WT) RhCMV (EF990255). Conventional PCR
primer pair names (Table 1), along with positions of their respective amplicons, are shown above the UL/b= region alignments. Control pGEM-T Easy plasmid
for quantitative real-time PCR and location of the RhCMV 180.92 and B-region primer-probe sets are shown in the bottom. Forward and reverse primers for the
RhCMV 180.92 amplicon are located within UL148 and rh167, respectively. Forward and reverse primers for the B-region amplicon are located within UL132
and the intron spanning UL132 and UL148, respectively.
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copy numbers of the test samples were determined by extrapolating from
a standard curve generated with serial 10-fold dilutions of the plasmid
standard (107 copies/reaction to 100 copy/reaction). The sensitivity of
detection of the two PCRs was �10 DNA copies per run. The total
RhCMV copy numbers were calculated based on the B-region primer-
probe set amplification, whereas the RhCMV 180.92 copy numbers were
based on the 180.92 primer-probe set amplification.

Immunohistochemistry. Double immunohistochemistry was per-
formed to identify the cell types supporting RhCMV infection, using a
polyclonal antiserum for the RhCMV immediate-early protein (IE1) and
cell-specific markers for endothelial cells (CD31), epithelial cells (cytoker-
atin), mesenchymal (fibroblasts) cells (vimentin), and macrophages
(CD68). Slides were deparaffinized and rehydrated automatically using
the Leica ST5020 Multistainer. They were then incubated in 3% hydrogen
peroxide–PBS for 5 min, followed by incubation in Vector antigen un-
masking solution (citrate based; catalog no. H-3300) and heating in a
microwave for 20 min. Slides were cooled to 25°C for 20 min and then
washed in Tris-buffered saline–Tween 20 (TBS-T; TBS– 0.05% Tween
20). To reduce nonspecific binding, tissue sections were treated for 10 min
with Protein Block Serum-Free (Dako), and then the slides were incu-
bated with primary antibody (1:1,600 in Dako antibody diluent with
background reducing component) for 30 min at 25°C. A rabbit polyclonal
antiserum to RhCMV IE1 (exon 4) was used for the detection of RhCMV
(48). After washing in TBS-T, slides were incubated with secondary anti-
body (biotinylated goat anti-rabbit, 1:200; Vector) for 30 min at 25°C. The
slides were washed again in TBS-T, and avidin-biotin complex–alkaline
phosphatase (Vectastain ABC-AP; Vector) was added, followed by vector
red substrate (Vector) as a substrate until optimal color developed. Color
development was terminated by incubating the slides in distilled water.
Tissues were then processed by a similar staining procedure with markers
specific for endothelial cells (CD31; 1:50 dilution with overnight incuba-
tion at 4°C; Dako), epithelial cells (cytokeratin AE1/AE3; 1:140 dilution
with overnight incubation at 4°C; Dako), macrophages (CD68; 1:100 with
overnight incubation at 4°C; Dako), or fibroblasts (vimentin; 1:200 for 30
min at room temperature; Dako). After washing in TBS-T, the slides were
incubated with biotinylated secondary antibody (biotinylated horse anti-
mouse, 1:200; Vector) for 30 h at 25°C and then incubated with ABC-
peroxidase (Vectastain Elite ABC; Vector), followed by diaminobenzidine
(Dako). After optimal color development, the slides were washed in dis-
tilled water to stop additional color development and then counterstained
with three short dips in 10% aqueous Mayer’s hematoxylin solution
(Dako). Finally, tissues were dried overnight and then covered with cov-
erslips. Because microwave-based antigen retrieval is incompatible with
CD31 antigen, a pressure cooker antigen retrieval in Trilogy solution (Cell
Marque) was performed instead for tissues double labeled for CD31 and
RhCMV-IE1.

Statistical analysis. Mean values for RhCMV 180.92 variant and total
RhCMV titers in plasma, urine, and saliva were compared by using a
paired Student t test and Prism data analysis software (GraphPad Soft-
ware).

Nucleotide sequence accession number. The nucleotide sequence of
PCR amplicons from UL147, UL146, UL146a, UL146b, rh161.1, rh161.2
and UL145 of RhCMV 180.92 WT-like variant has been deposited in the
GenBank database and assigned accession number KJ882284.

RESULTS
Genomic heterogeneity of the UL/b= region in RhCMV 180.92
virus stock. RhCMV strain 180.92 was originally isolated from a
naturally CMV-seropositive rhesus macaque at NEPRC that de-
veloped AIDS following experimental SIV infection. The genomic
sequence of RhCMV 180.92 was obtained from virus stock derived
after serial passage in human and primary macaque fibroblast
lines as previously described (33). The genome was cloned as a set
of overlapping cosmid clones from which the annotated sequence
was derived (33). Subsequent to this, purified RhCMV 180.92 vi-

rion DNA transfected into primary rhesus macaque fibroblast
lines was used to generate infectious virus stock for in vivo infec-
tion experiments in rhesus macaques. When a series of PCR
primer pairs that amplify different portions of the UL/b= region
were tested against this RhCMV 180.92 virus stock, we unexpect-
edly detected amplicons corresponding to the region of UL/b= that
was apparently deleted in the RhCMV 180.92 annotation (data
not shown). These data suggested that the stock of RhCMV 180.92
was not composed of a single variant. Rather, the data suggested
that there was some proportion of the stock containing wild-type
RhCMV-like full-length version of UL/b= (Fig. 1).

To better characterize the UL/b= region within the stock of
180.92, primer pairs were designed to evaluate the presence or
absence of various ORF of the UL/b= region by conventional PCR
(Table 1; Fig. 1, top panel) and by quantitative real-time PCR (Fig.
1, bottom panel). The RhCMV 180.92 primer-probe set designed
to specifically amplify the 180.92 viral genome spanning the an-
notated 8,267-bp deletion in the C-E-D segments of the UL/b=
region enabled quantitation of the genome copy number of the
truncated variant, whereas the B-region primer-probe set target-
ing a conserved region present in all known RhCMV strains en-
abled the quantitation of total RhCMV genome copies (Fig. 1).

Since the RhCMV 180.92 virus stock was not plaque purified
and preliminary analyses suggested a nonhomogeneous viral pop-
ulation, the UL/b= genetic content in the virus stock used for ex-
perimental infections was characterized in parallel to RhCMV
strain UCD59, an epitheliotropic strain of RhCMV carrying the
complete UL/b= region (32, 49). Conventional PCR on RhCMV
UCD59 (accession number EU130540) using primer pairs ULb=-1
to ULb=-4 (Table 1 and Fig. 1) amplified large segments within the
UL/b= region, a finding consistent with the expected product sizes
of RhCMV-WT (Fig. 2A, left panel). The �CED primer pair,
which should only optimally amplify a 180.92-specific amplicon
and not the expected 9,179-bp amplicon of RhCMV-WT (Table
1) under the PCR run conditions, yielded only barely detectable
bands of multiple sizes (Fig. 2A, left panel, lane 5). In contrast to
RhCMV UCD59, PCR amplification of RhCMV 180.92 with the
�CED primer pair amplified a 912-bp band size consistent with
the expected product of RhCMV 180.92 genome (Fig. 2A, middle
panel). In addition, the primer pairs ULb=-1 to ULb=-4 amplified
bands in RhCMV 180.92 identical in size to those amplified with
RhCMV UCD59 (Fig. 2A, middle panel). Direct sequencing of
PCR amplicons from RhCMV 180.92 in the region spanned by the
ULb=-1 through ULb=-4 primer pairs revealed a 94 to 100% iden-
tity in UL147, UL146, UL146a, UL146b, rh161.1, rh161.2, and
UL145 with RhCMV-WT (data not shown). These data confirmed
the presence of at least two viral variants in the RhCMV 180.92
virus stock that were distinguished by the presence or absence of
the �CED region of UL/b=.

These findings were confirmed by real-time PCR (Fig. 2B).
Amplification with the conserved B-region primer-probe set am-
plified �107 genome copies/�g of DNA purified from the UCD59
virus stock (mean � standard deviation [SD] � 7.3 � 106 � 3.6 �
105 copies/�g of DNA), whereas the RhCMV 180.92 primer-
probe set amplified 	1 copy/�g of UCD59 DNA (mean � SD
0.9 � 0.3 copies/�g of DNA in three positive replicate wells). In
contrast, the RhCMV 180.92 virus stock showed strong amplifi-
cation with both primer-probe sets (Fig. 2B). The copy number
with the conserved B-region primer-probe set was comparable to
the RhCMV 180.92 primer-probe set (mean � SD � 1.9 � 106 �
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0.6 � 105 versus 1.5 � 106 � 0.9 � 104 copies/�g of DNA, respec-
tively), indicating that the truncated 180.92 variant was predom-
inant in the RhCMV 180.92 virus stock (Fig. 2B).

The availability of archived frozen tissues from rhesus ma-
caque Mm180.92, from which RhCMV 180.92 virus was originally
recovered, enabled evaluation of any UL/b=-related size polymor-
phisms within virus present in infected tissue. When a similar PCR
was performed on DNA extracted from mesenteric lymph node
using amplification conditions identical to those used for ampli-
fication on DNA prepared from viral stocks, primer pairs ULb=-2
to ULb=-4 resulted in amplifications consistent with RhCMV
UCD59 (Fig. 2A, right panel). A faint 3.8-kb band of predicted size
was seen with the primer pair ULb=-1, but there was no detectable
amplification with the �CED primers (Fig. 2A, right panel). Real-
time PCR did not reveal any amplification with the RhCMV
180.92 primer-probe set, thus confirming the absence of RhCMV
180.92 variant in the mesenteric lymph node (Fig. 2B) and sug-
gesting that the in vivo RhCMV virus did not have a truncated
UL/b= region. In all, these data confirmed that the RhCMV 180.92
truncated variant was generated during the in vitro propagation
on fibroblasts, as has been demonstrated for HCMV. As a result,
the RhCMV 180.92 virus stock was heterogeneous and contained
a mixed population of the annotated and truncated 180.92 variant
and RhCMV-WT variants, with RhCMV 180.92 being the domi-
nant variant in terms of copy number.

Attenuation and limited dissemination of RhCMV 180.92 in
vivo. In HCMV, genetic polymorphisms have been implicated in
strain-specific outcomes of infection (50–52). To investigate the
clinical significance of genetic divergence within RhCMV strain
180.92, the kinetics and pathogenicity of viral dissemination were
analyzed in one RhCMV-seronegative SIV-infected macaque that
was inoculated with the mixed RhCMV 180.92 stock 17 weeks
following SIV infection. At 8 weeks after RhCMV inoculation, the
animal was euthanized due to clinical signs of AIDS. At necropsy,
histopathological examination revealed cytomegalic cells contain-
ing pathognomonic owl-eye CMV intranuclear inclusion bodies
in multiple tissues, including heart, lung, colon, liver, tongue,
spleen, and kidney tissues. These inclusion bodies were occasion-
ally associated with mild to moderate inflammation predomi-
nantly consisting of mononuclear cells, specifically within heart
and colon tissues (Fig. 3A and B).

Viral localization using immunohistochemical staining of
RhCMV IE1 protein expanded the list of infected organs to in-
clude the sacral spinal cord, the kidneys, the right and left eyes, the
axillary and mesenteric lymph nodes, and the jejunum (Fig. 3C-D
and data not shown). RhCMV-induced retinitis was characterized
by focal retinal degeneration, disruption of the retinal nuclear
layers and numerous CMV IE1-positive cells detected by immu-
nohistochemistry (Fig. 3D). The detection of RhCMV in the eyes
of an SIV-infected animal is especially noteworthy because, to our

FIG 2 Conventional and real-time PCR amplification of RhCMV-specific segments within the UL/b= region. DNA extracted from RhCMV UCD59 virus stock,
RhCMV 180.92 virus stock, and frozen mesenteric lymph node (MLN) tissue collected at necropsy from the SIV-infected rhesus macaque Mm180.92, the
monkey from whom RhCMV 180.92 was originally recovered, were used. (A) Conventional PCR runs with UL/b= region primers on RhCMV UCD59 (left panel),
RhCMV 180.92 (middle panel), and MLN from Mm180.92 (right panel). Segments within the UL/b= region corresponding to the low-passage-number WT-like
isolate RhCMV UCD59 (ULb=-1 to -4) are present in RhCMV strain 180.92 (middle panel). Amplicon specific to the truncated sequence of RhCMV 180.92
(�CED) is minimal to completely absent from DNA isolated from RhCMV UCD59 (left panel) and animal Mm180.92 (right panel), respectively. (B) Quanti-
tative real-time PCR showing total and 180.92 truncated variant-specific RhCMV copy numbers per �g of DNA extracted from RhCMV UCD59, RhCMV
180.92, and MLN of Mm180.92. Median values of three replicate wells shown.
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knowledge, this is the first demonstration of RhCMV associated
with retinitis in the context of SIV-induced AIDS. Viral colocal-
ization studies in kidney tissue identified RhCMV IE1 protein
expression within multiple cell types, including endothelial cells
(CD31), epithelial cells (cytokeratin), fibroblasts (vimentin), and
macrophages (CD68) (Fig. 3Ca to d, respectively). These findings
indicated that experimental inoculation of the RhCMV 180.92
virus stock induced disseminated CMV disease that recapitulated
the cellular tropism of wild-type RhCMV (38, 47).

We next used variant-specific PCR analysis of plasma and tis-
sues to determine the relative contribution of RhCMV 180.92 and
RhCMV-WT virus toward in vivo pathogenicity. RhCMV 180.92
inoculation induced viremia as indicated by the exponential in-
crease in plasma RhCMV DNA copy numbers starting at 3 weeks
postinfection (Fig. 4A). At all time points, the total RhCMV copy
number measured with the B-region primer-probe set exceeded
that obtained with the 180.92 primer-probe set by more than one

to two logs (Fig. 4A). Based on quantitation by real-time PCR, the
truncated variant accounted for 	5% of the total circulating
RhCMV strains in the first 6 weeks postinfection (Fig. 4B), sug-
gesting that its in vivo replication capacity was markedly impaired
compared to WT-like RhCMV.

An essential step in the pathogenesis of CMV is the ability of
progeny virions to disseminate to organs essential for viral shed-
ding, such as salivary glands and the genitourinary system. To
further dissect the spreading potential of each RhCMV variant to
tissues, variant-specific PCR analysis was also performed on DNA
extracted from tissues frozen at the time of necropsy (Fig. 4C and
D). RhCMV was detected in every major organ system tested, with
viral loads ranging between 90 and 5.7 � 104 copies per �g of
tissue genomic DNA (Fig. 4D). Furthermore, comparative analy-
sis showed the same attenuated pattern of truncated 180.92 distri-
bution in tissues as was observed in plasma (Fig. 4C and D).
RhCMV DNA was detected in 8 of 16 tissues examined (Fig. 4C,

FIG 3 Histopathologic analysis of CMV localization in tissues of a SIV-infected CMV-seronegative rhesus macaque experimentally inoculated with RhCMV
180.92. Photomicrographs of H&E-stained and immunohistochemically stained tissue sections from a rhesus macaque with simian AIDS and disseminated CMV
after SIV and RhCMV 180.92 coinfection. (A and B) RhCMV-induced inflammation in the heart (A) and colon (B) characterized by mild edema and tissue
infiltration by lymphocytes and histiocytes admixed with cytomegalic and karyomegalic cells containing multiple large round to oval magenta-colored CMV
intranuclear inclusion bodies surrounded by clear halo and chromatin margination (magnification, �200; inset magnification, �600). (C) Immunohistochem-
ical analysis of kidney tissue showing distribution of RhCMV 180.92 infection in a wide range of cell types identified by double immunostaining of CMV-IE1
(magenta) with CD31 for endothelial cell identification (brown [a]), cytokeratin for epithelial cell identification (brown [b]), vimentin for fibroblast identifi-
cation (brown [c]), and CD68 for macrophage identification (brown [d]). Magnification, �600. (D) RhCMV-induced retinitis characterized by the presence of
numerous immunohistochemically positive cells for CMV-IE1 (brown) associated with focal retinal degeneration and disruption of retinal internal and external
nuclear layers shown at low (�200 [a]) and high (�400 [b]) magnifications.
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third row). However, quantitation by real-time PCR showed
that the RhCMV-WT variant was present at more than 1-log-
higher levels compared to the RhCMV 180.92 truncated variant
in all tissues (Fig. 4D). The RhCMV 180.92 truncated variant
was primarily detected in secondary lymphoid organs (lymph
nodes and spleen), lung, and adrenal gland. In contrast, it was
present at levels below the limit of detection of the real-time
PCR assay in tissues such as liver, colon, kidneys, and testes
(Fig. 4D). The detection of the truncated variant in the second-
ary lymphoid organs may reflect some type of viral sequestra-
tion in which one strain outcompetes another strain in some
tissues during a mixed infection. In the case of 180.92, it ap-
pears that the full-length UL/b= variant rapidly outcompeted
the truncated 180.92 variant, albeit to a lesser extent in some
tissues. The mechanism of this is unknown, but we have ob-
served this phenomenon previously with RhCMV 68.1, an-
other strain with an incomplete UL/b= coding content. Inocu-
lation of naive macaques with RhCMV 68.1 resulted in virus
dissemination to multiple tissues throughout the body when
just this single strain was used (38). However, when animals
were inoculated with a mixture of three strains (68-1 and two
epitheliotropic strains [UCD52 and UCD59]), detection of

68-1 in tissues was restricted to inguinal lymph nodes, whereas
UCD52 and UCD59 were widely disseminated (32).

Limited shedding of RhCMV 180.92 in urine and saliva.
RhCMV 180.92 dissemination and shedding was also examined in
the plasma, saliva, and urine of five SIV naive RhCMV-seronega-
tive rhesus macaques inoculated with RhCMV 180.92 via the in-
travenous route. Four of five animals showed detectable plasma
DNAemia of both RhCMV 180.92 truncated and RhCMV-WT
variants in the first 4 weeks postinfection (Fig. 5A). However, the
RhCMV 180.92 truncated variant was detected at 0.2- to 2.4-log-
lower levels compared to total circulating RhCMV, and this dif-
ference was statistically significant at 4 weeks postinfection (Fig.
5A). The ability of cytomegalovirus to shed in body fluids is a
crucial step in its natural history, and genes in the UL/b= region are
implicated in virus shedding. Hence, the shedding patterns of the
RhCMV 180.92 truncated and WT-like variants were measured in
urine and saliva at 8 to 20 weeks post RhCMV inoculation at
available time points of maximal excretion. All animals shed high
titers of WT-like RhCMV in one or both bodily secretions (Fig. 5B).
In marked contrast to plasma viremia, minimal to no RhCMV
180.92 variant was detectable in the saliva and urine of all animals
(Fig. 5B to D).

FIG 4 Viral load and tissue distribution of RhCMV in a SIV-infected CMV-seronegative rhesus macaque experimentally inoculated with RhCMV 180.92.
Real-time and conventional PCR data shown. (A) Median DNA copy numbers of total RhCMV plasma virus burden (solid line) and RhCMV 180.92
variant (dashed line). (B) Percentage of RhCMV 180.92 variant copy number (hashed column) compared to percentage of WT-like RhCMV variant
(RhCMV-WT) copy numbers (solid column), as measured by variant-specific real-time PCR at 2, 3, 4, and 6 weeks after RhCMV 180.92 experimental
inoculation. (C) Genomic DNA extracted from various tissues was assayed to differentiate total RhCMV (IE1), RhCMV-WT variant (UL146), and
RhCMV 180.92 variant (�CED) using a variant-specific conventional PCR assay. Lane 18 is nontemplate control (water [NTC]) serving as a negative
control, and DNA extracted from RhCMV 180.92 virus stock (Inoculum, lane 17) and �-actin amplifications (Actin) served as positive controls. (D)
Quantitative analysis of RhCMV 180.92 variant DNA copy number/�g of DNA as measured by real-time PCR of 100 ng of tissue genomic DNA. Median
values determined for three replicate wells are shown. ILN, inguinal lymph node; MLN, mesenteric lymph node; TLN, tracheobronchial lymph node; BM,
bone marrow; FC, frontal cortex; SSC, sacral spinal cord.
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DISCUSSION

Although viral proteins encoded by genes located in the UL/b=
region of HCMV are considered important for viral persistence
and dissemination, the preponderance of these observations is
based on in vitro studies that do not necessarily reflect the com-
plexity of HCMV infection in its human host. The availability of
the rhesus macaque model of HCMV infection and two fully se-
quenced, laboratory-passaged strains of RhCMV with defined ge-
netic deletions in RhCMV UL/b= (31, 33) has led to studies ad-
dressing how coding content differences between these strains and
a prototypical wild-type strain of RhCMV encoding a full-length
UL/b= alter viral replication and dissemination in vivo. Using ex-
perimental infection with WT-like RhCMV and the laboratory-
passaged RhCMV strain 68-1 in rhesus macaques, we recently
showed the importance of the UL128 complex and the chemo-
kine-like ORF located within the UL/b= region on acute and per-
sistent parameters of infection, particularly in regard to cell types
acutely supporting RhCMV infection and the long-term shed-
ding of RhCMV in bodily fluids (32, 47). Another laboratory-
passaged strain, RhCMV 180.92, is distinguished from RhCMV

68-1 in retaining an intact UL128 complex, while other UL/b=-
encoded ORF implicated in viral persistence, immune evasion,
and neutrophilic chemotaxis were apparently deleted during se-
rial passage in fibroblasts (33). In the present study, we investi-
gated virus dissemination and shedding in vivo following RhCMV
180.92 infection to determine how an intact UL128 complex
within an otherwise truncated UL/b= region affects RhCMV
growth and replication in a primate host.

RhCMV 180.92 inoculation of RhCMV-seronegative ma-
caques led to persistent infection and virus shedding in SIV naive
macaques, and disseminated RhCMV disease in one SIV-infected
macaque. Using a real-time PCR strategy that allowed specific
quantitation of the truncated 180.92 virus, we show that the
RhCMV 180.92 virus inoculum was heterogeneous in genomic
content. The majority of RhCMV genomes in the viral inoculum
consisted of the annotated version of the 180.92 genome, while the
remaining genomes consisted of a WT-like variant(s) with an in-
tact UL/b=. A previous study noted that RhCMV 180.92 replicates
efficiently in cultured fibroblasts but is impaired for attachment
and entry in a rhesus retinal pigment epithelial cell line, compared

FIG 5 Kinetics of plasma CMV DNA load and patterns of shedding of RhCMV 180.92 by variant-specific conventional and real-time PCR in five SIV-negative
CMV-seronegative rhesus macaques experimentally inoculated with RhCMV 180.92. (A) DNA copy number of total RhCMV plasma virus burden (solid
column) and RhCMV 180.92 variant (hashed column) measured by variant-specific real-time PCR at 1 and 4 weeks after RhCMV inoculation. Individual
monkey data represent the median values obtained for three replicates. The graph at the far right shows a comparison of the mean total and variant RhCMV
plasma copy number 
 the standard errors of the mean for animals with detectable CMV loads at 1 and 4 weeks after RhCMV inoculation. (B) Shedding of
RhCMV 180.92 variant (hashed column) compared to total RhCMV (solid column) in urine and saliva samples collected at 8 weeks (Mm231.05, Mm320.06, and
Mm332.06) or 20 weeks (Mm78.05 and Mm152.05) after RhCMV inoculation and measured by variant-specific real-time PCR. Individual monkey data
represent the median values obtained for three replicates. The graph at the far right compares the mean total and variant copy numbers 
 the standard errors of
the mean in urine and saliva of animals with detectable CMV load. A significant difference in CMV load was determined by using a paired Student t test. *, P 	
0.05; **, P 	 0.01. (C and D) RhCMV shedding patterns in urine (C) and saliva (D) samples were assayed to differentiate total RhCMV (IE1), RhCMV-WT
variant (UL146), and RhCMV 180.92 variant (�CED) contributions by using a variant-specific conventional PCR assay. DNA extracted from RhCMV 180.92
virus stock (Inoculum) served as a positive control.
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to a variant of RhCMV 68-1 engineered to express a functional
UL128-UL131 complex (43). Because the heterogeneity of the
180.92 stock was not recognized at the time this particular study
was done, no genetic analysis of the progeny virions was per-
formed to directly compare the relative in vitro replication param-
eters of the different variants. The presence of both the WT-like
and truncated 180.92 variants in different tissues indicates that
both variants are replication competent in vivo. However, quan-
titative PCR analysis demonstrated that the RhCMV 180.92 trun-
cated variant is significantly attenuated in vivo for tissue dissemi-
nation within the host and for virus shedding. This was evidenced
by (i) low plasma RhCMV DNA copy numbers, (ii) limited dis-
semination and infection of multiple organs, (iii) low RhCMV
DNA copy numbers in infected organs and, most remarkably, (iv)
minimal to no shedding of virus progeny in saliva and urine of the
truncated 180.92 variant. In contrast, the WT-like variant(s),
which constituted a minor fraction of the RhCMV 180.92 virus
stock, emerged to dominate the RhCMV population detected in
plasma, tissues, and salivary and urinary excretions. Thus, despite
the presence of an intact UL128-UL130-UL131 coding region, the
truncated 180.92 is profoundly attenuated in vivo, suggesting that
loss of other ORFs in UL/b= results in a loss of viral fitness. Of
interest, the patterns of dissemination of the WT-like and the
truncated 180.92 variants reflect the distinct patterns of viral shed-
ding following inoculation of seronegative macaques with
UCD52, UCD59, and 68-1 (32). In particular, only RhCMV vari-
ants containing a full complement of UL/b=-encoded genes are
capable of disseminating from the sites of inoculation to tissues
where progeny virions can be persistently shed in bodily fluids. In
this regard, the results with RhCMV reflect the results from hu-
mans inoculated with different HCMV strains.

Comparison of clinical patterns of infection in experimentally
inoculated volunteers reveals marked phenotypic distinctions be-
tween HCMV strains that differ primarily in UL/b= coding con-
tent, including different viral patterns of shedding in bodily fluids.
While shedding is profoundly restricted in individuals inoculated
with the tissue culture-adapted AD169 and Towne strains, people
inoculated with the low-passage-number, clinical Toledo strain
exhibit shedding profiles that are more similar to those naturally
infected with wild-type HCMV (23–25, 53–55). In this regard, it is
noteworthy that the UL/b= region of the Toledo strain encodes the
tumor necrosis factor receptor homolog UL144 and the alpha
chemokine genes UL146 and UL147 but has an inverted segment
which renders the UL128 gene nonfunctional (10, 56). This sug-
gests that a functional UL128 complex may not be an absolute
requirement for viral shedding. Taken together, the results in hu-
mans and rhesus monkeys demonstrate that shedding in bodily
fluids, a central element in primate CMV natural history, requires
the functional integrity of UL/b= coding capacity. A clinical ram-
ification of this conclusion is that vaccine studies directed against
UL/b=-encoded proteins should be especially effective at limiting
the potential for HCMV to disseminate from primary sites of mu-
cosal infection to distal sites throughout the body, such as the
maternal-fetal interface in the case of vaccinations designed to
prevent congenital HCMV infection.

Given the extent of the deletion within the UL/b= region of the
truncated 180.92 variant, there are multiple ORFs that, when ab-
sent, could individually or collectively attenuate dissemination.
Based on the known functions of the HCMV orthologs of the
deleted ORF, potential ORFs that affect dissemination include

those involved in modulation of host cell activation (UL141 and
UL142) (21, 22, 57, 58), signaling (UL144) (59–61), and traffick-
ing (UL146) (19). In addition, the UL132 ORF, which is involved
in virion assembly (UL132) (18), could be another dissemination
determinant. Although the coding content of UL132 is extant in
the truncated 180.92 variant, there is a functional absence of
pUL132 due to deletion of its cognate promoter upstream of
UL147 (Y. Yue and P. A. Barry, unpublished data).

Similar to published studies of RhCMV-WT reactivation in
SIV-infected rhesus macaques (41, 47, 62), RhCMV 180.92 in-
duced histopathological lesions in multiple organs. However,
unique to our study is the identification of RhCMV-infected ret-
inal cells detected by IHC in both eyes of an SIV-infected monkey
(Fig. 3D), an observation that has not been documented to date.
This lesion was associated with bilateral iridal edema, indicating a
concurrent ocular vascular damage. HCMV-retinitis was one of
the most common lesions of AIDS patients before the use of highly
active antiretroviral therapy (63). HCMV-retinitis is considered a
late-onset lesion developing over 12 months postimmunosup-
pression (64). In contrast, the ocular lesion in our study developed
2 months after RhCMV infection in the immunosuppressed mon-
key. Although the reason for accelerated ocular lesion in our case
is unclear, it is possible that progressive SIV infection combined
with RhCMV genetic variation in unknown virulence factors
might have enhanced access of RhCMV 180.92 to ocular tissues
and accelerated the onset of retinitis (65).

Substantive progress has been achieved in two clinical trials
involving vaccination of either pregnant women or transplant re-
cipients with a recombinant glycoprotein B (gB) protein (66, 67).
However, protection against natural infection was limited, sug-
gesting that immune response targeting a single HCMV protein
might be insufficient for long-term prevention of primary infec-
tion. The inclusion of additional antigens in future vaccine candi-
dates, such as those within the UL/b= region involved in cellular
tropism and modulation of the host immune responses, could
augment gB-mediated protective immunity. With the preserva-
tion of a functionally intact UL128 complex and loss of immune
modulation genes, RhCMV 180.92 could be a potentially valuable
vaccine candidate to evaluate host immune responses against the
UL128 complex. However, due to the mixed nature of the virus
stock, in vivo evaluation of a plaque-purified single-strain trun-
cated RhCMV 180.92 variant is required to test its immunogenic-
ity and confirm disease attenuation.
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