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The human cytomegalovirus (HCMV) US28 gene product, pUS28, is a G protein-coupled receptor that
interacts with both CC and CX3C chemokines. To date, the role of pUS28 in immune evasion and cell migration
has been studied only in cell types that can establish productive HCMV infection. We show that HCMV can
latently infect THP-1 monocytes and that during latency US28 is transcribed. We also show that the tran-
scription is sustained during differentiation of the THP-1 monocytes. Since cells expressing pUS28 were
previously shown to adhere to immobilized CX3C chemokines (C. A. Haskell, M. D. Cleary, and I. F. Charo,
J. Biol. Chem. 275:34183–34189, 2000), we hypothesize that latently infected circulating monocytes express
pUS28, thereby enabling adhesion of these cells to CX3C-exposing endothelium. Consequently, the US28-
encoded chemokine receptor may play an important role in dissemination of latent HCMV.

The human cytomegalovirus (HCMV) genome contains four
G-protein-coupled receptor-like genes, UL33, UL78, US27,
and US28 (8, 11). The US28-encoded G-protein-coupled re-
ceptor pUS28 appears to be functional in many different re-
spects. (i) It was identified as a chemokine receptor capable of
binding the CC chemokines RANTES, MCP-1, MCP-3,
MIP1-a, and MIP1-b (2, 10, 21, 26), as well as soluble forms of
the CX3C chemokine fractalkine (18). Upon interaction with
the CC chemokines, pUS28 induces Ca21 mobilization and
extracellular signal-related kinase 2 activation (2, 10, 21, 26). In
addition, transient expression of pUS28 leads to constitutive
activation of both phospholipase C and NF-kB signaling (6). In
this system, fractalkine acts as an inverse agonist for pUS28
(6). (ii) Transient, high-level expression of pUS28 in smooth
muscle cells induces chemokinesis in the presence of MCP-1
and chemotaxis within a RANTES gradient (38). (iii) Expres-
sion of pUS28 leads to internalization of RANTES and MCP-1
in both HCMV-infected fibroblasts and endothelial cells (3, 4).
Thus, this receptor acts as a CC-chemokine sink, possibly en-
abling HCMV-infected cells to evade immune surveillance. (iv)
The chemokine receptor pUS28 is a coreceptor for several
human immunodeficiency virus strains (27, 32) and can elicit
cell-to-cell fusion upon interaction with several types of viral
envelope proteins (33). (v) The expression of pUS28 on the
cell surface of murine pre-B-cell line 300-19 can establish cell
rolling and adhesion to a fixed fractalkine surface (15). If
pUS28 is expressed on the surface of HCMV-infected leuko-
cytes, then it could play an important role in virus trafficking
from the circulation to inflammatory sites. Particularly, the
receptor could mediate adhesion of circulating HCMV-in-
fected monocytes to endothelial cells and subsequent transmis-
sion of HCMV from infected monocytes to endothelial cells or,
alternatively, transendothelial migration of infected monocytes
toward subendothelial tissues. To date, only a few reports on

US28 expression exist. US28-specific transcripts were detected
in peripheral blood mononuclear cells of some naturally in-
fected individuals (31). In addition, US28-specific transcripts
were detected from 2 h to at least 24 h post-HCMV infection
(p.i.) of human foreskin fibroblasts (HFF) in vitro (4, 42, 44).
Finally, US28-specific transcripts were detected in HCMV-
infected myeloid cell cultures—at 4 h p.i. in infected U373 MG
astrocytoma cells and at 4 and 24 h p.i. in infected THP-1
monocytic cells (44). Interestingly, in many cell types of my-
eloid origin, HCMV establishes latent infection, i.e., persis-
tence of nonreplicating viral genomic DNA in infected cells.
Latent infection occurs in progenitors of granulocytes, macro-
phages, and dendritic cells (13, 20), as well as in peripheral
blood monocytes (5) and immature macrophages (37). Re-
cently, HCMV major immediate early (MIE) gene-derived
transcripts were identified in latently infected monocyte or
granulocyte progenitor cells (20), as well as in bone marrow
(BM)-derived CD331 CD141 and CD331 CD151 cells (13).
These cytomegalovirus latency-associated transcripts (CLTs)
have either a sense or an antisense orientation relative to the
conventional MIE coding region. The sense CLTs have two
specific transcription start sites (LSS1 and LSS2) within the
MIE promoter-enhancer region, upstream of the productive-
infection transcription start site (PSS) (Fig. 1). The function of
neither CLTs nor their corresponding gene products is known.
To date, CLTs are the only transcripts identified in latently
infected cells. Here we report a system for studying HCMV
gene expression in latently infected monocytic THP-1 cells.
Using this system, we demonstrate that US28, like the MIE
gene, is transcribed during both latent and productive HCMV
infection.

MATERIALS AND METHODS

Cells and virus. Primary HFF, the human fibroblast cell line MRC5, and the
myeloid cell lines K562, KG1a, HL-60, U937, and THP-1 cells were cultured as
described previously (4, 14, 44). Stocks of wild-type (Toledo) and a US27-US28
double deletion mutant virus (RV101) (4) were generated by propagation in
HFF and MRC5 (4). For reverse transcription (RT)-PCR analysis, virions from
HFF culture medium samples, each containing 3 3 106 PFU of either Toledo or
RV101 HCMV per ml, were separated from cellular debris by low-speed cen-
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trifugation (10 min at 10,000 3 g, 4°C) and pelleted by ultracentrifugation (30
min at 100,000 3 g, 4°C). A sample of Toledo virus was inactivated by irradiation
with 4.7 J of UV using a Stratalinker UV Crosslinker 1800 (Stratagene Cloning
Systems, Amsterdam, The Netherlands).

RT-PCR. Primers specific for either the HCMV US28 gene (US28F and
US28R), both sense (CLTF1, CLTF2, CLTR1, and CLTR2) and anti-sense
CLTs (ANTICLTF and ANTICLTR); the HCMV DNA polymerase gene UL54
(DNAPOLF* and DNAPOLR*, and a supplemental set, DNAPOLF and
DNAPOLR); or the human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene (GAPDHF and GAPDHR) were obtained from Eurogentec
(Eurogentec, Seraing, Belgium). The nucleotide sequences of these primers are
shown in Table 1. The positions of the CLT-specific and US28-specific primers
relative to their corresponding transcripts are shown in Fig. 1. Primers CLTR1
and CLTR2 were derived from nucleotide sequences within CLT exon 3 and
exon 2, respectively (Fig. 1). Primers CLTF1 and CLTF2 were derived from the
sequence between the latency-specific transcription start site 2 (LSS2) and the
PSS (Fig. 1). The sequences of primer ANTICLTF and ANTICLTR are collinear
with MIE intron sequences and can therefore not detect mature sense CLTs
(Fig. 1). However, it may be possible that these primers amplify either sense-
polarized MIE-specific transcripts that have not been identified before, or im-
mature CLTs containing intron sequences. Both possibilities should be taken
into consideration for every reference to antisense CLTs in this report. Each
target sample for RT-PCR was obtained by isolation of poly(A)1 RNA from 5
3 106 cells using a QuickPrep Micro mRNA purification kit (Amersham Phar-
macia Biotech, Saclay, France). Subsequently, poly(A)1 RNA samples were
treated with DNase I (Amersham Pharmacia Biotech) according to the manu-
facturer’s protocol. They were then reverse transcribed using an Advantage
RT-for-PCR Kit (Clontech-Ozyme, Montigny-Le-Bretonneux, France). RT was
primed with oligo(dT) primers included in the kit. Aliquots of the resulting
cDNA that corresponded to 2 3 105 cells were added to PCR mixtures. PCR
mixtures were prepared using AdvanTaq Plus DNA Polymerase kit (Clontech-
Ozyme) according to the manufacturer’s protocol. Thermal cycling conditions
were similar for PCRs with all primer sets mentioned (2 min of denaturation at
94°C, followed by 50 cycles of 5 s at 94°C and 30 s at 70°C), except for those
for the GAPDH- and HCMV DNA polymerase-specific (DNAPOLF and
DNAPOLR) primer sets, which were 2 min of denaturation at 94°C, followed by
50 cycles of 5 s at 94°C and 30 s at 68°C. Thermal cycling was done with a
GeneAmp PCR System 9600 thermal cycler (Perkin-Elmer, Courtaboeuf,
France). PCR products were visualized by agarose gel electrophoresis and
ethidium bromide staining.

Indirect immunocytometry. The following monoclonal antibodies (MAb) were
used for HCMV antigen detection in both MRC5 and THP-1 cells: (i) MAb E13
(a kind gift from M. C. Mazeron, Hôpital Lariboisière, Paris, France), which
detects both HCMV immediate early 1 and 2 antigens; (ii) MAb F6a, which
detects the HCMV early antigen ppUL83 (pp65) (Michelson et al., unpublished
data); and (iii) an anti-pp150 MAb (a kind gift from H. P. Hartus, Universität
Erlangen-Nürnberg, Erlangen, Germany), which detects the HCMV late antigen
ppUL32 (pp150) (17). The secondary antibodies used were fluorescein-conju-

gated sheep anti-mouse immunoglobulin G (Amersham Pharmacia Biotech) for
the detection of MAb F6a and fluorescein-conjugated goat anti-mouse immu-
noglobulin G (CALTAG Laboratories, Burlingame, Calif.) for the detection of
MAb E13 and MAb anti-pp150. Samples containing 106 uninfected or HCMV-
infected cells of either MRC5 or THP-1 origin were permeabilized in perme-
abilization buffer (phosphate-buffered saline with 0.2% bovine serum albumin
[Sigma-Aldrich Chemie, Steinheim, Germany] and 0.05% saponin [Sigma-Al-
drich Chemie]) for 20 min at room temperature. All subsequent incubations were
done in permeabilization buffer at 4°C. Cells were incubated for 30 min with 5 mg
of primary MAb per ml, washed two times, and stained with secondary MAb
according to the manufacturer’s protocol. Finally, the cells were fixed in phos-
phate-buffered saline with 4% formaldehyde and subjected to flow cytometry
using a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Sys-
tems, La Pond-de Claix, France). Data were analyzed using the CELL Quest flow
cytometry analysis program (version 3.3; Becton Dickinson Immunocytometry
Systems).

RESULTS

Detection of HCMV-specific transcripts in various infected
myeloid cell lines. Previously, both HCMV-specific DNA and
RNA in latently infected individuals were detected using PCR
techniques. Genomic HCMV DNA can be detected in approx-
imately 0.01% of mononuclear cells in blood and BM samples
from naturally infected individuals (19, 36, 39), whereas be-
tween 0.01 and 0.001% of BM-derived CD331 CD141 and

FIG. 1. RT-PCR primers and their target transcripts. Schematic representation of the HCMV Toledo genome and the relative positions of the
MIE gene and US28. Black boxes represent repeat regions of the Toledo genome. The US28-specific transcripts and CLTs are indicated below
the genome at a smaller scale by open arrows. The positions and polarity of the US28-, as well as the CLT-specific RT-PCR primers (Table 1) are
indicated by black arrows. Transcription starts of the sense CLTs (LSS1 and LSS2) and the PSS are indicated by arrowheads.

TABLE 1. PCR primers used in this study

Gene Primer sequence

GAPDHF.............GGGGAGCCAAAAGGGTCATCATCT
GAPDHR ............GAGGGGCCATCCACAGTCTTCT
US28F ..................CGTCGGATTCAATGCTCCGGCGATGTTTAC
US28R..................GAATGGCGATGATCACGGCAAAGATCCACC
CLTF1..................TAGTCTGCAGGAACGTCGTGGCCTTGGT
CLTF2..................TCGTCAGGATTATCAGGGTCCATCTTTCTCTT
CLTR1 .................TACATCAATGGGCGTGGATAGCGGTTTGAC
CLTR2 .................AAATGGGCGGTAGGCGTGTACGGTGG
ANTICLTF..........ACTCATGGTCGCTCGGCAGCTCCTTGCTC
ANTICLTR.........GCACAAACCCCGACACGTACCGTGGCA
DNAPOLF* ........TGGCTAAAATTCCGTTGCGGCGTGTCAT
DNAPOLR*........TGCAAGGGCGGCGACATCTGAAACATA
DNAPOLF ..........GGGCACAGCGGCGGTAGAGATGAT
DNAPOLR..........TCCCGCGTTGTTTCGTGGCTAATG
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CD331 CD151 cells contain CLTs (13). Similar to the tech-
niques used for the detection of genomic HCMV DNA in
these cells, we developed an RT-PCR system to enable detec-
tion of HCMV-specific transcripts during latent infection in
vitro. In order to determine the type of cell that would be
suitable for establishing latent HCMV infection in vitro, we
screened several infected myeloid cells lines for the presence
of US28-specific transcripts and antisense CLTs. Each of these
lines represents a specific differentiation stage in hematopoie-
sis toward monocytes: K562 cells (very early pluripotent he-
matopoietic stem cells), KG1a (pluripotent CD341 hemato-
poietic stem cell-like), HL-60 (monocyte or granulocyte
progenitor-like), U937 (promonocytic), and THP-1 (monocyt-
ic) (reviewed by Harris 14). Cells (5 3 107 per sample) were
infected with HCMV strain Toledo at a multiplicity of in-
fection (MOI) of 4. On day 4 p.i., culture medium was re-
freshed. Finally, on day 8 p.i., cells were harvested and sub-
jected to RT-PCR. Whereas all cDNA samples were positive
for GAPDH transcripts with the expected size of 235 bp (Fig.

2A, lanes 2 to 11, upper panel), only the sample containing
cDNA from the infected THP-1 monocytic cell line was PCR
positive for both US28 transcripts (Fig. 2A, lane 10, middle
panel; expected size 5 298 bp) and antisense CLT (Fig. 2A,
lane 10, lower panel; expected size 5 469 bp). Fresh samples
were subjected to a new round of PCR in which various com-
binations of sense CLT-specific primer pairs were included
(Fig. 1). As shown in Fig. 2B, PCR mixtures containing either
primer pairs CLTF1 and CLTR1, CLTF2 and CLTR1, or
CLTF1 and CLTR2 each produced products that matched the
expected sizes of 436, 368, and 297 bp, respectively (Fig. 2B,
lanes 2 to 4). In contrast, PCR samples containing the primer
combination of CLTF2 and CLTR2 (expected PCR product
size 5 229 bp) remained negative, possibly due to incompati-
bility of the PCR primer pair (Fig. 2B, lane 5). Nonetheless,
these results indicate that HCMV-infected THP-1 cells harbor
US28-specific transcripts, as well as sense and anti-sense CLTs
at day 8 p.i. We were also able to detect these transcripts at a
later time point. Both US28- and antisense CLT-specific RT-

FIG. 2. The US28 and MIE genes are transcribed in HCMV-infected THP-1 cells. The figure shows ethidium bromide-stained 2% agarose gels
in which RT-PCR samples were separated. All agarose gel images shown in this report were digitized and contrast-inverted for clarity using a video
scanner (Virbert Lourmat, Marne la Vallée, France). Molecular weight (MW) marker sizes are indicated on the left of each panel, and the primer
sets corresponding to each panel are indicated on the right. Black arrowheads denote the relevant PCR products. (A) Detection of GAPDH-
specific transcripts, antisense CLT-specific, and US28-specific transcripts in a panel of HCMV-infected myeloid cell types at day 8 p.i. The cell types
used are indicated above the panel using the following abbreviations: H, HL-60; K5, K562; KG, KG1a; T, THP-1; U, U937. 2RT, sample not
treated with reverse transcriptase. (B) Detection of sense CLTs from HCMV-infected THP-1 cells at day 8 p.i. The primer combinations that were
used in this experiment (see also Table 1 and Fig. 1) are indicated above each lane. (C) Detection of GAPDH-specific transcripts, anti-sense
CLT-specific, and US28-specific transcripts in HCMV-infected THP-1 cells at day 15 p.i. M, mock infected; I, HCMV Toledo infected.
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PCR signals were obtained from samples of infected THP-1
cells at day 15 p.i. (Fig. 2C, lanes 7 and 10). We therefore
focused on HCMV gene expression in THP-1 cells in subse-
quent experiments.

US28 is transcribed de novo in THP-1 cells at late time
points p.i. Although we were able to detect viral transcripts in
THP-1 cells by RT-PCR, we did not exclude the possibility that
these transcripts could be deposited by virions into the target
cells upon inoculation. To examine whether US28-specific
mRNA can be deposited in THP-1 cells, we prepared virions
from both HCMV Toledo and a (negative control) US27-US28
deletion mutant strain, RV101 (4), and subjected these to
RT-PCR analysis. Poly(A)1 RNA was isolated from the virion
preparations and subsequently reverse transcribed and in-
cluded in PCR mixtures containing either US28- or GAPDH-
specific primers. Surprisingly, both US28- and GAPDH-spe-
cific transcripts were detected in mixtures from the Toledo

samples (Fig. 3A), indicating that the viral inoculum contains
both viral and host cell-specific poly(A)1 RNA. Consequently,
it is possible that both types of RNA can be deposited either at
the cell surface of inside THP-1 cells upon inoculation. To
examine transfer of mRNA from the inoculum to the target
cells, we infected THP-1 cells that were treated with actino-
mycin D (10 mg/ml, 1 h before, during, and after infection) to
block de novo RNA synthesis. In addition, untreated THP-1
cells were inoculated with either UV-inactivated or intact
HCMV. Samples of these THP-1 cultures were analyzed by
RT-PCR at 1 h and 1 day p.i. Both US28- and GAPDH-
specific transcripts could be detected in actinomycin-D-treated
cells at 1 h p.i. (Fig. 3B, lane 1), whereas the actinomycin-D-
treated cells at day 1 p.i. were PCR negative (Fig. 3B, lane 4).
This indicates that although both US28- and GAPDH-specific
mRNA are deposited either at the cell surface or inside THP-1
cells upon infection, the transcripts cannot persist for 1 day in
these cells. Similar results were obtained by infection with
UV-inactivated virus. US28-specific transcripts could be de-
tected in THP-1 cells treated with inactivated virus at 1 h p.i.
but not at day 1 p.i. (Fig. 3B, lanes 2 and 5, respectively). In
contrast, transcripts were detected at each of these time points
in cells infected with untreated virus (Fig. 3B, lanes 3 and 6).
Taken together, we conclude that US28 is transcribed de novo
in THP-1 cells at very late time points (8 to at least 15 days) p.i.

Detection of lytic HCMV antigens in infected THP-1 cells.
HCMV infection in unstimulated THP-1 cells was previously
defined as abortive. This was based on experiments indicating
the absence of HCMV antigen expression (16, 22, 41, 44),
probably due to repression of the MIE promoter-enhancer
(35). However, subtle differences in culture conditions may
result in the presence of small numbers of differentiated cells
harboring replicating HCMV in an infected THP-1 population.
Consequently, US28-specific transcripts and CLTs could be
synthesized in a small fraction of productively rather than
latently infected cells. To determine whether in our system a
fraction of the HCMV-treated THP-1 culture contains repro-
ductively infected cells, we subjected a large quantity (5 3 105

per sample) of HCMV-treated THP-1 cells to immunocyto-
metric analysis. An assay was set up to enable detection of
antigens representing all phases of the lytic HCMV infection
program, including pUL122 and pUL123 (the MIE 1 and 2
transactivator antigens), ppUL83 (a dominant early-phase teg-
ument phospoprotein pp65), and ppUL32 (a dominant late-
phase tegument phosphoprotein pp150). By using this assay,
each of these antigens was detected at day 2 p.i. in MRC5
fibroblasts that were infected at an MOI of 0.1 but not at day
7 p.i. in THP-1 monocytes that were infected at an MOI of 4
(Fig. 4). These results indicate that the absence of lytic HCMV
antigens in THP-1 cells is inadequate to define abortive infec-
tion, considering that both US28-specific transcripts and CLTs
were detected in these cells. Instead, the detection of gene
transcription in the absence of lytic HCMV antigens may in-
dicate latent infection. Nevertheless, productively infected
THP-1 cells may be present at levels below the level of antigen
detection by immunocytometry. Therefore, as described in the
section below, an alternative standard is needed to determine
whether the US28-specific transcripts occur in productively or
latently infected cells.

FIG. 3. US28-specific transcripts are deposited either inside or at
the surface of THP-1 cells immediately after infection but transcribed
de novo at later times p.i. RT-PCR samples are visualized on agarose
gels as described in Fig. 2. (A) Detection of viral and cellular poly(A)1

RNA in virus inoculum from HCMV-infected fibroblasts. The primer
sets that were included in the RT-PCR samples are indicated on top of
the panel. (B) Detection of US28-specific transcripts either in actino-
mycin-D-treated HCMV-infected THP-1 cells or in THP-1 cells in-
fected with UV-inactivated HCMV. The primer sets that were in-
cluded in the RT-PCR samples are indicated at the right of each panel.
Samples from which reverse transcriptase enzyme was omitted re-
mained PCR negative (data not shown). Abbreviations: 2RT, sample
not treated with reverse transcriptase; 1RT, reverse transcriptase
treated; D, HCMV RV101 (US27-US28 deletion mutant) virions; WT,
wild-type HCMV; h, hours p.i.; d, days p.i.; A, actinomycin D treated;
UV, UV-treated; NT, not treated.
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Quantitative assessment of HCMV transcripts in infected
THP-1 cells. Latent HCMV infection, as opposed to produc-
tive infection, implicates the absence of factors enabling viral
replication, possibly including those required for viral geno-
mic DNA replication. Here, we set out to determine whether
US28-transcribing HCMV-infected THP-1 cells contain such
factors. For this purpose, we designed an RT-PCR assay to
compare the transcription levels of US28 with those of the
UL54 HCMV DNA polymerase gene in infected THP-1
cells. Initially, the sensitivity of both US28- and UL54-spe-
cific RT-PCR assays (each utilizing either US28F-US28R or
DNAPOLF*-DNAPOLR*, respectively [Table 1]) were deter-
mined. This was done by applying RT-PCR to target cDNA
serially diluted in a cDNA background corresponding to 2 3
105 of uninfected THP-1 cells. Positive RT-PCR signals were
obtained in samples initially containing a minimum of 10 cop-
ies of either US28specific (Fig. 5A, lanes 1 to 5, upper panel)
or UL54-specific (Fig. 5A, lanes 1 to 5, lower panel; expected
size 5 245 bp) cDNA. These results indicate that the US28-
and UL54-specific RT-PCR assays have similar sensitivities.
Subsequently, we determined the amount of HCMV-infected
THP-1 cells containing either US28- or UL54-specific tran-
scripts at day 7 p.i.: cDNA samples were obtained from a panel
of HCMV-treated THP-1 cells serially diluted with untreated
cells corresponding to a total of 2 3 105 cells. These samples
were subjected to RT-PCR analysis. Consequently, we found
that the HCMV-treated THP-1 cell culture could be diluted at
least 10-fold before the corresponding US28-specific RT-PCR
signal was lost (Fig. 5, lanes 1 to 6, upper panel). This indicates
that US28 is transcribed in at least 1 out of 2 3 104 HCMV-
treated THP-1 cells. Surprisingly, we were also able to detect
UL54-specific transcripts in HCMV-infected THP-1 cells.
However, these transcripts could only be detected in the un-
diluted culture sample (Fig. 5, lanes 1 to 6, middle panel).

Since both assays were shown to have similar sensitivities, we
conclude that US28-transcribing cells are in 10-fold excess of
UL54-transcribing cells within an HCMV-infected THP-1 cul-
ture at day 7 p.i. Next, we set out to compare the levels of US28
and UL54 transcription in the total cDNA fraction corre-
sponding to 2 3 105 THP-1 cells. For this purpose, a series of
diluted cDNA samples from THP-1 cells at day 7 p.i. was
subjected to RT-PCR analysis. In effect, US28-specific tran-
scripts could be detected in cDNA samples that were diluted
up to 1,000-fold (Fig. 5C, lanes 1 to 6, upper panel). In con-
trast, UL54-specific transcripts could only be detected in un-
diluted samples (Fig. 5C, lanes 1 to 6, middle panel), indicat-
ing that the level of US28 transcription is 1,000-fold that of
UL54.

Since the amount of cells transcribing US28 was estimated to
be 10-fold that of UL54-transcribing cells, it is possible that the
HCMV-treated THP-1 culture contains both a latently and a
productively infected fraction. Alternatively, the US28-posi-
tive–UL54-negative fraction could represent THP-1 cells that
absorbed HCMV particles that were passed on by neighboring
UL54-positive cells at a late time point in culture. The US28-
positive–UL54-negative fraction might therefore be produc-
tively infected, albeit at an early stage of infection in which
UL54 transcription is not yet manifest. To determine whether
US28 transcription is the result of such a productive infection
phenomenon, we assessed US28 transcription in HCMV-
treated THP-1 cells treated with a viral DNA replication in-
hibitor. THP-1 cells were infected as described above. At 4 h
p.i., phosphonoacetic acid (PAA) was added to the culture
medium at a final concentration of 200 mg/ml. PAA treatment
was maintained until the cells were harvested at day 7 p.i. The
inhibitory potential of PAA was confirmed by assessing inhi-
bition of pp150 synthesis in HCMV-infected MRC5 fibroblasts
using immunocytometry (data not shown). RT-PCR was per-

FIG. 4. Expression of lytic-phase antigens in HCMV-infected THP-1 cells at day 7 p.i. The top panels show immunocytometric histograms of
HCMV-infected MRC5 fibroblasts (total cell count 5 10,000) at day 2 p.i. The lower panels show histograms of infected THP-1 cells (total cell
count 5 500,000) at day 7 p.i. FL1-H, relative intensity of fluorescence. Dotted lines represent uninfected cells.
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formed on serially diluted cDNA samples derived from HCMV-
infected PAA-treated THP-1 cells. Interestingly, US28-specific
signals were obtained in samples diluted as much as 1,000-fold
(Fig. 5C, lanes 7 to 12, upper panel), similar to what was found
for infected cells that were not treated with PAA (Fig. 5C,
lanes 1 to 6, upper panel). To check whether PAA treatment
had no effect on the natural cellular transcription level, the
dilution series from both untreated and PAA-treated cells
were subjected to RT-PCR using GAPDH-specific primers.
Levels of GAPDH transcription were found to be similar for
both samples (Fig. 5C, lanes 1 to 12, lower panel), indicating
that US28 transcript levels are also similar. Surprisingly, RT-

PCR signals for UL54 could not be observed in cDNA samples
from PAA-treated cells, whereas the undiluted sample of un-
treated HCMV-infected cells was RT-PCR positive (Fig. 5,
lanes 1 to 12, middle panel). Although PAA treatment affects
HCMV DNA polymerase activity, we did not expect UL54
transcript levels to be lower in PAA-treated cells than in un-
treated cells. This might indicate that UL54 transcription is
propelled by a late-phase positive feedback mechanism. We
did not investigate this possibility further. Nevertheless, we have
shown that (i) US28 is transcribed in HCMV-infected THP-1
cells at least until day 15 p.i., (ii) the amount of US28-tran-
scribing THP-1 cells is approximately 10-fold that of UL54-

FIG. 5. Quantitative comparison of US28 and HCMV DNA polymerase gene transcription in HCMV-infected THP-1 cells at day 7 p.i.
RT-PCR samples are visualized on agarose gels as described in Fig. 2. The primer sets that correspond to each of the panels are indicated on the
right of each panel. Black arrowheads denote the relevant PCR products. (A) Sensitivity of RT-PCR for the detection of US28 and HCMV DNA
polymerase cDNA. The amount of target cDNA molecules that was included in each RT-PCR sample is indicated at the top. (B) Quantification
of HCMV-infected THP-1 cells transcribing either US28 or the HCMV DNA polymerase gene at day 7 p.i. The quantities on top correspond to
the amount of cells that were taken from the original HCMV-infected THP-1 culture and mixed with uninfected THP-1 cells to a total of 2 3 105

prior to cDNA preparation and RT-PCR. (C) Quantification of US28- and HCMV DNA polymerase-specific transcripts in untreated and
PAA-treated HCMV-infected THP-1 cells at day 7 p.i. The dilution factor of each cDNA sample relative to an initial sample representing 2 3 105

cells is indicated on the top. Abbreviations: M, mock-infected; I, HCMV-infected; I/PAA, infected and PAA-treated; 2RT, sample not treated with
reverse transcriptase.
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transcribing cells at day 7 p.i., and (iii) detection of US28
transcription is irrespective of viral replication in HCMV-in-
fected THP-1 cells. These results indicate that US28 is tran-
scribed in latently infected THP-1 monocytes.

US28 transcription in differentiated THP-1 cells. In addition
to demonstrating that the HCMV US28 gene is transcribed
during latent infection in undifferentiated THP-1 monocytes,
we set out to determine whether US28 transcription also oc-
curs in differentiated cells. Previously, HCMV-infected mono-
cyte-derived macrophages were shown to support viral repli-
cation (22, 37, 40). Therefore, we also assessed the replication
status of the HCMV-infected cells by determining whether the
HCMV DNA polymerase gene UL54 would be upregulated
upon differentiation. First, THP-1 cells were infected with
HCMV as described above, and then a culture sample was
treated with phorbol-12-myristate-13-acetate (PMA) (50 ng/
ml) from 0 to 72 h p.i. In contrast to untreated THP-1 cells,
PMA-treated THP-1 cells became adherent after several hours
of stimulation (data not shown). Such an adhesion phenotype
is typical for differentiation of monocytic cells (14). At days 1,
5, and 7 p.i., both US28 and UL54 transcription were assessed
in cDNA samples derived from untreated and PMA-treated
THP-1 cultures. Alternative primers for UL54 transcript de-
tection, DNAPOLF and DNAPOLR (Table 1), were used for
RT-PCR, resulting in an assay less sensitive than RT-PCR with
the aforementioned DNAPOLF* and DNAPOLR* primers
(Table 1). As a result, UL54-transcripts could not be detected
in undifferentiated HCMV-infected THP-1 cells (Fig. 6, lanes
1 to 3, middle panel). In contrast, by using these primers, UL54
transcripts were detected in differentiated THP-1 cells at all
time points (Fig. 6, lanes 4 to 6, middle panel). These results
confirm upregulation of UL54 transcription and possibly
HCMV replication upon differentiation of THP-1 cells. Fi-
nally, we were able to detect US28 transcript in both untreated
and PMA-treated HCMV-infected cells at all time points men-
tioned (Fig. 6, lanes 1 to 6, upper panel). We therefore con-

clude that, in addition to transcription in latently infected
THP-1 monocytes, US28 transcription is sustained in infected
THP-1 cells throughout differentiation into adherent, macro-
phage-like cells.

DISCUSSION

To date, both US28 transcripts and CLTs are the only tran-
scripts identified in myeloid cells that are latently infected with
HCMV. Yet, they are also present in productively infected
cells (4, 24, 42, 43, 44) and are therefore not explicit markers
of latency. To determine whether cells are latently infected
with HCMV, the presence of either viral DNA or RNA from
candidate latency-associated genes should be demonstrated in
parallel to the absence of virus production. In this report, we
considered the presence of HCMV DNA polymerase UL54
transcripts to be a determinant of productive infection. How-
ever, this determinant could prove to be too stringent; in ad-
dition to being a marker for productive infection, it could
indicate viral DNA replication during latency, such as in a
self-renewing HCMV-infected myeloid cell population. Never-
theless, we showed that the majority of US28-transcribing
THP-1 cells does not contain UL54-specific transcripts. More-
over, US28 transcription levels were not affected in the pres-
ence of an HCMV DNA replication inhibitor. These findings
indicate that this majority of US28-transcribing THP-1 cells
are latently infected. Similar conditions could be used as a
standard for identifying other latency-associated transcripts.
Thus, a strict definition of latency could comprise (i) the ab-
sence of UL54-specific transcripts and (ii) candidate HCMV
gene transcription irrespective of viral DNA replication. None-
theless, UL54 transcription does not necessarily exclude la-
tency. Its role in viral genome replication during latent infec-
tion will have to be addressed in future studies.

We demonstrated that the lytic phase antigens IE1-IE2,
pp65, and pp150 were present at levels below the detection
level in undifferentiated THP-1 cells and that HCMV DNA
polymerase UL54 transcription levels were higher in differen-
tiated cells than in undifferentiated THP-1 cells. Similarly, it
was previously shown that MIE protein levels are higher in
differentiated THP-1 cells that were infected with HCMV than
in less differentiated cells (23). In addition, the generation of
HCMV particles could not be demonstrated in monocytes,
whereas replication was demonstrated in monocyte-derived
macrophages and dendritic cells (34, 37). Thus, the relative
degree of monocyte differentiation may be an important factor
for regulation of HCMV gene expression. This explains why in
our study US28 transcripts were not detected in K562, KG1a,
HL-60, and U937 cells, which are less differentiated than the
monocyte-type THP-1 cells. In addition to containing US28
and the MIE gene, the HCMV genome may contain many
other genes that could concert latency and replication in my-
eloid cells. However, the low amount of infected (relative to
unifected) myeloid precursors and the low-level transcription
of HCMV genes during latent infection currently limit the
study of HCMV gene expression in vivo to RT-PCR analysis.
In the future, a sensitive immunological assay will have to be
developed to confirm expression of viral proteins during latent
HCMV infection in monocytes.

In this report we demonstrated that HCMV inoculum con-

FIG. 6. Transcription of US28 and the HCMV DNA polymerase
gene in undifferentiated (untreated) and differentiated (PMA-treated)
THP-1 cells. RT-PCR samples are visualized on agarose gels as de-
scribed in Fig. 2. The primer sets that correspond to each of the panels
are indicated on the right. The time points (p.i.) at which samples were
taken for RT-PCR are shown at the top. d, days p.i.
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tains both viral and host cell RNA. We did not determine
further whether the poly(A)1 RNA originated from virions or
cellular debris associated with the virions. However, Greijer et
al. (12) recently reported that both viral and host cell RNA
molecules can be detected in sucrose density step-gradient-
purified HCMV virions. Furthermore, they showed that virion-
associated RNA can be deposited either at the surface of or
inside inoculated fibroblasts upon inoculation. RNA could be
detected after 1 h, but not at 4 h or at later time points
p.i.—similar to our observation that virus-associated tran-
scripts can be deposited in or on THP-1 cells upon infection
but that these transcripts do not persist in or on these cells for
more than 1 day p.i.

Kledal et al. (18) reported that pUS28 is capable of binding
soluble forms of the CX3C chemokine fractalkine (or neuro-
tactin) with subnanomolar affinity. This chemokine exists both
in a soluble and a cell membrane-bound form. The membrane-
bound form consists of a chemokine domain, a mucin stalk, a
transmembrane and an intracellular domain (1, 28). Interest-
ingly, it appears to combine the properties of both chemoat-
tractants and adhesion molecules. Fractalkine is expressed at
the surface of activated endothelium, thereby enabling leuko-
cyte capture, firm integrin-independent adhesion, and attach-
ment of circulating monocytes under flow conditions (7, 9).
Additionally, it was shown that pUS28-expressing 300-19 mu-
rine pre-B cells could be captured by a fractalkine- or stalk-
coated surface under physiological flow conditions (15). Al-
though many CC chemokines can bind pUS28 (4, 10, 21, 26),
fractalkine has the highest affinity, as well as a slow off-rate for
this receptor (15, 18). In this report it was shown that US28 is
transcribed in monocytic cells that harbor latent HCMV. Thus,
expression of the US28 gene could play a role in the tethering
of latently infected circulating monocytes to endothelial tissue
expressing membrane-bound fractalkine. Alternatively, pUS28
could guide latently infected monocytes to other tissues ex-
pressing fractalkine or CC chemokines by chemotaxis. Fractal-
kine is shed from intestinal epithelial cells upon stimulation
with interleukin 1b (25). Moreover, membrane-bound fractal-
kine is expressed by skin-derived dendritic and Langerhans
cells (30), as well as by skin endothelial cells and dermal den-
drocytes (29). These cell types are permissive for productive
HCMV infection and therefore potential targets for monocyte-
mediated HCMV dissemination. Finally, monocytes mature
into either macrophages or dendritic cells upon migration into
target tissues (14). We showed that transcription of US28 per-
sists during differentiation of THP-1 cells by stimulation with
PMA. It is therefore possible that pUS28 continues to guide
infected monocytes during their differentiation in the target
tissues. Further studies require the development of suitable
antibodies against the US28 gene product. By using these an-
tibodies, pUS28 surface expression on latently infected mono-
cytes from healthy individuals could be confirmed, as well as
pUS28-dependent interaction of these cells with the endothe-
lium and other potential target tissues. Hence, an intriguing
function of pUS28 in the dissemination of latent HCMV may
be established.
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