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In patients with impaired cell-mediated immune responses (e.g., lung transplant recipients and AIDS
patients), cytomegalovirus (CMV) infection causes severe disease such as pneumonitis. However, although
immunocompetency in the host can protect from CMV disease, the virus persists by evading the host immune
defenses. A model of CMV infection of the endothelium has been developed in which inflammatory stimuli,
such as the CC chemokine RANTES, bind to the endothelial cell surface, stimulating calcium flux during late
times of CMV infection. At 96 h postinfection, CMV-infected cells express mRNA of the CMV-encoded CC
chemokine receptor US28 but do not express mRNA of other CC chemokine receptors that bind RANTES
(CCR1, CCR4, CCR5). Cloning and stable expression of the receptor CMV US28 in human kidney epithelial
cells (293 cells) with and without the heterotrimeric G protein a16 indicated that CMV US28 couples to both
Gai and Ga16 proteins to activate calcium flux in response to the chemokines RANTES and MCP-3. Further-
more, cells that coexpress US28 and Ga16 responded to RANTES stimulation with activation of extracellular
signal-regulated kinase, which could be attributed, in part, to specific Ga16 coupling. Thus, through expression
of the CC chemokine receptor US28, CMV may utilize resident G proteins of the infected cell to manipulate
cellular responses stimulated by chemokines.

Cytomegalovirus (CMV) infection is associated with a vari-
ety of human syndromes including pneumonitis, obliterative
bronchiolitis, and vascular injury-associated atherosclerosis (6,
13, 19, 27). The relationship between infection and these re-
sponses of the host tissue remain unclear but, in part, may
involve the expression of virally encoded genes and subsequent
modification of the infected cell phenotype. After CMV infec-
tion, the host cell demonstrates activation manifested by in-
creased effector responses such as inositol lipid hydrolysis,
cellular levels of cyclic AMP and cyclic GMP, arachidonic acid
metabolism, mobilization of intracellular calcium, and tran-
scription of the c-jun, c-fos, and c-myc oncogenes (3, 8, 31, 41).
A second phase of CMV-induced cell activation occurs at late
times of infection (72 to 96 h) and is characterized by increased
intracellular calcium concentrations (31). These data suggest
that virus replication within the host cell is accompanied by
activation that is characteristic of growth factor-induced cell
activation (2, 4), perhaps enhanced by virus-encoded genes, to
facilitate replication and infection.

Human CMV encodes a G-protein-coupled receptor ho-
molog, US28 (11), that has binding affinity for CC chemokines
(16, 23, 28). Such serpentine receptors for chemoattractants
associate with heterotrimeric G proteins to initiate intracellu-
lar signaling that lead to downstream cell activation responses
(9, 17, 45). Since the virally encoded receptor US28 has struc-
tural homology to the chemokine receptor subfamily of che-
moattractant receptors, we have postulated that US28 may also

couple with specific G proteins following stimulation, to acti-
vate cellular responses (17, 20, 45). The ligands for US28, CC
chemokines RANTES, monocyte chemotactic protein 3
(MCP-3), and macrophage inflammatory protein 1a (MIP-1a),
have chemoattractant properties for several cell populations,
for example CD41 T cells, monocytes, basophils, eosinophils,
and, in the case of MCP-3, neutrophils (5, 33, 36, 38, 40, 42,
46); however, the effect of these chemokines when binding to
US28 is unknown. For instance, expression of US28 during
infection may function as a decoy receptor that binds CC
chemokines and prevents their action on host cells rather than
functioning with a principal role of transmitting a signal. Al-
ternatively, we propose here that during CMV infection of the
host cell, the virally encoded US28 is expressed on the surface
of the infected cell as a functionally active receptor that me-
diates downstream effector functions in the infected cell fol-
lowing chemokine stimulation.

In this study, we demonstrated that RANTES binds to
CMV-infected but not un-infected primary endothelial cells
and stimulates intracellular calcium flux late in infection. We
have ascribed RANTES-mediated signaling to the CMV-en-
coded G-protein-coupled chemokine receptor US28. During
CMV infection of endothelial cells, mRNA of CMV US28 is
expressed but mRNA of the other known CC chemokine re-
ceptors is not expressed. To study function, we cloned US28
from strain 4010 in human umbilical vein endothelial cells
(HUVECs) and stably expressed the receptor with and without
Ga16 in human kidney epithelial cells (293 cells). Using this
expression system, we were able to study the mobilization of
intracellular Ca21 and activation of mitogen-activated protein
(MAP) kinase pathways in response to CC chemokine stimu-
lation. The data provide the first report that virally derived
genes lead to activation of MAP kinases (ERK2).

* Corresponding author. Mailing address: Department of Medicine,
National Jewish Medical and Research Center, 1400 Jackson St., Den-
ver, CO 80206. Phone: (303) 398-1640. Fax: (303) 398-1381. E-mail:
billstroms@njc.org.

5535



MATERIALS AND METHODS

Materials. RANTES, MCP-3, MIP-1a, and interleukin-8 (IL-8) were pur-
chased from R&D Systems, Minneapolis, Minn. Materials for buffers and me-
dium were purchased from Sigma Chemical Co (St. Louis, Mo.) unless stated
otherwise. Pertussis toxin (PTX) was purchased from List Biological Laborato-
ries, Inc. (Campbell, Calif.).

Cells. HUVECs were harvested from umbilical veins by procedures described
elsewhere (18). The cells were cultured in endothelial basal medium (Clonetics,
Walkersville, Md.) supplemented with 5% fetal calf serum, 1 mg of hydrocorti-
sone per ml, 10 ng of epithelial growth factor per ml, and penicillin-streptomycin-
L-glutamine (HUVEC complete medium). Human kidney epithelial cells trans-
formed with adenovirus (293 cells and 293 cells that stably express Ga16 [10])
were propagated in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% bovine calf serum (HyClone, Logan, Utah) and penicillin-
streptomycin-L-glutamine (complete medium).

Virus. Human CMV strain 4010, isolated from the urine of an AIDS patient,
was passaged in fibroblasts twice before being passaged in HUVECs. Subcon-
fluent HUVEC monolayers were incubated at 0.1 PFU/cell with freshly har-
vested infected cells for 1 h, inoculum was removed, and cells were supplemented
with fresh medium. The cells were maintained for 5 to 7 days in HUVEC
complete medium at 37°C under 5% CO2. Mock infection involved incubation of
subconfluent HUVEC monolayers with appropriate dilution of HUVEC equiv-
alents and culture in parallel with CMV-infected cultures. Cell-free virus was
prepared from supernatants of infected HUVEC cultures. The supernatant was
subjected to low-speed centrifugation to remove cells and debris followed by
ultracentrifugation at 45,000 3 g at 4°C in an SW28 rotor (Beckman Instruments
L5-50 ultracentrifuge). The pellet containing concentrated virus particles was
resuspended in HUVEC complete medium and stored at 280°C.

Binding of 125I-RANTES. Assays to determine the specific binding of RANTES
to CMV-infected and uninfected HUVECs were performed by the binding
methods described by Kuhn et al. (23). Briefly, cells were washed with ice-cold
phosphate-buffered saline (PBS) and HEPES binding buffer (HBB) (50 mM
HEPES [pH 7.2], 1 mM CaCl2, 5 mM MgCl2, 5% bovine serum albumin).
Different concentrations of 125I-RANTES (specific activity, 2,200 Ci/mmol; (Du-
pont/New England Nuclear Life Science Products, Boston, Mass.) in the pres-
ence or absence of excess (10 mM) competing cold MCP-3 (R&D Systems,
Minneapolis, Minn.) were added to the cells for 2 h at 4°C. Unbound RANTES
was removed, and the cells were rinsed once with HBB and twice with PBS.
The cells were dissolved in 0.5 N NaOH and counted on a Beckman gamma
counter. Binding assays to determine the binding of RANTES to CMV-infected
HUVECs at different times and to US28-expressing 293 cells involved preincu-
bation with HBB for 60 min at 37°C; then 10 pM 125I-RANTES in increasing
concentrations of unlabeled RANTES (10 pM to 100 nM) in HBB was incubated
with the cells at 4°C for 60 min. The cells were rinsed with ice-cold PBS, lysed in
0.5 N NaOH, and counted.

Confocal microscopy of intracellular calcium flux. CMV-infected and mock-
infected HUVECs in 24-well Corning trays were preincubated with Krebs-
Ringer phosphate buffer (pH 7.2) plus 0.2% dextrose (5% dextrose in 0.2%
NaCl, injectable [Abbott Laboratories, North Chicago, Ill.]), and 3 mM probe-
necid (KRPD/p) and then loaded with 2 mM Fluo-3 (Molecular Probes, Eugene,
Oreg.) in KRPD/p for 45 min at 37°C in the dark. The cells were rinsed with
KRPD/p and stimulated with 100 nM RANTES, MCP-3, or IL-8, with 10 mM
ATP as a positive control, and were visualized with an inverted Nikon Diaphot
epifluorescence microscope. The microscope was equipped for computer-con-
trolled laser-scanning confocal microscopy (MRC-500; Bio-Rad Microscience,
Cambridge, Mass.). Each field of cells, selected at random, was stimulated first
with chemokine and then with ATP as a positive control. Images were collected
at 15-s intervals for 225 s. The images were analyzed for relative fluorescence
using NIH Image, v 5.6, software. The fluorescence of each image was calculated,
and the difference from the total fluorescence was plotted over time.

Expression analysis of US28. RNA was isolated from cells with Trizol reagent
(Gibco-BRL Life Sciences, Gaithersburg, Md.) as described by the manufac-
turer. cDNA was obtained from the RNA precipitates by reverse transcription-
PCR and amplified with specific primers to US28 as well as with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as a control. PCR products were
analyzed by ethidium bromide or Vistra Green (Amersham Life Science, Ar-
lington Heights, Ill.) staining of a 3.0% agarose gel and phosphorimaging.

Cloning of CMV US28. Human CMV US28 was amplified by PCR from a cell
lysate of the clinical isolate of CMV strain 4010 that had been propagated in
HUVECs for approximately 12 passages. Amplification of US28 required spe-
cific primers that included nucleotides 219183 to 220289 of the CMV genome.
The resultant product of approximately 1,100 bp was cloned directly into the
EcoRI sites of the pCRII vector with the TA cloning kit (Invitrogen, San Diego,
Calif.), and two separate clones were sequenced completely.

Creation of stably transfected cell lines. The open reading frame of US28 was
removed from the pCRII vector and cloned into the BamHI and XhoI sites of the
hygromycin-selectable, stable episomal vector pCEP4 (Invitrogen, San Diego,
Calif.). At 80% confluence in 30-mm dishes, 293 and 293/Ga16 cells were trans-
fected with 2 mg of plasmid DNA by using Lipofectamine (Gibco-BRL Life
Sciences) in serum-free DMEM medium. The cells were incubated in complete
medium for 72 h and then split into complete medium with 300 mg of hygromycin

B per ml. Colonies were allowed to form for 7 days, and individual clones were
picked for propagation.

Spectrofluorometric intracellular [Ca21] measurements. Adherent 293 cells
were removed from the plastic with 450 mM EDTA and then allowed to return
to equilibrium for 15 min in Hanks balanced salt solution (HBSS) with Ca21 and
Mg21 supplemented with 10 mM HEPES (pH 7.4) and 3 mM probenecid
(HHBSS/p). The cells (5 3 106 cells/ml) were loaded with 1.0 mM Fura-2 AM
(Molecular Probes) in HHBSS/p for 30 min at 37°C in the dark. They were then
washed twice in HHBSS/p and resuspended at 2 3 106 cells/ml. Volumes of 1.5
ml of cell suspension were placed in a continuously stirred cuvette at 37°C in an
8000C Spectrofluorometer (SLM Instruments, Inc., Urbana, Ill.), and fluores-
cence was monitored at excitation wavelengths of 340 and 380 nm and an
emission wavelength of 510 nm. The data presented are the relative ratio of
fluorescence excited at 340 and 380 nm.

MAP kinase assays. Extracellular signal-regulated kinase (ERK2) activity was
assayed by modified methods described previously (4a). 293.Ga16 and 293.Ga16/
US28 cells were seeded at 2 3 105 cells/well (35 mm2) and incubated in DMEM–
10% bovine calf serum for 48 h at 37°C. The cells were rinsed and incubated with
serum-free DMEM for 4 h before stimulation. They were stimulated with 150
nM RANTES or MCP-3 in serum-free medium for 5 min at 37°C. After stimu-
lation, they were rinsed twice with ice-cold PBS, lysed in RIPA buffer containing
2 mg of aprotonin per ml, and centrifuged to remove nuclei. Aliquots of the cell
lysates were assayed for protein content. The cell lysates were immunoprecipi-
tated with a 1:50 dilution of rabbit antiserum recognizing ERK2 (Santa Cruz
Biotechnology, Santa Cruz, Calif.) and protein A-Sepharose (Sigma Chemical
Co.) for 2 h at 4°C, and ERK2 kinase activity was assayed by phosphorylation of
epidermal growth factor receptor662-681 peptide (provided by Bio Resource Cen-
ter, Denver, Colo.) in the presence of [32P]ATP (Amersham Life Science) for 30
min at 30°C. The kinase mix was spotted onto P81 filter discs (Whatman, Clifton,
N.J.) and rinsed three times with 200 mM phosphoric acid and once with ace-
tone. The dried discs were counted with a Beckman scintillation counter.

RESULTS

Specific binding of RANTES to CMV-infected HUVECs. Pro-
ductive CMV infection of primary endothelial cells (HUVECs)
was established with a clinical isolate of CMV, strain 4010,
originally isolated from the urine of an AIDS patient and
passaged only twice in fibroblasts. Productive infection was
verified by immunoblotting of infected-cell lysates with mono-
clonal antibody to CMV IE1, development of the typical cyto-
pathology of CMV plaques on HUVECs (data not shown), and
titer determination assay of PFU as a measure of infectivity
(Fig. 1A, inset). The growth curve of strain 4010 in HUVECs
indicated that infectious virus was not produced until 72 h
postinfection; the long replication of strain 4010 in HUVECs is
characteristic of the growth curve of the laboratory strains
AD169 and Towne in permissive fibroblasts (14, 15).

The time course of expression of RANTES-specific binding
on CMV-infected HUVECs was assessed by analysis of the
binding of 125I-RANTES on days 1, 3, 4, and 5 of infection
(Fig. 1A). No RANTES-specific binding was demonstrated on
the infected cells on day 1 or 3 of infection, but on days 4 and
5 there was a significant increase in the specific binding of
RANTES; the pattern mirrored the growth curve of CMV
strain 4010 during culture in HUVECs (Fig. 1A).

Specific binding of RANTES was analyzed on day 4 of CMV
infection of HUVECs (Fig. 1B and C). Increasing concentra-
tions of labeled 125I-RANTES were added in the presence and
absence of a 100-fold excess of competing cold MCP-3 to
determine the total and nonspecific binding of RANTES (Fig.
1B). As shown in Fig. 1C, specific binding for RANTES is
demonstrated with a Kd of approximately 10 nM, which com-
pares to the reported Kd of 3.4 nM in US28-expressing K562
cells (16).

RANTES stimulates calcium flux in CMV-infected HUVECs.
The consequences of RANTES binding to the infected cells
were determined by induction of a cellular calcium flux by
RANTES (Fig. 2). HUVEC monolayers were inoculated with
CMV-infected HUVECs or mock-infected HUVECs and cul-
tured at 37°C for 5 days. On days 1, 3, and 5 postinoculation,
CMV-infected and mock-infected HUVEC monolayers were
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loaded with Fluo-3, rinsed, and assessed by confocal micros-
copy for a flux of intracellular calcium following stimulation.
The positive control for intracellular calcium flux included
stimulation with 10 mM ATP. The confocal images of stimu-
lation of calcium flux in cells infected with CMV on day 5 of
infection are shown in Fig. 2A and B, and the complete time
courses of relative fluorescence following stimulation on days 3
and 5 of infection are presented in Fig. 2C. There was an
increase in fluorescence in the CMV-infected cells following
RANTES stimulation on day 5 of infection (Fig. 2B and C)
that was not demonstrated on day 3 of infection (Fig. 2C). The
RANTES-stimulated increase in fluorescence in the CMV-
infected cells was intense in 20% of the cells per field (Fig. 2A)
but transient compared with ATP. The mock-infected cells did
not respond to RANTES stimulation at any time but did re-
spond to ATP stimulation (Fig. 2C). It appears, therefore, that

during CMV infection, a receptor for RANTES-specific sig-
naling is expressed on infected endothelial cells at late times of
infection.

Desensitization of a signal by a second exposure to stimulus
reflects receptor-mediated events. The CMV-infected cells were
desensitized to a second stimulation of RANTES, thereby sug-
gesting that a receptor was responsible for the RANTES-me-
diated signaling (Fig. 3). There was no response in the infected
cells to the CXC chemokine IL-8, and there was an insignifi-
cant response to 500 nM MCP-3 (data not shown).

Human CC chemokine receptor mRNA is not expressed. To
determine whether an endogenous CC chemokine receptor
was upregulated during CMV infection, we determined wheth-
er mRNA of the known CC chemokine receptors were present
in uninfected and CMV-infected HUVECs. The RNA from
uninfected and CMV-infected HUVECs was isolated along

FIG. 1. Binding of 125I-RANTES to CMV-infected and uninfected HUVECs. (A) The inset shows the growth curve of CMV strain 4010 in primary endothelial cells
(HUVECs). Subconfluent monolayers of HUVECs were infected with CMV strain 4010 stock at a multiplicity of infection of 0.1 and then harvested on days 1, 3, and
6 after infection. CMV-infected cells were subjected to titer determination on fresh HUVEC monolayers and assayed for infectivity. Infectivity is represented as 103

PFU per milliliter. Panel A shows binding of 10 pM 125I-RANTES in 100 pM unlabeled RANTES to CMV-infected (■) or uninfected (h) monolayers. Binding is
expressed as total bound labeled RANTES minus nonspecific binding of labeled RANTES relative to total free labeled RANTES and normalized to 20,000 cells. (B)
Total binding of 125I-RANTES (F) and nonspecific binding (in the presence of 10 mM MCP-3) (E). (C) Specific binding was calculated by subtracting the nonspecific
binding from the total binding and relating the resultant value to femtomoles (inset) by calculating the concentration from the specific activity of the 125I-RANTES.
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with the RNA from peripheral blood lymphocytes as a control
for CC chemokine receptor expression and analyzed by an
RNase protection assay with a commercially available template
probe that would identify all six of the known human CC che-
mokine receptors (CCR1, CCR2a and CCR2b, CCR3, CCR4,
and CCR5) (Pharmingen, San Diego, Calif.). Peripheral blood
lymphocytes contained RNA of all six of the expected CC
chemokine receptors; however, uninfected and CMV-infected

HUVECs did not express mRNA for the known CC chemo-
kine receptors (data not shown). mRNAs of the housekeeping
genes, GAPDH and L32, were detected in comparable amounts
in each of the cell types. Thus, neither uninfected nor CMV-
infected HUVECs express mRNA for any of the six well-
characterized CC chemokine receptors; these data suggest that
acquisition of RANTES binding may be due to expression of
the virally encoded CC chemokine receptor US28.

FIG. 2. Calcium flux in CMV-infected HUVECs. (A and B) Monolayers of CMV-infected HUVECs on day 5 of culture were loaded with Fluo-3, and a single field
was analyzed by confocal microscopy for calcium flux after stimulation with 100 nM RANTES (A) or 10 mM ATP (B). Images were captured after stimulation at time
zero (a), 30 s (b), 60 s (c), and 90 s (d). (C) Time course of the calcium flux in CMV-infected and mock-infected HUVECs. The relative fluorescence from the images
on day 3 (a and b) and day 5 (c and d) of infection was estimated with National Institutes of Health Image software. F, CMV-infected HUVECs; E, uninfected
HUVECs.
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Expression of US28 mRNA during CMV infection of HUVECs.
To determine whether the CMV-encoded CC chemokine recep-
tor US28 was expressed during CMV infection of HUVECs,
subconfluent HUVEC monolayers were infected with cell-free
CMV at 0.01 PFU/cell and, at specific times after infection,
were harvested for mRNA. By using reverse transcription-PCR
techniques with US28- and GAPDH-specific primers, US28
mRNA could be detected as early as 6 h postinfection; the level
of US28 mRNA reached a plateau by 48 to 72 h postinfection
before declining at 96 h (Fig. 4A). There was no US28 mRNA
present in the mock-infected cells at any time, and the levels of
GAPDH in the infected and mock-infected cells remained
constant.

Comparison of the time course of appearance of US28
mRNA with binding of the chemokine RANTES to the cells

during CMV infection indicated that there was a lag of ap-
proximately 48 h between the first appearance of mRNA and
the appearance of a functional RANTES receptor on the cell
surface (Fig. 4B).

Expression of US28 in 293 cells and 293.Ga16 cells. To fur-
ther study the function of the virally encoded CC chemokine
receptor, we isolated a clone of US28 from the CMV clinical
strain 4010 that had been propagated exclusively through
HUVECs. Comparison of US28(4010) to previously cloned
US28 sequences indicated that our clone of US28 differed,
with five amino acid dissimilarities, from the US28 sequence of
strain VHL, which had also been propagated exclusively in
HUVECs (44). There was remarkable identity between the
predicted amino acid sequence of US28(4010) and the se-
quences of US28 of the laboratory strains AD169 and Towne

FIG. 3. Desensitization of the intracellular calcium flux in CMV-infected HUVECs in response to a second stimulation of RANTES.

FIG. 2—Continued.
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(16, 28), such that the sequence of US28(4010) differed only at
position 19, where a nonpolar alanine (4010) is replaced by a
positively charged aspartic acid (AD169). While this substitu-
tion may herald alterations in the structure or function of
US28, the implications of this amino acid change have not
been pursued in this study.

To confirm that US28 was expressed in the 293 and
293.Ga16 cells, US28 mRNA (lanes 2 and 4) was identified in
the transfected cell cultures, whereas the parent cells did not
express US28 mRNA (lanes 1 and 3) (Fig. 5A). Specific bind-
ing of 125I-RANTES to US28-expressing and nonexpressing
293 and 293.Ga16 cells indicated that a RANTES receptor was
expressed on the cell surface in the US28-expressing cells but
not in the nonexpressing cells (Fig. 5B).

Activation of intracellular calcium flux in response to CC
chemokine ligation to US28. Previous studies have shown that
stimulation of CMV US28 by the CC chemokines RANTES
and MIP-1a activates the mobilization of intracellular Ca21

concentrations (16, 23). Our results confirm these findings and
also show that cells expressing CMV US28 can undergo an

intracellular calcium flux in response to stimulation by MCP-3
(Fig. 6). The US28-mediated response was 10-fold lower fol-
lowing stimulation with MCP-3 (10 nM) than with RANTES
(1 nM) and was 100-fold less following stimulation with MIP-
1a (100 nM) (Fig. 6A). There was no difference in the stimu-
lation of intracellular Ca21 flux in response to the chemokines
with respect to expression of the Ga16 subunit (Fig. 6A). 293
and 293.Ga16 cells that do not express US28 did not show
intracellular calcium flux following stimulation with high con-
centrations of RANTES, MCP-3, MCP-1, or MIP-1a.

Desensitization of US28-mediated intracellular calcium flux
following stimulation with CC chemokines. The chemokines
RANTES and MCP-3 were added sequentially to test the
cross-desensitization of the US28 response (Fig. 6B). Stimula-
tion of cells expressing US28 with and without Ga16 with
RANTES at the higher dose of 10 nM significantly desensi-
tized the receptor to a second stimulation with 10 nM MCP-3.
Likewise, prestimulation with MCP-3 (10 nM) completely de-
sensitized receptor activity to stimulation with RANTES
(1 nM). Coexpression of Ga16 enhanced the response by US28
following stimulation with RANTES (1 nM); the cells that co-
express US28 and Ga16 protein were not completely desensi-
tized to secondary stimulation by MCP-3. Stimulation of cells
with the CXC chemokine IL-8 did not activate a flux of intra-

FIG. 4. Expression of US28 mRNA during CMV infection. (A) RNA was
isolated from mock-infected or CMV-infected HUVECs at specific times (2, 6,
12, 24, 48, 72, and 96 h) after infection. RNA was transcribed to cDNA with
Moloney murine leukemia virus reverse transcriptase, and specific fragments
of US28 and GAPDH were identified by PCR. Samples were run on a 3.0% aga-
rose gel and stained with Vistra Green. (B) Appearance of US28 mRNA and
RANTES binding during CMV infection. The intensities of the bands in panel A
were quantified by fluorescence imaging on a Storm phosphorimager. The ar-
bitrary units of mRNA concentration are plotted against the time course of
RANTES binding during infection.

FIG. 5. Expression of CMV US28 in 293 cells. (A) Identification of mRNA
transcripts of US28 in 293 and 293.Ga16 cells expressing US28. cDNA of mRNA
collected from cell lysates was amplified with specific primers to HCMV US28
and GAPDH. (B) Binding of 10 pM 125I-RANTES to 293 and 293.Ga16 cells
without US28 (h) or expressing US28 (■). RANTES binding for each cell type
was calculated relative to the total cpm and normalized to 5 3 105 cells.
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cellular calcium and did not desensitize the receptor to a sec-
ond stimulation with 1 nM RANTES.

US28 activates intracellular Ca21 mobilization through spe-
cific G proteins. Treatment of the cells with the Gai class in-
hibitor PTX completely inhibited RANTES and MCP-3 stim-
ulation of intracellular Ca21 flux in 293 cells expressing US28
(Fig. 7). In 293 cells that coexpress US28 with Ga16 (not a
substrate for PTX), PTX did not inhibit RANTES and MCP-3
stimulation of intracellular calcium mobilization. Hence, US28
couples to Gai proteins as well as PTX-insensitive Ga16 pro-
teins to activate intracellular calcium flux following chemokine
stimulation.

Activation of MAP kinases in 293 cells expressing CMV
US28 with or without Ga16 by specific CC chemokines. Several
reports indicate that CMV infection of the host cell initiates
membrane-associated cellular responses that mimic growth
factor-induced cell activation (1–3, 7); however, the associated
signaling cascades that link the membrane events and effector
response have not been defined. Since chemoattractant G-
protein-coupled receptors activate pathways typical of those
attributed to growth factor stimulation (4a, 9, 21, 30, 45), we
investigated CMV-encoded US28 activation of ERK2 MAP
kinase in terms of phosphorylation of the epidermal growth
factor receptor peptide in response to chemokine stimula-
tion (Fig. 8). A dose-response curve of RANTES stimula-
tion of 293.Ga16/US28 cells following a 5-min incubation
indicated that reactivity peaks at 100 nM RANTES (Fig. 8,
inset).

There was an increase of ERK2 MAP kinase activity in 293
and 293.Ga16 cells expressing US28 after stimulation by
RANTES, and although these cells coexpressing Ga16 incon-
sistently demonstrated a high level of background ERK2 MAP
kinase activity, there was reproducible stimulation of the cells
in response to RANTES (Fig. 8). US28 receptor in the absence
of Ga16 protein appeared less responsive to RANTES stimu-
lation in terms of ERK2 MAP kinase activation. Cells without
US28 did not significantly respond to RANTES stimulation,
although the backgrounds were elevated (data not shown).

CMV US28 couples to Gai and Ga16 proteins to activate
MAP kinase after stimulation with RANTES. Pretreatment of

US28-expressing 293 cells with PTX did not significantly in-
hibit RANTES-stimulated ERK2 MAP kinase activation in the
cells that coexpress Ga16 and US28 cells (Fig. 9). However, as
expected, the small increase in ERK2 MAP kinase activity in
the US28 cells without Ga16 was sensitive to PTX inhibition,
confirming that US28 couples weakly to Gai class proteins to
stimulate ERK2 MAP kinase activity. This experiment suggests
that pretreatment with PTX may inhibit Gai-protein-mediated
MAP kinase signaling but does not affect specific coupling of
US28 to Ga16 proteins to activate the MAP kinase pathway in
response to chemokine stimulation.

FIG. 6. Tracings of intracellular Ca21 flux in cells expressing US28 after stimulation with chemokines. Each tracing is representative of three separate runs. (A)
Single stimulation of 293 and 293.Ga16 cells expressing US28 with RANTES, MCP-3, and MIP-1a. (B) Sequential stimulation of 293 and 293.Ga16 cells expressing
US28 with either 1 or 10 nM RANTES (R) or 10 nM MCP-3 (M).

FIG. 7. HCMV-US28 signaling of intracellular Ca21 flux in the presence of
100 mg of PTX per ml. ■, 293 cells expressing US28; h, 293.Ga16 cells expressing
US28. The difference in intracellular calcium concentration is represented for
each stimulation. Data are the mean of three experiments.
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DISCUSSION

In this study, we demonstrated that the CC chemokine
RANTES binds to CMV-infected endothelial cells and stimu-
lates intracellular calcium flux through a putative RANTES
receptor on the infected cell. Pursuant to these studies, we
have ascribed at least some of these RANTES-mediated activ-
ities to the CMV-encoded RANTES receptor US28 such that
during CMV infection, none of the human CC chemokine re-
ceptors (CCR1, CCR2a or CCR2b, CCR3, CCR4, and CCR5)
are expressed in primary endothelial cells. In addition, US28
couples to specific G proteins and, through these associations,
activates intracellular calcium flux and the MAP kinase path-
way in response to stimulation by CC chemokines. This study
suggests that cell activation mechanisms during CMV infection
may involve the CMV protein US28.

We have developed a model of CMV infection of the endo-
thelium by propagation of a pathogenic clinical isolate of CMV,
strain 4010, through primary endothelial cells (HUVECs). Al-
though endothelial cells cultured in vitro are not susceptible to
productive CMV infection with the laboratory strains AD169
and Towne (15, 39, 44), the clinical isolate strain 4010 infects
HUVECs to produce infectious virus particles in a growth
pattern similar to that of the laboratory strain AD169 in per-
missive fibroblasts (15). In addition, at late times of infection,
specific proteins that bind the CC chemokine RANTES are
expressed on the surface of infected HUVECs; RANTES-
specific binding was not detected in uninfected HUVECs. In
functional studies of Fluo-3-loaded CMV-infected HUVECs,
RANTES stimulation induced intracellular calcium flux at late
times of infection, thereby indicating that during infection a

functional RANTES-specific receptor was expressed on the
infected-cell surface.

In support of our hypothesis that a virally encoded CC che-
mokine receptor is expressed during CMV infection of endo-
thelial cells and activates specific intracellular pathways in
response to CC chemokine stimulation, we confirmed that
endogenous human CC chemokine receptors were not ex-
pressed during CMV infection. RNA from CMV-infected and
mock-infected HUVECs was analyzed by an RNase protection
assay with a radiolabeled multiprobe specific for the six well-
characterized human chemokine receptors. None of these re-
ceptors were expressed in the HUVECs, whereas all the re-
ceptors were expressed in peripheral blood lymphocytes. In
addition, CMV infection of HUVECs did not upregulate the
expression of previously undetectable receptors. These data do
not preclude the possibility that an unknown endogenous CC
chemokine receptor exists. It should be noted that the Duffy
antigen receptor, which is expressed in endothelial cells from
such organs as the brain and kidneys, also binds CC chemo-
kines (24, 34) and may be upregulated during CMV infection.
However, chemokine binding to the Duffy antigen receptor
does not activate intracellular signaling pathways (29).

During infection, US28 mRNA was expressed as early as 6 h
and its level peaked at 48 to 72 h (Fig. 5A). It is interesting,
however, that there appeared to be a lag time between the first
appearance of US28 mRNA in the infected cell and the acqui-
sition of specific RANTES binding. The delayed expression of
the functional receptor on the cell surface may be due to
prolonged posttranslational modifications of the seven trans-
membrane-spanning proteins.

It is likely that CMV-activated cellular responses during
infection are preceded by CMV-regulated intracellular signal-
ing pathways. CMV-induced activation of the transcriptional
machinery and arachidonic acid release by CMV infection (1,
8) suggested to us the possibility that MAP kinase pathways
activated through signaling receptors expressed on the cell
surface were involved (32). Cell activation in CMV-infected
cells may be due in part to membrane expression of de novo-
synthesized CMV late proteins, and we propose that US28 is
a candidate for this CMV-encoded gene. Our evidence that
US28 may be a functional chemokine receptor includes the
observations that during CMV infection of HUVECs, (i)
RANTES specifically binds to the infected-cell surface and
stimulates the intracellular calcium flux and (ii) the infected
cells express CMV-encoded US28, a CC chemokine receptor,
but do not express any known human CC chemokine receptors.
Thus, since our infection model involves a clinical isolate pas-
saged through primary endothelial cells, we cloned US28 from
the 4010-infected HUVECs and stably expressed it in human

FIG. 8. Activation of MAP kinase pathways by RANTES stimulation. Ac-
tivation of ERK2 MAP kinase in 293 cells, and 293 cells expressing US28,
293.Ga16 cells, and 293.Ga16 cells expressing US28. MAP (ERK2) kinase was
immunoprecipitated from unstimulated cells (h) and cells stimulated with 150
nM RANTES (■). The data are the mean of three experiments. The inset
represents a RANTES dose-response curve of ERK2 activation in 293.Ga16
cells expressing US28.

FIG. 9. CMV US28 signaling of ERK2 MAP kinase activity in the presence
of PTX. h, unstimulated cells; ■, cells stimulated with 150 nM RANTES. The
data represent a single experiment representative of three experiments.
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epithelial kidney cells (293 cells) to determine whether US28
from a clinical isolate may have specific functions that contrib-
ute to virulence. In addition, we were interested in the ability
of US28 to couple with specific G proteins, and so we coex-
pressed US28 with the Ga16 protein in 293 cells.

Heterotrimeric G proteins are expressed in a tissue-specific
fashion, and thus expression of receptors in cells with different
repertoire of G proteins might exert different effects. CMV
infects many different cell types and therefore may be able to
manipulate specific populations of cells through coupling of
the virally encoded US28 with host G proteins (e.g., Ga16
subunits are specifically expressed in hematopoietic cells) to
activate intracellular signaling pathways. In this study, US28
couples with Ga16 and Gai class proteins to activate the intra-
cellular calcium flux after stimulation with a spectrum of CC
chemokines but not CXC chemokines such as IL-8. The US28-
expressing cells were responsive to stimulation by RANTES
but were less responsive to similar concentrations of the oth-
er CC chemokines, MCP-3 and MIP-1a, thereby confirming
previous reports that RANTES may be the primary ligand
for US28 activation (16, 23). In 293 cells expressing US28,
RANTES and MCP-3 cross-desensitize, suggesting a common
activation pathway of intracellular calcium signaling (Fig. 6B).
However, in 293 cells that coexpress US28 and Ga16, the de-
sensitization to MCP-3 by RANTES was diminished (Fig. 6B).
The ability of US28 to depend on specific G proteins was con-
firmed by pretreatment of the cells with the Gai inhibitor PTX.
PTX completely inhibited US28-mediated function in the
US28-expressing 293 cells but did not inhibit the US28-medi-
ated calcium flux in the 293 cells that coexpressed US28 and
the PTX-resistant Ga16, thereby indicating that US28 couples
to G as well as Gai proteins (Fig. 7). The lack of response by
MCP-3 (500 nM) in the CMV-infected cells compared to the
US28-transfected 293 cells may indicate that the appropriate
repertoire of cellular signaling proteins essential for US28
function in response to MCP-3 stimulation was not present in
the HUVECs, but MCP-3 is 10-fold less active than RANTES
as a stimulant in the US28-expressing 293 cells, and this may
also affect the ability of the infected endothelial cells to re-
spond.

The possibility that CMV infection modifies the activation of
MAP kinase signal transduction represents a novel mechanism
for recruitment of transcriptional activity in the infected cells.
Our data suggest that CMV infection regulates the MAP ki-
nase-signaling pathways of the host cell through the CMV-
encoded G protein coupled receptor US28. Our analyses in-
cluded activation of the ERK2 MAP kinase, a member of the
Ras-dependent signaling cascade that is traditionally activated
by growth factors (12, 25). Although both cell lines express-
ing US28 demonstrated activation of ERK2 in response to
RANTES stimulation, the response was enhanced in cells that
coexpressed US28 and Ga16. PTX pretreatment did not inhibit
RANTES stimulation of ERK2 MAP kinase activity in the
cells that coexpressed US28 with the PTX-resistant Ga16 pro-
teins, whereas RANTES stimulation of ERK2 MAP kinase
activity was completely inhibited in the US28-expressing cells
that did not express Ga16, indicating that US28 couples, albeit
weakly, to Gai-class proteins. These results complement the
work recently published by Epstein and colleagues, wherein
CMV activation of several pathways including MAP kinase in
smooth muscle cells, which presumably do not contain Ga16,
was blocked by PTX treatment (34a).

This report of the intracellular signaling pathways activated
by US28, a homolog of human CC chemokine receptors, may
provide information on the signaling pathways activated by
chemokine receptors expressed on responding immune cells.

Exhaustive studies of chemoattractant receptors describe acti-
vation of the MAP kinase pathways through ligand stimulation,
for example, fMLP and C5a (9, 45), and the CXC chemokine
receptor for IL-8 (21). However, studies of CC chemokine
receptor activation have been limited to reports of calcium
mobilization and adenylate cyclase studies (26, 35, 37). As a
representative of CC chemokine receptors, despite its viral
origin, US28 has demonstrated a functional ability to activate
the MAP kinase-signaling pathway through ERK2 MAP ki-
nase in response to CC chemokine stimulation. The activation
of ERK2 kinase by chemokine stimulation of US28 suggests
that US28 may be able to mimic specific aspects of growth
factor-regulated cell activation.

The expression of Ga16 protein in human cells of hemato-
poietic origin suggests that CMV may be able to manipulate
these cells through US28. CMV has an enhanced tropism for
infection of hematopoietic cells (particularly monocytes), and
these cells have been implicated as a site of CMV latency (43).
The coupling of CMV US28 with the Ga16 subunit may allow
endogenous chemokines to activate intracellular signaling to
promote monocyte proliferation. To date, we can only specu-
late that this leads to viral persistence. However the link be-
tween CMV and atherosclerosis (19, 22), where macrophage
activation plays an important role, suggests that expression of
G protein receptors by viruses may exert pleiotropic effects on
host cellular responses. Future studies will determine whether
CMV encodes proteins, such as US28, to enhance specific
functions in cell types that may be important for viral persis-
tence.
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