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Human herpesvirus 7 (HHV-7), which belongs to the betaherpesvirus subfamily and infects mainly CD4� T
cells in vitro, infects children during infancy. HHV-7 contains two genes, U12 and U51, that encode putative
homologs of cellular G-protein-coupled receptors. To analyze the biological function of the U12 and U51 genes,
we cloned these genes and expressed the proteins in cells. U12 and U51 encoded functional calcium-mobilizing
receptors for �-chemokines, which include thymus and activation-regulated chemokine (TARC), macrophage-
derived chemokine (MDC), EBI1-ligand chemokine (ELC), and secondary lymphoid-tissue chemokine (SLC),
but not for other chemokines, suggesting that the chemokine selectivities of the U12 and U51 products were
distinct from those of the known mammalian chemokine receptors. ELC and SLC induced migration in Jurkat
cells stably expressing U12, but TARC and MDC did not. In contrast, none of these chemokines induced
migration in Jurkat cells stably expressing U51. Together, these data indicate that the products of U12 and U51
may play important and different roles in the pathogenesis of HHV-7 through transmembrane signaling.

Human herpesvirus 7 (HHV-7) was first isolated in 1990
from the peripheral blood lymphocytes of a healthy individual
and also from a patient with chronic fatigue syndrome (16).
HHV-7 is a ubiquitous virus that is similar to HHV-6. It is
widespread in the general population, and seroconversion for
HHV-7 occurs prior to age 4, which is somewhat later than for
HHV-6 (44, 49, 50). Primary infection with HHV-7 causes
exanthem subitum or high fever, as does HHV-6, and HHV-7
can reactivate HHV-6 in vivo and in vitro (6, 10, 45). HHV-7
can frequently be isolated from the saliva of healthy adults (49,
56).

HHV-7 belongs to the betaherpesvirus subfamily, which also
includes HHV-6 and human cytomegalovirus (HCMV). The
entire HHV-7 DNA sequences for two strains, JI and RK, have
been reported (5, 36). HHV-7 is tropic for CD4� T lympho-
cytes, utilizes the CD4� molecule as at least part of its essential
receptor for entry into target cells, and has an antagonistic
effect on infection of CD4� T cells by human immunodefi-
ciency virus type 1 (28).

All members of the betaherpesviruses and most of the gam-
maherpesviruses encode chemokine receptor homologs (14,
17, 18, 24, 35, 41). ��V-7 contains two G-protein-coupled
receptor (GPCR) homologs, which are encoded in open read-
ing frames U12 and U51 (36). HHV-7 U12 and U51 are re-
spective positional and structural homologs of HHV-6 U12
and U51 and of HCMV UL33 and UL78 (30, 31). In humans,
chemokine receptors are classified into four groups, CC, CXC,
CX3C, and C, and their ligand specificities have been defined
(1, 11, 12, 32, 39, 40, 42, 43, 48, 51). We previously showed that
HHV-6 U12 functions as a �-chemokine receptor linked to a

calcium-mobilizing signal transduction pathway for regulated
upon activation, normal T expressed and secreted (RANTES),
monocyte chemoattractant protein 1 (MCP-1), and macro-
phage inflammatory proteins 1� and 1� (MIP-1� and MIP-1�)
(25). We showed that HHV-7 U12 also functions as a calcium-
mobilizing receptor in response to the binding of MIP-3�/
EBI1-ligand chemokine (ELC) (34). Furthermore, HHV-6
U51 has been shown to bind RANTES as well as to downregu-
late the transcription of this chemokine (31). Therefore, U12
and U51 could be functional �-chemokine receptors.

We report in this paper that HHV-7 U12 and U51, when
produced in a stably transfected human erythroleukemia cell
line, K562, are promiscuous high-affinity �-chemokine recep-
tors that can potentially be linked to a calcium-mobilizing
signal transduction pathway. Moreover, we found that HHV-7
U12 induced the migration of stably transfected cells toward
ELC and secondary lymphoid-tissue chemokine (SLC), but not
toward thymus and activation-regulated chemokine (TARC)
or macrophage-derived chemokine (MDC), and that HHV-7
U51 did not induce the migration of stably transfected cells
toward any of these chemokines.

MATERIALS AND METHODS

Cells and cell culture. SupT1 cells (National Institutes of Health AIDS Re-
search and Reference Program, Rockville, MD), which are derived from a
lymphoblastoid CD4� T-cell line, were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum (Life Technologies, Rockville, MD), 200 mM
L-glutamine, 100 U penicillin, and 100 U streptomycin. The cell density was
maintained between 2 � 105 and 1 � 106 cells/ml. The cultured SupT1 cells were
collected by centrifugation at 400 � g for 5 min and suspended in fresh medium
at a density of either 2 � 105 cells/ml or 5 � 105 cells/ml. Nonadherent K562
cells, derived from human erythroleukemia cells (CCL 243), were from the
American Type Culture Collection. The K562 cells and Jurkat cells were cultured
in RPMI 1640 medium supplemented with 10% fetal calf serum and 200 mM
L-glutamine (complete medium).

Cloning of the HHV-7 U51 gene. A DNA fragment corresponding to U51 was
amplified from HHV-7 cDNA-infected SupT1 cells by PCR using the following
primers containing a KpnI site at the 5� end and a BamHI site at the 3� end, for
subsequent cloning (34): 7U51-KpnI (5�-TGGGTACCTTTCTTAAGCTTTT
GTA) and 7U51-BamHI (5�-TCGGATCCTTAAAACTGTGTAGATTTTG).
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The design of these primers was based on the predicted genomic structure of
HHV-7 U51. PCR was performed with approximately 0.5 ng of cDNA containing
0.2 mM deoxynucleoside triphosphates, 10 pmol of each primer, and 2.5 U
ExTaq in a 50-�l reaction volume (TAKARA, Kyoto, Japan). The PCR condi-
tions were a 5-min preincubation at 94°C, followed by 25 cycles of 94°C for 30 s,
55°C for 30 s, and 72°C for 2 min. The amplified products were subcloned directly
into a pCR2.1 vector (Invitrogen, San Diego, CA) and sequenced using a
SequiTherm Long-Read cycle sequencing kit and a 4000L DNA sequencer
(Li-Cor, Inc., Lincoln, NE). After sequencing, the fragments were digested with
KpnI and BamHI and subcloned into a pCEP4 vector (Invitrogen). pEFBOS-EX
was digested with PvuII and HindIII, the fragment was treated with T4 DNA
polymerase, and the blunt-ended fragment was subsequently cloned into SalI-
digested pCEP4, generating the expression vector pCEP4-EF.

Construction of HHV-7 Flag-U12 and Flag-U51. A Flag tag was introduced at
the N terminus of U12 or U51 by site-directed mutagenesis, and KpnI and
BamHI restriction sites were added to facilitate cloning downstream of the
EF-1� promoter in the expression vector pCEP4-EF. The Flag tag was inserted
after the second codon of the U12 or U51 gene. The following primers were
used: 7U12F-KpnI (5�-TGGGTACCATGGACTACAAAGACGATGACGAC
AAGGACACTCTAATTGATTTC), 7U12F-BamHI (5�-TCGGATCCTCAAT
TTTTTATTGTCAG), 7U51F-KpnI (5�-TGGGTACCATGGACTACAAAGA
CGATGACGACAAGAAAAATATCGATTTAAC), and 7U51F-BamHI (5�-T
CGGATCCTTAAAACTGTGTAGATTTTG). The amplification products were
digested with KpnI and BamHI and inserted into the pCEP4-EF plasmid vector.

Cloning of the CCR1, CCR2, CCR4, CCR5, CCR7, CCR8, and CXCR1 genes.
CCR1, CCR5, CCR7, CCR8, and CXCR1 were constructed previously (25, 34,
57). The CCR2 and CCR4 genes were amplified from the genomic DNA of the
promyelocytic cell line HL-60. PCR was performed with the following primer
sets: CCR2-Met-KpnI (5�-GGGGTACCATCCACAACATGCTGTCC) and
CCR2-Ter-BamHI (5�-TCTGGATCCGGCCTTGCCGGCCTCGAG); CCR4-
Met-XhoI (5�-GGGCTCGAGCCTGCCTTGAGGAGC) and CCR4-Ter-
BamHI (5�-TGTGGATCCGTTCATTGACTCTGC). The PCR conditions and
sequencing analysis were as described above.

Creation of stably transfected cell lines. The genes for CCR2 and CCR4 were
recloned from the plasmids described above and ligated between the KpnI and
BamHI sites or between the XhoI and BamHI sites of the hygromycin B-
selectable, stable episomal vector pCEP4; the resulting constructs were desig-
nated pCECCR2 and pCECCR4, respectively. The genes for U12 and U51 were
recloned from the plasmids described above (34) and ligated between the KpnI
and BamHI sites of pCEP4-EF. K562 or Jurkat cells (107 cells) in log phase were
electroporated in the presence of 20 �g plasmid DNA with a Gene Pulser
(Bio-Rad Laboratories). Electroporation conditions were a 300-�l volume, 250
V, and 960 �F, with a 0.4-cm-gap electroporation cuvette. Transfected cells were
cultured in complete medium, and 48 h later the cells were seeded at 105/ml in
complete medium containing 250 or 75 �g of hygromycin B per ml and then
selected for 5 days. Subsequently, K562 cells or Jurkat cells were maintained in
complete medium with 150 or 25 �g of hygromycin B per ml. K562 and Jurkat
cells were cultured as described above.

Flow cytometry. K562 cells transfected with U12 or U51 were resuspended in
fluorescence-activated cell sorter (FACS) buffer (1� phosphate-buffered saline,
1% bovine serum albumin). When necessary, the cells were permeabilized by a
5-min incubation in acetone at 4°C and washed twice with FACS buffer. Both
intact and permeabilized cells were resuspended in FACS buffer at 107/ml. Cells
were resuspended in 100 �l of FACS buffer containing 40 �g/ml anti-FLAG M2
monoclonal antibody (Sigma) and incubated for 30 min on ice. Cells were
washed twice with 100 �l FACS buffer, resuspended in 100 �l FACS buffer
containing the appropriate secondary antibody labeled with fluorescein isothio-
cyanate (Dako), diluted 1:50 in FACS buffer, and incubated for 30 min in the
dark on ice. Cells were washed twice and resuspended in 500 �l FACS buffer.
Samples were analyzed on a FACSCalibur (CELLQuest software; BD Bio-
sciences).

Intracellular [Ca2�] measurements. K562 cells transfected with U12, U51,
CCR1, CCR2, CCR4, CCR5, CCR7, CCR8, or CXCR1 were used for intracel-
lular Ca2� measurements. The cells were washed twice in HEPES-buffered
Krebs solution, which consisted of 124 mM NaCl, 5 mM KCl, 1.24 mM KH2PO4,
1.3 mM MgSO4, 2.4 mM CaCl2, 10 mM glucose, and 25 mM HEPES (pH 7.4)
(HBKS). Next, 107 cells were incubated for 30 min at 37°C in the dark in 1 ml of
HBKS containing 5 �M Indo-1 AM (Dojin Chemical Co.). The cells were
subsequently washed twice with HBKS and resuspended at 2.5 � 106 to 3 � 106

cells/ml. One milliliter of the cell suspension was placed in a continuously stirred
cuvette at 37°C in a CAF-110 fluorometer (Jasco). Fluorescence was monitored
at an excitation wavelength of 355 nm and emission wavelengths of 405 and 485
nm; the data are presented as the relative ratio of fluorescence detected at 405

and 485 nm. Data were collected every 10 ms. TARC, MDC, ELC, SLC, RAN-
TES, I-309, MCP-1, and interleukin 8 (IL-8) were purchased from PeproTech
EC (London, England).

Chemotaxis assay. The chemotaxis assays were performed in an assembled
KK-chamber as described by Kanegasaki et al. (26), using RPMI 1640 medium
supplemented with 20 mM HEPES and 0.1% bovine serum albumin (Nakarai
Tesque, Kyoto, Japan). In brief, cells (103 in 1 �l) suspended in medium were
added to one compartment with a microsyringe. To adjust the position of the
cells in the compartment and align them (70 to 100 cells) along the start line at
the edge of the channel, the medium was drawn out from the other central hole
provided for the opposite compartment immediately after injection of the cells.
Next, a chemokine was injected into the compartment opposite the one contain-
ing the cells using a microsyringe. Chemokines used in the experiments were as
follows: 10 �M TARC, 10 �M MDC, 10 �M ELC, and 10 �M SLC for Jurkat
cells. To observe and record the migration of cells in the channel for 2 h, a
charge-coupled device (CCD) camera or CCD video camera connected to a
monitor was used. When chemotaxis of Jurkat cells was examined, the glass plate
was coated with human fibronectin before assembly of the KK-chamber.

RESULTS

Expression patterns of Flag-U12 and Flag-U51. To examine
the expression of HHV-7 U12 and U51 on the cell surface in
K562 cells, we performed a fluorescence-activated flow cytom-
etry analysis of their expression in K562 cells transfected with
Flag-U12 and Flag-U51, before and after cell permeabiliza-
tion, using an anti-FLAG monoclonal antibody. In agreement
with our previous results, U12 and U51 could be detected on
the surfaces of both intact and permeabilized cells, although
the expression levels of Flag-U12 and Flag-U51 were uni-
formly weak (Fig. 1).

Signaling through the U12 and U51 GPCRs in response to
CC chemokines. To test whether the U12 and U51 products
were capable of signal transduction, intracellular Ca2� levels
were monitored by measuring the relative fluorescence of
Indo-1-loaded cells stimulated with ELC/MIP-3�, SLC,
TARC, MDC, RANTES, MCP-1, I-309, or IL-8, as described
previously (34) (Fig. 2A and B). To confirm the positive sig-
naling by a specific ligand and receptor, we used as positive
controls cells expressing CXCR1, CCR2, CCR8, or CCR5,

FIG. 1. Flow cytometric analysis with the anti-Flag monoclonal an-
tibody of HHV-7 U12 and U51 expression in stably transfected K562
cells. The cells were either permeabilized or surface stained only. K562
cells were either transfected with the empty vector plasmid alone
(open histograms) or with the U12 or U51 expression vector (shaded
histograms). The gating strategy used to define U12 or U51 positivity
is shown (horizontal bars). The results shown are representative of
three independent experiments that yielded similar results.
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which responded to IL-8, MCP-1, I-309, or RANTES, respec-
tively (Fig. 2A). Untransfected and pCEP4-transfected K562
cells did not respond to any of the chemokines tested, includ-
ing IL-8, MCP-1, I-309, and RANTES (data not shown). K562

cells transfected with U12 or U51 responded to ELC, SLC,
TARC, and MDC but not to the other chemokines (Fig. 2A
and B). Treatment with buffer alone did not induce Ca2� flux
in the parental K562 cells or in K562 cells transfected with

FIG. 2. (A) Ca2� mobilization analysis in K562 cells transfected with U12 or U51 and treated with IL-8, MCP-1, RANTES, or I-309 and in K562
cells transfected with CXCR1, CCR2, CCR5, or CCR8 and treated with IL-8, MCP-1, RANTES, or I-309. (B) Ca2� mobilization analysis in K562
cells transfected with vector alone, U12, U51, CCR7, or CCR4 and treated with ELC/MIP-3�, SLC, TARC, or MDC. Indo-1 AM-loaded cells were
suspended at 2.5 � 106 to 3 � 106/ml and continuously monitored for fluorescence changes. Peptide agonists were added at the time points
indicated by the arrowheads at a dilution of 1:25 (vol/vol), resulting in final concentrations of 100 nM. The tracings are from a single experiment
that was representative of two separate experiments.
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CCR2, CCR8, CCR5, or CXCR1 (data not shown). Treatment
of U12 and U51 gene transfectants with SLC and MDC in-
duced transient elevations of the intracellular Ca2� level, with
a 50% effective concentration of about 30 nM (Fig. 3). ELC,
SLC, TARC, and MDC showed activities similar to those of
U12 and U51. ELC, SLC, TARC, or MDC at 100 nM fully
desensitized the U12 and U51 transfectants against subsequent
stimulation with an equal amount of ELC, SLC, TARC, or
MDC (Fig. 4A). IL-8, MCP-1, I-309, and RANTES at 100 nM
did not desensitize the U12 and U51 transfectants against
subsequent stimulation with ELC, SLC, TARC, or MDC at
100 nM (Fig. 4B and data not shown). Furthermore, pretreat-
ment with each of the active ligands at 100 nM did not desen-
sitize these receptors to subsequent stimulation with an equal
amount of the other active ligands for CCR4 or CCR7 (Fig. 4B
and data not shown). However, pretreatment with MDC or
ELC at 100 nM fully desensitized these receptors to subse-
quent stimulation with TARC or SLC at 100 nM (Fig. 4C).
These results demonstrate that ELC, SLC, TARC, and MDC
are ligands for U12 and U51.

Migration in a microchannel of Jurkat cells transfected with
U12 or U51. We next examined the chemotactic responses of
cells expressing U12 or U51 to the �-chemokines. Jurkat cells
were stably transfected with CCR4, CCR7, U12, or U51, and
the induction of migration of these cells toward TARC, MDC,
ELC, or SLC was examined. After the Jurkat cells were aligned
on the edge of a microchannel and the space was filled with
medium, a chemokine was injected into the compartment op-
posite the one containing the cells. A CCD camera was used to
make a digital time lapse recording of the cell migration in the
channel (data not shown). As shown in Fig. 5A, Jurkat cells
stably transfected with CCR7 or U12, but not with U51 or the
vector alone, responded to SLC and ELC. Jurkat cells stably
transfected with CCR4, but not with U12, U51, or the vector
alone, responded to TARC and MDC. As shown in Fig. 5B,
SLC induced vigorous migration of Jurkat cells stably trans-
fected with CCR7 or U12, but not with U51 or the vector
alone. SLC produced a dose-response curve (Fig. 5B). The
results demonstrate that SLC and ELC are functional ligands
for U12 to induce chemotaxis.

DISCUSSION

In this paper, we report that the U12 and U51 genes of
HHV-7 encode chemokine receptors that were expressed in
HHV-7-infected SupT1 cells, and we characterize the two pro-
teins. In summary, we report in this paper the first character-
ization of the ability of HHV-7 U51 to function as a signal-
transducing GPCR and of the ability of HHV-7 U12 to induce
chemotaxis.

The U12 and U51 genes had the seven-transmembrane do-
mains characteristic of chemokine receptors and highly con-
served GPCR motifs at the junction of the transmembrane
domain and the intracellular loop, although the N-terminal
amino acid sequence of HHV-7 U51 was shorter than the
N-terminal sequences of HHV-7 U12 and human chemokine
receptors (7, 30). Flow cytometric data showed that the expres-
sion levels of U12 and U51 at the cell surface were low and that
the total levels of protein expression (permeabilized cells) of
these receptors were also low (Fig. 1). These findings are
generally consistent with results previously reported (7, 30).
However, treatment with ELC, SLC, TARC, or MDC induced
Ca2� flux in K562 cells transfected with Flag-U12 or Flag-U51,
indicating that Flag-U12 and Flag-U51 were expressed on the
cell surface (data not shown). The reasons for, and significance
of, the poor expression of HHV-7 U12 and U51 are not clear
and merit further examination, but they may involve protein
stability, the type of cell, turnover, the promoter in the expres-
sion vector, or other properties (7, 30).

We previously showed that ELC is a high-affinity functional
ligand for HHV-7 U12 (34). In this paper, we also showed that
both the U12 and U51 genes could transduce specific chemo-
kine signals into the cytoplasm, resulting in transient elevations
of the intracellular Ca2� concentration in response to ELC,
SLC, TARC, and MDC (Fig. 2).Like other GPCRs, HHV-7
U12 and U51 were refractory to subsequent stimulation with
the same concentration of ELC, SLC, TARC, or MDC (Fig.
4A). In addition, pretreatment with each of the active ligands
ELC, SLC, TARC, and MDC did not desensitize these recep-
tors to subsequent stimulation with the other active ligands
(Fig. 4B and data not shown). However, pretreatment with
MDC or ELC fully desensitized these receptors to subsequent
stimulation with TARC or SLC (Fig. 4C). These results may
indicate that U12 and U51 recognize the ligands for both
CCR4 and CCR7, but they recognize the ligands for CCR4 via
binding sites different from those for CCR7. Pretreatment with
TARC did not desensitize CCR4 to subsequent stimulation
with an equal amount of MDC (23). Pretreatment with SLC
did not desensitize CCR7 expressed on cultured normal T cells
to subsequent stimulation with an equal amount of ELC (54).
These results may cause differences in binding affinity and
efficiency of cross-desensitization between these chemokines
depending on the cell type. The characterizations may be spe-
cific for HHV-7 U12 and U51.

ELC and SLC are constitutively expressed in various lym-
phoid tissues where lymphocytes expressing CCR7 are also
abundant (51–53, 55). Thus, ELC and SLC may be involved in
homeostatic lymphocyte recirculation and homing. TARC and
MDC are expressed by cells of the dendritic lineage, which
form a major component of the thymic architecture (21–23).
TARC and MDC may function to attract or retain T cells in

FIG. 3. Dose-response experiments. K562 cells expressing U12 and
U51 were loaded with Indo-1 AM. The magnitudes of the peak of the
calcium transient elicited by the indicated concentrations of SLC
(A) and MDC (B) are shown.
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the thymus and thereby mediate their trafficking and develop-
ment.

The EBI1/CCR7 gene was first reported as a lymphocyte-
specific GPCR induced by Epstein-Barr virus infection. CCR7
is specific for ELC and SLC (33, 51) and acts to moderate cell
migration and proliferation. The CCR4 gene was originally
cloned from a human basophilic cell line, KU-812. CCR4 is a
specific receptor for TARC and a selective receptor for MDC
(21, 22). CCR4 is expressed in subsets of T cells at particular
stages of differentiation and activation. The HHV-7 U12 and
U51 products responded to ELC, SLC, TARC, and MDC in a
calcium mobilization assay, indicating that U12 and U51 ex-
pressed in HHV-7-infected cells may act like CCR7 and

CCR4. Furthermore, HHV-6 and -7 upregulate CCR7 expres-
sion in CD4� T cells, just as Epstein-Barr virus does in B cells
upon cell entry (20).

Chemokine receptors form a subgroup of GPCRs, which are
seven-transmembrane-domain proteins that couple extracellu-
lar stimuli to cellular responses through heterotrimeric G pro-
teins. In humans, 6 CXC, 10 CC, 1 C, and 1 CX3C chemokine
receptor have been identified, and their ligand specificities
have been defined (32). Furthermore, herpesviruses such as
HCMV (2, 9, 29), herpesvirus saimiri (37), HHV-6 (18, 24),
HHV-7 (30, 36), and HHV-8/Kaposi’s sarcoma-associated her-
pesvirus (19) all encode GPCRs that are homologous to che-
mokine receptors. Although several of these viral chemokine

FIG. 4. Transmembrane signaling by HHV-7 U12 and U51: desensitization. (A, B, C). The relative fluorescence from Indo-1-loaded K562 cells
stably transfected with U12 and U51 was monitored during the sequential addition of test substances at the times indicated by the arrowheads. The
identity of each stimulus is given. The tracings are from a single experiment representative of two separate experiments.
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receptors exhibit high-affinity binding and their signaling prop-
erties are different from those of their cellular homologs, the
function of these receptors in the viral life cycle is not clear.

HHV-7 U12 and U51 are structural and positional homologs
of HCMV UL33 and UL78, respectively. There has been some
progress in understanding the biological significance of some
UL33-like genes, M33 (a GPCR encoded by murine CMV)
and R33 (a GPCR encoded by rat CMV [RCMV]). A study
with recombinant CMVs that carry either a disrupted M33 or
a disrupted R33 gene in their genomes suggests that M33 and
R33 are involved in the dissemination of the virus to, or its
replication in, the salivary glands (4, 13). Like UL33 family

members, UL78 gene family members have important roles in
the pathogenesis of infection (8, 38, 47). A significantly lower
mortality rate was observed among rats infected with R78-
deleted RCMV strains than among animals infected with wild-
type RCMV (3, 27). HHV-6 U51, which belongs to the UL78
gene family, binds RANTES and downregulates the transcrip-
tion of this chemokine (31). Here we showed that the HHV-7
U51 gene mediates the release of calcium from intracellular
stores. However, to date, no signaling functions have been
identified for other members of the UL78 family.

Our data show that ELC and SLC, but not TARC or MDC,
induced chemotaxis in Jurkat cells transfected with HHV-7

FIG. 5. Chemotactic responses of U12- or U51-expressing cells to chemokines. (A) Chemotactic responses of Jurkat cells stably transfected with
vector alone, CCR7, U12, or U51 to ELC or SLC and of Jurkat cells stably transfected with vector alone, CCR4, U12, or U51 to TARC or MDC
were assayed. (B) Dose-response of chemotaxis. Jurkat cells stably transfected with vector alone (open circles), CCR7 (closed squares), U12
(closed circles), or U51 (open squares) were applied to a compartment. The medium containing 10 �M, 1 �M, 100 nM, or 10 nM SLC was injected
into the opposite compartment. Chemotactic responses were assayed as above. The assay was done in triplicate, and the number of migrating cells
was counted for each well. Results representative of three separate experiments are shown.

FIG. 4—Continued.
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U12 and that none of these chemokines induced chemotaxis in
Jurkat cells transfected with HHV-7 U51 (Fig. 5A and B). To
confirm this, we investigated whether ELC, SLC, TARC, or
MDC could induce Ca2� flux in Jurkat cells transfected with
U12 or U51. Jurkat cells transfected with CCR7 or CCR4,
which were used as positive controls, responded to ELC and
SLC or TARC and MDC, respectively, and Jurkat cells trans-
fected with U12 or U51 responded to ELC, SLC, TARC, and
MDC (data not shown). Untransfected and pCEP4-transfected
Jurkat cells, which were used as negative controls, did not
respond to any chemokine tested (data not shown). CCR4 is
expressed marginally on Jurkat cells (54), but Jurkat cells did
not respond to TARC and MDC, and these chemokines did
not induce chemotaxis in Jurkat cells transfected with CCR4
(Fig. 5A). Therefore, we have confirmed that ELC and SLC
induced Ca2� flux and chemotaxis in Jurkat cells transfected
with U12. The reason only ELC and SLC induced chemotaxis
in Jurkat cells transfected with HHV-7 U12 is unknown at
present. Because HHV-6 U12 and U51 appear to have differ-
ent regulatory mechanisms in that HHV-6 U12 is expressed at
late times and U51 is expressed at early times postinfection
(33), HHV-7 U12 and U51 also may have different mecha-
nisms. At early times, through the action of U51, HHV-7 may
regulate cellular processes to enhance viral replication or to
inhibit an apoptotic response. At late times, through the action

of U12, lymphocytes infected with HHV-7 may migrate to
lymph nodes. In general, entrance of T cells into lymph nodes
from the blood is dependent on the expression of CCR7 (46).
Considering the strong constitutive expression of ELC and also
of SLC in various lymphoid tissues, where lymphocytes ex-
pressing CCR7 also exist abundantly, lymphocytes infected
with HHV-7 may be attracted into various lymphoid tissues for
viral transmission by these chemokines. Since HHV-7 U12 and
U51 acted differently as chemokine receptors, our observations
can be used to construct a model in which HHV-7 U12 and
U51 regulate HHV-7-infected cells and mediate the migration
of infected cells to the lymph nodes (Fig. 6).

Taken together, our results suggest that virally encoded pu-
tative chemokine receptors may play important roles in the
infection and life cycle of herpesviruses, especially in vivo. The
roles of chemokines such as ELC, SLC, TARC, and MDC and
of U12 and U51 in HHV-7-infected T cells are not known at
present, but all of these molecules may have biological activi-
ties in infected cells, such as promoting growth, protecting
HHV-7-infected cells from apoptosis, and directing migration
to specific anatomical locations to proliferate HHV-7-infected
cells in vivo (Fig. 6). It is also possible that through the action
of U12 and U51, HHV-7 can regulate cellular processes to
enhance viral replication or to inhibit an apoptotic response,
thereby allowing the establishment of a latent infection. Fraile-

FIG. 6. Model for the role of HHV-7 U12 and U51 in infected cells. Our results suggest that the U12 gene product induces the migration of
infected cells toward the lymph nodes for viral transmission and that the U12 and U51 gene products modulate a wide variety of intracellular signal
transduction pathways in the infected cells.
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Ramos et al. showed that HHV-7 U12 and U51 may interact
with salivary fractalkine to enhance viral entry or spread (15).
Alternatively, U12 and U51 may act as molecular mimics to
divert chemokines from their natural ligands and subvert
a local immune response. The identification of ELC, SLC,
TARC, and MDC as specific ligands for U12 and U51 now
enables us to examine the possible roles of U12 and U51 in the
infection process and life cycle of HHV-7. Such studies may
lead to new strategies to prevent herpesvirus infection. We
examined whether HHV-7-infected T cells responded to
CCR4 or CCR7 ligands. HHV-7-infected SupT1 cells re-
sponded to TARC, MDC, ELC, and SLC, but mock-infected
SupT1 cells did not respond to these ligands (unpublished
data). The U12 and U51 expressed in HHV-7-infected SupT1
cells may act as chemokine receptors, or the cellular chemo-
kine receptors induced by HHV-7 infection may respond to
these ligands. Further studies exploring the functions of U12
and U51 in vivo may define new targets for drug development
aimed at controlling various immune responses and suppress-
ing persistent infections by lymphotropic herpesviruses.

ACKNOWLEDGMENTS

This paper was supported in part by a grant-in-aid for specially
promoted research from the Ministry of Education, Culture, Sports,
Science and Technology (MEXT) of Japan.

We thank Yuttana Srinoulprasert and Masayuki Miyasaka (Osaka
University Graduate School of Medicine) for advice on the KK-cham-
ber and Takashi Nakayama, Osamu Yoshie (Kinki University School
of Medicine), and Yasuko Mori (Osaka University Graduate School of
Medicine) for valuable comments on this study. We also thank all of
the members of our laboratory for helpful discussions.

REFERENCES

1. Baba, M., T. Imai, M. Nishimura, M. Kakizaki, S. Takagi, K. Hieshima, H.
Nomiyama, and O. Yoshie. 1997. Identification of CCR6, the specific recep-
tor for a novel lymphocyte-directed CC chemokine LARC. J. Biol. Chem.
272:14893–14898.

2. Bais, C., B. Santomasso, O. Coso, L. Arvanitakis, E. G. Raaka, J. S. Gutkind,
A. S. Asch, E. Cesarman, M. C. Gershengorn, E. A. Mesri, and M. C.
Gerhengorn. 1998. G-protein-coupled receptor of Kaposi’s sarcoma-associ-
ated herpesvirus is a viral oncogene and angiogenesis activator. Nature
391:86–89.

3. Beisser, P. S., G. Grauls, C. A. Bruggeman, and C. Vink. 1999. Deletion of
the R78 G protein-coupled receptor gene from rat cytomegalovirus results in
an attenuated, syncytium-inducing mutant strain. J. Virol. 73:7218–7230.

4. Beisser, P. S., C. Vink, J. G. Van Dam, G. Grauls, S. J. Vanherle, and C. A.
Bruggeman. 1998. The R33 G protein-coupled receptor gene of rat cyto-
megalovirus plays an essential role in the pathogenesis of viral infection.
J. Virol. 72:2352–2363.

5. Berneman, Z. N., D. V. Ablashi, G. Li, M. Eger-Fletcher, M. S. Reitz, Jr.,
C. L. Hung, I. Brus, A. L. Komaroff, and R. C. Gallo. 1992. Human herpes-
virus 7 is a T-lymphotropic virus and is related to, but significantly different
from, human herpesvirus 6 and human cytomegalovirus. Proc. Natl. Acad.
Sci. USA 89:10552–10556.

6. Black, J. B., T. F. Schwarz, J. L. Patton, K. Kite-Powell, P. E. Pellett, S.
Wiersbitzky, R. Bruns, C. Muller, G. Jager, and J. A. Stewart. 1996. Eval-
uation of immunoassays for detection of antibodies to human herpesvirus 7.
Clin. Diagn. Lab. Immunol. 3:79–83.

7. Bradel-Tretheway, B. G., Z. Zhen, and S. Dewhurst. 2003. Effects of codon-
optimization on protein expression by the human herpesvirus 6 and 7 U51
open reading frame. J. Virol. Methods 111:145–156.

8. Casarosa, P., Y. K. Gruijthuijsen, D. Michel, P. S. Beisser, J. Holl, C. P.
Fitzsimons, D. Verzijl, C. A. Bruggeman, T. Mertens, R. Leurs, C. Vink, and
M. J. Smit. 2003. Constitutive signaling of the human cytomegalovirus-
encoded receptor UL33 differs from that of its rat cytomegalovirus homolog
R33 by promiscuous activation of G proteins of the Gq, Gi, and Gs classes.
J. Biol. Chem. 278:50010–50023.

9. Chee, M. S., S. C. Satchwell, E. Preddie, K. M. Weston, and B. G. Barrell.
1990. Human cytomegalovirus encodes three G protein-coupled receptor
homologues. Nature 344:774–777.

10. Clark, D. A., M. L. Freeland, L. K. Mackie, R. F. Jarrett, and D. E. Onions.
1993. Prevalence of antibody to human herpesvirus 7 by age. J. Infect. Dis.
168:251–252.

11. Combadiere, C., S. K. Ahuja, J. Van Damme, H. L. Tiffany, J. L. Gao, and
P. M. Murphy. 1995. Monocyte chemoattractant protein-3 is a functional
ligand for CC chemokine receptors 1 and 2B. J. Biol. Chem. 270:29671–
29675.

12. Combadiere, C., K. Salzwedel, E. D. Smith, H. L. Tiffany, E. A. Berger, and
P. M. Murphy. 1998. Identification of CX3CR1. A chemotactic receptor for
the human CX3C chemokine fractalkine and a fusion coreceptor for HIV-1.
J. Biol. Chem. 273:23799–23804.

13. Davis-Poynter, N. J., D. M. Lynch, H. Vally, G. R. Shellam, W. D. Rawlinson,
B. G. Barrell, and H. E. Farrell. 1997. Identification and characterization of
a G protein-coupled receptor homolog encoded by murine cytomegalovirus.
J. Virol. 71:1521–1529.

14. Dominguez, G., T. R. Dambaugh, F. R. Stamey, S. Dewhurst, N. Inoue, and
P. E. Pellett. 1999. Human herpesvirus 6B genome sequence: coding content
and comparison with human herpesvirus 6A. J. Virol. 73:8040–8052.

15. Fraile-Ramos, A., T. N. Kledal, A. Pelchen-Matthews, K. Bowers, T. W.
Schwartz, and M. Marsh. 2001. The human cytomegalovirus US28 protein is
located in endocytic vesicles and undergoes constitutive endocytosis and
recycling. Mol. Biol. Cell 12:1737–1749.

16. Frenkel, N., E. C. Schirmer, L. S. Wyatt, G. Katsafanas, E. Roffman, R. M.
Danovich, and C. H. June. 1990. Isolation of a new herpesvirus from human
CD4� T cells. Proc. Natl. Acad. Sci. USA 87:748–752.

17. Gao, J. L., and P. M. Murphy. 1994. Human cytomegalovirus open reading
frame US28 encodes a functional beta chemokine receptor. J. Biol. Chem.
269:28539–28542.

18. Gompels, U. A., J. Nicholas, G. Lawrence, M. Jones, B. J. Thomson, M. E.
Martin, S. Efstathiou, M. Craxton, and H. A. Macaulay. 1995. The DNA
sequence of human herpesvirus-6: structure, coding content, and genome
evolution. Virology 209:29–51.

19. Guo, H. G., P. Browning, J. Nicholas, G. S. Hayward, E. Tschachler, Y. W.
Jiang, M. Sadowska, M. Raffeld, S. Colombini, R. C. Gallo, and M. S. Reitz,
Jr. 1997. Characterization of a chemokine receptor-related gene in human
herpesvirus 8 and its expression in Kaposi’s sarcoma. Virology 228:371–378.

20. Hasegawa, H., Y. Utsunomiya, M. Yasukawa, K. Yanagisawa, and S. Fujita.
1994. Induction of G protein-coupled peptide receptor EBI 1 by human
herpesvirus 6 and 7 infection in CD4� T cells. J. Virol. 68:5326–5329.

21. Imai, T., M. Baba, M. Nishimura, M. Kakizaki, S. Takagi, and O. Yoshie.
1997. The T cell-directed CC chemokine TARC is a highly specific biological
ligand for CC chemokine receptor 4. J. Biol. Chem. 272:15036–15042.

22. Imai, T., D. Chantry, C. J. Raport, C. L. Wood, M. Nishimura, R. Godiska,
O. Yoshie, and P. W. Gray. 1998. Macrophage-derived chemokine is a func-
tional ligand for the CC chemokine receptor 4. J. Biol. Chem. 273:1764–
1768.

23. Imai, T., T. Yoshida, M. Baba, M. Nishimura, M. Kakizaki, and O. Yoshie.
1996. Molecular cloning of a novel T cell-directed CC chemokine expressed
in thymus by signal sequence trap using Epstein-Barr virus vector. J. Biol.
Chem. 271:21514–21521.

24. Isegawa, Y., T. Mukai, K. Nakano, M. Kagawa, J. Chen, Y. Mori, T. Su-
nagawa, K. Kawanishi, J. Sashihara, A. Hata, P. Zou, H. Kosuge, and K.
Yamanishi. 1999. Comparison of the complete DNA sequences of human
herpesvirus 6 variants A and B. J. Virol. 73:8053–8063.

25. Isegawa, Y., Z. Ping, K. Nakano, N. Sugimoto, and K. Yamanishi. 1998.
Human herpesvirus 6 open reading frame U12 encodes a functional beta-
chemokine receptor. J. Virol. 72:6104–6112.

26. Kanegasaki, S., Y. Nomura, N. Nitta, S. Akiyama, T. Tamatani, Y. Goshoh,
T. Yoshida, T. Sato, and Y. Kikuchi. 2003. A novel optical assay system for
the quantitative measurement of chemotaxis. J. Immunol. Methods 282:1–
11.

27. Kaptein, S. J., P. S. Beisser, Y. K. Gruijthuijsen, K. G. Savelkouls, K. W. van
Cleef, E. Beuken, G. E. Grauls, C. A. Bruggeman, and C. Vink. 2003. The rat
cytomegalovirus R78 G protein-coupled receptor gene is required for pro-
duction of infectious virus in the spleen. J. Gen. Virol. 84:2517–2530.

28. Lusso, P., P. Secchiero, R. W. Crowley, A. Garzino-Demo, Z. N. Berneman,
and R. C. Gallo. 1994. CD4 is a critical component of the receptor for human
herpesvirus 7: interference with human immunodeficiency virus. Proc. Natl.
Acad. Sci. USA 91:3872–3876.

29. Margulies, B. J., H. Browne, and W. Gibson. 1996. Identification of the
human cytomegalovirus G protein-coupled receptor homologue encoded by
UL33 in infected cells and enveloped virus particles. Virology 225:111–125.

30. Menotti, L., P. Mirandola, M. Locati, and G. Campadelli-Fiume. 1999.
Trafficking to the plasma membrane of the seven-transmembrane protein
encoded by human herpesvirus 6 U51 gene involves a cell-specific function
present in T lymphocytes. J. Virol. 73:325–333.

31. Milne, R. S., C. Mattick, L. Nicholson, P. Devaraj, A. Alcami, and U. A.
Gompels. 2000. RANTES binding and down-regulation by a novel human
herpesvirus-6 beta-chemokine receptor. J. Immunol. 164:2396–2404.

32. Murphy, P. M., M. Baggiolini, I. F. Charo, C. A. Hebert, R. Horuk, K.
Matsushima, L. H. Miller, J. J. Oppenheim, and C. A. Power. 2000. Inter-
national Union of Pharmacology. XXII. Nomenclature for chemokine re-
ceptors. Pharmacol. Rev. 52:145–176.

33. Nagira, M., T. Imai, K. Hieshima, J. Kusuda, M. Ridanpaa, S. Takagi, M.
Nishimura, M. Kakizaki, H. Nomiyama, and O. Yoshie. 1997. Molecular

VOL. 79, 2005 FUNCTIONS OF HHV-7 U12 AND U51 7075



cloning of a novel human CC chemokine secondary lymphoid-tissue chemo-
kine that is a potent chemoattractant for lymphocytes and mapped to chro-
mosome 9p13. J. Biol. Chem. 272:19518–19524.

34. Nakano, K., K. Tadagaki, Y. Isegawa, M. M. Aye, P. Zou, and K. Yamanishi.
2003. Human herpesvirus 7 open reading frame U12 encodes a functional
beta-chemokine receptor. J. Virol. 77:8108–8115.

35. Neipel, F., J. C. Albrecht, and B. Fleckenstein. 1997. Cell-homologous genes
in the Kaposi’s sarcoma-associated rhadinovirus human herpesvirus 8: de-
terminants of its pathogenicity? J. Virol. 71:4187–4192.

36. Nicholas, J. 1996. Determination and analysis of the complete nucleotide
sequence of human herpesvirus. J. Virol. 70:5975–5989.

37. Nicholas, J., K. R. Cameron, and R. W. Honess. 1992. Herpesvirus saimiri
encodes homologues of G protein-coupled receptors and cyclins. Nature
355:362–365.

38. Oliveira, S. A., and T. E. Shenk. 2001. Murine cytomegalovirus M78 protein,
a G protein-coupled receptor homologue, is a constituent of the virion and
facilitates accumulation of immediate-early viral mRNA. Proc. Natl. Acad.
Sci. USA 98:3237–3242.

39. Raport, C. J., J. Gosling, V. L. Schweickart, P. W. Gray, and I. F. Charo.
1996. Molecular cloning and functional characterization of a novel human
CC chemokine receptor (CCR5) for RANTES, MIP-1�, and MIP-1�.
J. Biol. Chem. 271:17161–17166.

40. Roos, R. S., M. Loetscher, D. F. Legler, I. Clark-Lewis, M. Baggiolini, and B.
Moser. 1997. Identification of CCR8, the receptor for the human CC che-
mokine I-309. J. Biol. Chem. 272:17251–17254.

41. Russo, J. J., R. A. Bohenzky, M. C. Chien, J. Chen, M. Yan, D. Maddalena,
J. P. Parry, D. Peruzzi, I. S. Edelman, Y. Chang, and P. S. Moore. 1996.
Nucleotide sequence of the Kaposi sarcoma-associated herpesvirus (HHV8).
Proc. Natl. Acad. Sci. USA 93:14862–14867.

42. Samson, M., O. Labbe, C. Mollereau, G. Vassart, and M. Parmentier. 1996.
Molecular cloning and functional expression of a new human CC-chemokine
receptor gene. Biochemistry 35:3362–3367.

43. Schweickart, V. L., C. J. Raport, R. Godiska, M. G. Byers, R. L. Eddy, Jr.,
T. B. Shows, and P. W. Gray. 1994. Cloning of human and mouse EBI1, a
lymphoid-specific G-protein-coupled receptor encoded on human chromo-
some 17q12-q21.2. Genomics 23:643–650.

44. Tanaka, K., T. Kondo, S. Torigoe, S. Okada, T. Mukai, and K. Yamanishi.
1994. Human herpesvirus 7: another causal agent for roseola (exanthem
subitum). J. Pediatr. 125:1–5.

45. Tanaka-Taya, K., T. Kondo, T. Mukai, H. Miyoshi, Y. Yamamoto, S. Okada,
and K. Yamanishi. 1996. Seroepidemiological study of human herpesvirus-6

and -7 in children of different ages and detection of these two viruses in
throat swabs by polymerase chain reaction. J. Med. Virol. 48:88–94.

46. von Andrian, U. H., and T. R. Mempel. 2003. Homing and cellular traffic in
lymph nodes. Nat. Rev. Immunol. 3:867–878.

47. Waldhoer, M., T. N. Kledal, H. Farrell, and T. W. Schwartz. 2002. Murine
cytomegalovirus (CMV) M33 and human CMV US28 receptors exhibit sim-
ilar constitutive signaling activities. J. Virol. 76:8161–8168.

48. Wang, J. M., A. Hishinuma, J. J. Oppenheim, and K. Matsushima. 1993.
Studies of binding and internalization of human recombinant monocyte
chemotactic and activating factor (MCAF) by monocytic cells. Cytokine
5:264–275.

49. Wyatt, L. S., W. J. Rodriguez, N. Balachandran, and N. Frenkel. 1991.
Human herpesvirus 7: antigenic properties and prevalence in children and
adults. J. Virol. 65:6260–6265.

50. Yamanishi, K., T. Okuno, K. Shiraki, M. Takahashi, T. Kondo, Y. Asano,
and T. Kurata. 1988. Identification of human herpesvirus-6 as a causal agent
for exanthem subitum. Lancet i:1065–1067.

51. Yoshida, R., T. Imai, K. Hieshima, J. Kusuda, M. Baba, M. Kitaura, M.
Nishimura, M. Kakizaki, H. Nomiyama, and O. Yoshie. 1997. Molecular
cloning of a novel human CC chemokine EBI1-ligand chemokine that is a
specific functional ligand for EBI1, CCR7. J. Biol. Chem. 272:13803–13809.

52. Yoshida, R., M. Nagira, T. Imai, M. Baba, S. Takagi, Y. Tabira, J. Akagi, H.
Nomiyama, and O. Yoshie. 1998. EBI1-ligand chemokine (ELC) attracts a
broad spectrum of lymphocytes: activated T cells strongly up-regulate CCR7
and efficiently migrate toward ELC. Int. Immunol. 10:901–910.

53. Yoshida, R., M. Nagira, M. Kitaura, N. Imagawa, T. Imai, and O. Yoshie.
1998. Secondary lymphoid-tissue chemokine is a functional ligand for the CC
chemokine receptor CCR7. J. Biol. Chem. 273:7118–7122.

54. Yoshie, O., R. Fujisawa, T. Nakayama, H. Harasawa, H. Tago, D. Izawa, K.
Hieshima, Y. Tatsumi, K. Matsushima, H. Hasegawa, A. Kanamaru, S.
Kamihira, and Y. Yamada. 2002. Frequent expression of CCR4 in adult
T-cell leukemia and human T-cell leukemia virus type 1-transformed T cells.
Blood 99:1505–1511.

55. Yoshie, O., T. Imai, and H. Nomiyama. 1997. Novel lymphocyte-specific CC
chemokines and their receptors. J. Leukoc. Biol. 62:634–644.

56. Yoshikawa, T., Y. Asano, I. Kobayashi, T. Nakashima, T. Yazaki, S. Suga, T.
Ozaki, L. S. Wyatt, and N. Frenkel. 1993. Seroepidemiology of human
herpesvirus 7 in healthy children and adults in Japan. J. Med. Virol. 41:319–
323.

57. Zou, P., Y. Isegawa, K. Nakano, M. Haque, Y. Horiguchi, and K. Yamanishi.
1999. Human herpesvirus 6 open reading frame U83 encodes a functional
chemokine. J. Virol. 73:5926–5933.

7076 TADAGAKI ET AL. J. VIROL.


