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Large DNA viruses, such as herpesvirus and poxvirus, encode
proteins that target and exploit the chemokine system of their
host. UL146 and UL147 in the cytomegalovirus (CMV) genome
encode the two CXC chemokines vCXCL1 and vCXCL2. In this
study, vCXCL1 was probed against a panel of the 18 classified
human chemokine receptors. In calcium mobilization assays
vCXCL1 acted as an agonist on both CXCR1 and CXCR2 but did
not activate or block any of the other 16 chemokine receptors.
vCXCL1 was characterized and compared with CXCL1/GRO«;,
CXCL2/GRO, CXCL3/GRO%, CXCL5/ENA-78, CXCL6/GCP-
2, CXCL7/NAP-2 and CXCL8/IL-8 in competition binding, cal-
cium mobilization, inositol triphosphate turnover, and chemo-
taxis assays using CXCR1- and CXCR2-expressing Chinese
hamster ovary, 300.19, COS7, and L1.2 cells. The affinities of
vCXCL1 for the CXCR1 and CXCR2 receptors were 44 and 5.6
nM, respectively, as determined in competition binding against
radioactively labeled CXCLS8. In calcium mobilization, phos-
phatidylinositol turnover, and chemotaxis assays, vCXCL1
acted as a highly efficacious activator of both receptors, with a
rather low potency for the CXCR1 receptor but comparable with
CXCL5 and CXCL7. It is suggested that CMV uses the UL146
gene product expressed in infected endothelial cells to attract
neutrophils by activating their CXCR1 and CXCR2 receptors,
whereby neutrophils can act as carriers of the virus to uninfected
endothelial cells. In that way a lasting pool of CMV-infected
endothelial cells could be maintained.
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Cytomegalovirus (CMV)? or human herpesvirus 5 was iden-
tified in 1956 (1). The spectrum of primary CMV infections in
the immunocompetent host ranges from subclinical infection
in children to a mononucleosis syndrome in young adults. Pri-
mary CMV infection in pregnancy can result in congenital
infection of the infant with severe neurological sequelae. In
immunodeficiency CMV infection can be a serious problem.
Thus a human immunodeficiency virus-infected patient with
low CD4 cell count can develop retinitis and colitis, whereas the
immunosuppressed transplanted patient in addition to colitis
can develop pneumonitis and hepatitis (reviewed by Mocarski
etal. (2)).

CMV, HHV6, and HHV7 constitute the members of the
human B-herpesvirus group, which is characterized by a
long reproductive cycle, slow progression in culture, and an
ability to enlarge cells. CMV has by far the largest genome of the
viruses that infect humans. Its 230-kilobase pair genome
encodes more than 160 genes, and several of these encode viral
homologs of human proteins (reviewed by Mocarski et al. (2)).
CMYV belongs, along with Epstein-Barr virus, HHV6, HHV7,
Kaposi sarcoma-associated herpesvirus, and the poxviruses
molluscum contagiosum, vaccinia and variola, to a group of
large human DNA viruses that encode proteins that exploit
the human chemokine system. These proteins fall into three
groups: chemokine proteins; seven-transmembrane G protein-
coupled receptors, some of which have been shown to bind
chemokines; and chemokine binding proteins (3-5). Chemo-
kines are 70—80-amino acid proteins with a characteristic
three-dimensional fold that are involved in guiding and activat-
ing distinct leukocyte subsets. Chemokines can be divided into
four subfamilies on the basis of the pattern and number of the
conserved cysteine residues located near their N terminus,
which are involved in disulfide binding formation: the CC,
CXC, CX,C, and XC families, respectively. Chemokines act
through seven-transmembrane G protein-coupled receptors,
of which we today know 10 CC chemokine receptors (CCR1-
10), six CXC receptors (CXCR1-6), one CX,C receptor
(CX;CR1), and one XC receptor (XCR1). CXC chemokines can
be further subdivided into two groups depending on the pres-
ence or absence of an ELR motif adjacent and N-terminal to the
CXC motif (Fig. 1). CXCR1 and CXCR2 are exclusively acti-
vated by the ELR-positive CXC chemokines. CXCR1 and

2 The abbreviations used are: CMV, cytomegalovirus; HHV, human herpesvi-
rus; CHO, Chinese hamster ovary; IP3, inositol triphosphate; IL, interleukin;
EGF, epidermal growth factor.
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FIGURE 1. Alignment of the CMV-encoded chemokine vCXCL1 with the human ELR-positive CXC chemokines. Primary structure of vCXCL1 and the
human encoded CXC chemokines with the ELR motif aligned using CLUSTALW 1.8. The non-ELR CXC chemokine CXCL12a/SDF-1a was included for compar-
ison. Identical amino acids are shown in white on black, whereas similar amino acids are shown in black on light gray. Conserved cysteines are marked by
asterisks. The secondary structures of CXCL1/GRO«, CXCL2/GROB, CXCL7/NAP-2, and CXCL8/IL-8, as determined by NMR and x-ray diffraction crystallography
and available in the Protein Data Bank, are indicated by the line above the alignment. The ELR motif and the PGP/SGP motif are marked by red boxes.

N-Glycosylated asparagines and a potential O-glycosylated threonine in the C-terminal of vCXCL1 are shown in white on blue.

CXCR?2 are the principal chemokine receptors expressed on
neutrophils and are considered to play a major role in the acute
inflammatory response (reviewed by Murphy et al. (6)).

The virally encoded chemokines have different pharmaco-
logical phenotypes, ranging from being very broad spectrum to
highly selective and/or behaving as agonists or antagonists
(7-16). The sequencing of various wild type CMV strains sug-
gested the presence of additional host interacting genes (17).
Two of these genes, UL146 and UL147, encode CXC chemo-
kines. The gene product of UL147 has not yet been character-
ized, whereas the UL146 gene encodes the protein vCXCL1
with an ELR motif that has been shown to work as a selective
CXCR2 agonist (16). In the present study we find that the CMV
UL146 gene product encodes a CXC chemokine, which func-
tions as a selective agonist not only for CXCR2 but also for
CXCR], although with lower affinity and potency. The target-
ing of both CXCR1 and CXCR2 by CMYV supports the notion
that neutrophils are intimately connected to CMV biology and
pathogenesis.

EXPERIMENTAL PROCEDURES

Chemokines and Cytokines—The virally encoded chemo-
kines vCCL1, vCCL2, and vCXCL1 and the human encoded
chemokines CCL1, CCL5, CCL11, CCL16, CCL20, CCL21,
CCL22, CCL28, CXCL8, CXCL12, CXCL13, CXCL16, CX,CL1,
XCL1, and tumor necrosis factor-o were bought from R & D
(Minneapolis, MN), whereas CCL25, CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, CXCL7, and CXCL11 were bought from
PeproTech (Rocky Hill, NJ). CCL2, CCL7, vCCL4 (amino
acid residues 21-113 from GenBank™ 000898) and
vCXCL2 (amino acid residues 41-159 from GenBank™
AY446871) were chemically synthesized by Ian Clark-Lewis as
described previously (18). The virally encoded chemokines
MC148 and vCCL3 were purified from cell medium from COS7
cells transfected with their respective genes as described pre-
viously (11, 14). Lipopolysaccharide (L4391), interferon vy
(I3265), and IL-1« (12778) were bought from Sigma-Aldrich.

Stable Cell Lines—The pTej vector (19) was used for generating
the following constructs: CCR2 (HindIII-BamHI), CCR5 (HindIII-
BamHI), CCR8 (HindIII-EcoRI), CCR9 (EcoRI-BamHI), CCR10
(EcoRI-BamHI), CXCR1 (HindIII-EcoRI), CXCR2 (HindIII-
EcoRI), and CXCR6 (EcoRI-BamHI). CCR1 (EcoRV-EcoRV)
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was inserted into pcDNA1. XCR1 (BamHI-Xhol) inserted into
the vector pcDNA3.1 was purchased from the UMR c¢cDNA
Resource Center (Rolla, MO). CXCR1 and CXCR2 were trans-
fected into the murine pre-B cell lines L1.2 and 300.19 by elec-
troporation, and stable transfectants were obtained after limit-
ing dilution and chemical selection with G418. Subsequently
clones were functionally selected by testing them for calcium
responses to CXCL8. Likewise stable clones were generated for
CCR2, CCR9, and XCR1 in 300.19 cells and CCR1, CCR5,
CCR8, CCR10, and CXCR6 in L1.2 cells. The L1.2 cell lines
expressing CCR3 and CCR?7 receptors were obtained from
ICOS (Seattle, WA) (20). The L1.2 cells stably expressing CCR4,
CCR6, and CX,CR1 were a kind gift from Osamu Yoshie (Kinki
University, Japan) (21). Kuldeep Neote (Pfizer, Groton, CT)
kindly provided 300.19 cells expressing the CXCR3 receptor,
which originated from B. Moser (22), and Bernhard Moser
(Thedor-Kocher Institute, Bern, Schwitzerland) kindly pro-
vided 300.19 cells expressing the CXCR5 receptor (23). Chinese
hamster ovary (CHO) cells stably expressing CXCR1, CXCR2,
and CXCR4 were provided by Tim Wells (Serono, Geneva,
Schwitzerland) (24). L1.2 and CHO cells were grown in 1640
RPMI supplemented with 180 units/ml penicillin, 45 ug/ml
streptomycin, and 10 mm glutamine. 300.19 cells were grown in
the same medium supplemented with 55 um mercaptoethanol.

Radioligand Binding Experiments—Whole cell radioligand
binding assays (2—5 X 10* cells/well) were performed at 4 °C
for 3 h in 0.5 ml of 25 mm Hepes buffer containing 1 mm CaCl,
and 5 mm MgCl, at pH 7.2, supplemented with 0.5% bovine
serum albumin on CHO cells stably transfected with CXCR1 or
CXCR2. The incubation was stopped by washing four times
with 0.5 ml of the same buffer made 0.5 M in NaCl. Cell-associ-
ated radioactivity was determined after extraction of the cells
with 8 M urea in 3 M acetic acid supplemented with 1% Nonidet
P-40. Nonspecific binding, determined in the presence of the
relevant chemokine peptide (0.1 wum), was subtracted. The
radioactivity labeled peptide ***I-CXCLS8 (IM249) was bought
from GE Healthcare.

Phosphatidylinositol Assay—CQOS-7 cells were transiently
transfected as mentioned above. Briefly, 2 X 10° COS-7 cells
were transfected with 30 ug of cDNA encoding the promiscu-
ous chimeric G protein, GaA6qi4myr, which allows the Go;-
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coupled receptor to couple to the Ga, pathway (phospholipase
C activation measured as PI turnover) (25), with or without 20
pg of CXCR1 or CXCR2 cDNA. Ggidmyr or Gaggiamyr IS @
chimeric Gey, subunit in which the six N-terminal amino-acid
residues have been deleted, an N-terminal consensus motif for
myristoylation has been created, and the four C-terminal resi-
dues have been replaced with the corresponding Ge; sequence.
After transfection, COS-7 cells (2.5 X 10* cells/well) were incu-
bated for 24 h with 2 uCi of myo-[*H]inositol in 0.4 ml of
growth medium/well. The cells were washed twice in 20 mm
Hepes, pH 7.4, and supplemented with 140 mm NaCl, 5 mm
KCl, 1 mm MgSO,, 1 mm CaCl,, 10 mm glucose, and 0.05% (w/v)
bovine serum albumin, and the chemokines were incubated in
0.4 ml of the same buffer supplemented with 10 mm LiCl at
37 °C for 90 min. The cells were extracted by the addition of
1 ml of 10 mMm formic acid to each well followed by incubation
on ice for 3060 min. The generated [*H]inositol phosphates
were purified on AG1-X8 anion exchange resin (Bio-Rad).

Intracellular Calcium Mobilization Assays—The cells stably
transfected with the respective chemokine receptors were
loaded with Fura-2AM (Molecular Probes, Eugene, OR) in
RPMI with 1% fetal calf serum for 20 -30 min, and aliquots of
1 X 10° cells were resuspended in RPMI with 10 mm EGTA.
Fluorescence was measured on a Jobin Yvon FlouroMax-2
(Jobin Yvon Spex, Edison, NJ) as the ratio of emission at 490 nm
when excited at 340 and 380 nm, respectively.

Chemotaxis Assays—Chemotaxis was measured as the num-
ber of migrated cells. 1 X 10° CXCR1/L1.2, CXCR2/L1.2, or
naive L1.2 cells were resuspended in 0.1 ml of chemotaxis buffer
and added to the top chamber insert of 24 Transwell polycar-
bonate 3-um membranes (Corning Costar, Cambridge, MA).
The chemokines were diluted in 0.6 ml of chemotaxis buffer
(RPMI medium containing 0.5% bovine serum albumin) and
added to the lower chemotaxis chamber. The plates were then
incubated for 4 h at 37 °C in a 5% CO,-humidified incubator.
Following incubation, the cells from the bottom wells were col-
lected and counted by a fluorescence-activated cell sorter
(FACSCalibur; Becton Dickinson, Franklin Lakes, NJ) using the
CellQuest software.

RESULTS

vCXCLI1 Targets CXCRI and CXCR2 as an Agonist When
Screened against a Panel of the Human Chemokine Receptors—
To screen for a possible interaction of the UL146 encoded gene
product vCXCL1 with the 18 known human chemokine recep-
tors, vCXCL1 was probed in calcium mobilization assays on a
panel of cell lines individually expressing these receptors.

Initially, 100 nm of vCXCL1 was unable to elicit a calcium
response through 16 of the 18 human chemokine receptors
(Fig. 24, left panel, for specific cell lines used see legend). How-
ever, in L1.2 cells stably transfected with either CXCR1 or
CXCR?2, vCXCL1 generated a robust calcium response (Fig.
2A). For CXCR?2 the response was similar in magnitude to the
response generated by CXCL1. For CXCR1 the response was of
lower magnitude compared with the response generated by
CXCLS3, thus indicating a lower potency for vCXCL1 on this
receptor. vCXCL1 was not able to induce a calcium response in
any of the 10 other stable L1.2 cell lines expressing CCR1, 3,4, 5,
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6, 7, 8, and 10, CXCR6, and CX;CR1 (see legend to Fig. 24),
showing that the effect was mediated through CXCR1 and
CXCR2 and not an endogenous receptor in L1.2 cells.

vCXCL1 did not act as an antagonist on any of the tested
human chemokine receptors, because pretreatment of the cell
lines with vCXCL1 was unable to inhibit or block the responses
to the relevant endogenous chemokines through any of the
human chemokine receptors tested (Fig. 24, right panel). How-
ever, in CXCR2-transfected L1.2 cells, no response to CXCL1
was observed after pretreatment with 100 nm vCXCL1 (Fig. 24,
right panel, red arrow). This inhibitory effect is due to specific
desensitization. In contrast, pretreatment of the L1.2/CXCR1
cells with vCXCL1 reduced the response of CXCL8 only
slightly, if at all. Again indicating that vCXCL1 has a lower
potency for this receptor compared with CXCL8. To find out
whether this was the case, we did calcium mobilization desen-
sitization experiments on 300.19/CXCR1 and L1.2/CXCR1
cells using 1 um of vCXCL1 and 1 nm of CXCL8, which resulted
in an 81% decrease of the CXCL8 response in 300.19 cells (n =
3; data not shown) and 88% in L1.2 cells (n = 2; data not shown).
These results show that vCXCL1 is able to desensitize the
response of CXCLS8 through the CXCR1 receptor. To show that
the activation of CXCR1 and CXCR2 was not an assay-specific
phenomenon, we tested a panel of known virally encoded che-
mokines on these two receptors. Of the seven known chemo-
kines encoded by human viruses, only the UL146 gene product
was able to activate CXCR1 and CXCR2 (Fig. 2B). These viral
chemokines were able to activate or block their known receptor
targets (7, 9—16) (data not shown), establishing that they were
biologically active with the exception of vCXCL2, where the
receptor target has not yet been identified.

Having established that vCXCL1 targeted CXCR1 and
CXCR2 as an agonist, we decided next to characterize this
interaction in further detail. Hence, we performed competition
binding, additional receptor signaling, and chemotaxis assays.
vCXCL1 was tested in parallel with the seven human ELR-pos-
itive CXC chemokines (Fig. 1), which are known to target
CXCR1 and/or CXCR2.

vCXCLI1 Binds to CXCRI and CXCR2—To characterize the
affinity of vCXCL1 to both CXCR1 and CXCR2 and compare
this affinity to the known endogenous human ELR-positive
ligands, we performed binding studies on CHO cells stably
transfected with either CXCR1 or CXCR2 using **’I-CXCLS8. In
these experiments vCXCL1 had an affinity of 44 nm (log K;
—7.37 = 0.12) for the CXCR1 receptor. By comparison, CXCL6
and CXCL7 had higher affinities for CXCR1 than vCXCL1, but
in the same order of magnitude (Fig. 3 and Table 1), whereas
CXCL8 bound the receptor with the highest affinity with an
IC,, of 2.5 num (log K, —8.61 * 0.26). Only vCXCL1, CXCL6,
CXCL7, and CXCLS8 were able to displace all bound '*°I-
CXCLS8 from the CXCRI1 receptor, whereas CXCL1, CXCL2,
CXCL3, and CXCL5 were unable to do so at a concentration
of 1 um (Fig. 3, left panels). By comparison, vCXCL1 and all
of the endogenous human ELR-positive ligands bound
CXCR2 with affinities in the nanomolar or subnanomolar
range (Fig. 3, right panels, and Table 1). CXCL12a/SDF-1a, a
non-ELR CXC chemokine included as a negative control,
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FIGURE 2. Effect of recombinant vCXCL1 on calcium mobilization on a panel of cell lines stably trans-
fected with the human chemokine receptors. A, 100 nm vCXCL1 or vehicle was first added to the cells
followed by a submaximal dose of an appropriate endogenous human chemokine. The height of the response
induced by the endogenous ligand only, the height of the response induced by vCXCL1 only, and the height of
the response induced by endogenous ligand after pretreatment with vCXCL1 were measured. The left panel
shows the calcium mobilization response of vCXCL1 compared with the responses of endogenous ligands on
18 different chemokine receptors. The right panel shows the calcium mobilization response via the 18 different
receptors to the endogenous ligands in the presence of 100 nm vCXCL1. The data are the means = S.E. (n = 2).
The following cell lines, ligands, and concentrations were used: L1.2/CCR1, 10 nm CCL5/RANTES; 300.19/CCR2,
10 nm CCL2/MCP-1; L1.2/CCR3, 10 nm CCL7/MCP-3; L1.2/CCR4, 10 nm CCL22/MDG; L1.2/CCRS5, 10 nm CCL5/
RANTES; L1.2/CCR6, 10 nm CCL20/LARC; L1.2/CCR7, 1 nm CCL21/SLC; L1.2/CCR8, 10 nm CCL1/1-309; 300.19/
CCR9, 10 nm CCL25/TECK; L1.2/CCR10, 10 nm CCL28; L1.2/CXCR1, 10 nm CXCL8/IL-8; L1.2/CXCR2, 10 nm CXCL1/
GROq; 300.19/CXCR3, 1 nM CXCL11/I-TAC; CHO/CXCRA4, 10 nM CXCL12/SDF-1¢; 300.19/CXCRS5, 10 nm CXCL13/BCA-
1; L1.2/CXCR6, 10 nm CXCL16; 300.19/XCR1, 100 nm XCL1/Lymphotactin; and L1.2/CX;CR1, 10 nm CX5CL1/
Fractalkine. B, the calcium mobilization response to viral chemokine compared with the response of
endogenous ligand on cells stably transfected with either CXCR1 or CXCR2. The concentrations of viral che-
mokine used were 100 nm for MC148, vCCL1, vCCL2, vCCL3, and vCXCL1 and 1 um for vCCL4 and vCXCL2. The
cell lines used were L1.2/CXCR1 cells (vCCL1, vCCL2, vCCL3, vCXCL1, and vCXCL2), 300.19/CXCR1 (MC148),
CHO/CXCR1 (vCCL4), L1.2/CXCR2 ((vCCL1, vCCL3, vCXCL1, and vCXCL2), 300.19/CXCR2 (MC148 and vCCL2),
and CHO/CXCR2 (vCCL4). The data are the means * S.E. (n = 2-4).
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was unable to displace '?°I-

CXCLS8 from either receptor (Fig.
3, bottom panels).

vCXCL1 Induces Calcium Mobili-
zation through CXCRI1 and CXCR2
in a Concentration-dependent Man-
ner—To calculate potencies (ECy,)
we treated 300.19 cells stably
transfected with either CXCRI1 or
CXCR?2 with increasing concentra-
tions of vCXCL1 and measured
intracellular calcium release. For
comparison the seven endogenous
ELR-positive CXC chemokines were
tested in parallel. As shown in Fig. 4
(red curves), the CMV-encoded
gene product of UL146 was able to
induce a maximal calcium response
through CXCR1 in stably trans-
fected 300.19 cells. Interestingly the
different ELR+ CXC chemokines
had a wide range of potencies for the
CXCR1 receptor (Fig. 4 and Table
2). The potency of vCXCL1 was
217 nMm (log EC,, —6.66 = 0.18),
whereas the potencies of CXCL6
and CXCL8 were 1 and 2 orders of
magnitude higher, respectively.
CXCL1, CXCL5, and CXCL7 had
comparable potencies to vCXCLI,
whereas CXCL2 and CXCL3 elic-
ited a rather poor calcium response
at concentrations of 1 um. In con-
trast, vCXCL1 had a potency of 0.4
nM (log EC,, —9.45 = 0.54), equal to
the potency of CXCL8 for the
CXCR?2 receptor. The other ELR-
positive ligands had potencies for
the CXCR2 receptor within a range
of 1 order of magnitude from
vCXCL1 and CXCL8 (Fig. 4 and
Table 2). Thus CXCL1 had the high-
est potency for CXCR2 withan EC,,
of 0.05 nm (log EC,, —10.3 = 0.23),
whereas CXCL2 had the lowest
potency with an EC,, of 2 nMm (log
EC., —8.71 + 0.17).

vCXCL1 Induces IP3 Accumula-
tion through CXCRI and CXCR2 in
a Concentration-dependent Man-
ner—To confirm that vCXCL1
activated CXCR1 and CXCR2 in
another signal transduction assay,
dose-response studies were per-
formed in COS-7 cells co-trans-
fected with a chimeric G protein, the
Gqidmyr. Co-transfection of cells
with the Gqi4myr gene enables Goy-
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TABLE 1

Binding affinities for the CMV UL146 gene product vCXCL1 compared
with the human ELR-positive CXC chemokines on CXCR1 and CXCR2
Competition binding experiments were performed on CHO cells stably transfected
with either CXCR1 or CXCR2. An IC,, value is shown in parentheses if 1 um of the
chemokine was unable to displace all bound radioligand and not shown at all if 1 um
was unable to displace 50% of the bound radioligand.

CXCR1 CXCR2
Chemokine
1C;, 1C,, = S.E. 1C;, IC,, = S.E.
nm log nm log
vCXCL1 44 —7.37 £0.12 5.6 —8.25 = 0.09
CXCLS8/IL8 2.5 —8.61 £0.26 1.2 —892 *0.12
CXCL6/GCP2 15 —7.84 £0.29 1.2 —8.92 = 0.03
CXCL7/NAP2 8.2 —8.09 £0.17 0.5 —9.34 = 0.27
CXCL5/ENA78 (238) (—6.63 £0.24) 0.4 —9.44 * 0.12
CXCL1/GRO« (127) (—6.89 = 0.48) 1.5 —8.83 = 0.18
CXCL2/GROB 0.2 —9.63 = 0.12
CXCL3/GROy (42) (=7.37 £041) 0.3 —9.56 = 0.30

coupled receptors, such as CXCR1 and CXCR2, to signal
through the Ga,, pathway, and IP3 accumulation can be mea-
sured (25).

In cells co-transfected with CXCR1 and Gqi4myr, vCXCL1
stimulated IP3 accumulation in a dose-dependent manner (Fig.
5, red curves). Compared with vCXCL1, higher concentrations
of CXCL1, CXCL3, CXCL5, and CXCL7 were needed to induce
an IP3 response, whereas CXCL2 was unable to stimulate IP3
accumulation in this assay. CXCLS, as expected, was able to
induce IP3 production in a subnanomolar range and with
greater efficacy than all the other ligands. The rank order of
ligands for CXCR1 was CXCL8 >> CXCL6 > vCXCL1 >
CXCL7 ~ CXCL5 ~ CXCL1 > CXCL3, whereas CXCL2 was
unable to induce a response (Fig. 5). Moreover, these results are
in agreement with the rank order of potencies from the calcium
mobilization assays, except that vCXCL1 was more potent than
CXCL5 and CXCL7 in the IP3 assay.

In cells co-transfected with CXCR2 and Gqi4myr, vCXCL1
was able to induce IP3 accumulation in a dose-dependent
manner in the nanomolar range. The rank order of ligands
was CXCL1 > vCXCL1 ~ CXCL8 > CXCL3 ~ CXCL6 ~
CXCL5 > CXCL2 ~ CXCL7 (Fig. 5). These results were in
agreement with the EC,, values derived from the calcium
mobilization experiments (Table 2), except that CXCL6 was as
potent as CXCLI in the calcium mobilization assay. CXCL12¢,
anon-ELR CXC chemokine, was included as a negative control
and was not able to generate IP3 through either CXCR1 or
CXCR2 (Fig. 5, bottom panels). In control experiments with
COS-7 cells transfected with Gqi4myr alone, no effect of
vCXCL1 was observed, demonstrating that the effect was medi-
ated through CXCR1 and CXCR?2 and not through an endoge-
nous receptor expressed in COS-7 cells (n = 2; data not shown).

Surprisingly, in contrast to the calcium mobilization experi-
ments, no £, values for any of the tested ligands on CXCR1
and CXCR2 could be reached, thus making it difficult to calcu-
late reliable EC,, values for these ligands. However, the results
were still useful because the minimal concentrations eliciting

incubated with increasing amounts of cold chemokine ligand as indicated. O,
VCXCL1; @, CXCL8/IL-8; M, CXCL6/GCP-2; A, CXCL7/NAP-2; ¥, CXCL5/ENA-78;
A, CXCL1/GROg; V, CXCL2/GRO; &, CXCL3/GROYy; X, CXCL12/SDF-1a. Non-
specific binding was determined in the presence 0.1 um of the relevant che-
mokine peptide. The data are the means = S.E. (n = 3).
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CXCR1

% of max. calcium
response to CXCL8

CXCR2

% of max. calcium
response to CXCL38

(Fig. 6A, left panels) or CXCR2 (Fig.
6A, right panels). We compared the
chemotactic activity of the vCXCL1

100 CXCL6 100 -

CXCL8

50 A 50 -

vCXCL1

CXCL6

protein with that of the endogenous
human ELR-positive chemokines.
As shown in Fig. 6A (left panels),
the endogenous chemokines dem-
onstrated different patterns with
respect to both efficacy and

CXCL8

vCXCL1

100 4 100

50 - 50 -

potency in inducing chemotaxis
via the CXCR1 receptor. For in-
stance, CXCL8 was highly potent
and efficacious on CXCR1, whereas
CXCL1l, CXCL3, CXCL5, and
CXCL6 showed high efficacies but
rather low potencies on CXCR1. In
contrast, both CXCL2 and CXCL7
showed low efficacies and poten-
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vCXCLA1
CXCL1

50 4 50 -

CXCL3
CXCL2 E’;

0

cies. In fact, it looked like CXCL7
was unable to induce a chemotactic
response through CXCR1, when the
response was compared with the
one induced by vCXCL1 (Fig. 64,
left panel, second from top). How-
ever (as seen in Fig. 6A, left panel,
second from top, inset), CXCL7 was

CXCLA1
vCXCLA1

CXCL3
CXCL2

0
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FIGURE 4. Calcium mobilization experiments in 300.19 cells stably expressing either CXCR1 or CXCR2
stimulated with increasing concentrations of vCXCL1 or the endogenous human ELR-positive CXC che-

mokines.[ ], vCXCL1;l, CXCL8/IL-8; ®, CXCL6/GCP-2; A, CXCL7/NAP-2; ¥,CXC
CXCL2/GROB; ¢, CXCL3/GROvY. The data are the means = S.E. (n = 3).

TABLE 2

Potencies for the CMV UL146 gene product vCXCL1 compared with
the human ELR-positive CXC chemokines on CXCR1 and CXCR2
Dose-response calcium mobilization experiments were performed on 300.19 cells
stably transfected with either CXCR1 or CXCR2. An EC, value is not shown if 1 um
was unable to elicit a response 50% of maximum.

3 able to induce a chemotactic

response with a high chemotactic
index through this receptor,
although the efficacy compared
with the other ligands was low.
CXCL6, CXCL7, and CXCLS elic-
ited classical bell-shaped dose-re-
sponse curves typical for chemotaxis assays, whereas concen-
trations higher than 1 um would be necessary for the rest of
the endogenous ligands to evoke the downward slope of the
curve (Fig. 6A, left panels).

For the CXCR2 receptor, all of the endogenous human
ligands showed the classical bell-shaped curve with potencies
between 1 and 10 nm and with high efficacies for CXCL1,
CXCL6, and CXCLS, intermediate efficacies for CXCL2,
CXCL3, and CXCL5 and a rather low efficacy for CXCL7
(Fig. 6A, right panels) but with a high chemotactic index (Fig.
6A, right panel, second from top, inset).

The efficacy of vCXCL1 in evoking chemotaxis of CXCR1
receptor-expressing cells was comparable with CXCL6 (Fig.

10 -9 -8
[chemokine]

L5/ENA-78; A, CXCL1/GROq; V,

CXCR1 CXCR2
Chemokine
EC,, EC,, £ S.E. EC,, EC,, £ S.E.
nm log nm log

vCXCL1 217 —6.66 = 0.18 0.4 —9.45 * 0.54
CXCLS8/IL8 1.8 —8.74 £ 0.21 0.3 —9.51 £0.25
CXCL6/GCP2 23 —7.64 £ 0.13 0.08 —10.1 £ 0.07
CXCL7/NAP2 219 —6.66 = 0.20 1.4 —8.85 £ 0.63
CXCL5/ENA78 139 —6.86 £ 0.29 0.7 —9.17 £ 0.36
CXCL1/GRO« 325 —6.49 £ 0.30 0.05 —10.3 £0.23
CXCL2/GROB 2.0 —8.71 £0.17
CXCL3/GROYy 1.2 —893 £0.33

an IP3 response could be ranked and compared with the EC,
values in the calcium mobilization assays (Table 1).

vCXCL1 Induces Migration of CXCRI and CXCR2-ex-
pressing Cells—Having established that vCXCL1 binds to,
induces calcium mobilization in, and is able to generate IP3
through the CXCR1 and CXCR2 receptors, we wanted to see
whether this viral chemokine could generate a chemotactic
response through these receptors. Hence, we explored the abil-
ity of vCXCL1 to induce chemotaxis in the murine pre-B lym-
phocyte cell line L1.2 stably transfected with either CXCR1

9142 JOURNAL OF BIOLOGICAL CHEMISTRY

6A, top left panel) and higher than the rest of the endogenous
human ELR+ ligands (Fig. 6A, left panels). However, CXCL8
was more potent and efficacious than vCXCL1 in inducing che-
motaxis via CXCR1 (Fig. 6A, top left panel). vCXCL1 induced a
chemotactic response with a potency and efficacy comparable
with CXCL6 and CXCL8 in CXCR2 (Fig. 6A, top right panel).
Summarized, these results show that vCXCL1 can generate
chemotactic responses with high efficacies through both the
CXCR1 and CXCR2 receptors.

Because the L1.2 cell line is known to express CXCR4,
CXCL11/I-TAC and not CXCL12«a was chosen as the non-
ELR CXC chemokine to be used as a negative control.

VOLUME 285-NUMBER 12+-MARCH 19, 2010
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ing neutrophils to sites of viral
infection to use this cell type as a
vehicle for dissemination.
Endogenous Human CXCRI and
CXCR2 Ligands—Most binding and
activation studies of CXC chemo-
kines belonging to the ELR group
have been performed on neutro-
phils. Results from these studies

CXCL8
vCXCL1
CXCL6

suggested the existence of two
CXCL8 receptors, which led to
the identification of CXCR1 and
CXCR2 in 1991 (26, 27). Almost all
affinities of the ELR-positive group
of chemokines on cells expressing
either CXCR1 or CXCR2 have been
determined in heterologous compe-

vCXCL1
CXCL5

CXCL7

TN

tition binding experiments. Such
assays, however, can sometimes be
misleading, because a high affinity
ligand may not always be able to
compete for another high affinity
ligand (28). In fact this was the case
for CXCR2, as shown in a compre-

CXCL1

vCXCL1
CXCL3

CXCL2

.

hensive study by Ahuja and Murphy
(29). This group reported that
several ELR-positive CXC chemo-
kines had a lower affinity for the
CXCR2 receptor in heterologous
binding experiments compared with
the affinity obtained in homologous
binding experiments. For example,

vCXCL1
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FIGURE 5. vCXCL1 or ELR-positive CXC chemokines induced IP3 turnover in COS7 cells transiently trans-
fected with CXCR1 or CXCR2 and Gqi4myr. [ ], vCXCL1; l, CXCL8/IL-8; @, CXCL6/GCP-2; A, CXCL7/NAP-2;V,
CXCL5/ENA-78; A, CXCL1/GROg; V, CXCL2/GROB; ¢, CXCL3/GROvy; X, CXCL12/SDF-1a. The data are the

means * S.E. (n = 3).

CXCL11 was not able to generate chemotactic responses
through either CXCR1 or CXCR2, showing that the
responses were specific for vCXCL1 and the endogenous
human ELR-positive ligands (Fig. 6A, bottom panels and
insets). vCXCL1 did not induce chemotaxis of naive L1.2
cells (Fig. 6B and inset), showing that the chemotactic activ-
ities were mediated through CXCR1 and CXCR2 and not an
endogenous receptor in L1.2 cells.

DISCUSSION

Through a systematic analysis using 18 cloned and catego-
rized human chemokine receptors, we here find that vCXCL1,
the UL146 gene product from CMYV, targets CXCR1 and
CXCR2 and no other chemokine receptor. Moreover, we dem-
onstrate that vCXCL1 binds to both of these receptors and is
highly efficacious in activating both CXCR1 and CXCR2 in
three different signal transduction assays including calcium
mobilization and chemotaxis. CXCR1 and CXCR?2 are highly
expressed in neutrophils, and this virally encoded chemokine
could have a role in the infectious life cycle of CMV by attract-
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CXCL5 and CXCL7 had affinities
between 500 and 125 num in heterol-
ogous binding experiments com-
pared with 15 and 1 nM in homo-
logous binding experiments. In
contrast to Ahuja et al. (29), how-
ever, we found that by performing heterologous competition
binding experiments, the affinities of these two chemokines for
CXCR2 were in the subnanomolar range (Table 1). We believe
that the differences between their results (lower binding affin-
ities) and our results arise in to the different arrangements of
our assays. Ahuja et al. used cells in suspension and separated
bound from unbound radioligand by pelleting cells through a
sucrose cushion. In contrast, we used adherent cells, which
were washed four times with a chemokine buffer with 0.5 m
NaCl.

Because CXCR1 is 77% identical to CXCR?2 at the amino acid
level, one has to consider that the affinities of the ELR-positive
chemokines for CXCR1 obtained from heterologous competition
binding experiments can be misleadingly low, as was the case for
CXCR?2 receptor. However, this cannot be tested in competition
binding experiments, because CXCLS8 is the only ligand with suf-
ficient affinity to be used as a radioligand for CXCR1. Therefore,
potencies from receptor activation studies, and not just affinities
from competition binding experiments, are crucial when deciding
whether a ligand targets a receptor or not.
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FIGURE 6. v€XCL1 or ELR-positive CXC chemokines induced chemotaxis
of L1.2 cells stably expressing either CXCR1 or CXCR2, but not of naive
L1.2 cells. A, chemotactic activities of L1.2 cells stably transfected with CXCR1
or CXCR2 toward vCXCL1 or different endogenous ELR-positive or negative
chemokines. ], vCXCL1;ll, CXCL8/IL-8; @, CXCL6/GCP-2; A, CXCL7/NAP-2;V,
CXCL5/ENA-78; A, CXCL1/GROq; V, CXCL2/GROfB; ¢, CXCL3/GROy; *,
CXCL11/I-TAC. The insets show the chemotactic activities of low efficacy
ligands and the negative control on more appropriate scales. The figure
shows one representative assay with S.E. as indicated (n = 3 for vCXCL1 and
CXCL8 and n = 2 for the rest of the ligands). B, chemotactic activities of naive
L1.2 cells toward vCXCL1 ([J) and CXCL12/SDF-1a (X). The inset shows the
chemotactic activity of vCXCL1 () on a scale from 0 to 50. The data show one
representative assay with S.E. as indicated (n = 2).

Importantly, the affinities of the endogenous human ELR-
positive CXC chemokines for both the CXCR1 and CXCR2
receptors (Table 1) were supported by the potencies obtained in
calcium mobilization experiments (Table 2) and the results
from two other receptor activation studies. CXCL7 was an
exception, because it had an affinity for CXCR1 in the nanomo-
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lar range but a potency in the submicromolar range. We are
unable to explain this finding, but it is unlikely to be due to the
use of a heterologous binding assay compared with the use of a
homologous binding assay. If that were the case, we would
expect lower affinities rather than lower potencies.

Furthermore the results obtained by calcium mobilization
experiments by other research groups are in agreement with the
results presented above (Fig. 4) (27, 29-33). In addition, the
reported chemotactic activities of the endogenous ELR-posi-
tive ligands for the CXCR1 and CXCR2 receptors are also com-
patible with the results presented above (Fig. 6) (31-35). Che-
motactic responses for CXCL2 and CXCL3 on CXCR1- and
CXCR2-expressing cells have not been reported before.

The Role of CXCRI and CXCR2 in Inflammation—CXCR1
and CXCR?2 have been found to be co-expressed in great num-
bers on neutrophils and also on other immune cells such as
monocytes, CD8+ T cells, and NK cells (6). No in vivo data are
available on the differential roles of CXCR1 and CXCR2 in the
immune system. However, two recent independent studies
using inflammatory lung models in lethally irradiated CXCR2
knock-out mice reconstituted with bone marrow from wild
type mice show that these mice have a surprisingly large defect
in their ability to recruit neutrophils (36) or mast cell progeni-
tors (37). These results suggest that CXCR2 expression in pul-
monary endothelial cells is important for transcellular migra-
tion of effector cells. Other studies have found expression of
CXCR2 only on microvascular endothelial cells (36, 38 —40)
in contrast to macrovascular endovascular cells (41-44).

vCXCL1, a Dual CXCRI1 and CXCR2 Agonist—In 1996
sequencing of CMV wild type isolates identified 22 additional
open reading frames of the CMV genome that had been deleted
from laboratory strains during passage (17). Based on the
deduced amino acid sequence of one of these open reading
frames, UL146 was predicted to encode a CXC chemokine with
an ELR epitope (Fig. 1). Our finding that the protein product of
UL146 targets CXCR1 and CXCR2 and none of the other
known chemokine receptors is consistent with the fact that all
human encoded CXC chemokines with the ELR motif exclu-
sively target one of or both of these two receptors. When the
amino acid sequence of vCXCL1 is aligned with those of the
human ELR-positive CXC chemokines, some differences are
noted. First, the viral chemokine has an extended C terminus,
which is glycosylated (Fig. 1) (16) like the extended C terminus
of lymphotactin. The C terminus lacks the glycosaminoglycan-
binding epitopes, BBXB (B being a basic residue), that is prom-
inent in the extended tails of CCL21/SLC, CCL28, CXCL9/
MIG, and CXCL12vy. Second, it has extended “30s-loop” and
“40s-loop” regions (Fig. 1). The conserved (P)GP motif in the
30s-loop of ELR-positive CXC chemokines has been shown to
be important for receptor binding (45), this motif is preserved
in the CMV UL146 gene product, and interestingly, a second
PGP motif is found in the extended 40s-loop of the CMV che-
mokine (Fig. 1, red box).

In a previous report Penfold et al. (16) found that the UL146
CMYV gene product activated and induced chemotaxis of neu-
trophils, which express both CXCR1 and CXCR2. On the basis
of binding studies only, on stable cell lines expressing either
CXCR1 or CXCR2, they concluded that vCXCL1 is a selective
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toward CXCR1 and CXCR2. Finally,
vCXCL1 has three glycosylation
sites in its extended C-terminal tail

o vCXCL1
CXCR1+2

N’

Neutrophil

CXCR1+2

FIGURE 7. A hypothetical function for the UL146 gene product vCXCL1 in CMV biology. A CMV-infected
endothelial cell expressing vCXCL1 recruits primary effector cells such as neutrophils and infect them. After
infection, the neutrophils carry the virus to and infect endothelial cells at other sites, thus ensuring a constant
pool of CMV-infected endothelial cells. For simplicity only CXCR1 and CXCR2 and no other chemokine recep-

(Fig. 1) (16), suggesting that the in
vivo form of this viral chemokine
may exert an increased biological
activity compared with the Esche-
richia coli recombinant form, as has
been demonstrated for the chemo-
kine lymphotactin (53).

One can only speculate as to why
the CMV virus has incorporated
a gene encoding a CXCR1 and
CXCR?2 agonist in its genome. One
could envision that CMV-infected

tors are shown on the neutrophils. Green circles, CMV-encoded vCXCL1; red circles, human ELR-positive chemo-

kines exemplified by CXCL8/IL-8.

CXCR?2 agonist that does not bind CXCR1. In contrast, here we
were able to demonstrate that vCXCL1 (44 nMm) binds to CXCR1
with equal affinities as CXCL6 (15 nm) and CXCL7 (8.2 nm)
(Fig. 3, left panels, and Table 1). Importantly, we were able to
confirm our binding results on the CXCR1 receptor with three
different receptor activation assays using three different cell
lines, which showed that the UL146 gene product indeed was
able to activate the CXCRI1 receptor at concentrations of
10-100 nMm with an EC,, in the submicromolar range (217 nm)
(Figs. 2, 4, 5, and 6 and Table 2). Although the potency of
vCXCL1 for CXCR1 was low, it was a surprisingly efficacious
ligand. Despite its high efficacy on CXCRI, the question arises
as to whether the low potency of vCXCL1 is physiologically
relevant for the activation of this receptor. It could very well be
the case that vCXCL1 is expressed in CMV-infected cells with
the sole purpose of activating CXCR2 and not CXCR1. How-
ever, before one dismisses the activation of CXCR1 with
vCXCL1 as biologically irrelevant, one has to consider some
lines of evidence that could point in the opposite direction.
First, it must be emphasized that it is not uncommon for
viral cytokine homologs to have lower affinities for a recep-
tor than their endogenous mammalian counterparts. For
instance, this has been shown to be the case for the Epstein-
Barr virus-encoded IL-10 homolog, which has a 1000-fold
lower affinity to the human IL-10 receptor than endogenous
IL-10 (46). Likewise, the HHV8-encoded IL-6 homolog has a
10-fold lower affinity to the human IL-6 receptor than
endogenous IL-6 (47). Similarly, poxvirus homologs of the
epidermal growth factor (EGF) have 10-1000-fold lower
affinities to the EGF receptor than endogenous EGF (48).
Importantly, in the latter study the viral EGF homologs were
shown to be more potent mitogens than their mammalian
counterparts because of attenuation of receptor degradation
leading to a sustained signal transduction. These results sug-
gest that viral homologs of human gene products can be
significantly different from their human counterparts.
Second, 177 sequences of the UL146 gene have been depos-
ited in GenBank™, and they display considerable variations in
the amino acid sequences, although the ELR motif seems to
be preserved (49 —52). Thus it is possible that variant UL146
genes encode proteins with different affinities and potencies
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endothelial cells express vCXCLI to

attract neutrophils, so they can act
as passive carriers for CMV (Fig. 7). In that way the virus could
maintain a pool of CMV-infected endothelial cells.
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