JOURNAL OF VIROLOGY, Aug. 2000, p. 6741-6747
0022-538X/00/$04.00+0

Vol. 74, No. 15

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Identification of a Gammaherpesvirus Selective Chemokine
Binding Protein That Inhibits Chemokine Action

VICTOR van BERKEL,' JOHN BARRETT,? H. LEE TIFFANY,> DAVED H. FREMONT,' PHILIP M. MURPHY,?

GRANT McFADDEN,*> SAMUEL H. SPECK,"'* axp HERBERT W. VIRGIN IV'#

Center for Immunology and Departments of Pathology and Immunology and Molecular Microbiology, Washington University School

of Medicine, St. Louis, Missouri'; Department of Microbiology and Immunology, University of Western Ontario,
and the J. P. Robarts Research Institute, London, Ontario, Canada® and Laboratory of Host Defenses,
National Institute of Allergy and Infectious Diseases, National Institutes
of Health, Bethesda, Maryland®

Received 17 December 1999/Accepted 24 April 2000

Chemokines are involved in recruitment and activation of hematopoietic cells at sites of infection and
inflammation. The M3 gene of YHV68, a gamma-2 herpesvirus that infects and establishes a lifelong latent
infection and chronic vasculitis in mice, encodes an abundant secreted protein during productive infection. The
M3 gene is located in a region of the genome that is transcribed during latency. We report here that the M3
protein is a high-affinity broad-spectrum chemokine scavenger. The M3 protein bound the CC chemokines
human regulated upon activation of normal T-cell expressed and secreted (RANTES), murine macrophage
inflammatory protein 1o (MIP-1t), and murine monocyte chemoattractant protein 1 (MCP-1), as well as the
human CXC chemokine interleukin-8, the murine C chemokine lymphotactin, and the murine CX;C chemo-
kine fractalkine with high affinity (K, = 1.6 to 18.7 nM). M3 protein chemokine binding was selective, since the
protein did not bind seven other CXC chemokines (K, > 1 pM). Furthermore, the M3 protein abolished
calcium signaling in response to murine MIP-1a and murine MCP-1 and not to murine KC or human stromal
cell-derived factor 1 (SDF-1), consistent with the binding data. The M3 protein was also capable of blocking
the function of human CC and CXC chemokines, indicating the potential for therapeutic applications. Since
the M3 protein lacks homology to known chemokines, chemokine receptors, or chemokine binding proteins,

these studies suggest a novel herpesvirus mechanism of immune evasion.

Chemokines are chemoattractant and immunomodulatory
molecules that play a central role in many inflammatory pro-
cesses (30). They are divided into four structural groups based
on the number and arrangement of conserved cysteines and
are consequently named CC, CXC, C, and CX;C chemokines.
CC chemokines generally regulate macrophages and lympho-
cytes; they include monocyte chemoattractant protein 1 (MCP-
1), macrophage inflammatory protein la (MIP-1a), and regu-
lated upon activation of normal T-cell expressed and secreted
(RANTES). CXC chemokines include interleukin-8 (IL-8),
monokine induced by gamma interferon (Mig), macrophage
inflammatory protein 2 (MIP-2), stromal cell-derived factor 1
(SDF-1), granulocyte chemotactic protein 2 (GCP-2), interfer-
on-inducible protein 10 (IP-10), B-cell-attracting chemokine
(BCA-1), and KC. While many CXC chemokines stimulate the
activity of neutrophils, some regulate lymphocytes. The only
members of the C and CX;C chemokine families are lympho-
tactin and fractalkine, respectively.

Given the importance of chemokines in the immune system,
it is not surprising that viruses have evolved mechanisms for
interacting with the chemokine system. Both poxviruses and
herpesviruses use two known strategies for interacting with the
chemokine system, one via virus-encoded chemokine receptor
homologs and one via virus-encoded chemokine homologs

* Corresponding author. Mailing address for Dr. Virgin: Depart-
ment of Pathology, Box 8118, 660 South Euclid Ave., St. Louis, MO
63110. Phone: (314) 362-9223. Fax: (314) 362-4096. E-mail: virgin
(@immunology.wustl.edu. Mailing address for Dr. Speck: Department
of Pathology, Box 8118, 660 South Euclid Ave., St. Louis, MO 63110.
Phone: (314) 362-0367. Fax: (314) 362-4096. E-mail: speck@pathbox
wustl.edu.

6741

(see, e.g., references 24 and 28; reviewed in references 16 and
19). An additional strategy, secretion of chemokine binding
proteins with novel structures, has been shown for poxviruses
but not to date for herpesviruses (see Discussion).

We considered the hypothesis that herpesviruses, like pox-
viruses, encode secreted chemokine binding proteins and
tested this hypothesis using murine YHV68. yHV6S is a gam-
ma-2 herpesvirus with homology to Epstein-Barr virus, herpes-
virus saimiri, and Kaposi’s sarcoma herpesvirus. YHV68 infects
laboratory mice and can be genetically manipulated (5, 31),
providing a unique tool for identifying host and viral factors
that regulate herpesvirus infection (reviewed in references 35
and 42). yYHV68 encodes a number of molecules that probably
interact with the host immune system. These include a ho-
molog of host G-protein-coupled receptors with strong homol-
ogy to the IL-8 receptor (40), a protein with homology to
poxvirus serpins (5, 31), a homolog of host D-type cyclins that
causes cell cycle progression in lymphocytes and is encoded by
an oncogene (39), and a homolog of host proteins that function
as regulators of complement activation (14). The presence of
these homologs suggests that YHV68 has multiple strategies
for subverting host cellular machinery and immune responses.

We recently described an abundant secreted protein en-
coded by the YHV68 M3 gene (38). The M3 genomic region is
transcribed during latency (32, 41), raising the intriguing pos-
sibility that a secreted protein could play a role in establish-
ment or reactivation from latency. Since the M3 protein is
secreted, we considered the possibility that it interacts with host
inflammatory cell receptors or cytokines. In this report, we
demonstrate that the M3 protein binds both mouse and human
chemokines (designated m and h chemokines, respectively)
with high affinity and blocks chemokine signaling. This dem-
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onstrates a novel third mechanism (in addition to encoding
chemokine receptors and chemokines) by which herpesviruses
interact with the chemokine system: secretion of a high-affinity
chemokine binding protein that inhibits chemokine action.

MATERIALS AND METHODS

Production of yYHV68-infected cell supernatants. Murine 3T12 fibroblast cells
were either mock infected or infected at a multiplicity of infection of 5 with
YHV68 (WUMS strain) in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS). After 1 h, the monolayer was
washed with phosphate-buffered saline (PBS), fresh DMEM containing 10%
FCS was added, and infection was allowed to proceed for 8 h at 37°C. The
monolayer was then washed with PBS, fresh DMEM without FCS was added,
and the infection was allowed to proceed for 20 h at 37°C. The culture super-
natant was passed through a 0.2-wm-pore-size filter and concentrated 120-fold at
4°C (Centriprep-10; Amicon, Inc., Beverly, Mass.). Concentrated supernatants
were centrifuged at 150,000 X g for 3 h to remove residual free virus and then
stored at 4°C. The concentration of the M3 protein was determined by densi-
tometry of silver-stained 12.5% acrylamide gels with known amounts of purified
bacterially expressed M3 protein (see below) as a standard. Densitometric com-
parison was performed with 1D Image Analysis software (Eastman Kodak Co.,
Rochester, N.Y.), and measurements were taken within the linear range of
densitometrically determined band intensities.

Cross-linking assay. The interaction of the M3 protein with various human
chemokines was detected using a chemical cross-linking assay as described pre-
viously (37). Briefly, yYHV68-infected cell supernatants were incubated with the
appropriate chemokine for 2 h at room temperature. After incubation, the
protein complexes were covalently cross-linked by the addition of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (Sigma, St. Louis, Mo.) to a final
concentration of 40 mM for 30 min at room temperature, and the reaction was
quenched by the addition of 1/10 volume of 1.0 M Tris (pH 7.5). Laemmli sample
buffer containing 2-mercaptoethanol (sample buffer) was added to the mixtures,
the samples were boiled for 3 min, separated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (12% polyacrylamide), and transferred to a nitro-
cellulose membrane for immunoblotting. M3 protein complexes were detected
by probing with a 1:5,000 dilution of anti-M3 polyclonal rabbit antiserum (Co-
calico, Reamstown, Pa.) and a 1:5,000 dilution of horseradish peroxidase-conju-
gated donkey anti-rabbit immunoglobulin G antibody.

Bacterial and baculovirus expression systems. The following primers were
used to amplify the genomic region of YHV68 corresponding to the secreted
form of the M3 protein (38), adding a Ndel site and six histidine residues at the
5" end and a Xhol site at the 3’ end: 5'-ACATATGCACCATCATCATCATC
ATCTTACTCTAGGTTTGGCACCTGCT-3" and 5'-ACTCGAGTCTACTAC
TAATGATCCCCAAAATACTCCAGCCT-3'. The 1,187-bp fragment was se-
quenced and cloned into pet30a(+), and recombinant protein was induced and
purified over a nickel column as specified by the manufacturer (Novagen, Mad-
ison, Wis.). For baculovirus expression, the full-length M3 open reading frame
was amplified using the following primers: 5'-AGCGGCCGCATGGCCTTCC
TATCCACATCTGTGCT-3' (inserting a NotI site 5" of the M3 start methio-
nine) and 5'-ACTCGAGTCTACTACTAATGATCCCCAAAATACTCCAGC
CT-3' (inserting a Xhol site 3’ of the M3 stop codon). The 1,244-bp fragment was
sequenced and cloned into the pFastBac vector, and recombinant baculovirus
was generated by the Bac-to-Bac baculovirus expression system method (Life
Technologies). A control B-galactosidase-expressing baculovirus was constructed
at the same time by using unmanipulated pFastBac vector containing the lacZ
gene. Supernatants from cells infected with the M3 protein-expressing and con-
trol baculoviruses were collected 4 days after infection of Sf9 cells, clarified by
centrifugation (200 X g) for 5 min, and then stored at 4°C. The M3 protein was
further purified by ion-exchange chromatography followed by size exclusion
chromatography. The H2M protein, an isoelectric point- and size-matched con-
trol protein, was purified through the use of a concavalin A column followed by
size exclusion chromatography (11).

Immunoprecipitation. Either 100 ul of yHV68-infected (M3 protein at ~3
M) or mock-infected 3T12 cell supernatants, or 100 wl of Sf9 cell supernatants
after infection with either M3 protein-expressing (M3 protein at ~500 nM) or
LacZ-expressing baculovirus, was incubated with 500 pmol of !**I-labeled
hRANTES or IL-5 (Amersham, Arlington Heights, Ill.) for 30 min at 4°C.
Samples were first immunoprecipitated by incubation with 3 wl of preimmune
rabbit serum for 60 min at 4°C followed by addition of 15 pl of protein A-con-
jugated agarose beads (Calbiochem, La Jolla, Calif.) and incubation for an
additional 120 min at 4°C. The beads were isolated by centrifugation for 15 min
at 7,000 X g, washed three times with 500 pl of phosphate buffered saline
containing 0.05% Tween 20, and resuspended in 20 ul of sample buffer (23).
Supernatants were subsequently incubated with 5 pl of serum from a rabbit
multiply immunized with bacterially expressed M3 protein and were then incu-
bated with 30 wl of protein A-conjugated agarose beads, which were recovered
and washed as above. Precipitated samples were resuspended in 20 pl of sample
buffer, separated on a 20% acrylamide gel, and analyzed by autoradiography.

Binding assays. Saturation analysis determination of the disassociation con-
stant for '*I-labeled hRANTES binding to M3 protein was performed as fol-
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lows. M3 protein (250 pmol) (as diluted yYHV68 infected cell supernatants) was
incubated with increasing amounts of >*I-labeled hRRANTES for 60 min. Bound
hRANTES was recovered by incubation with 5 ul of anti-M3 polyclonal anti-
serum, followed by incubation with 30 ul of protein A-conjugated agarose
beads, which were recovered and washed as described above. Precipitated
12I.hRANTES was resuspended in 1 ml of scintillation fluid, and the counts per
minute (cpm) were compared to the cpm of input radioactivity to determine the
amount of '»*I-hRANTES bound. Competitive inhibition with CC and CXC
chemokines was demonstrated by incubating 250 pmol of M3 protein with 500
pmol of '*I-hRANTES and increasing amounts of unlabeled chemokine or IL-5
and precipitating the hRANTES as above. Unlabeled IL-5 and chemokines were
purchased from R&D Systems, Minneapolis, Minn. All measurements were
determined in triplicate and repeated in at least two independent experiments.
The K, values were determined using the GraphPad Prism data analysis software
package (GraphPad Software, San Diego, Calif.).

Leukocyte preparation and intracellular calcium measurements. Human neu-
trophils were prepared from whole peripheral blood of healthy donors by Ficoll-
Hypaque discontinuous gradient centrifugation and dextran sedimentation fol-
lowed by hypotonic lysis of the remaining red blood cells. Murine leukocytes
were obtained from C57BL/6 mice by washing the peritoneal cavity 3 h (>90%
neutrophils) or 72 h (>90% macrophages) after instillation of thioglycolate.
hRANTES and m-fractalkine were tested on cell lines expressing CCRS5 (6) or
CX4CRI1 (7), respectively. Cells, at a concentration of 1.5 X 10° cells/ml, were
loaded with 2.5 pM Fura II-AM (Molecular Probes, Eugene, Oreg.) in PBS for
45 min at 37°C. The cells were washed twice with PBS and suspended in PBS at
a final concentration of 1.5 X 10° cells/ml. A 1-ml volume of cells was mixed with
1 ml of Hanks balanced salt solution for further analysis of calcium flux re-
sponses. The cuvette containing 2 ml of cells was continuously stirred at 37°C in
an MS-III ratio fluorescence spectrophotometer (Photon Technology Inter-
national, Inc., London, Ontario, Canada). The cells were stimulated with
RANTES, mMIP-1a, mMCP-1, hSDF-1, m-fractalkine, IL-8 (Peprotech, Rocky
Hill, N.J.), N-formyl-Met-Leu-Phe (fMLF) (Sigma), supernatants from insect
cells expressing M3 protein or LacZ protein, and/or 100 nM of purified M3
protein or purified H2M protein. The calcium flux response was measured
continuously every 200 ms as a relative fluorescence ratio of excitation at 340 nm
and 380 nm with emission at 510 nm.

RESULTS

The M3 protein binds chemokines. To detect chemokine
binding proteins in the supernatant from yHV68-infected cells,
supernatants were collected 24 h after YHV68 or mock infec-
tion, mixed with various chemokines, and chemically cross-
linked. Binding of proteins to the M3 protein was detected
after analysis by denaturing gel electrophoresis and Western
blotting with anti-M3 polyclonal antiserum (Fig. 1A). A super-
shifted M3 protein-containing complex was observed when
hRANTES, hMCP-1, or hIL-8 was added to supernatants from
vyHV68-infected cells. Similar complexes were not seen when
mock-infected supernatants were used (data not shown). To
further demonstrate that the M3 protein binds chemokines,
infected cell supernatants were incubated with 100 pmol of
'-hRANTES or '*I-IL-5 and immunoprecipitated with
polyclonal rabbit serum raised against bacterially expressed
M3 protein. '**I-hRANTES was precipitated by M3 protein-
specific antiserum, but not by preimmune antibody, from in-
fected cell supernatants but not from mock-infected superna-
tants (Fig. 1B). IL-5 was not precipitated from the YHV68
supernatants by anti-M3 antibody, demonstrating the specific-
ity of M3 protein binding to hRANTES. In addition, we as-
sayed supernatants harvested from Sf9 cells infected with bacu-
loviruses expressing either the M3 protein or B-galactosidase.
Anti-M3 protein antibody precipitated '**I-hnRANTES from
supernatants from cells infected with the M3 protein-express-
ing baculovirus but not the B-galactosidase-expressing baculo-
virus. Together, these experiments demonstrate that the
YHV68 M3 protein specifically binds hRANTES in the ab-
sence of other yHV68-encoded proteins. To measure the af-
finity of the interaction between the M3 protein and both
mouse and human chemokines, saturation binding and com-
petition experiments were performed using '**I-hRANTES.
The conditions of the assay were selected such that input M3
protein was quantitatively precipitated (data not shown). The
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FIG. 1. The M3 protein is capable of binding chemokines. (A) Infected cell
supernatants were incubated with various chemokines, cross-linked (with EDC),
and analyzed by immunoblotting with anti-M3 polyclonal antiserum. Uncom-
plexed M3 protein is present as the 44-kDa band, while a supershifted band
indicates M3 protein covalently complexed with the indicated chemokine. (B)
Coimmunoprecipitation of M3 protein and RANTES. Either 100 pl of yYHV68-
infected (V) or mock-infected (M) 3T12 cell supernatants or 100 pl of Sf9 cell
supernatants after infection with either M3 protein- or LacZ-expressing baculo-
virus (Bac) was incubated with 500 pmol of '*I-labeled human RANTES or
IL-5. Samples precipitated with preimmune sera are designated P, while those
precipitated with sera from a rabbit multiply immunized with bacterially ex-
pressed M3 protein are designated I. The first and sixth lanes (Input) contain 5
fmol of '*I-IL-5 or '*I-labeled human RANTES, respectively. (C) Saturation
binding and Scatchard analysis of M3 protein binding to '**I-labeled human
RANTES. The mean and standard error of the mean for specific binding of
triplicate samples is shown.

interaction of '*I-hRANTES and M3 protein was saturable
and of high affinity (K, = 1.6 = 0.12 nM) (Fig. 1C).

The M3 protein binds multiple CC chemokines, fractalkine,
and lymphotactin, but not murine CXC chemokines, with high
affinity. Competition for binding of '*I-hRANTES to M3 pro-
tein was used to determine if the M3 protein binds other

HERPESVIRUS CHEMOKINE BINDING PROTEIN 6743

chemokines and to determine the binding affinity of unlabeled
hRANTES, as well as several murine CC and CXC chemo-
kines. Preincubation of "*’I-hRANTES with increasing amounts
of the unlabeled CC chemokines hRANTES, mMCP-1, and
mMIP-1a led to dose-dependent inhibition of binding of **°1-
hRANTES to M3 protein (Fig. 2A), while increasing amounts
of unlabeled IL-5 had no effect (data not shown). Similar
competition experiments with m-fractalkine and m-lymphotac-
tin demonstrated that both of these chemokines bound with
high affinity (Fig. 2B). Interestingly, while the M3 protein
bound the human CXC chemokine IL-8 (Fig. 1, 2C), seven
murine CXC chemokines failed to efficiently compete for bind-
ing of "**I-hRANTES to the M3 protein (K, > 1.0 pM for all
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FIG. 2. Chemokine binding properties of the M3 protein. (A) Competitive
inhibition of '*I-RANTES binding to the M3 protein by CC chemokines. The
percentage of maximal binding (mean and standard error of the mean) refers to
binding in the absence of competitor (average value of maximal binding, 110,000
cpm). The K, values determined are indicated. (B) Competitive inhibition of
I2.RANTES binding to the M3 protein by C and CX;C chemokines. (C)
Competitive inhibition of '*I-RANTES binding to the M3 protein by CXC
chemokines.
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FIG. 3. M3 protein blockade of murine chemokine activity. Shown are changes in the relative fluorescence of Fura II-AM-loaded cells, which monitors intracellular
Ca?* concentration. Test substances were added where indicated at 100 nM, except for fMLF and ATP, which were added at 1 wM. H2M is a control protein which
was purified in a similar manner to M3; mFkn, m-fractalkine. Each tracing corresponds to the target indicated to the left of the row in which it is found. Each row of
tracings corresponds to the same target chemokine. Neutrophils and macrophages represent cells harvested from C57BL/6 mice 3 and 72 h after instillation of
thioglycolate. CX3CR1 represents a human embryonic kidney 293 cell line expressing human CX3CRI1. Data are representative of at least two separate experiments
for each chemokine. (a) KC; (b) mMIP-1c; (¢) fMLF and mMIP-1q; (d) mMCP-1 and SDF-1; (e) m-fractalkine.

seven [Fig. 2C]). These data show that the M3 protein binds
with high affinity to (i) the CC chemokines hARANTES, mMIP-
la, and mMCP-1, (ii) the murine C and CX;C chemokines
lymphotactin and fractalkine, and (iii) the CXC chemokine
hIL-8, but not the tested murine CXC chemokines.

The M3 protein blocks chemokine-mediated calcium flux.
To test the functional consequence of M3 protein chemokine
binding, we monitored calcium flux in human neutrophils,
mouse macrophages and neutrophils, and cell lines expressing
CCRS or CX;CRI1, stimulated with various chemokines. As a
control, we examined the effect of M3 on signaling by the
nonchemokine chemoattractant fMLF or ATP, which activate
G-protein-coupled receptors distinct from the chemokine re-
ceptors. The various chemokine receptors, as well as the fMLF
and ATP receptors, are coupled to calcium mobilization, which
can be monitored in real time in Fura II-AM-loaded cells. This
calcium mobilization is a proximal event in chemokine recep-
tor signaling.

Consistent with the fact that M3 does not appreciably bind
the CXC murine chemokine KC (Fig. 2C), addition of purified
M3 protein to murine neutrophils did not inhibit the ability of

KC to mobilize calcium (Fig. 3a). In contrast, the addition of
equivalent amounts of M3 protein completely abrogated cal-
cium mobilization in response to the murine CC chemokine
MIP-1a, while equimolar amounts of a similarly purified con-
trol protein (H2M) did not (Fig. 3b). This was not due to any
cytotoxic effects of the M3 protein, since signaling through the
fMLF pathway was maintained (Fig. 3c). Similarly, the M3
protein blocked the ability of mMCP-1 to mobilize calcium
within murine macrophages but did not block the function of
hSDF-1 (Fig. 3d). In addition, M3 prevented m-fractalkine
from inducing a calcium flux within a human embryonic kidney
293 cell line engineered to express human CX;CR1 (7). In
additional experiments, hRANTES induction of calcium flux
via activation of the hRANTES receptor CCRS, expressed in
human embryonic kidney 293 cells (6), was completely abol-
ished by pretreatment of the cells with M3 protein, whereas
little to no effect was observed on calcium signaling by ATP
through an endogenous nucleotide receptor (Fig. 4a). Simi-
larly, the M3 protein, when added to human neutrophils, was
able to specifically block the normal hIL-8-induced calcium
flux, whereas it did not affect signaling by fMLF (Fig. 4b). In
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FIG. 4. M3 protein blockade of human chemokine activity. Shown are changes in the relative fluorescence of Fura II-AM-loaded cells, which monitors intracellular
Ca?" concentration. (a) Addition of 100 nM M3 protein, 100 M H2M protein, 100 M hRANTES, or 1 uM ATP to a human embryonic kidney 293 cell line expressing
human CCRS. (b) Addition of 10 nM M3 protein, 100 nM H2M protein, 10 nM hIL-8, or 10 nM fMLF to human neutrophils. Data are representative of at least two

separate experiments for each chemokine.

both cases, the control protein (H2ZM) did not exhibit these
effects.

Together, these data show that M3 blocks signaling by both
human and murine chemokines in assays using both human
and mouse cells and that this blockade is restricted to chemo-
kines to which the M3 protein binds with high affinity (Table

1).

DISCUSSION

The coordination of leukocyte recruitment into sites of in-
fection is a critical aspect of the inflammatory response. Che-
mokines play a central role in this process through the activa-
tion and mobilization of macrophages, lymphocytes, dendritic
cells, natural killer cells, and granulocytes (21). Secretion of a
selective high-affinity chemokine binding protein by a herpes-
virus suggests that soluble chemokines play a central role in
herpesvirus infection. However, the selectivity pattern suggests
that some chemokines are either unimportant (and thus not
targeted for binding) or actually required for herpesvirus
pathogenesis. The selectivity with which M3 binds chemokines
suggests that M3 may have an application as an inhibitor of
specific inflammatory processes involved in human disease.
The demonstration that the experimentally manipulable gam-
ma-2 herpesvirus YHV68 expresses a functional high-affinity
chemokine scavenger opens an important new area of investi-
gation in which the functional importance of chemokines to
viral resistance can be explored using herpesvirus infection of
a natural host.

Comparison of poxvirus and herpesvirus chemokine bind-
ing proteins. While this is the first report of a herpesvirus
chemokine binding protein, there are two classes of known
secreted poxvirus chemokine binding proteins (16, 19). These
proteins are distinguished by the nature of their interactions

with chemokines and thus the mechanisms by which they func-
tion. Type I chemokine binding proteins (CBP-I) include M-T7
from myxoma virus and S-T7 from Shope fibroma virus. These
are 37-kDa members of the gamma interferon receptor family
(37) that bind CC, CXC, and C chemokines with relatively low

TABLE 1. M3 interactions with chemokines

Interaction with M3

Chemokine
Binding affinity” Inhibition of signaling”

CC family

hRANTES 9.4 nM Yes

mMCP-1 4.1nM Yes

mMIP-1a 6.4 nM Yes
CXC family

hIL-8 18.7 nM Yes

mKC >1 M No

hSDF-1 ND¢ No

mSDF-1 >1 M ND

mMIG >1 pM ND

mMIP-2 >1 M ND

mGCP-2 >1 pM ND

mCRG-2 >1 M ND

mBCA-1 >1 pM ND
C family

mLymphotactin 93nM ND
CX;C family

mFractalkine 12.1 nM Yes

“ See Fig. 2.

b See Fig. 3 and 4.

¢ ND, not determined.
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affinities (900 nM for hARANTES [16, 17, 19]) at the chemokine
glycosaminoglycan binding (GAG binding) domain. The GAG
binding domain of chemokines is thought to be involved in the
binding of chemokines to GAGs in the extracellular matrix,
thus allowing the establishment of stable gradients in tissue
(17, 19, 46).

The original member of the CBP-II family is the myxoma
virus M-T1 protein, and similar proteins have since been dis-
covered in a variety of orthopoxviruses (13, 33). These are 35-
to 40-kDa proteins without cellular homologs that bind CC
chemokines with high affinity (7.2 nM for hARANTES [2]). The
CBP-II family members bind chemokines at a site distinct from
the GAG binding domain and interfere with the ability of the
chemokine to signal through its receptor. Thus, both the site
on the chemokine to which the CBPs bind and the affinity of
the interaction distinguish the CBP-I and CBP-II families.

The M3 protein shares several characteristics with the pox-
virus CBP-II family. Similar to the CBP-II family, the M3
protein binds chemokines with high affinity. The M3 protein
also shares with the CBP-II family selective binding of CC
chemokines, although the CBP-II members described to date
have not shown any interactions with hIL-8 (2, 20, 33). It is
interesting to speculate that the binding of human hIL-8 by the
M3 protein suggests that M3 may bind as yet undescribed
murine CXC chemokines important to gammaherpesvirus in-
fection. Finally, both M3 protein and the CBP-II family pre-
vent interactions between chemokines and their receptors that
lead to signaling within the target cell (2).

Despite these functional similarities, there is no significant
amino acid sequence homology between the CBP-II family and
the M3 protein. The fact that these dissimilar viruses have
evolved two distinct proteins with similar biochemical and
functional activities highlights the importance of chemokines
to the antiviral immune response. In addition, the fact that two
different viral families have evolved high-affinity selective che-
mokine scavengers which are apparently unrelated at the pri-
mary sequence level argues for convergent evolution. This
strongly supports the idea that significant evolutionary selec-
tive pressure has been exerted over time by host chemokines.

Implications for gammaherpesvirus pathogenesis. While
both poxviruses and herpesviruses express high-affinity chemo-
kine binding proteins, the differences in pathogenesis between
poxviruses and herpesviruses raise the possibility that these
molecules may play different or overlapping roles in the patho-
genesis of these two distinct DNA viruses. Poxvirus chemokine
binding proteins are involved in regulating inflammation dur-
ing acute infection. Myxoma viruses deficient in production of
the CBP-I M-T7 show a dramatic reduction in disease symp-
toms and viral dissemination to secondary sites, and there is a
marked increase of leukocyte infiltration into the site of infec-
tion (25). Myxoma viruses deficient in CBP-II M-T1 have a
more subtle phenotype, with an increase in leukocyte infiltra-
tion but no significant difference in disease progression or
mortality (13, 18).

Limitation of inflammatory chemokine action during acute
infection may be similarly important for the pathogenesis of
disease caused by yYHV6S. However, the herpesviruses also
cause important chronic diseases including lymphomas and
arteritis of the great vessels (reviewed for YHV68 in references
35 and 42), providing a unique opportunity to study the role of
chemokines during chronic viral disease. For example, YHV68
causes a severe vasculitis of the great elastic arteries that is
characterized by significant mononuclear cell infiltration of
both the intima and adventitia of the great vessels (43), and
MCP-1 and hIL-8 (to which M3 protein binds) can trigger
adhesion of monocytes to damaged vascular endothelium. In
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addition, gammaherpesviruses have a unique relationship with
hematopoietic cells that is not shared with poxviruses. Unlike
poxviruses, gammaherpesviruses require hematopoietic cells
for latency and long-term persistence in the host. For example,
vYHV68 latently infects both B cells and macrophages (36, 45)
and B cells regulate the nature of YHV68 latency and reacti-
vation (44). Given this, it is worth noting that the region of the
genome encoding the M3 protein is transcriptionally active
during latency (32, 41) and that the binding of chemokines
by M3 protein is selective. M3 binds hIL-8, MCP-1, and
RANTES, all three of which are important for inducing in-
flammation (see, e.g., reference 12). In contrast, SDF-1 and
BCA-1, to which the M3 protein does not bind, are involved in
B-cell lymphopoeisis and trafficking, respectively (8, 22). Since
B cells and macrophages are latently infected by yYHVG6S, it
may be to the advantage of yYHV68 to limit the infiltration of
inflammatory cells by interacting with chemokines such as
hIL-8, MCP-1, or RANTES while retaining the differentiating
functions and homeostatic trafficking functions of SDF-1 and
BCA-1.

It is interesting that lymphotactin and fractalkine are bound
by the M3 protein. Little is known about the role of these
chemokines in viral infection; however, their binding by the M3
protein suggests that they may have important functions in the
host response to gammaherpesvirus infections.

It may be that gammaherpesviruses in general require selec-
tive activation and inhibition of specific parts of the chemokine
system. Signaling through chemokine receptors is probably an
important requirement for gammaherpesvirus pathogenesis,
since KSHV, HVS, and yHV68 all encode homologs of host
G-protein-coupled receptors with close homology to the hIL-8
receptor and since the HVS and KSHV homologs can signal
either constitutively or after binding chemokines (1, 3, 29).
Inhibition of specific aspects of chemokine signaling by KSHV,
while controversial (34), may well be accomplished by secret-
ing different chemokine homologs, some of which are agonists
and some of which are antagonists for specific host chemokine
receptors (4, 9, 10, 15, 26). Further studies of the YHV68 M3
protein, especially using mutants lacking the M3 protein, will
be required to elucidate the function of this novel protein in
modulating inflammation and in gammaherpesvirus pathogen-
esis and latency.
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ADDENDUM

While this paper was under review, Parry et al. published a
paper showing that the M3 protein binds a number of chemo-
kines, blocks chemokine interactions with cells, and prevents
chemokine signaling (27).
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