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The myxoma virus T7 protein M-T7 is a functional soluble gamma interferon receptor homolog that has
previously been shown to bind gamma interferon and inhibit its antiviral activities in a species-specific
manner, but gene knockout analysis has suggested a further role for M-T7 in blocking leukocyte influx into
infected lesions. We purified M-T7 to apparent homogeneity and showed that M-T7 is an N-linked glycoprotein
that appears to be a stable homotrimer with a molecular mass of approximately 113 kDa in solution. M-T7, in
addition to forming inhibitory complexes with rabbit gamma interferon, was also shown to bind to human
interleukin-8, a prototypic member of the chemokine superfamily. Moreover, M-T7 was able to interact
promiscuously with all members of the CXC, CC, and C chemokine subfamilies tested. Binding of human
RANTES to M-T7 can be competed by rabbit gamma interferon and also by cold RANTES competitor with a
50% inhibitory concentration of 900 nM. Although M-T7 retains binding to a number of interleukin-8
N-terminal (ELR) deletion mutants, binding to mutants containing deletions in the C-terminal heparin-
binding domain of interleukin-8 is abrogated. Furthermore, heparin effectively competes the interaction of
M-T7 with the chemokine RANTES but not with rabbit gamma interferon. We propose that this novel M-T7
interaction with members of the chemokine superfamily may be facilitated through the conserved heparin-
binding domains found in a wide spectrum of chemokines and that M-T7 may function by modulating

chemokine-glycosaminoglycan interactions in virus-infected tissues.

Myxoma virus is a poxvirus that induces a virulent systemic
lethal disease called myxomatosis in European rabbits (17).
Myxomatosis is characterized by generalized immunosuppres-
sion, as evidenced by a notable dysfunction of the host ac-
quired cellular immune response (30, 55). Like all poxviruses,
myxoma virus contains a large double-stranded DNA genome
with terminal inverted repeats and covalently closed hairpin
ends (34). While many genes that map to the central portion of
the genome are necessary for virus propagation, those that are
clustered near the termini tend to encode factors which are
nonessential for replication in tissue culture but confer viral
virulence in infected animals (7, 59).

It is becoming increasingly evident that poxviruses have
evolved a multitude of strategies to subvert the development of
the host inflammatory response, thereby fostering virus sur-
vival in the wild (31, 51, 52). Examples of these viral defense
mechanisms include interference with major histocompatibility
complex antigen presentation (33), inhibition of apoptosis (28,
44, 58), disruption of complement cascade (25), and inhibition
of cytokines (3, 6, 31, 43). In particular, poxviruses encode
specific gene products that have significant homology to cellu-
lar cytokine receptors and may function by sequestering the
host cytokine before it can interact with the cognate receptor.
To date, secreted poxvirus proteins which have homologies to
receptors of tumor necrosis factor (TNF) (60), alpha/beta in-
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terferon (IFN-o/B) (13, 56), interleukin-1B (IL-1B) (4, 53), and
IFN-y (61) have been identified. Additionally, two poxvirus
genes with sequence similarities to the genes of the serpentine
receptors for IL-8 have also been described (8, 29). The myx-
oma virus T7 protein M-T7 bears significant homology to the
ligand-binding domain of cellular IFN-y receptors (61). M-T7
is produced early in infection and is the most abundantly se-
creted protein from myxoma virus-infected cells. Previous
studies have demonstrated that M-T7 can bind to and inhibit
the biological activities of rabbit IFN-y (rIFN-y) with an af-
finity that is comparable to that of its cellular counterpart (36).

We have recently shown that M-T7 is a crucial virulence
factor in progression of myxomatosis in European rabbits (35).
Rabbits infected with a myxoma virus in which both copies of
the M-T7 open reading frame had been disrupted recovered
fully and displayed a vigorous and effective cellular immune
response to infection. In particular, the absence of M-T7 ex-
pression resulted in an elevation of reactive-leukocyte levels in
secondary lymphoid organs, contributing to efficient virus
clearance. Furthermore, dermal tissue surrounding sites of
wild-type virus infection showed a striking disruption of in-
flammatory cell migration, while tissues from a rabbit with an
M-T7 deletion virus infection showed this apparent blockade
of leukocyte infiltration to be relieved (35). Since it has yet to
be demonstrated that IFN-y blockading alone influences in-
flammatory cell trafficking, we speculated that M-T7 may per-
form additional functions apart from binding and inhibiting
rIFN-y.

The activation and recruitment of specialized leukocyte pop-
ulations to sites of viral infection and inflammation is largely
orchestrated by a growing superfamily of chemoattractant cy-
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tokines called chemokines (5, 46, 54). This superfamily of
proinflammatory molecules is divided into three subfamilies,
CXC, CC, and C, based on the number and spatial arrange-
ment of conserved cysteine residues. These designations also
loosely correlate with the target cell population to which they
impart their biological activity. For example, CXC chemokines
such as IL-8 are generally potent activators and chemoattrac-
tants of neutrophils but not monocytes. In contrast, CC che-
mokines such as RANTES (for “regulated on activation nor-
mal T-cell expressed and secreted”) have been shown to attract
and activate monocytes, basophils, eosinophils, and certain T
lymphocytes. Lymphotactin (Ltn), the sole member of the C
subfamily to date, appears to be a T-lymphocyte-specific che-
moattractant (23). Chemokines signal through cell surface re-
ceptors, all of which belong to the serpentine family of seven
transmembrane G-protein-coupled receptors and display var-
ious degrees of ligand and chemokine subfamily binding selec-
tivity (24, 37, 38).

To investigate a possible relationship between M-T7 and
other proinflammatory cytokines such as the chemokine fam-
ily, we purified M-T7 to homogeneity and characterized the
protein in vitro. We showed that, in addition to binding
rIFN-v, purified M-T7 interacts with multiple members of the
chemokine superfamily. Experiments using various NH,- and
COOH-terminal chemokine mutants suggest that this novel
activity may be facilitated through interactions between M-T7
and the conserved heparin-binding domains found in a wide
spectrum of chemokines.

MATERIALS AND METHODS

Cells and viruses. v-Myxlac, a derivative of myxoma virus (strain Lausanne)
containing a B-galactosidase marker gene, has been described elsewhere (42).
v-Myxlac was routinely propagated in baby green monkey kidney (BGMK) cells
(a gift from S. Dales, University of Western Ontario). BGMK cells were cultured
in Dulbecco’s minimal essential medium supplemented with 10% newborn calf
serum (Life Technologies, Gaithersburg, Md.).

Cytokines and chemokines. Recombinant murine IL-18 (mIL-1B), human
IL-2 (hIL-2), hIL-3, mIL-4, mIL-6, mIL-7, and mIFN-a were kindly donated by
Hsaing-fu Kung (Biological Response Modifiers Program), and recombinant
rIFN-y was a gift from Genentech Inc. (San Francisco, Calif.). Synthetic che-
mokines—hRANTES, full-length hIL-8[1-72], human monocyte chemoattrac-
tant protein-1 (hMCP-1), hMCP-3, human platelet factor 4, neutrophil-activat-
ing peptide 2, human melanoma growth-stimulatory activity, human IFN-y-
inducible protein, mLtn, and full-length rIL-8[1-79]—and chemokine truncation
mutant analogs—hIL-8[1-66], rIL-8[6-79], rIL-8[9-79], rIL-8[11-79], and rIL-
8[12-79]—were synthesized with fert-butoxycarbonyl chemistry on an Applied
Biosystems 430A peptide synthesizer as described elsewhere (11).

Purification of M-T7. v-Myxlac was adsorbed onto roller bottles containing
3 X 10® BGMK cells at a multiplicity of infection of 2.5 PFU for 3 h, washed with
phosphate-buffered saline (PBS), and incubated with serum-free Dulbecco’s
minimal essential medium at 37°C. After 18 h, the medium was harvested,
centrifuged at 10,000 X g for 1 h to remove virus and cellular debris, concen-
trated 10-fold with a stirred ultrafiltration cell (Amicon, Beverly, Mass.), and
dialyzed against 20 mM bis-Tris (Sigma Chemical Co., Mississauga, Ontario,
Canada) buffer, pH 6.0. M-T7 was purified from concentrated myxoma virus-
infected cellular supernatants by fast-performance liquid chromatography
(FPLC). Approximately 5 mg of concentrated supernatant was loaded onto a
Mono-Q HR5/5 (Pharmacia, Piscataway, N.J.) column that had been preequili-
brated with low-ionic-strength 20 mM bis-Tris buffer, pH 6.0. Proteins were
eluted from the anion-exchange column by increasing the salt concentration of
the elution buffer to 500 mM sodium chloride in a step gradient. Protein fractions
eluting between 120 and 175 mM sodium chloride were subjected to sodium
dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE) and
visualized by silver staining (18). Mono-Q fractions containing M-T7 were
pooled, dialyzed against PBS overnight, and loaded onto a PBS-equilibrated
Superdex 200 (Pharmacia) gel filtration column that had been precalibrated with
known molecular weight standards (Pharmacia). Eluted proteins were analyzed
by SDS-PAGE as above. Fractions containing purified M-T7 were pooled, con-
centrated fivefold with a Centriprep (Amicon) concentrator, and stored at 4°C.
Approximately 80 wg of M-T7 per mg of crude myxoma virus-infected cellular
supernatants was routinely fractionated.

Deglycosylation of M-T7. One microgram of M-T7 was resuspended in 100
mM sodium phosphate buffer, pH 7.0, and boiled for 10 min in the presence of
1% SDS. The denatured protein was then diluted by the addition of 100 mM
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sodium phosphate buffer (pH 7.0), 20 mM EDTA, 5% Triton X-100, and 1.1 mM
dithiothreitol and incubated with 0.2 U of N-glycosidase F (Boehringer Mann-
heim, Laval, Quebec, Canada) at 37°C. After overnight incubation, the reaction
products were dialyzed against sodium phosphate buffer, pH 7.0, concentrated to
the original volume with an Ultrafree microconcentrator (Millipore, Bedford,
Mass.), and analyzed by immunoblotting with an M-T7 antibody.

Sedimentation equilibrium studies. Analytical ultracentrifugation studies
were performed at 8,000 rpm in PBS at 20°C on a Beckman Spinco model E
analytical ultracentrifuge using absorbance optics. The molecular weight of
M-T7 was calculated as [2RT/(1 — vp)|{d(Iny/[w’d(r*)]} where R is the universal
gas constant; 7 is the temperature in Kelvin; v is the partial specific volume of the
protein; p is the solvent density; w is the angular velocity; and d(Iny)/d(r) is the
slope calculated from a plot of Iny versus 2, where y is the concentration in
absorbance units at 280 nm and r is the distance (in centimeters) from the axis
of rotation. A linear slope from the plot of Iny versus 7> (data not shown)
indicated that M-T7 behaves as a single uniform species in solution. On the basis
of amino acid composition alone, v was calculated to be 0.72. However, as M-T7
is glycosylated, v for the secreted glycoprotein was calculated to be 0.70 with the
formula (M,v, + M,v,)/(M, + M,), where M,v, and M,v, are the weights and
partial specific volumes of the protein and sugar components, respectively.

Gel mobility shift cross-linking assay. The interaction of M-T7 with various
cytokines was discovered with a chemical cross-linking assay as described previ-
ously (61). Briefly, purified M-T7 was incubated with the appropriate cytokine or
chemokine ligand for 2 h at room temperature. For competition binding studies,
increasing amounts of rabbit IFN-vy, unlabeled RANTES, or intestinal porcine
heparin (Sigma) competitors were incubated simultaneously with the ligands
used in the reaction. After incubation, the protein complexes were cross-linked
by the addition of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Sig-
ma) 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. SDS
loading buffer was added to the mixtures, the samples were boiled for 3 min and
subjected to SDS-12% PAGE, and the resulting protein complexes were ana-
lyzed by immunoblotting. For analysis of '>*I-labeled RANTES competition
assays, cross-linked complexes were analyzed by autoradiography and quanti-
tated on a Fujix BAS 1000 phosphorimager with the MacBAS program. The
relative affinity of M-T7 for RANTES was determined by measuring the 50%
inhibitory concentration (ICs,) of unlabeled RANTES required for displacement
of labeled RANTES in M-T7 cross-linking assays by a modification of a tech-
nique previously described (62, 63).

Immunoblotting analysis. M-T7 antiserum was prepared as described previ-
ously (35) except that rabbits were injected with FPLC column-purified M-T7
protein in Freund’s complete adjuvant. Polyclonal antiserum was further sub-
jected to affinity purification against an immobilized bacterially produced M-T7-
glutathione S-transferase (GST) fusion protein, as outlined elsewhere (35). De-
tection of M-T7 was performed by immunoblotting analysis as described
previously (48) except that the blots were incubated with a 1:5,000 dilution of
affinity-purified anti-M-T7 antibody for 1 h. Detection of RANTES-M-T7 com-
plexes by immunoblotting was performed in a similar manner with a 1:1,000
dilution of anti-human RANTES antibody (R&D Systems, Minneapolis, Minn.)
and a 1:5,000 dilution of horseradish peroxidase-conjugated donkey anti-goat
immunoglobulin G antibody (Jackson ImmunoResearch Laboratories, West
Grove, Pa.).

Solid-phase M-T7 binding assay. hRANTES was radiolabeled with '*°I (Du-
pont NEN, Mississauga, Ontario, Canada) by using Iodobeads (Pierce, Rock-
ford, Ill.) according to the manufacturer’s recommendations. Falcon 96-well
immunoplates were coated with 100 ng of purified M-T7 in 50 pl of PBS
overnight at 4°C. Wells were blocked with 5% skim milk powder in Tris-buffered
saline containing 0.2% Tween 20 for 4 h at room temperature and then incubated
with !'*I-labeled RANTES in 100 pl of blocking buffer for 2 h. Wells were
washed three times with Tris-buffered saline-0.2% Tween and removed, and
radiobound counts were measured on a Packard 5780 gamma counter. To de-
termine the specific binding of M-T7 to RANTES, nonspecific binding in the
presence of 50-fold excess cold RANTES was subtracted from total binding.

RESULTS

Purification and characterization of M-T7. To determine
whether M-T7 may have additional activities independent of
rIFN-vy binding, we purified M-T7 to homogeneity to further
characterize its biochemical properties in vitro. M-T7 protein
was purified from proteins secreted from myxoma virus-in-
fected cells by a two-step procedure using FPLC. As shown in
Fig. 1A, concentrated myxoma virus-infected-cell supernatants
were fractionated by anion-exchange and gel filtration chro-
matography with Mono-Q and Superdex 200 columns, and
protein fractions containing a prominent single species of ap-
proximately 37 kDa under denaturing conditions were de-
tected. To verify that the purified 37-kDa protein species is
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FIG. 1. Analysis of purified M-T7 glycoprotein. M-T7 was purified from crude supernatants of v-Myxlac-infected cells by column chromatography and analyzed by
silver staining (A) and immunoblotting (B). (A) Crude supernatants (lane 1) or pooled fractions containing 500 ng of M-T7 following Mono-Q (lane 2) and
Mono-Q-Superdex 200 (lane 3) column chromatography were subjected to SDS-12% PAGE and visualized by silver staining. (B) M-T7, as detected by immunoblotting
analysis with an affinity anti-M-T7 antibody, from crude myxoma virus supernatants (lane 1) or pooled fractions following Mono-Q (lane 2) and Mono-Q-Superdex
200 (lane 3) column chromatography. One microgram of purified M-T7 was incubated in the absence (lane 4) or presence (lane 5) of 1 pg of rabbit IFN-y and
cross-linked as outlined in Materials and Methods, and complexes were detected by immunoblotting following SDS-12% PAGE. M-T7 was deglycosylated by treatment
with N-glycosidase F (lane 6) as outlined in Materials and Methods. SDS-PAGE markers are shown on the right of each panel.

indeed the product of the myxoma virus T7 gene, the purified
M-T7 sample was subjected to immunoblotting with an anti-
M-T7 antibody that had been affinity purified by using a bac-
terially produced GST-T7 fusion protein. Immunoblotting
analysis revealed a major protein species of approximately 37
kDa and a smaller minor variant of approximately 35 kDa from
crude myxoma virus supernatants (Fig. 1B, lane 1). Identical
M-T7 isoforms were also detected from the pooled fractions
collected after both steps of the purification procedure (com-
pare lanes 1 through 3 in Fig. 1B). Similar SDS-PAGE profiles
have been detected with a previously described anti-M-T7 an-
tibody (35) prepared exclusively from a bacterially produced
T7-GST protein (data not shown). To determine if these iso-
forms were a result of alternate glycosylation states, purified
M-T7 was subjected to treatment with N-glycosidase F. Treat-
ment of M-T7 with this enzyme resulted in the deglycosylation
of the major 37-kDa M-T7 species to approximately 32 kDa
under denaturing conditions, whereas the minor 35-kDa form
of M-T7 appeared to be resistant to this treatment (Fig. 1B,
lane 6). These data indicate that although the major M-T7
species is N-glycosylated, the minor M-T7 isoform may be
posttranslationally modified by a different mechanism. Since
M-T7 from crude myxoma virus supernatants has previously
been shown to bind and inhibit rIFN-y (36, 61), we tested
whether the purified protein also retained this biological activ-
ity. Purified M-T7, when incubated with rIFN-y and cross-
linked, produced a shifted complex of approximately 53 kDa
(Fig. 1B, lane 5) as previously observed (35). Thus, the purified
protein is indeed M-T7, and it retains the biological property
of rIFN-y binding previously ascribed to this myxoma IFN-y
receptor homolog.

During the purification of M-T7 protein, it was noticed that
the native M-T7 species of an approximate molecular mass of
175 kDa migrated as a single species on gel filtration columns,
suggesting that M-T7 is an oligomeric species (data not
shown). To clarify the discrepancy between the protein’s ap-
parent molecular mass observed under denaturing conditions
and in nondenaturing gel filtration studies, the mass and oli-
gomeric status of the purified protein were assessed by mass
spectrometry and ultracentrifugation studies. According to

mass spectrometry, the calculated mass of M-T7 was 33.0 kDa
(data not shown). As the theoretical molecular mass of M-T7
is only 29.9 kDa, the difference is most likely due to the extent
of N-linked glycosylation. Sedimentation equilibration analysis
(see Materials and Methods) revealed that the purified native
M-T7 protein behaves as a single uniform species with a cal-
culated molecular mass of approximately 113 kDa (data not
shown). Based on this data, we predict that M-T7 likely exists
as a stable trimer in solution. This also suggests that the ap-
parent larger mass of M-T7 based on its behavior in Superdex
200 gel filtration chromatography is due to anomalous behav-
ior of the protein likely resulting from glycosylation and/or
structural asymmetry of the homotrimer.

Purified M-T7 protein binds to chemokines. Given the path-
ogenic profiles of rabbits infected with an M-T7 knockout
virus, we speculated that M-T7 may be capable of performing
additional biological functions apart from the binding and in-
hibition of rIFN-y (35). Using a gel mobility shift chemical
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FIG. 2. Purified M-T7 binds to rIFN-y and hIL-8 but not other cytokines
tested. One microgram of purified M-T7 was incubated alone (lane 1) or with 1
wg of the indicated cytokine (lanes 2 through 10) cross-linked as described in
Materials and Methods and analyzed by immunoblotting with an affinity-purified
anti-M-T7 antibody. SDS-PAGE markers are shown on the right, and arrows
indicating novel shifted M-T7-cytokine complexes are on the left.
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FIG. 3. M-T7 binds members of the CC, CXC, and C subfamilies of chemokines. (A) One microgram of purified M-T7 was incubated alone (lane 1) or with 1 pg
of the indicated chemokine (lanes 2 through 12) cross-linked and analyzed by immunoblotting as described in the legend to Fig. 2. The arrow indicates shifted
M-T7-chemokine complexes. hPF4, platelet factor 4; hIP-10, IFN-y-inducible protein; hNAP-2, neutrophil activating peptide 2; hMGSA, melanoma growth-stimulatory
activity. (B) Binding of RANTES to M-T7, as detected by anti-human RANTES antibody, can be competed by molar-excess amounts of rIFN-y. Stoichiometrically
equal amounts of M-T7 (lane 1) and hRANTES (lane 2) were incubated together in the absence (lane 3) or presence of 0.01X (lane 4), 0.1X (lane 5), or 1.0X (lane
6) molar-excess amounts of rIFN-vy cross-linked as described in the text and analyzed by immunoblotting with an anti-human RANTES antibody. SDS-PAGE markers

are shown on the right of each panel.

cross-linking assay, we investigated whether purified M-T7
could bind to other cytokines, which could help explain the
phenotype observed from the pathology of the deletion virus.
Although M-T7 demonstrates species specificity for rIFN-y
(36), we were limited to screening with human and murine
cytokines in our assays since many rabbit cytokines are unavail-
able. As shown in the immunoblot in Fig. 2, M-T7 protein did
not bind mIL-1B, hIL-2, hIL-3, mIL-4, mIL-6, mIL-7 (lanes 1
through 7), or mIFN-a (lane 9). However, we readily observed
a shifted complex between M-T7 and the human chemokine
IL-8 when these two proteins were incubated together (lane 8).
The retarded complex of approximately 50 kDa, as monitored
by SDS-PAGE, corresponds to the predicted size of the M-T7
monomer (37 kDa) binding to IL-8 (8 kDa) in a 1:1 stoichio-
metric ratio. Thus, this observation indicated that purified
M-T7 has the ability to bind to at least one other cytokine in

addition to rIFN-y and prompted us to investigate the speci-
ficity of this novel interaction.

To examine the specificity of M-T7 and chemokine interac-
tions, we investigated whether M-T7 could bind to members of
other chemokine subfamilies or whether this interaction was
restricted to the CXC subfamily, which includes IL-8. We
therefore tested the ability of M-T7 to bind to a variety of
chemokines using a gel shift assay similar to that described
above. As shown in Fig. 3A, M-T7 was found to interact with
all representative members of the CC subfamily (hRRANTES,
MCP-1, and MCP-3) (lanes 2 through 4), the CXC subfamily
(hIL-8, platelet factor 4, IFN-vy, inducible protein, neutrophil
activating peptide 2, and melanoma growth-stimulatory activ-
ity) (lanes 5 through 10), and the C subfamily (mLtn) (lane 11)
of chemokines. It appears, therefore, that M-T7 binds multiple
chemokines from the three chemokine subfamilies. Neither
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purified M-T2 (48) nor SERP-1 (27), both of which are soluble
myxoma virus glycoproteins, was able to bind '*I-labeled
RANTES (data not shown) under similar conditions, suggest-
ing that chemokine interactions are not a general property
exhibited by glycosylated poxvirus proteins. It has previously
been demonstrated that M-T7 displays species ligand selectiv-
ity by binding to rIFN-y but not to mIFN-y or hIFN-y (36).
The M-T7 interaction with chemokines, however, appears not
to display this selectivity, because M-T7 was able to bind to
rabbit, murine, and human chemotactic ligands (Fig. 3A and
data not shown). To examine if the shifted M-T7-containing
complexes shown in Fig. 3A reflect an interaction of the viral
protein with chemokines, we performed a parallel immunoblot
assay probed with an anti-human RANTES antibody. The
RANTES antibody did not cross-react with M-T7 when incu-
bated alone (Fig. 3B, lane 1). RANTES was detected as a
shifted complex of approximately 50 kDa when incubated with
a stoichiometrically equivalent amount of M-T7 but not when
incubated alone (compare lanes 2 and 3 in Fig. 3B). This
interaction of M-T7 with RANTES could be effectively com-
peted by the addition of molar-excess amounts of rIFN-y (Fig.
3B, lanes 4 through 6) but not by mIFN-y or hIFN-y (data not
shown), demonstrating that chemokine and rIFN-y binding
sites may overlap or may be shared.

To demonstrate that the binding of M-T7 with chemokines
is independent of cross-linking, we also performed solid-
phase binding assays in which the ability of radiolabeled
chemokines to bind to immobilized M-T7 was tested under
native conditions. Specific binding of radiolabeled RANTES
was observed when RANTES was incubated in the presence
of M-T7 (Fig. 4A), confirming the interactions between
M-T7 and chemokines demonstrated earlier by cross-linking
assays. This suggests that M-T7 interacts with the chemo-
kine RANTES in the absence of a cross-linker and under
physiological conditions with an apparent submicromolar
affinity. To obtain an approximate value for the affinity at
which chemokines bind M-T7, we next determined the ICs,
for displacement of '**I-labeled RANTES binding in M-T7
cross-linking shift assays. Under conditions of saturable
binding, we observed that the IC, for displacement of la-
beled RANTES was approximately 900 nM unlabeled RAN-
TES (Fig. 4B).

Purified M-T7 interacts with the heparin-binding domain of
chemokines. Chemokines are basic polypeptides which have
been proposed to interact with at least the N-terminal re-
gions of chemokine receptors that are rich in acidic residues
(22, 26). It has previously been demonstrated that an amino-
terminal domain preceding the first cysteine residue of IL-8,
the ELR motif, is essential for binding to IL-8-type recep-
tors (10, 12, 21). ELR deletion mutants of IL-8 are able to
neither bind their cognate receptors nor elicit a biological
response in target neutrophils. To determine whether the
ELR sequence of IL-8 may be a determinant for binding
M-T7, we tested the ability of M-T7 to bind to a variety of
IL-8 analogs containing successive deletions in the amino
terminus or an IL-8 analog that contained a partial deletion
in its carboxy terminus (Fig. 5SA). All amino-terminal-dele-
tion IL-8 mutants (Fig. SA, lanes 2 through 6) were able to
bind to M-T7, including the IL-8 analog in which the entire
ELR motif had been deleted (Fig. 5A, lane 6). Variations in
binding intensities observed may be due to the level of
cross-linking efficiency in this experimental assay. This data
indicates that, although required for binding to CXCR1 and
CXCR2 cellular chemokine receptors, the amino-terminal
region of IL-8 is not necessary for M-T7 binding.

In addition to binding specifically to their receptors, chemo-
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FIG. 4. Solid-phase (A) and self-competition cross-linking (B) binding assays
of M-T7 to '*I-labeled RANTES. (A) Results of a representative experiment
performed in triplicate of solid-phase binding of '**I-labeled RANTES to M-T7
(solid circles) or control (open circles) as described in Materials and Methods.
(B) Determination of the RANTES concentration required to displace 50% bind-
ing of '*I-labeled RANTES to M-T7. The amounts of '*’I-labeled RANTES
bound to M-T7 were quantitated by phosphorimaging after cross-linking assays
and plotted against the amounts of increasing cold RANTES competitor. From
the graph, the ICs, of RANTES for M-T7 was determined to be approximately
0.9 uM.

kines interact with glycosaminoglycans such as heparin and
heparan sulfate (64) through an «-helix at the carboxy ter-
minus. This interaction is thought to facilitate chemokine
localization to the endothelial wall, generating a solid-phase
gradient for leukocyte trafficking along the vasculature (45).
An hIL-8 partial C-terminal truncation analog, hIL-8§[1-66],
which displays a markedly lower heparin affinity (64) than
does its full-length counterpart, was unable to bind M-T7
(compare lanes 7 and 8 in Fig. 5A). We have also observed
that M-T7 is not able to bind to the hIL-8[4-52] analog (data
not shown), which lacks the complete COOH-terminal a-he-
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FIG. 5. M-T7 binds to rIL-8 containing N-terminal deletions but is unable to
bind to an hIL-8 C-terminal-deletion mutant. (A) One microgram of purified
M-T7 was incubated alone (lane 1) or with 1 pg of the indicated mutant (lanes
2 through 8) cross-linked as described in the text; binding complexes were
analyzed by immunoblotting with an anti-M-T7 antibody. (B) Heparin competes
binding of M-T7 to RANTES but not to rIFN-y. One microgram of M-T7 was
incubated alone (lane 1) or with 1 ug of either hRANTES (lanes 3 through 8) or
rIFN-y (lanes 9 and 10) in the absence (lanes 1, 3, and 9) or presence (lanes 2,
4 through 8, and 10) of increasing amounts of heparin, cross-linked as described
in the text and analyzed by immunoblotting with an anti-M-T7 antibody. Arrows
to the left of each panel show M-T7-chemokine complexes, and SDS-PAGE
markers are indicated on the right.

lix and displays no heparin binding (64). These results indi-
cate that M-T7 binds IL-8, and possibly other chemokines,
via the COOH-terminal domain, suggesting that this soluble
viral protein may be interacting with these chemotactic li-
gands in a heparin-like fashion. To confirm this, heparin
competition studies were performed. Increasing mass ratios
of heparin effectively competed the binding of M-T7 with
RANTES (Fig. 5B, lanes 3 through 8), whereas the addition
of heparin had no effect on the interaction of M-T7 with
rIFN-vy (Fig. 5B, lanes 9 and 10). Addition of heparin to our
assays itself did not appear to alter M-T7 mobility (Fig. 5B,
lanes 1 and 2). Collectively, this data suggests that M-T7
may interact with the heparin-binding region found in a
variety of chemokines of the CXC, CC, and C classes.
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DISCUSSION

The proper recruitment and activation of specialized leuko-
cyte subsets to sites of viral infection constitute a pivotal
component of the host defense for efficient clearance of a path-
ogen. Viruses, therefore, have coevolved multiple anti-inflam-
matory mechanisms in an attempt to circumvent the arsenal
of the host’s primary defense systems (32, 51, 52). Poxviruses
encode a variety of gene products that target the cytokine
machinery that regulates the earliest stages of the inflamma-
tory response. These include inhibitors of cytokine synthesis,
release, and signal transduction, as well as a variety of cytokine
receptor homologs (43). Viral mimics of cytokine receptors
have been shown to function by binding to their respective
ligands with high affinity and preventing normal cytokine—cel-
lular-receptor interactions. There is also increasing evidence of
poxviral virulence factors that may have multiple biological
properties that cannot be predicted from conventional se-
quence analysis. For example, the myxoma virus TNF receptor
homolog, M-T2, also blocks apoptosis in myxoma virus-in-
fected rabbit lymphocytes by a mechanism that appears to be
independent of its extracellular TNF-a binding property (28,
49). Also, a glycoprotein secreted by tanapox virus has previ-
ously been shown capable of binding three distinct cytokines,
IFN-vy, IL-2, and IL-5 (16). In the case of M-T7, sequence
analysis was used to predict its demonstrated function as a
soluble IFN-vy receptor (36, 61). Although, IFN-y does indeed
appear to be a major target for the biological activity of M-T7
in vitro, the pathogenic profiles of rabbits infected with M-T7
deletion viruses indicate that M-T7 may be a multifunctional
virulence factor (35). Here we report a new activity for purified
M-T7 apart from binding and inhibiting rabbit IFN-vy, namely,
promiscuous interaction with members of the chemokine su-
perfamily.

Chemokines appear to be of paramount importance in the
early host response to viruses (14, 50). Viral proteins dedicated
to subverting these proinflammatory mediators would there-
fore be expected. Several virus chemokine receptor homologs
with sequence similarity to seven-transmembrane-type cellular
receptors have been identified (2, 39, 47). These include the
gene products encoded by cytomegalovirus US28 (9, 40, 47);
herpesvirus saimiri ECRF3 (1, 41); human herpesvirus-6
UL78, U12, and U51 (19); equine herpesvirus-2 74 and E1
(57); and two poxviruses, swinepox virus K2R (29) and capri-
pox virus Q2/3L (8). Although both US28 and ECRF3 have
been shown to be functional signaling receptors by binding
multiple CC and CXC chemokines, respectively, their roles in
viral pathogenesis remain unclear. Sequence analysis of M-T7,
however, indicates no homology to any of the extracellular
regions of any chemokine receptors identified to date. Consid-
ering that M-T7 is a soluble protein with significant amino acid
similarity to the extracellular ligand-binding region of cellular
IFN-v receptors, we hypothesize that its interaction with che-
mokines would thus be distinct from the interaction of chemo-
kines with their cognate cellular receptors.

Given that rIFN-y specifically competes for RANTES bind-
ing to M-T7 (Fig. 3B), it is possible that the two ligands have
identical or overlapping M-T7 binding sites. Alternatively, a
conformation change in the M-T7-IFN-y complex could oc-
clude the chemokine-binding domain of M-T7, although this
remains to be determined by further studies which map the
domains of chemokine and rIFN-y binding. Note that the
ability to bind to chemokines does not appear to be a biochem-
ical property shared by all poxviral IFN-y homologs. The
IFN-vy receptor homolog from vaccinia virus (strain WR) was
unable to form cross-linked complexes with radiolabeled che-
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mokines in similar binding assays (20). We have also recently
identified another family of poxvirus-secreted chemokine bind-
ing proteins that are distinct from M-T7. Like M-T7, the M-T1
family of 35-kDa poxvirus proteins binds both CXC and CC
chemokines, although the biochemical mechanism of this in-
teraction remains to be demonstrated (20).

Native M-T7 is shown to be a trimer that is N glycosylated,
but further investigations are needed to determine whether the
carbohydrate moieties of this glycoprotein are important for
the interaction. Several lines of evidence suggest that the bind-
ing of M-T7 with the chemokines described here may be anal-
ogous to the interactions between chemokines and heparin.
Firstly, unlike most chemokine receptors that have been iden-
tified, M-T7 binds promiscuously to members of all three che-
mokine subfamilies tested, suggesting that a common con-
served structural motif is involved. Secondly, chemokines with
a partial deletion in the COOH-terminal a-helix, which dis-
played decreased affinity for binding heparin in previous work,
were also unable to interact with M-T7 in our studies. In
contrast, N-terminal determinants that dictate CXC chemo-
kine binding, such as the ELR motif, are not essential for M-T7
binding. Thirdly, heparin acts as a specific competitor for dis-
placing the binding of chemokines to M-T7. We propose, there-
fore, that this novel M-T7 activity may be facilitated through
the o-helix heparin-binding region commonly found within
multiple chemokines.

The biochemical characteristics of M-T7-chemokine inter-
actions suggest that the M-T7 protein alone might not effec-
tively occlude chemokine receptor triggering. However, it is
still plausible that M-T7 could perturb chemokine localization
in the extracellular matrix and/or affect the correct presenta-
tion of chemokines to target leukocytes, neither of which can
be readily monitored with current in vitro chemotaxis assays.
Consistent with this hypothesis is the data demonstrating a
submicromolar affinity between RANTES and M-T7, a value
reported similarly for chemokine-glycosaminoglycan interac-
tions (65). Given the prodigious quantity of M-T7 secreted
from an infected cell, in excess of 107 molecules/cell/h (36), we
propose that M-T7 is an ideal candidate for interaction with
multiple classes of chemokines in virus-infected tissues. A sim-
ilar role as a chemokine sink has also been proposed for a
nonsignaling chemokine receptor found on the surfaces of
erythrocytes (15). Nevertheless, the dramatic effect of M-T7
loss on leukocyte migration in myxoma virus-infected tissues
suggests that further studies to define the in vivo relationship
between extracellular M-T7 protein and the activities of che-
mokines that mediate leukocyte influx into virus-infected tis-
sues are warranted.

ACKNOWLEDGMENTS

AS.L. and K.M. were both supported by studentships from the
Alberta Heritage Foundation for Medical Research (AHFMR) and
K.M. by the Medical Research Council (MRC) of Canada. G.M. is a
Medical Scientist of the AHFMR and MRC; D.K. and I.C.-L. are both
supported by career awards from the MRC of Canada. This work was
supported by an operating grant (to G.M.) from the National Cancer
Institute of Canada.

We thank R. Maranchuck and Louling Xu for excellent technical
assistance, Les Hicks and Cyril Kay for ultracentrifugation data, and
Paul Semchuk for help with the mass spectrometry data collection.

REFERENCES

1. Ahuja, S., and P. M. Murphy. 1993. Molecular piracy of mammalian inter-
leukin-8 receptor type B by herpesvirus saimiri. J. Biol. Chem. 268:20691—
20694.

2. Ahuja, S. K., J. L. Gao, and P. M. Murphy. 1994. Chemokine receptors and
molecular mimicry. Immunol. Today 15:281-287.

10.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

J. VIROL.

. Alcami, A,, and G. L. Smith. 1995. Cytokine receptors encoded by poxvi-

ruses: a lesson in cytokine biology. Immunol. Today 16:474-478.

. Alcami, A., and G. L. Smith. 1992. A soluble receptor for interleukin-13

encoded by vaccinia virus: a novel mechanism of virus modulation of the host
immune response to infection. Cell 71:153-167.

. Baggiolini, M., B. Dewald, and B. Moser. 1994. Interleukin-8 and related

chemotactic cytokines—CXC and CC chemokines. Adv. Immunol. 55:97-
179.

. Barry, M., and G. McFadden. Virokines and viroceptors. In J. S. Friedland

and D. G. Remick (ed.), Cytokines in health and disease, in press. Dekker,
New York, N.Y.

. Buller, R. M. L., and G. J. Palumbo. 1991. Poxvirus pathogenesis. Microbiol.

Rev. 55:80-122.

. Cao, J. X, P. D. Gershon, and D. N. Black. 1995. Sequence analysis of

HindIIT Q2 fragment of capripoxvirus reveals a putative gene encoding a
G-protein coupled chemokine receptor homologue. Virology 209:207-212.

. 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.

Clark-Lewis, L., B. Dewald, M. Loetscher, B. Moser, and M. Baggiolini. 1994.
Structural requirements for interleukin-8 function identified by design of
analogs and CXC chemokine hybrids. J. Biol. Chem. 269:16075-16081.

. Clark-Lewis, 1., B. Moser, A. Walz, M. Baggiolini, G. J. Scott, and R.

Aebersold. 1991. Chemical synthesis, purification and characterization of two
inflammatory proteins, neutrophil activating peptide-1 (interleukin-8) and
neutrophil activating peptide-2. Biochemistry 30:3128-3135.

Clark-Lewis, L., C. Schumacher, M. Baggiolini, and B. Moser. 1991. Struc-
ture-activity relationships of interleukin-8 determined using chemically syn-
thesized analogs. Critical role of NH2-terminal residues and evidence for
uncoupling of neutrophil chemotaxis, exocytosis, and receptor binding activ-
ities. J. Biol. Chem. 266:23128-23134.

. Colamonici, O. R., P. Domanski, S. M. Sweitzer, A. Larner, and R. M. L.

Buller. 1995. Vaccinia virus B18R gene encodes a type 1 interferon-binding
protein that blocks interferon alpha transmembrane signalling. J. Biol.
Chem. 270:15974-15978.

Cook, D. N., M. A. Beck, T. M. Coffman, S. L. Kirby, J. F. Sheridan, 1. B.
Pragnell, and O. Smithies. 1995. Requirement of MIP-1a for an inflamma-
tory response to viral infection. Science 269:1583-1585.

Darbonne, W. C., G. C. Rice, M. A. Mohler, T. Apple, C. A. Hebert, A. J.
Valente, and J. B. Baker. 1991. Red blood cells are a sink for interleukin 8,
a leukocyte chemotaxin. J. Clin. Invest. 88:1362-1369.

Essani, K., S. Chalasani, R. Eversole, L. Beuving, and L. Birmingham. 1994.
Multiple anti-cytokine activities secreted from tanapox virus-infected cells.
Microb. Pathog. 17:347-353.

Fenner, F., and F. N. Ratcliffe. 1965. Myxomatosis. Cambridge University
Press, Cambridge, United Kingdom.

Garfin, D. 1990. One-dimensional gel electrophoresis. Methods Enzymol.
182:425-441.

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

Graham, K., A. S. Lalani, M. Barry, J. L. Macen, T. L. Ness, L.-Y. Liu, A.
Lucas, L. Clark-Lewis, R. W. Moyer, and G. McFadden. 1997. The T1/35kDa
family of poxvirus secreted proteins bind chemokines and modulate leuko-
cyte influx into virus infected tissues. Virology 229:12-24.

Hebert, C. A, R. V. Vitangcol, and J. B. Baker. 1991. Scanning mutagenesis
of interleukin-8 identifies a cluster of residues required for receptor binding.
J. Biol. Chem. 266:18989-18994.

Holmes, W. E., J. Lee, W. J. Kuang, G. C. Rice, and W. I. Wood. 1991.
Structure and functional expression of a human interleukin-8 receptor. Sci-
ence 253:1278-1280.

Kelner, G. S., J. Kennedy, K. B. Bacon, S. Kleyensteuber, D. A. Largaespada,
N. A. Jenkins, N. G. Copeland, J. F. Bazan, K. W. Moore, T. J. Schall, and
A. Zlotnik. 1994. Lymphotactin: a cytokine that represents a new class of
chemokine. Science 266:1395-1399.

Kelvin, D. J., D. F. Michiel, J. A. Johnston, A. R. Lloyd, H. Sprenger, J. J.
Oppenheim, and J. M. Wang. 1993. Chemokines and serpentines—the mo-
lecular biology of chemokine receptors. J. Leukocyte Biol. 54:604-612.
Kotwal, G. J., and B. Moss. 1988. Vaccinia virus encodes a secretory
polypeptide structurally related to complement control proteins. Nature
335:176-178.

LaRosa, G. J., K. M. Thomas, M. E. Kaufmann, R. Mark, M. White, L.
Taylor, G. Gray, D. Witt, and J. Navarro. 1992. Amino terminus of the
interleukin-8 receptor is a major determinant of receptor subtype specificity.
J. Biol. Chem. 267:25402-25406.

Macen, J. L., C. Upton, N. Nation, and G. McFadden. 1993. SERP1, a serine
proteinase inhibitor encoded by myxoma virus, is a secreted glycoprotein that
interferes with inflammation. Virology 195:348-363.

Macen, J. L., K. A. Graham, F. L. Siow, M. Schreiber, L. K. Boshov, and G.
McFadden. 1996. Expression of the myxoma virus tumor necrosis factor
receptor homologue and M11L genes is required to prevent virus-induced



VoL. 71, 1997

29.

30.

31
32.
33.
34,

35.

36.

37.
38.
39.

40.

41.

42.

43.

44.

45.
46.

47.

apoptosis in rabbit T lymphocytes. Virology 218:232-237.

Massung, R. F., V. Jayarama, and R. W. Moyer. 1993. DNA sequence
analysis of conserved and unique regions of swinepox virus—identification of
genetic elements supporting phenotypic observations including a novel G-
protein coupled receptor homologue. Virology 197:511-528.

McFadden, G. 1994. Rabbit, hare, squirrel and swine poxviruses, p. 1153—
1160. In R. Webster and A. Granoff (ed.), Encyclopedia of virology. Aca-
demic Press, San Diego, Calif.

McFadden, G. (ed.). 1995. Viroceptors, virokines and related immune mod-
ulators encoded by DNA viruses. R. G. Landes Company, Austin, Tex.
McFadden, G., K. Graham, and M. Barry. 1996. New strategies of immune
modulation by DNA viruses. Transplant. Proc. 28:2085-2088.

McFadden, G., and K. Kane. 1994. How DNA viruses perturb functional
MHC expression to alter immune recognition. Adv. Cancer Res. 63:117-209.
Moss, B. 1990. Poxviridae and their replication, p. 2079-2111. In B. N. Fields
and D. M. Knipe (ed.), Virology, 2nd ed. Raven Press, New York, N.Y.
Mossman, K., P. Nation, J. Macen, M. Garbutt, A. Lucas, and G. McFadden.
1996. Myxoma virus M-T7, a secreted homolog of the interferon-y receptor,
is a critical virulence factor for the development of myxomatosis in European
rabbits. Virology 215:17-30.

Mossman, K., C. Upton, and G. McFadden. 1995. The myxoma virus-soluble
interferon-gamma receptor homolog, M-T7, inhibits interferon-gamma in a
species-specific manner. J. Biol. Chem. 270:3031-3038.

Murphy, P. M. 1996. Chemokine receptors: structure, function and role in
microbial pathogenesis. Cytokine Growth Factor Rev. 7:47-64.

Murphy, P. M. 1994. The molecular biology of leukocyte chemoattractant
receptors. Annu. Rev. Immunol. 12:593-633.

Murphy, P. M. 1994. Molecular piracy of chemokine receptors by herpesvi-
ruses. Infect. Agents Dis. 3:137-154.

Neote, K., D. DiGregorio, J. Y. Mak, R. Horuk, and T. J. Schall. 1993.
Molecular cloning, functional expression, and signalling characteristics of a
C-C chemokine receptor. Cell 72:415-425.

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.

Opgenorth, A., K. Graham, N. Nation, D. Strayer, and G. McFadden. 1992.
Deletion analysis of two tandemly arranged virulence genes in myxoma virus,
M11L and myxoma growth factor. J. Virol. 66:4720-4731.

Pickup, D. J. 1994. Poxviral modifiers of cytokine responses to infection.
Infect. Agents Dis. 3:116-127.

Ray, C. A, R. A. Black, S. R. Kronheim, T. A. Greenstreet, P. R. Sleath, G. S.
Salvenson, and D. J. Pickup. 1992. Viral inhibition of inflammation: cowpox
virus encodes an inhibitor of the interleukin-18 converting enzyme. Cell
69:597-604.

Rot, A. 1992. Endothelial cell binding of NAP-1/IL-8: role in neutrophil
emigration. Immunol. Today 13:291-294.

Schall, T. J. 1994. The chemokines, p. 419-460. In A. Thompson (ed.), The
cytokine handbook, 2nd ed. Academic Press, New York, N.Y.

Schall, T. J., B. Stein, G. Gorgone, and K. B. Bacon. 1995. Cytomegalovirus
encodes a functional receptor for C-C chemokines, p. 201-210. In G. Mc-
Fadden (ed.), Viroceptors, virokines and related immune modulators en-
coded by DNA viruses. R. G. Landes Company, Austin, Tex.

CHEMOKINE BINDING PROPERTIES OF MYXOMA VIRUS T7

48.

49.

50.
51
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

4363

Schreiber, M., K. Rajarathnam, and G. McFadden. 1996. Myxoma virus T-2
protein, a tumor necrosis factor (TNF) receptor homolog, is secreted as a
monomer and dimer that each bind rabbit TNF-«, but the dimer is a more
potent TNF inhibitor. J. Biol. Chem. 271:13333-13341.

Schreiber, M., L. Sedger, and G. McFadden. 1997. Distinct domains of
M-T2, the myxoma virus tumor necrosis factor (TNF) receptor homolog,
mediate extracellular TNF binding and intracellular apoptosis inhibition.
J. Virol. 71:2171-2181.

Smith, G. L. 1996. Virus proteins that bind cytokines, chemokines or inter-
ferons. Curr. Opin. Immunol. 8:467-471.

Smith, G. L. 1994. Virus strategies for evasion of the host response to
infection. Trends Microbiol. 2:81-88.

Spriggs, M. K. 1996. One step ahead of the game: viral immunomodulatory
molecules. Annu. Rev. Immunol. 14:101-130.

Spriggs, M. K., D. E. Hruby, C. R. Maliszewski, D. J. Pickup, J. E. Sims,
R. M. Buller, and J. VanSlyke. 1992. Vaccinia and cowpox viruses encode a
novel secreted interleukin-1-binding protein. Cell 71:145-152.

Springer, T. A. 1995. Traffic signals on endothelium for leukocyte recircu-
lation and leukocyte emigration. Annu. Rev. Physiol. 57:827-872.

Strayer, D. S. 1989. Poxviruses, p. 173-192. In S. Specter, M. Bendinelli, and
H. Friedman (ed.), Virus-induced immunosuppression. Plenum Press, New
York, N.Y.

Symons, J. A., A. Alcami, and G. L. Smith. 1995. Vaccinia virus encodes a
soluble type I interferon receptor of novel structure and broad species
specificity. Cell 81:551-560.

Telford, E. A., M. S. Watson, H. C. Aird, J. Perry, and A. J. Davison. 1995.
DNA sequence of equine herpesvirus 2. J. Mol. Biol. 249:520-528.

Tewari, M., W. G. Tilford, R. A. Miller, and V. M. Dixit. 1995. Crm A, a
poxvirus-encoded serpin, inhibits cytotoxic T-lymphocyte mediated apopto-
sis. J. Biol. Chem. 270:22705-22708.

Turner, P. C., and R. W. Moyer. 1990. The molecular pathogenesis of
poxviruses. Curr. Top. Microbiol. Immunol. 163:125-151.

Upton, C., J. L. Macen, M. Schreiber, and G. McFadden. 1991. Myxoma
virus expresses a secreted protein with homology to the tumor necrosis factor
receptor gene family that contributes to viral virulence. Virology 184:370—
382.

Upton, C., K. Mossman, and G. McFadden. 1992. Encoding of a homolog of
the IFN-gamma receptor by myxoma virus. Science 258:1369-1372.

Van Riper, G., S. Siciliano, P. A. Fischer, R. Meurer, M. S. Springer, and H.
Rosen. 1993. Characterization and species distribution of high affinity GTP-
coupled receptors for human RANTES and monocyte chemoattractant pro-
tein 1. J. Exp. Med. 177:851-856.

Wang, J. M., D. W. McVicar, J. J. Oppenheim, and D. J. Kelvin. 1993.
Identification of RANTES receptors on human monocytic cells: competition
for binding and desensitization by homologous chemotactic cytokines. J.
Exp. Med. 177:699-705.

Webb, L. M., M. U. Ehrengruber, I. Clark-Lewis, M. Baggiolini, and A. Rot.
1993. Binding to heparan sulfate or heparin enhances neutrophil responses
to interleukin 8. Proc. Natl. Acad. Sci. USA 90:7158-7162.

Witt, D. P., and A. D. Lander. 1994. Differential binding of chemokines to
glycosaminoglycan subpopulations. Curr. Biol. 4:394-400.



