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Poxviruses encode a broad range of proteins that interfere with host immune functions, such as soluble
versions of receptors for the cytokines tumor necrosis factor, interleukin-1b, gamma interferon (IFN-g),
IFN-a/b, and chemokines. These virus-encoded cytokine receptors have a profound effect on virus pathogenesis
and enable the study of the role of cytokines in virus infections. The vaccinia virus (VV) Western Reserve gene
B18R encodes a secreted protein with 3 immunoglobulin domains that functions as a soluble receptor for
IFN-a/b. We have found that after secretion B18R binds to both uninfected and infected cells. The B18R
protein present at the cell surface maintains the properties of the soluble receptor, binding IFN-a/b with high
affinity and with broad species specificity, and protects cells from the antiviral state induced by IFN-a/b. VV
strain Wyeth expressed a truncated B18R protein lacking the C-terminal immunoglobulin domain. This
protein binds IFN with lower affinity and retains its ability to bind to cells, indicating that the C-terminal
region of B18R contributes to IFN binding. The replication of a VV B18R deletion mutant in tissue culture was
restricted in the presence of IFN-a, whereas the wild-type virus replicated normally. Binding of soluble
recombinant B18R to cells protected the cultures from IFN and allowed VV replication. This represents a novel
strategy of virus immune evasion in which secreted IFN-a/b receptors not only bind the soluble cytokine but
also bind to uninfected cells and protect them from the antiviral effects of IFN-a/b, maintaining the cells’
susceptibility to virus infections. The adaptation of this soluble receptor to block IFN-a/b activity locally will
help VV to replicate in the host and spread in tissues. This emphasizes the importance of local effects of
IFN-a/b against virus infections.

Viruses encode several immune evasion strategies to block
host antiviral defenses. Vaccinia virus (VV) is the prototypic
member of the poxvirus family of cytoplasmic DNA viruses
(17). Poxviruses encode a unique set of secreted proteins that
function as soluble cytokine receptors, or binding proteins, and
modulate virus virulence. These include proteins that bind
tumor necrosis factor (TNF), interleukin-1b (IL-1b), alpha/beta
interferon (IFN-a/b), gamma interferon (IFN-g), and chemo-
kines. Poxvirus cytokine receptors are secreted from infected
cells, bind cytokines in solution, and inhibit cytokine activity by
blocking the interaction of cytokines with specific receptors on
the cell surface.

A heterogeneous family of cytokines known as IFNs was
defined by their ability to induce resistance to virus infection
(12). Type I IFNs are represented by various IFN-a subtypes,
IFN-b, IFN-v, and IFN-t, and these bind to a common
cellular receptor (IFN-a/bR) (21). IFN-g (type II IFN)
binds a different receptor (IFN-gR). Both types of IFN have
direct antiviral activity, are proinflammatory, and have immu-
noregulatory activity. The antiviral effect of IFN-g is mediated
in part by its ability to induce cellular (Th1) immune responses

such as the production of cytotoxic T lymphocytes which are
important for destruction of infected cells. Type I IFNs medi-
ate their antiviral function mostly by ability to induce a number
of proteins that confer an antiviral state on the cell at the site
of virus replication (23), and also have some immunoregula-
tory activity (6). IFNs are important for protection against
poxvirus infections. Mice with a targeted disruption of the type
I or II IFN system are more susceptible to VV infection (9, 11,
19). Treatment of mousepox virus-infected mice with neutral-
izing antibodies to either type I or II IFN resulted in defective
clearance of virus (13), whereas treatment of mice with IFN
prior to infection with VV abrogated the infection (22). The
inhibition of nitric oxide synthase in mice, which mediates the
antiviral activity of IFN-g, converts a resolving infection into
fulminant mousepox (14).

VV and other poxviruses have evolved strategies to evade
the antiviral effects of IFNs (25). First, VV encodes two intra-
cellular proteins that prevent an antiviral state in the cells. VV
E3L protein binds double-stranded RNA and prevents the
activation of the IFN-induced protein kinase PKR (7). VV
K3L protein, which has sequence similarity with eukaryotic
translation initiation factor 2a (eIF-2a), binds competitively to
PKR and blocks the phosphorylation and inactivation of host
eIF-2a (5). Second, poxviruses encode soluble proteins that
are secreted from infected cells and function as soluble IFN
receptors (IFNRs). A soluble IFN-gR expressed by myxoma-
virus and orthopoxviruses has sequence similarity to the cellu-
lar counterpart and blocks IFN-g activity. In addition, VV and
other orthopoxviruses encode an IFN-a/bR that is encoded by
the B18R gene in VV strain Western Reserve (WR) and by the
B19R gene in the Copenhagen strain (8, 26). The B18R pro-
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tein has three immunoglobulin (Ig)-like domains and binds
IFN-a/b with high affinity despite showing very limited se-
quence similarity to cellular IFN-a/bRs, which have fibronec-
tin type III domains. In contrast to the cellular counterparts,
both the IFN-gR and IFN-a/bR encoded by VV and cowpox
virus bind IFNs from several species (4, 18, 26).

The B18R protein is expressed in VV-infected cells as two
molecular species of 52 and 60 to 65 kDa, the latter being
secreted into the culture medium (3). Secretion of the B18R
protein from cells infected with VV or recombinant baculovi-
rus was in accordance with the presence of a signal peptide at
the N terminus and the absence of a hydrophobic transmem-
brane domain at the C terminus (3, 24). Antiserum raised
against VV proteins released from the cell at early times post-
infection recognized a protein on the surface of the VV-in-
fected cell (27, 29). For many years this protein was known as
the VV early soluble and surface (S) antigen, and subsequently
it was shown to be encoded by the VV WR gene B18R (28).
Morikawa and Ueda also expressed the B18R protein from
recombinant baculovirus and suggested that B18R might be
anchored in the plasma membrane through the N-terminal
hydrophobic sequence (16). Deletion of the B18R gene atten-
uates the virus in mice, indicating that the protein plays a role
in virus virulence in vivo (26).

Colamonici et al. (8) showed that the soluble VV WR B18R
protein attached to the cell surface bound IFN, but the role of
the B18R protein present at the cell membrane and the mech-
anism by which B18R binds to the cell surface were not inves-
tigated further in the context of VV infection.

Here we report that VV WR and other orthopoxviruses,
including cowpox and camelpox viruses, express IFN-a/bRs at
the cell surface. We show that the B18R protein secreted from
infected cells can bind to the cell surface and prevent the
induction of an antiviral state in the cell. Replication of a VV
WR mutant lacking the B18R open reading frame (ORF) in
cell monolayers is restricted in the presence of IFN. We pro-
pose a mechanism by which the B18R protein mediates its
anti-IFN activity at the cell membrane of the uninfected cell,
thus preventing the induction of an antiviral state before cells
become infected with VV.

MATERIALS AND METHODS

Cells and viruses. All the cell lines were obtained from the Cell Bank of
the Sir William Dunn School of Pathology (University of Oxford). Human
TK2143B, D980R, and FS2 cells, monkey Vero, BSC-1, CV1, and Cos7 cells, and
rabbit RK13 cells were grown in minimal essential medium (MEM) (GIBCO)
with 10% fetal bovine serum (FBS). Human U937, THP-1, HL-60, Molt4, and
Raji cells and mouse EL4 cells were grown in RPMI 1640 (GIBCO) and 10%
FBS. Spodoptera frugiperda (Sf) insect cells and Autographa californica nuclear
polyhedrosis virus (AcNPV) were cultured in TC100 medium (GIBCO) contain-
ing 10% FBS. The sources of VV strains and other orthopoxviruses have been
described elsewhere (4).

Recombinant viruses. The VV WR deletion mutant lacking B18R (vDB18R,
vAA6), the recombinant virus containing two copies of the B18R gene (vB18R,
vAA4), and the recombinant baculoviruses expressing B15R (AcB15R, AcAA3)
or B18R (AcB18R, AcAA4) have been described previously (3).

Reagents. Human recombinant IFN-a2 (3 3 108 U/mg) was obtained from
PeproTech (London, United Kingdom) and was radioiodinated without loss of
biological activity by using 125I-labeled Bolton-Hunter reagent to 40 mCi/mg as
described. Human natural IFN-a (1.5 3 108 U/mg) was obtained from Wellcome
(Beckenham, United Kingdom) and mouse natural IFN-a (4 3 104 U/mg) from
Calbiochem. Bovine recombinant IFN-a1 (107 U/mg) was a generous gift from
R. A. Collins (Institute of Animal Health, Compton, United Kingdom), and rat
and rabbit type I IFN (1.9 3 106 and 3.9 3 105 U/mg, respectively) were from
Lee Biomolecular Research Laboratories (San Diego, Calif.).

DNA sequencing. The B18R gene from VV Wyeth was amplified by PCR using
Taq polymerase and virus DNA as the template and by direct sequencing from
virus genomic DNA. The PCR product was sequenced using specific oligonucle-
otides. Sequencing reactions were carried out using the ABI PRISM dye termi-
nator cycle sequencing ready reaction kit, and reaction products were run on an

ABI 373 DNA sequencer. The sequence data were assembled and analyzed using
the Genetics Computer Group (GCG) computer programs (10).

Metabolic labeling of proteins, immunoprecipitation, and electrophoretic
analysis. TK2143B or Sf cells were infected with orthopoxviruses or baculovi-
ruses, respectively, at 10 PFU per cell. At the indicated time postinfection,
cultures were pulse-labeled with 150 mCi of 35S-labeled Promix (Amersham;
1,200 Ci/mmol)/ml and 150 mCi of [35S]cysteine (DuPont-New England Nuclear;
600 Ci/mmol)/ml in methionine- and cysteine-free medium in the absence of
serum. Cells or media were dissociated in radioimmunoprecipitation assay
(RIPA) buffer and immunoprecipitated with anti-B18R rabbit Ig and protein
A-Sepharose as described previously (3). Specific anti-B18R Ig was purified by
affinity chromatography on protein A-Sepharose from a rabbit antiserum raised
against recombinant B18R protein expressed in the baculovirus system (3).
Immunoprecipitates were dissociated in Laemmli sample buffer and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 12%
gels and fluorography with Amplify (Amersham).

Sucrose gradient centrifugation. Samples were layered onto a 5 to 25% su-
crose gradient in phosphate-buffered saline (PBS) and centrifuged in a Beckman
SW41 Ti rotor (40,000 rpm, 17 h, 4°C). Gradient fractions were mixed with 5 mg
of bovine serum albumin, and proteins were precipitated with 10% trichloracetic
acid (TCA) (for 10 min at 4°C) and collected by centrifugation (for 15 min in a
microcentrifuge). Pellets were dissolved in SDS-PAGE sample buffer, their pH
was adjusted by addition of ammonia vapors, and they were analyzed by SDS-
PAGE. Prestained molecular size markers were analyzed in parallel, and the
sucrose concentration in the fractions was confirmed to be similar by determi-
nation of the refractive index.

Binding of B18R to cells. B18R produced in the baculovirus system and
radiolabeled metabolically with [35S]methionine and [35S]cysteine was incubated
with various cell lines, in monolayers or in suspension, that had been either left
untreated or treated for 2 h at 37°C with 10 ng of phorbol myristate acetate
(PMA)/ml. Confluent cell monolayers in 24-well plates (1 3 105 to 3 3 105 cells)
were washed twice with cold PBS containing 10% FBS and incubated with
35S-labeled B18R or B15R, in the absence or presence of unlabeled protein, for
3 h at 4°C. Monolayers were washed six times with 10% FBS in PBS, and cells
were dissociated in Laemmli buffer. Binding of recombinant radiolabeled protein
to cells in suspension (1.5 3 106 cells) was performed in 200 ml for 2 h at 4°C.
Cells were washed four times with 10% FBS in PBS and recovered each time by
centrifugation before being dissolved in Laemmli buffer. Samples were analyzed
by SDS-PAGE and fluorography. Radioactivity incorporated into proteins that
bound to cells was determined by precipitation with TCA and filtration through
GF/C filters.

Cell surface and soluble IFN binding assays. Cultures of TK2143B or Sf cells
were infected at 10 PFU/cell in serum-free medium. Supernatants from ortho-
poxvirus- or baculovirus-infected cells were harvested at 1 or 3 days postinfection
and prepared as described previously (26). All binding and competition assays
were carried out in duplicate using RPMI medium containing 1% FBS and 20
mM HEPES (pH 7.5). Soluble binding assays with human recombinant 125I-
labeled IFN-a2 (100 to 250 pM) were performed by precipitation of the ligand-
receptor complexes with polyethylene glycol (PEG) and filtration as described
previously (3, 26). Nonspecific binding precipitated with binding medium alone
or with excess unlabeled IFN-a2 was subtracted. Affinity constants were deter-
mined with the LIGAND program (20). In the binding assays with U937 and
THP-1 cells, 100 to 250 pM human 125I-labeled IFN-a2 was added and levels of
bound 125I-labeled IFN-a2 were determined by phthalate oil centrifugation as
described previously (3, 26). For binding assays to TK2143B cells, cell mono-
layers were grown to confluence in 6-well plates and infected at 10 PFU/cell with
various orthopoxviruses in duplicate. Supernatants from the infected cultures
were removed at 12 h postinfection, and cell layers were washed twice with cold
binding buffer. Cells were then incubated for 3 h on ice with 0.5 ml of binding
buffer containing 1 nM 125I-labeled human IFN-a2, washed twice with cold bind-
ing buffer to remove unbound 125I-labeled human IFN-a2, and lysed with 1 ml of
1 M NaOH for 5 min. Radioactivity present in cell lysates was then counted in
a gamma counter.

Inhibition of IFN-a-mediated signal transduction by cell surface B18R. HeLa
(Flow) cells were detached by incubation in PBS–1 mM EDTA at 37°C, collected
by centrifugation, and resuspended at 5 3 107 cells/ml in MEM containing 10%
FBS. Cells were either left untreated or incubated with 106 cell equivalents of
supernatants from AcNPV-, AcB18R-, or AcB15R-infected cultures for 1 h at
37°C. Cells were then washed twice with medium, resuspended at 5 3 107 cells/ml
in MEM containing 10% FBS at 37°C, and either left unstimulated or stimulated
with 500 U of human IFN-a (Wellferon)/ml for 15 min. Cells were then collected
by centrifugation and resuspended in 1 ml of lysis buffer containing 50 mM
Tris-HCl (pH 8.0), 0.5% (vol/vol) NP-40, 10% (vol/vol) glycerol, 0.1 mM sodium
orthovanadate, 1 mM dithiothreitol (DTT), 50 mM NaF, 0.5 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and 1 mg of aprotinin/ml. After 5 min at 4°C, cell
lysates were clarified by centrifugation, and the supernatants were stored at
270°C.

Immunoprecipitation and immunoblotting. Cell lysates were precleared by the
addition of 1 mg of rabbit IgG together with 20 ml of protein A-Sepharose CL-4B
beads (Sigma) and were then incubated with 1 mg of rabbit anti-JAK1 IgG (Santa
Cruz Biotechnology, Inc.) and 20 ml of protein A-Sepharose CL-4B beads over-
night at 4°C. Beads were washed three times with lysis buffer and boiled for 3 min
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in SDS-PAGE sample buffer containing 100 mM DTT. Eluted proteins were
analyzed by SDS-PAGE in 7.5% gels and transferred electrophoretically to a
nitrocellulose membrane (Hybond-C; Amersham). After blocking overnight at
4°C in PBS containing 5% (wt/vol) low-fat milk and 0.1% (vol/vol) Tween 20, the
membrane was probed with a mouse antiphosphotyrosine monoclonal antibody
at 2 mg/ml in blocking buffer (4G10; Upstate Biotechnology) for 2 h at room
temperature. The membrane was washed three times in PBS containing 0.1%
(vol/vol) Tween 20 and incubated with horseradish peroxidase-conjugated goat
anti-mouse IgG (1:2,000 in blocking buffer; Sigma) for 1 h at room temperature.
After further washing, bound IgG was detected with an enhanced chemilumi-
nescence kit (ECL; Amersham). To control for equal protein loading, blots were
stripped, reprobed with anti-JAK1 antibody, and processed as above.

Nucleotide sequence accession number. The sequence presented in this paper
has been submitted to the EMBL nucleotide sequence database under accession
number AJ269556.

RESULTS

Soluble B18R protein secreted from cells binds in a satura-
ble fashion to the cell surface. The B18R protein functions as
a soluble type I IFN receptor and is secreted from VV-infected
cells (8, 26), but evidence for the presence of B18R protein at
the cell surface has also been reported (27–29). Morikawa and
Ueda (16) suggested that the B18R protein may be anchored
at the surfaces of infected cells via the N-terminal signal se-
quence, thus showing a type 2 membrane protein topology.
However, the fact that the B18R protein was secreted in large
amounts from VV- and recombinant baculovirus-infected cells
suggested the alternative possibility that B18R protein might
bind to cells after being secreted into the medium. To test this
hypothesis, B18R protein that was secreted from insect cells
infected with a recombinant baculovirus (AcB18R) and la-
beled metabolically with [35S]methionine and [35S]cysteine was
used in binding assays with a variety of cells in suspension or
monolayer. The SDS-PAGE analysis in Fig. 1A shows that the
recombinant B18R protein was the major radiolabeled protein
and that the B18R protein bound to most of the cell types
tested. Note that it bound very poorly if at all to insect (Sf),
U937, and HL-60 cells and that pretreatment of cells with
PMA, which induces changes in adhesion properties of the cell
surface, did not affect the ability of B18R to bind to cells.
Radioactive B18R bound similarly to TK2143B cells that were
uninfected or infected with a VV WR mutant lacking the B18R
ORF (vDB18R) (data not shown). In BS-C-1 cell cultures
infected at a low multiplicity of infection (MOI), we could
detect B18R protein at the cell surface by immunofluorescence
with purified anti-B18R Ig (data not shown).

The binding of 35S-labeled B18R to cells was specific and
saturable, because it was inhibited by excess unlabeled recom-
binant B18R but not B15R, the VV soluble IL-1b receptor
with a similar three-Ig-domain structure, both produced in the
baculovirus system (Fig. 1B). B18R- and B15R-containing su-
pernatants had similar concentrations of recombinant protein,
as determined by Scatchard analysis of binding data with spe-
cific ligands (3, 26). The amount of recombinant protein se-
creted per insect cell is approximately 2 3 106 or 6 3 106

binding sites for B18R and B15R, respectively. The increase in
35S-labeled B18R binding in the presence of low doses of
unlabeled protein has been observed in several experiments
(data not shown) and could not be explained by induction of
B18R aggregation at higher B18R protein concentrations (see
below).

In an attempt to identify the component at the cell surface
that interacts with B18R, cells prelabeled with [35S]methionine
and [35S]cysteine were incubated with unlabeled B18R fol-
lowed by immunoprecipitation with anti-B18R serum. How-
ever, no specific bands were coimmunoprecipitated with B18R
(data not shown).

Complex formation between B18R and IFN. The possible
multimerization of B18R protein, before or after binding to
IFN, was investigated in two ways. First, the electrophoretic
mobility of 35S-labeled B18R produced in the baculovirus sys-
tem was found to be slightly faster in the absence of reducing
agents than in the presence of 2-mercaptoethanol, and no

FIG. 1. B18R binds specifically to cells. (A) B18R protein produced in the
baculovirus system and radiolabeled with [35S]methionine (B18R) was incubated
with medium (m) or with the indicated cell lines at 4°C for 2 to 3 h as described
in Materials and Methods. Cell lines were preincubated (1) or not preincubated
(2) with 10 ng of PMA/ml. The B18R protein bound to cells was analyzed by
SDS-PAGE and fluorography. The arrowhead indicates the position of the B18R
protein. The results shown are representative of three experiments. (B) B18R
protein produced in the baculovirus system and radiolabeled with [35S]methi-
onine was incubated with TK2143B cells for 3 h at 4°C in the presence or
absence of increasing doses of medium (equivalent to 3 3 106 cells/ml) from
insect cell cultures infected with recombinant baculovirus producing B18R or
B15R. Cell monolayers were washed extensively, and the level of B18R protein
bound to cells (duplicate samples; mean counts per minute 6 standard devia-
tion) was determined by TCA precipitation. The results shown are representative
of three experiments.
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indications of dimeric or oligomeric forms of B18R were found
(data not shown). The apparently different molecular size was
likely due to the presence of intramolecular disulfide bonds,
and this was also observed for the VV B15R protein that also

has three Ig domains (data not shown). Second, recombinant
35S-labeled B18R from the baculovirus system was also ana-
lyzed by ultracentrifugation in sucrose density gradients. Fig-
ure 2 shows that B18R sedimented as a monomer and, after
preincubation with an excess of recombinant human IFN-a2,
had an increased mobility that was consistent with a 1:1 stoi-
chiometry for the B18R-IFN complex.

The possibility that multimers of B18R might be formed at
increased protein concentrations, which might account for the
increased binding to cells observed at the lowest doses of the
competition experiment (Fig. 1B), was also investigated. Pre-
incubation of 35S-labeled B18R with excess unlabeled B18R
had no effect on the mobility of the protein in sucrose gradi-
ents, suggesting the absence of multimerization under these
higher protein concentrations (data not shown).

B18R at the cell surface binds IFN. The ability of cell sur-
face B18R to bind type I IFN was tested in binding assays.
U937 and THP-1 cells express IFN-a/bRs and accordingly
were found to bind 125I-labeled IFN-a2 in a specific manner
that was inhibited in the presence of excess IFN-a2 (Fig. 3A).
THP-1 cells, but not U937 cells, bind soluble B18R (Fig. 1A).
Preincubation of these cells with supernatants from VV WR-
infected cultures, but not from uninfected cultures, increased
dramatically the ability of THP-1, but not U937, cells to bind

FIG. 2. Complex formation of the B18R protein with IFN-a2. Supernatants
from Sf cells infected with AcB18R and labeled metabolically with [35S]methi-
onine and [35S]cysteine were incubated with or without IFN-a2 for 2 h at room
temperature and then loaded onto sucrose density gradients (5 to 25% sucrose
in PBS) and centrifuged as described in Materials and Methods. The original
B18R sample (S) and fractions collected from the bottom of the gradient and
precipitated with TCA were analyzed by SDS-PAGE. A fluorograph showing the
distribution of radiolabeled B18R incubated or not with IFN-a2 is shown. The
positions of the molecular size standards are indicated in kilodaltons. The open
arrowhead indicates the position of B18R (48 kDa) in the polyacrylamide gel.
The results shown are representative of two experiments.

FIG. 3. B18R attached to the cell surface binds IFN-a and prevents activation of IFN-mediated signal transduction. (A) Binding of IFN-a2 to cells coated with
B18R. U937 or THP-1 cells (106) were preincubated for 2 h at 4°C with binding medium or supernatants from cultures of TK2143B cells that were mock infected or
infected with VV WR or vDB18R, equivalent to 105 cells. Subsequently, cells were washed twice by centrifugation with binding medium and incubated with 5 nM 125I-
labeled IFN-a2 for 2 h at 4°C, and bound IFN levels were determined after centrifugation of cells through phthalate oil. The specificity of the 125I-labeled IFN-a2
binding to cellular receptors was determined in the presence of a 100-fold excess of IFN-a2. (B) Cell surface B18R inhibits signal transduction via the cellular IFN-
a receptor. HeLa cells (5 3 107) were incubated with media or supernatants from baculovirus-infected cells, washed to remove soluble proteins, and then incubated with (1)
or without (2) 500 U of human IFN-a/ml for 15 min at 37°C. Whole-cell extracts were prepared and immunoprecipitated with anti-JAK1 antiserum. Precipitated
proteins were separated by SDS-PAGE (7.5% gel), transferred to nitrocellulose, and probed with the antiphosphotyrosine antibody 4G10 (anti-P-Y) (top panel). As a control
for JAK1 expression, blots were stripped and reprobed with anti-JAK1 antibody (bottom panel). The positions of molecular size standards are indicated in kilodaltons.
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IFN-a2 (Fig. 3A). This was due to the presence of B18R, since
incubation with supernatants from cultures infected with a
VV WR mutant in which the B18R gene has been deleted
(vDB18R) showed no enhancement of the IFN-a2 binding
activity in THP-1 cells. These results showed that soluble B18R
bound to the cell surface still binds IFN-a2, suggesting that
different domains of B18R interacted with the cell and with
IFN. Similarly, preincubation of cell cultures with supernatants
from VV-infected cells, but not from vDB18R-infected cells,
enhanced sixfold the binding of 125I-labeled IFN-a to human
HeLa cells and enabled mouse L929 cells to bind human 125I-
labeled IFN-a (data not shown).

Signal transduction by IFN is inhibited by B18R at the cell
surface. To determine whether binding of IFN-a2 to the B18R
protein on the cell surface was able to block signal transduction
mediated by binding of IFN-a to the cellular receptor, the
IFN-induced phosphorylation of JAK1 was analyzed (Fig. 3B).
HeLa cells were incubated in medium alone or with super-
natants from wild-type baculovirus (AcNPV)-, AcB18R-, or
AcB15R-infected cells. After washing to remove soluble pro-
tein, cells were incubated in medium or stimulated with IFN-a,
and the phosphorylation status of JAK1 was assessed by im-
munoprecipitation of JAK1 followed by SDS-PAGE and im-
munoblotting with antiphosphotyrosine. Cells incubated with-
out IFN did not demonstrate phosphorylation of JAK1. After
15 min of stimulation with IFN-a, cells incubated with me-
dium, AcNPV, or AcB15R contained phosphorylated JAK1.
However, IFN-a2-induced phosphorylation of JAK1 was inhib-
ited completely when cells were preincubated with AcB18R.
To confirm that the samples contained equivalent amounts of
JAK1, the blots were stripped and reprobed with anti-JAK1
antibody.

Expression of surface B18R by orthopoxviruses. B18R pro-
tein was identified at the surface of VV-infected cells by im-
munofluorescence with specific antibodies (27, 29). Type I IFN
binding activity was also reported to be encoded by B18R and
to be secreted from cells infected with a number of orthopox-
viruses (26). To determine whether orthopoxvirus-infected
cells expressed IFN binding activity at the cell surface, a bind-
ing assay with 125I-labeled IFN-a2 was performed. Figure 4
shows a dramatic increase in IFN-a2 binding activity at the
surfaces of cells infected with 14 VV strains (including rabbit-
pox and buffalopox), two strains of cowpox virus (Brighton red
and elephantpox), and camelpox virus. No enhanced binding
activity was detected in cells infected with a VV strain known
not to express B18R (Lister) or with a VV WR lacking the
B18R gene (vDB18R). Binding activity for 125I-labeled IFN-a2
was secreted from cultures infected with all viruses tested,
except with VV Lister and vDB18R, as described previously
(26). The low soluble binding activity expressed by camelpox
virus in this experiment has been reported previously (26).
Note that whereas the level of IFN binding activity in the
supernatants varied among viruses, the IFN binding activity at
the cell surface was consistently high for most of them. This
suggested that the B18R protein secreted from cells is targeted
primarily to the cell surface, and that soluble B18R may rep-
resent excess B18R protein secreted from these cultures once
the majority of cell surface binding sites are occupied.

IFN binding properties of B18R expressed at the cell sur-
face. To characterize further the IFN binding properties of the
B18R protein at the cell surface, binding assays with human
125I-labeled IFN-a2 were performed on mouse L929 cells in-
fected with different VVs. The cellular IFN receptors are high-
ly species specific, and in these experiments human IFN will
bind to the B18R protein but not to the mouse IFN receptor
expressed by L929 cells.

Scatchard analysis of saturation binding assays with in-
creased doses of 125I-labeled IFN-a2 (Fig. 5A) indicated that
VV WR-infected cells express large numbers of IFN binding
sites at the cell surface (1.27 3 104 6 0.12 3 104 sites per cell),
similar to the number of IFN binding sites secreted from VV
WR-infected cells (1.13 3 104 6 0.05 3 104 sites per cell) (26).
The affinity of membrane-bound B18R for IFN-a2 was high
(Kd, 402 6 52 pM) but slightly lower than that reported for the
binding of human IFN-a2 to soluble B18R (Kd, 174 6 15 pM)
(26). The soluble B18R protein secreted from cells infected
with VV Wyeth (1.5 3 104 6 0.08 3 104 sites/cell) was re-
ported to have a 85-fold lower affinity for human IFN-a2 (Kd,
13.5 6 0.83 nM) (26). Nonetheless, we found that the VV
Wyeth B18R protein is still able to bind to cells (9.2 3 103 6
1.9 3 103 sites/cell), where it displays an affinity for IFN-a2
similar to that of the secreted form of this protein (Kd, 27.8 6
5.7 nM) (Fig. 5A).

The B18R protein secreted from infected cells binds type I
IFN from different species (26). The relative binding affinities

FIG. 4. Expression of IFN binding activity at the surfaces of cells infected
with orthopoxviruses. TK2143B cells were mock infected or infected at 1 PFU/
cell with the indicated orthopoxviruses. At 12 h postinfection, cell monolayers
were washed twice in binding medium and incubated for 2 h at 4°C with 1 nM
125I-labeled IFN-a2. Cells were washed twice with binding medium and lysed
with 0.1% SDS, and the radioactivity bound to cells was determined (cells). The
production of viral IFN-a/bRs secreted from the infected cultures was deter-
mined in a soluble binding assay with 125I-labeled IFN-a2 by precipitating ligand-
receptor complexes with PEG and filtration through GF/C filters (medium).
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of cell surface B18R for type I IFN from different species were
compared by competition binding of unlabeled IFNs with hu-
man 125I-labeled IFN-a2. Figure 5B shows that the B18R ex-
pressed at the cell surface retained the broad species specificity
described for the secreted protein, binding IFN from the rat,
rabbit, cow, and, at much lower affinity, mouse.

Expression of B18R by VV strains WR and Wyeth and by
cowpox virus. The expression of the B18R protein by VV
strains WR and Wyeth and by cowpox virus was investigated by
immunoprecipitation with B18R-specific antibodies of infected
cells radiolabeled metabolically at early times of infection.
Figure 6A shows that the B18R protein was detected in super-
natants (60 to 65 kDa) and cell extracts (52 kDa and 60 to 65
kDa) from cultures infected with VV WR and Lister. As con-
trols, a VV WR mutant containing a second copy of the B18R
gene under the control of the late VV 4b promoter (vB18R)
produced larger amounts of B18R at late times of infection,
whereas a VV WR mutant lacking the B18R gene (vDB18R)
did not produce the B18R protein (3). The cowpox virus B18R
protein had a similar molecular size, but, notably, the B18R
protein from VV Wyeth showed a smaller molecular size (30
and 35 kDa) and was secreted less efficiently from infected
cells as a 35-kDa protein. The fact that some was secreted
suggested that the N-terminal signal sequence was present and
that the C terminus might be missing.

Sequence of the B18R gene encoded by VV Wyeth. The
immunoprecipitation experiment (Fig. 6A) indicated that the
B18R protein encoded by VV Wyeth was approximately 35
kDa, smaller than the 60- to 65-kDa protein made by VV WR
(3). This suggested that the Wyeth B18R ORF might be trun-
cated. PCR analysis with oligonucleotides hybridizing to dif-
ferent locations of the B18R ORF suggested a deletion of the
C-terminal region (data not shown). To determine the exact
basis for the altered VV Wyeth B18R protein, the nucleotide
sequence of the Wyeth B18R ORF was determined. This was
achieved by a combination of direct sequencing of virus
genomic DNA with specific oligonucleotide primers, and PCR
amplification of the ORF using specific oligonucleotides and
virus DNA as the template. Sequence analysis showed that the
B18R protein was mutated after amino acid L256 between the
second and third Ig domain and truncated because of a pre-
mature stop codon (Fig. 6B). The truncated B18R ORF in VV
Wyeth showed a deletion of two amino acids in the signal
peptide and two conservative amino acid substitutions com-
pared with the VV WR ORF. The sequence immediately
downstream of this region matched perfectly with the C-ter-
minal region of the VV Copenhagen C9L ORF from the left
end of the virus genome. This indicated that a terminal trans-
position event had occurred downstream of amino acid 246 of
the VV Wyeth B18R ORF that had truncated the B18R ORF
(named B19R in the Copenhagen strain).

B18R enhances replication of VV in tissue culture in the
presence of IFN. The antiviral effects of type I IFN on VV WR
replication are relatively low compared to those for other vi-
ruses due to the expression of the intracellular VV proteins
E3L and K3L. It was found that to block VV replication by
approximately 95%, it was necessary to preincubate monolay-
ers of human TK2143B and FS2 cells, monkey BSC-1 cells,
and rabbit RK13 cells for 24 h with 100 to 500 U of IFN of the
appropriate species per ml (data not shown).

To determine the role of B18R in protecting VV from the
antiviral effects mediated by type I IFN, the replication of
wild-type VV WR or the B18R deletion mutant (vDB18R) was
determined in cell cultures treated with IFN. Figure 7 shows
that both VV WR and vDB18R replicated in human primary
FS2 cells and rabbit RK13 cells in the absence of IFN. Prein-
cubation of FS2 or RK13 cell monolayers for 24 h with human
or rabbit natural IFN-a, respectively, induced an antiviral state
that restricted the replication of both viruses. However, when
IFN-a was added a few hours after virus infection, mimicking
the induction of IFN following virus infection in an animal
host, the expression of B18R conferred resistance to IFN in

FIG. 5. IFN binding properties of the B18R protein at the cell surface. (A)
Scatchard analysis of binding of human 125I-labeled IFN-a2 to cell surface B18R.
Mouse L929 cells (107) were infected with either VV strain WR or VV strain
Wyeth at 10 PFU/cell for 12 h and then were incubated in 0.2 ml with different
concentrations of 125I-labeled human IFN-a2. Specific binding was determined
after centrifugation of cells through phthalate oil. Data were converted to the
Scatchard coordinate system. (B) Species specificity of cell surface B18R binding;
cross-competition of human 125I-labeled IFN-a2 binding to L929 cells infected
with VV WR. 125I-labeled IFN-a2 (10 nM) was incubated with L929 cells (2 3
106) infected with VV strain WR at 10 PFU/cell for 12 h together with increasing
concentrations of cold human recombinant IFN-a2 (open circles), mouse natural
IFN-a (solid circles), bovine recombinant IFN-a1 (open triangles), rabbit natural
type I IFN (solid triangles), and rat natural type I IFN (open squares) for 3 h at
4°C. 125I-labeled IFN-a2 that had bound to the cell surface was separated from
free ligand by centrifugation through phthalate oil. The level of binding in the
absence of competitor was 17,936 6 186 cpm.
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culture. Under these conditions, wild-type VV WR, but not
vDB18R, was able to replicate to levels similar to those ob-
served in the absence of IFN.

VV replication in RK13 cells produces larger amounts of
extracellular virus, and secondary plaques form, giving rise to
comet-shaped virus plaques. This effect is seen most clearly
with the VV strain IHD-J but can also be detected to a lesser
extent with the WR strain. Comet formation by VV WR and
vDB18R was inhibited in cells preincubated with IFN. How-
ever, addition of IFN 11 h postinfection prevented comet for-
mation with vDB18R but not with wild-type VV WR (data not
shown). This experiment illustrated that expression of the B18R
protein during the first 11 h of infection enhanced replication of
VV in cell monolayers in the presence of IFN, resulting in in-
creased spread of VV.

Addition of soluble B18R is sufficient to protect cell mono-
layers from the antiviral effects of IFN. To determine whether
the protective effect was mediated by soluble or cell surface
B18R protein, we examined VV plaque formation in BSC-1
cells (Fig. 8A). Preincubation of BSC-1 cell monolayers with
IFN prevented the development of the normal plaque size by
both VV WR and vDB18R, indicating inhibition of VV repli-
cation and/or spread (data not shown). However, addition of
IFN at 4 h postinfection allowed sufficient B18R expression to
restore normal replication of wild-type VV WR but not of
vDB18R. The IFN-induced restriction of vDB18R replication
was overcome if cultures were incubated first with baculovirus-

FIG. 6. Characterization of B18R encoded by VV Wyeth. (A) Identification
of the B18R protein by immunoprecipitation. TK2143B cells were mock infected
or infected with the indicated viruses and pulse-labeled with 35S-labeled Promix
and [35S]cysteine from 1 to 5 h postinfection (early [E]) or from 4 to 8 h
postinfection (late [L]). Cells and media were dissociated with RIPA buffer and
immunoprecipitated with anti-B18R Ig. Immunoprecipitates were analyzed by
SDS-PAGE and fluorography. The position of B18R is indicated by arrowheads.
Molecular sizes in kilodaltons are shown on the left. The results shown are
representative of two experiments. (B) Nucleotide and amino acid sequences of
the B18R ORF from VV Wyeth. The diagram shows the location of ORFs B19R
(B18R in VV WR) and C9L in the genome of VV Copenhagen, and the location
of these ORFs in VV Wyeth. The arrow after nucleotide 836 in the DNA
sequence marks the site where the 39 region of the C9L ORF was inserted into
the B18R ORF in VV Wyeth.

FIG. 7. Replication of VV in tissue culture in the presence of IFN. Cultures
of human FS2 cells (A) or rabbit RK13 cells (B) were infected with 200 PFU of
VV WR or vDB18R/well, and virus production was determined 48 h postinfec-
tion (hpi). Cultures were also treated with 500 U of human natural IFN-a (FS2
cells) or rabbit type I IFN (RK13 cells), added 24 h before infection or at the
indicted time after infection. Virus yield is expressed as the fold increase relative
to the virus production in cultures pretreated with IFN (duplicate samples,
means 6 standard deviations in the case of FS2 cells). The results shown are
representative of two experiments.
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produced recombinant B18R, followed by washing to remove
excess soluble B18R protein.

The role of cell surface B18R in protecting cells from IFN
effects was also investigated in a more quantitative way in FS2
cells by determining both plaque size and virus production.
Figure 8B shows that addition of IFN to FS2 cell monolayers
restricted vDB18R replication and plaque formation. Preincu-
bation of the cell monolayer with recombinant soluble B18R,
but not B15R, followed by washing of the excess protein not

bound to the cell surface, enabled replication of vDB18R and
production of plaques of normal sizes. These experiments sug-
gested that soluble B18R protein bound to the cell surface is
sufficient to protect cell monolayers from the effects of IFN.

DISCUSSION

VV encodes a soluble IFN-a/bR that is secreted from in-
fected cells and blocks the activity of type I IFN. Because VV
encodes two intracellular proteins that confer protection from
the antiviral effects of type I IFN, the expression of a soluble
IFN inhibitor by VV was unexpected. It is likely that the
intracellular and extracellular inhibitors of IFN encoded by
VV interfere with the function of IFNs at different levels, but
the precise roles of these IFN inhibitors during VV replication
have not been defined. In this report we propose a unique
mechanism by which the VV IFN-a/bR blocks IFN activity for
the benefit of the virus.

The VV B18R protein functions as an IFNR but has several
properties that are distinct from those of the cellular counter-
part. First, the B18R protein has three Ig domains, whereas the
cellular type I IFNRs have fibronectin type III domains (24).
Second, in contrast to the highly species-specific cellular
IFNRs, the B18R protein binds IFNs from a variety of species,
including rat, rabbit, and human IFNs (26). Third, the inter-

FIG. 8. Treatment of cell monolayers with recombinant B18R protein blocks
the antiviral effects mediated by IFN. (A) Confluent BSC-1 cells were infected
with approximately 100 PFU of VV strain WR or vDB18R for 2 h at 37°C. After
removal of the virus inoculum, cells were overlaid with either medium or medium
containing 106 cell equivalents of supernatant from AcB18R-infected cells and
were incubated at 37°C for 4 h. Cell monolayers were then washed three times
with medium to remove soluble proteins and were then overlaid with medium
containing 1.5% (wt/vol carboxymethyl cellulose with (1IFN) or without (2IFN)
100 U of human IFN-a (Wellferon)/ml. After incubation for 48 h, cells were
stained with 0.1% (wt/vol) crystal violet in 15% ethanol. (B) Virus production
and plaque formation in FS2 cells. Human FS2 cells were left untreated or
treated with 100 U of human natural IFN-a/ml 24 h before infection with
vDB18R. At 3 h postinfection, cultures were also incubated with medium from an
equivalent number of insect cell cultures infected with AcB15R or AcB18R
expressing high levels of recombinant B15R or B18R proteins, respectively. Cell
monolayers were washed twice with medium, and the infection was continued in
the presence of IFN-a (100 U/ml). At 48 h postinfection, virus levels in infected
cells were determined by plaque assay, and the virus plaques were stained with
0.1% (wt/vol) crystal violet in 15% ethanol. Virus yield is expressed as the fold
increase (triplicate samples, means 6 standard deviations) relative to the virus
production in cultures pretreated with IFN.
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action of monoclonal antibodies with different regions of IFN
shows that the cellular IFNRs interact with the C terminus of
IFN, whereas the B18R protein interacts with both the N and
C termini of IFN (15). Here we show another unique property
of B18R, its ability to bind to the cell surface in order to
protect cells from the antiviral effects of IFNs.

Morikawa and Ueda proposed that the B18R protein is
anchored at the cell membrane by its signal peptide (16).
These authors used antisera raised against the N terminus or
the C terminus of B18R and found that the N-terminal region
was not detected when B18R was present at the cell surface.
They proposed that the signal peptide was recognized by the
specific anti-N terminus antiserum in the cytoplasm but not
when the B18R was anchored at the plasma membrane. How-
ever, it is well established that signal peptides are inserted into
the endoplasmic reticulum membrane before the full polypep-
tide chain is synthesized, and thus accessibility to the signal
peptide should be similar both inside the cell and at the plasma
membrane. Moreover, the antiserum specific for the N termi-
nus of B18R described by Morikawa and Ueda was raised
against the N-terminal 141 amino acids of the B18R polypep-
tide (16), and this includes most of the first Ig domain of B18R
(amino acids 53 to 149) (24). The results reported by Mori-
kawa and Ueda may suggest that the N-terminal Ig domain of
B18R is masked when the protein is found at the cell surface.
This would be consistent with our hypothesis that the N-ter-
minal region of B18R may be involved in interaction with the
cell surface, based on the expression of a truncated B18R in
the VV Wyeth strain (see below).

The mechanism proposed by Morikawa and Ueda would
explain the presence of B18R at the surface of infected cells,
but not in solution or on the surface of uninfected cells. In
contrast, the mechanism we propose would enable B18R to be
expressed at the surface of both infected and uninfected cells,
suggesting a different mechanism for the anti-IFN action of
B18R. We show here that the B18R protein bound to the cell
surface, like the soluble form, retains high affinity for IFN and
a broad IFN species specificity.

The ability of B18R to block the antiviral effects of type I
IFN had been tested on the replication of vesicular stomatitis
virus or Cocal viruses but not VV (8, 26). The role of B18R in
protecting VV from the IFN is relevant because VV encodes
other proteins that protect the virus from the antiviral effects
of IFN. We have addressed the role in vitro by mimicking the
situation in vivo, where IFNs are produced after virus replica-
tion is initiated. Under these conditions, expression of B18R
enabled replication of VV in the presence of IFN and virus
spread in cell cultures. We also show that B18R expressed at
the cell surface is sufficient to confer protection against the
antiviral effects of IFN.

It is not known which Ig domains of the B18R protein
contribute to IFN or cell surface binding. However, a C-ter-
minal-truncated B18R molecule expressed by VV Wyeth has a
lower affinity for human IFN-a2 but retains its ability to bind
to the cell surface. This suggests that the N-terminal domain is
involved in binding to cells, whereas the C terminus contrib-
utes to IFN binding. Colamonici et al. (8) showed that some
amino acid sequence similarity exists between cellular type I
IFNRs and B18R, which was mainly located in the first and
third Ig domains of the predicted B18R polypeptide. Expres-
sion of recombinant versions of B18R Ig domains or truncated
versions of the protein may identify in more detail the function
of the domains. The results we obtained after ultracentrifuga-
tion in sucrose density gradients of B18R protein complexed or
not with human IFN-a2 are consistent with a 1:1 stoichiometry
for the B18R-IFN complex.

High levels of IFN binding activity were expressed at the
cell surface in most orthopoxvirus-infected cells, whereas the
amount present in the medium varied. This suggests that B18R
is targeted first to the cell surface, and the presence of protein
in the medium may represent excess protein that did not bind
to cells. It is possible that the most important site of action for
B18R is at the cell surface. The expression of the B18R protein
at early times during infection and in relatively small amounts
would be consistent with this model. By contrast, some other
VV cytokine receptors, such as the IL-1b receptor, target sys-
temic effects of the cytokine and are produced in larger
amounts and synthesized later during infection (2, 3). Expres-
sion of relatively small amounts of B18R at early times of
infection that remain in the area where VV replicates would be
sufficient to protect the tissues from the antiviral effects of type
I IFN so that VV could replicate to normal levels. This is
consistent with pathogenesis studies in vivo showing restricted
replication of vDB18R in the tissues of infected mice (26).

All the cytokine receptors or binding proteins identified so
far in poxviruses are secreted. The only exception is the ex-
pression of increased TNF receptor activity at the surfaces of
cells infected with VV strains Lister, USSR, and Evans, but the
gene has not been identified yet (1).

The best, and probably the only, way to express virus pro-
teins at the surfaces of surrounding uninfected cells is to se-
crete a protein that then binds to cells. To our knowledge, this
is the first time that such a mechanism has been described for
a virus. Perhaps the B18R protein is designed to function at the
cell surface, and the main reason to secrete the protein is to
transport it from infected cells to uninfected cells.
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