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Epstein-Barr virus (EBV) is a ubiquitous herpesvirus associated with infectious mononucleosis and several
tumors. The BARF1 gene is transcribed early after EBV infection from the BamHI A fragment of the EBV
genome. Evidence shown here indicates that the BARF1 protein is secreted into the medium of transfected cells
and from EBV-carrying B cells induced to allow lytic replication of the virus. Expression cloning identified
colony-stimulating factor-1 (CSF-1) as a ligand for BARF1. Computer-assisted analyses indicated that subtle
amino acid sequence homology exists between BARF1 and c-fms, the cellular proto-oncogene that is the
receptor for CSF-1. Recombinant BARF1 protein was found to be biologically active, and it neutralized the
proliferative effects of human CSF-1 in a dose-dependent fashion when assayed in vitro. Since CSF-1 is a
pleiotropic cytokine best known for its differentiating effects on macrophages, these data suggest that BARF1
may function to modulate the host immune response to EBV infection.

Recent studies have indicated that many DNA viruses en-
code proteins that function to modulate the host immune re-
sponse to infection. A variety of mechanisms are exploited by
viruses, including interference with antigen presentation, syn-
thesis of cytokines and cytokine receptors, and inhibition of
apoptosis (for a review, see reference 44 and references there-
in).

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus
whose tissue tropism is typically restricted to B lymphocytes
and epithelial cells. Although EBV infection is not usually life
threatening, it is the causative agent of infectious mononucle-
osis, and it is closely associated with at least three forms of
cancer: Burkitt’s lymphoma, Hodgkin’s lymphoma, and naso-
pharyngeal carcinoma (NPC). The EBV-specific genes neces-
sary for cellular transformation have been characterized, but it
is believed that the virus encodes other gene products that may
contribute either directly or indirectly to EBV oncogenicity.
Candidates include some of the virus-encoded immunomodu-
lators such as BHRF-1, which exhibits structural and func-
tional homology to Bcl-2 (21, 51), a cellular gene product that
functions to inhibit apoptotic cell death, and BCRF-1 (viral
interleukin-10 [IL-10]), a cytokine that stimulates B lympho-
cytes (22). In an attempt to identify other EBV-encoded im-
munomodulators and to assess their role in immune evasion or
oncogenicity, we expressed the EBV BARF1 gene, an early
gene reported to confer tumorigenic capacity onto human B-
cell lines (55), in mammalian cells and analyzed its biological
activity in vitro. Two forms of recombinant BARF1 protein, (i)
a tagged version that contains an eight-amino-acid flag residue
at the amino-proximal end of the putative mature protein
(BARF1.flag) and (ii) an immunoglobulin (Ig) fusion protein
that contains the CH2 and CH3 domains of the heavy chain of
human IgG1 fused to the carboxy-terminal amino acids of the
mature BARF1 protein (BARF1.Fc), were purified. These
proteins were used to identify the a, b, and g forms of human

colony-stimulating factor-1 (hCSF-1) as ligands for the BARF1
protein and to produce a BARF1-specific monoclonal antibody
(MAb). This MAb was used to immunoprecipitate BARF1
protein from the medium of B95-8 cells that had been induced
to allow lytic replication of EBV, indicating that BARF1 is
naturally secreted from infected B cells during the lytic cycle.
The biological activity of this protein was tested in bone mar-
row macrophage nonadherent (BMMNA) proliferation assays,
where BARF1 protein efficiently neutralized the proliferative
effects of hCSF-1 but not mouse CSF-1. Computer-assisted
amino acid sequence analyses indicate a subtle, highly local-
ized region of homology is shared between BARF1 and several
members of the tyrosine kinase receptor family. This family
includes the cellular receptor for CSF-1, the cellular proto-
oncogene c-fms product.

MATERIALS AND METHODS

Protein production and purification. DEAE transfections were performed in
COS-7 cells as described previously (29) except that the cells were fed with
medium containing 0.5% low-IgG fetal bovine serum (FBS; HyClone, Logan,
Utah) and supernatants were harvested 7 days posttransfection. Supernatants
from transfected cells were passed through a 0.45-mm-pore-size filter.
BARF1.flag was affinity purified on a column of Affigel-10 (Bio-Rad, Hercules,
Calif.) coupled to the anti-flag antibody (4E11) as described previously (23).
BARF1.Fc-containing supernatants were passed through a 0.45-mm-pore-size
filter and applied to a 0.5-ml protein A/G (Pierce, Rockford, Ill.) affinity column
(1.5 by 12 cm) (Bio-Rad) at 4°C with a flow rate of 80 ml/h. The column was
washed with 60 ml of pyrogen-free phosphate-buffered saline (PBS). Bound
BARF1.Fc was eluted with 12.5 mM citrate (pH 2.8) and collected in 1.0-ml
fractions by gravity flow into polypropylene tubes containing 100 ml of 500 mM
HEPES (pH 9.0). Fractions were examined by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE), and BARF1.Fc-containing fractions
were pooled and concentrated. Purified proteins for biological assays were
screened for low endotoxin levels (1 pg/ml, final concentration) in the Limulus
amoebocyte assay (Whittaker M.A. Bioproducts, Walkersville, Md.).

Isotopic labeling and immunoprecipitation. CV1/EBNA cells (29) were trans-
fected as described above. Cells were labeled 48 h after DNA transfection with
100 mCi of L-[35S]methionine/cysteine (Amersham, Arlington Heights, Ill.) for
3 h at 37°C. The supernatants and cell lysates were harvested and clarified at
14,000 3 g for 30 min. For immunoprecipitation of the a, b, and g forms of
CSF-1, supernatants or cell lysates were incubated with 1 mg of BARF1.Fc
followed by the addition of protein A-Sepharose beads (Pharmacia, Piscataway,
N.J.). For metabolically labeled BARF1.Fc, protein A-Sepharose beads alone
were incubated with supernatants. For EBV-encoded BARF1, supernatants
from transfected CV1/EBNA cells or from B95-8 cells induced to express EBV
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lytic antigens with 5 ng phorbol 12,13-dibutyrate (Sigma, St. Louis, Mo.) per ml
were incubated with a MAb directed against BARF1 or with an anti-flag MAb
(International Biotechnologies, Inc., New Haven, Conn.), followed by incubation
with a rabbit anti-mouse antiserum and the addition of protein A-Sepharose
beads. Immunoprecipitates were analyzed by SDS-PAGE on 8 to 16% gels under
reducing conditions.

Plasmid construction. The a, b, and g forms of hCSF-1 were expressed by
using plasmid constructs as described previously (10). All three forms were
cloned into the expression plasmid pDC201 (42). A cDNA encoding a soluble
flag-tagged BARF1 gene was constructed by PCR using the BamHI A fragment
of EBV genomic DNA in plasmid pBR322 as a template for amplification. The
oligonucleotides used were 59-TGTCACTAGTTCTGATTACAAAGATGACG
ATGATAAAGTCACCGCTTTCTTGGGTGAGCGA-39, which introduces a
SpeI site and flag moiety (23) downstream of the predicted signal cleavage site
after amino acid 20 of the BARF1 protein sequence, and 59-GACAGCGGCC
GCCTATTATTGCGACAAGTATCCAGA-39, which encodes the 39 end of the
BARF1 protein including the native termination codon followed by a NotI site.
The amplified DNA was digested with SpeI and NotI and cloned into pDC206
(26) for expression under control of the IL-7 secretory leader sequence to
construct pDC206/BARF1.flag. A cDNA encoding BARF1.Fc was constructed
by PCR amplification from the same template. The oligonucleotides used were
59-GATCGGTACCATGGCCAGGTTCATCGCT-39, which introduces a KpnI
site upstream of the initiator methionine of BARF1, and 59-GCTCTACGTAG
GAACCCCCACCGCCTGAACCGCCTCCTCCTGACCCTCCGCCACCTTG
CGACAAGTATCCAGAAAC-39, encoding a ([Gly4]Ser)2 repeat that serves as
a flexible linker domain after amino acid 221 of BARF1, followed by a SnaBI
site. The amplified DNA was digested with KpnI and SnaBI, and the SnaBI site
was used to fuse BARF1 to a modified cDNA copy of the human IgG1 Fc region
as described previously (17). This cDNA copy of human IgG1 Fc was mutated to
minimize binding to the Fc receptor (7, 8). The fusion gene was cloned into
pDC304 (31) to construct pDC304/BARF1.Fc.

Cell separation and flow cytometry. Peripheral blood T (PBT) cells were
isolated exactly as described previously (46). T cells were incubated on two
changes of plastic tissue culture flasks to remove adherent cells and then cultured
in the presence of phorbol myristate acetate (10 ng/ml; Sigma) plus ionomycin
(500 ng/ml; Calbiochem, San Diego, Calif.) for 16 h. After incubation, nonad-
herent cells were removed for flow cytometric analysis or RNA isolation. Purity
was typically greater than 95%. PBT were washed twice in fluorescence-activated
cell sorting (FACS) buffer (PBS, 1% FBS, and 0.02% NaN3), and then 106 cells
were incubated on ice for 30 min in 100 ml of FACS buffer with 10 mg of
BARF1.Fc per ml, whole human IgG, or a control Fc protein. After thorough
washing, the cells were stained with phycoerythrin-conjugated anti-human IgG
(Fc specific) (Rockland, Gilbertsville, Pa.) in 100 ml of FACS buffer. Cells were
then washed thoroughly in FACS buffer. A minimum of 5,000 cells were analyzed
in a FACScan (Becton Dickinson, San Jose, Calif.).

Activated primary PBT cDNA expression library. Random hexamer-primed
cDNA was generated from oligo(dT)-selected activated primary PBT mRNA
and cloned into the expression vector pDC410 (1), using BglII adapters. The
library was screened as described previously (29). Briefly, CV1/EBNA cell mono-
layers on chamber slides were transfected with plasmid DNA derived from
pooled transformants. Cell monolayers were incubated 2 days after transfection
with 1 mg of BARF1.Fc per ml and then washed and incubated with 125I-labeled
mouse anti-human Ig. After extensive washing, cells were fixed, dipped in pho-
tographic emulsion, and then developed. Positive pools of cDNAs were identi-
fied and subdivided into smaller cDNA pools until single-positive clones were
isolated.

BMMNA proliferation assays. BMMNA proliferation assays were performed
essentially as described previously (10). Briefly, bone marrow was flushed from
the femurs of C57BL/6 mice (12 to 20 weeks of age) and drawn through a
22-gauge needle to disperse the cells. Pelleted cells were suspended in BMMNA
medium (alpha minimal essential medium, 15% FBS, 20 mg of asparagine per
ml) and seeded at 5 3 107 per T175 flask in a 1:25 dilution of L929 medium.
Flasks were incubated at 37°C with 6.5% CO2, and after 72 h, nonadherent cells
were removed from the flask. A standard proliferation assay was performed in a
96-well flat-bottom microtiter plate. hCSF-1 was added at a final concentration
of 1 mg/ml and titrated with a serial twofold dilution to 11 wells or was prein-
cubated for 30 min at 37°C with a titration of BARF1.Fc, BARF1.flag, appro-
priate control proteins, a blocking polyclonal antiserum to hCSF-1, or a normal
rabbit control serum. The heterologous Fc-containing control proteins used in
these studies contain the extracellular domain of the p35 protein of vaccinia virus
fused to the Fc portion of human IgG1 (45). Cells were seeded at 4 3 105/ml and
incubated at 37°C with 6.5% CO2 for 5 h. Cells were pulsed with 10 mCi of
[3H]thymidine per ml. One percent antifoam and 5% Nonidet P-40 were added
after 19 h at the time of cell harvest.

Solid-phase binding assay for CSF-1. Ninety-six-well enzyme immunoassay
plates (Dynatech, Chantilly, Va.) were coated with BARF1.Fc (5 mg/ml in PBS)
for 16 h at 4°C, washed thoroughly (three times with PBS–0.05% Tween 20 and
three times with PBS alone), blocked with PBS–1% nonfat dry milk for 1 h at
room temperature, and then washed thoroughly. The wells were then incubated
with a titration of biotinylated CSF-1, Flt3L (fms-like tyrosine kinase receptor 3
ligand), or human or mouse MGF (mast cell growth factor) (all four provided by
Immunex, Seattle, Wash.), beginning at a concentration of 0.3 mg/ml with serial

twofold dilutions out to eight wells (in PBS with 10% normal goat serum).
Cytokines were biotinylated essentially as described previously (4). The plates
were then washed thoroughly. Bound biotinylated CSF-1 was detected with
streptavidin-horseradish peroxidase (Zymed, San Francisco, Calif.), washed, and
then developed with the use of the TMB Microwell peroxidase substrate system
(Kirkegaard & Perry, Gaithersburg, Md.). Data reduction was accomplished by
using the Deltasoft 3.1 ELISA analysis program for the Macintosh (Biometallics,
Inc., Princeton, N.J.). Binding of BARF1.Fc to human granulocyte-macrophage
colony-stimulating factor (Immunex) was tested by adding 10 mg of recombinant
human GMCSF (R&D Systems, Minneapolis, Minn.) per ml to the titration of
hCSF-1-biotin before addition to the wells.

RESULTS

The BARF1 gene encodes a secreted protein. Computer-
assisted analyses of the putative BARF1 amino acid sequence
using two separate algorithms (16, 27) suggested that this pro-
tein contains an N-terminal signal sequence (predicted cleav-
age is following the alanine at position 20) and contains no
transmembrane domain (data not shown). This predicted to-
pology suggests that BARF1 is a secreted protein, which would
be consistent with both cytosolic and membrane immunofluo-
rescent staining patterns previously seen in cells transfected
with the BARF1 gene (14, 50, 54, 55). Based on these analyses,
a cDNA containing the complete coding region of the BARF1
gene was amplified by PCR from a plasmid containing the
EBV BamHI A genomic fragment. The resultant DNA prod-
uct was subcloned into a mammalian expression vector which
was then transfected into CV1/EBNA cells, and supernatants
from metabolically labeled cells were examined for the pres-
ence of the BARF1 protein. Cells transfected with the BARF1-
containing plasmid secreted a protein of approximately 29 kDa
(Fig. 1A, lane b).

The predicted molecular mass for BARF1 in the superna-
tant is approximately 23 kDa. The difference between the ob-
served and predicted values likely arises as a result of post-
translational modifications, such as the addition of carbohydrate
to the single N-linked attachment site. Additional recombinant
forms of the BARF1 protein were constructed and tested for
the ability to be secreted into the medium of transfected CV1/
EBNA cells. Figure 1B, lane b, shows a protein of ;60 kDa

FIG. 1. Recombinant and native BARF1 are secreted proteins. (A) CV1/
EBNA cells were transfected with plasmids containing the full-length, unmodi-
fied coding region of the BARF1 gene (lane b) or empty plasmid (lane c) and
radiolabeled as described in Materials and Methods. Supernatants were har-
vested 3 h after the addition of label and analyzed directly by SDS-PAGE on 8
to 16% gradient gels. Molecular weight markers are shown in lane a. (B) CV1/
EBNA cells were transfected with plasmids containing the BARF1.Fc coding
sequence (lane b), the BARF1.flag coding sequence (lane d), or empty vector
(lanes c and e) and then radiolabeled as for panel A. Supernatants were col-
lected, and proteins were precipitated with protein A-Sepharose alone for
BARF1.Fc and empty vector-containing samples (lanes b and c) or with anti-flag
MAb M1 and protein A-Sepharose for the BARF1.flag protein and empty
vector-containing samples (lanes d and e). Molecular weight markers are shown
in lane a.
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precipitated from metabolically labeled cells that were trans-
fected with a BARF1.Fc-containing plasmid. The apparent
molecular mass of this protein is in good agreement with the
size predicted as a result of combining BARF1 (;29 kDa) and
the Fc moiety (;30 kDa). Lane d shows a 29-kDa non-Fc,
flag-tagged version of the BARF1 protein that has been im-
munoprecipitated with an anti-flag MAb from BARF1.flag-
transfected cell supernatants.

The secretion of all three forms of recombinant BARF1
protein strongly suggested that naturally occurring BARF1
protein also would be secreted from EBV-infected cells. This
was confirmed in an assay using a BARF1-specific MAb (M71)
that had been raised against purified BARF1.Fc protein and
medium collected from metabolically radiolabeled B95-8 cells
that had been induced to undergo lytic infection. Induced
B95-8 cells, but not uninduced cells, secreted a 29-kDa protein
that was immunoprecipitated with the BARF1 MAb (Fig. 2),
confirming that the BARF1 protein is normally secreted into
the extracellular milieu during lytic replication of EBV in B
cells.

Identification of a ligand for BARF1. Purified BARF1.Fc
protein was used in flow cytometric analyses of a variety of cell
lines to determine a potential cell source for a counterstructure
for BARF1. These experiments indicated significant binding of
BARF1.Fc to PBT activated either with phorbol myristate
acetate and ionomycin or with an anti-CD3 MAb (data not
shown). An activated, human PBT cDNA library was gener-
ated and used in an expression cloning strategy that has suc-
cessfully identified a number of membrane-bound ligands for
soluble molecules (5, 29, 45). As a result of these experiments,
a single cDNA capable of conferring binding of BARF1.Fc to
transfected mammalian cells was isolated and found to encode
the b form of hCSF-1.

CSF-1 is a cytokine that traditionally has been considered a
macrophage growth and differentiation factor, owing in large
part to work performed in the mouse system (47). Remarkably
little is known about the biological activity of hCSF-1; however,
its expression by fibroblasts, endothelial cells, monocytes/mac-
rophages (reference 41 and references therein), and activated
human T cells and T-cell lines (25, 59) as well as the expression
of the CSF-1 receptor (CSF-1R) on osteoclasts and on my-
eloid, epithelial, and B cells strongly suggest that hCSF-1 is a
pleiotropic cytokine with many as yet undetermined activities.

hCSF-1 is encoded by a single gene; however, alternative
splicing gives rise to multiple transcripts, and cDNAs for three

different forms of hCSF-1 (a, b, and g) have been identified.
The a form of hCSF-1 comprises 256 amino acids; the b form
contains an 894-bp insert within the coding region and com-
prises 554 amino acids; and the g form contains a 546-bp
insertion in the same position (relative to the a form) and
comprises 438 amino acids (10). All three forms retain their
transmembrane domain, and the soluble form of the cytokine
is generated by proteolytic cleavage.

BARF1 binds the a, b, and g forms of hCSF-1. Flow cyto-
metric analysis and the identification of b hCSF-1 as a ligand
for BARF1.Fc indicated that BARF1.Fc could bind to cell
surface hCSF-1. To confirm the recognition of b hCSF-1 by
BARF1.Fc and to test whether BARF1.Fc bound to other
forms of hCSF-1, immunoprecipitations of supernatants from
cells transfected with cDNAs encoding either the a, b, or g
form of hCSF-1 were performed (Fig. 3). Radiolabeled, solu-
ble hCSF-1 of the a, b, or g form was precipitated with
BARF1.Fc, whereas no proteins were precipitated from super-
natants derived from cells transfected with vector alone. Iden-
tical results were obtained when a similar experiment was
performed with cell lysates (data not shown). These data indi-
cate that BARF1.Fc binds efficiently to all forms of hCSF-1.

CSF-1 belongs to a family of related ligands that includes
Flt3L and MGF (also known as c-kit ligand and stem cell
factor), all of which bind to specific receptor tyrosine kinase
molecules. The specificity of the interaction between hCSF-1
and BARF1.Fc was examined by testing these molecules
for their ability to bind to recombinant BARF1 protein in
solid-phase binding assays. Flt3L, MGF, and hCSF-1 were
directly biotinylated and assayed for binding to immobilized
BARF1.Fc. In the case of granulocyte-macrophage colony-
stimulating factor, which is an unrelated colony-stimulating
factor, a titration of unlabeled cytokine was used in an attempt
to inhibit biotinylated hCSF-1 binding to BARF1.Fc protein in
similar assays. Only hCSF-1 showed binding to BARF1.Fc,
whereas all other cytokines failed to bind (data not shown).
This finding specificity strongly argues for CSF-1 playing an
important, and at present, unappreciated, role in the response
of the host to EBV infection.

BARF1 can function as an antagonist for hCSF-1. The iden-
tification of BARF1.Fc as a soluble hCSF-1-specific binding
protein suggested that this viral molecule may act as an hCSF-1

FIG. 2. BARF1 is secreted from EBV-infected cells. CV1/EBNA cells trans-
fected with empty vector (lane a) or vector containing a nonmodified BARF1
gene (lane b), and B95-8 cells induced to express EBV lytic antigens (lane c)
were metabolically labeled as described in Materials and Methods. Cell super-
natants were immunoprecipitated with a BARF1 MAb, and precipitates were
analyzed by SDS-PAGE on 8 to 16% gradient gels. Induced B95-8 cell super-
natants contained a BARF1 MAb-reactive protein of approximately 29 kDa that
comigrated with that found in cells transfected with BARF1 expression plasmids.
A very large (.200-kDa) protein was detected in immunoprecipitations from
B95-8 cells (lane c) but not from EBV-negative B cells (12).

FIG. 3. Immunoprecipitation of the a, b, and g forms of hCSF-1 with
BARF1.Fc protein. CV1/EBNA cells were transfected with empty plasmids
(lanes b and g), with plasmids containing the a (lanes d and i), b (lanes e and j),
or g (lanes f and k) form of hCSF-1, or with the plasmid (containing a b form)
isolated by expression cloning (lanes c and h) and then metabolically labeled, and
the cell supernatants were precipitated with a commercially available pan-
hCSF-1 MAb (A) or recombinant BARF1.Fc protein (B).
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antagonist. To examine this, the BARF1.Fc protein was tested
for its ability to inhibit the proliferative effects of hCSF-1 in a
mouse BMMNA proliferation assay. In this assay, nonadher-
ent macrophage progenitor cells were cultured in the presence
of hCSF-1, and their proliferation was measured by [3H]thy-
midine uptake. Cultures contained either a titration of hCSF-1
and a constant amount of BARF1.Fc protein or a heterologous
control Fc protein (Fig. 4A). Although some diminution in
proliferation was typically seen when the control Fc protein
was included in these cultures, the BARF1.Fc protein effec-
tively neutralized hCSF-1 proliferative effects on mouse mac-
rophage precursors at all but the highest concentration (100
ng/ml) of cytokine. Similar experiments were performed with
the BARF1.flag (non-Fc-tagged version), and the results were
indistinguishable from those in Fig. 4A, indicating that possible
Fc receptor interactions arising from the use of the BARF1.Fc
chimeric protein do not play a role in the observed inhibitory
effect.

Flow cytometric data had indicated that the BARF1.Fc pro-
tein could bind to mouse 3T3 fibroblast cells (data not shown),
which can constitutively express mouse CSF-1 (41). The ability
of BARF1.Fc protein to neutralize mouse CSF-1 was tested in

a BMMNA proliferation assay as described above. Interest-
ingly, the inclusion of either BARF1.Fc protein (Fig. 4B) or
the BARF1.flag protein (data not shown) had no effect on the
proliferative capacity of mouse CSF-1 on mouse macrophage
precursors. The ability of BARF1 to bind to mouse CSF-1 (as
indicated by flow cytometry studies) but not block its biological
activity underscores the fine specificity of this immunomodu-
lator, but perhaps it is not surprising because BARF1 is de-
rived from a virus whose host range is limited to humans.

BARF1 shows limited sequence similarity to the cellular
receptor for CSF-1. Computer-assisted analyses of the pre-
dicted amino acid sequence of the BARF1 open reading frame
by using BLAST (basic local alignment search tool) (2) against
the nonredundant protein database indicated three regions
within BARF1 that exhibited similarity to other proteins (Fig.
5A). The first region, comprising residues 10 to 70, exhibited
similarity to numerous unrelated proteins, which contain
stretches of hydrophobic amino acids that align either with the
N-terminal signal sequence of BARF1 or with the isolated
hydrophobic residues that occur in BARF1 between residues
48 and 60. The second region that showed similarity to a
number of proteins spanned residues between positions 85 and
127 of the BARF1 sequence, and again, all of these peptides
appear unrelated to one another except that they all contain an
Ig-like domain. The BARF1 protein was not predicted to con-
tain an Ig-like domain based on conformity with the defining
consensus sequence (the sequence surrounding the C-terminal
cysteine residue of an Ig domain is [F,Y]XCX[V,A]XH, where
X is any amino acid) (6, 9); however, BARF1 does contain four
cysteine residues, and two of the four (at positions 14 and 104
or positions 104 and 201) are separated by 90 to 100 amino
acids, the distance typically found in an Ig domain loop. This
similarity likely explains the sequence relationships found
within this second region. In contrast to regions 1 and 2, a third
region of BARF1, comprising amino acids 146 to 158, exhib-
ited homology to a group of proteins consisting almost exclu-
sively of the extracellular domains of members of the tyrosine
kinase receptor family. A representative sequence alignment
including the hCSF-1R and a few of the receptors closely
related to it is shown in Fig. 5B. This alignment indicates an
absolute conservation of a cysteine residue (located in the
BARF1 protein at position 146), a proline at position 7 of this
motif, a second proline at position 9, and a tryptophan at
position 13. Several other positions (2, 3, 5, and 11) contain
similar amino acids. This short stretch of sequences is the only
region of apparent homology between BARF1 and its cellular
counterpart, the CSF-1R. Included in this alignment are the
amino acid sequences for the CSF-1R and the platelet-derived
growth factor receptor b homologs that have been sequenced
from the Japanese puffer fish, Fugu rubripes (24). The sequence
homology of these teleost receptors indicates a broad evolu-
tionary conservation of this motif.

DISCUSSION

The data presented here indicate that the BARF1 protein
can bind and neutralize soluble hCSF-1. The conserved block
of amino acid sequences present in both BARF1 and many
members of the hCSF-1R family supports the idea that the
BARF1 gene most likely originated as a cellular gene. Thus,
the BARF1 gene joins several other EBV-encoded genes
whose primary function may be to modulate the host response
to initial infection, and may also contribute to EBV pathoge-
nicity.

The BARF1 gene is transcribed before the onset of DNA
replication (58) in a rightward direction from the BamHI A

FIG. 4. Recombinant BARF1 protein neutralizes hCSF-1. BMMNA prolif-
eration assays were performed with a titration of hCSF-1 (A and C, triangles) or
mouse CSF-1 (B, triangles). Parallel cultures contained the same titration of
CSF-1 and either BARF1.Fc protein at 2.5 mg/ml (A and B, squares) or a
heterologous Fc-containing protein at 2.5 mg/ml (A and B, circles). The control
consisted of similar cultures (C) that included a titration of hCSF-1 and a 1:350
dilution of a CSF-1 neutralizing polyclonal serum (squares) or normal rabbit
serum (circles). Cultures containing medium only are indicated by diamonds.
The results shown in all panels are representative of four independent experi-
ments.
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EBV genome fragment. In prior studies, this region was found
to give rise to numerous rightward transcripts that were be-
lieved to be expressed in NPC tissues but not in tissues from
other EBV-associated tumors, such as Burkitt’s lymphoma (18,
33). More recent studies of the transcripts from this region,
using cell lines derived from NPC tissue or from primary NPC
cells, have indicated that while NPC cells contain numerous
rightward transcripts from the BamHI A region, these tran-
scripts terminate prior to the BARF1 gene (11, 39). This find-
ing suggests that transcription of the BARF1 gene does not
play a singular role in NPC compared to other forms of EBV-
associated tumor (40). Consistent with this conclusion, immu-
noprecipitations of radiolabeled, nontagged, recombinant
BARF1 protein with serum from healthy EBV-seropositive
donors or from age- and race-matched NPC patients clearly
indicate that all seropositive serum tested contained antibodies
capable of reacting with the BARF1 protein (47a).

A study by Wei and Ooka (56) has suggested that the over-
expression of the BARF1 gene by retrovirus expression vectors
in mouse fibroblast cells rendered these cells oncogenic, as
assayed by tumor formation, after injection into newborn rats.
Similar results were obtained by this group when BARF1-
expressing retroviruses were used to transform the EBV-neg-
ative, human Louckes B-cell line (55). In these latter experi-
ments, BARF1-expressing B cells were tumorigenic when
injected into newborn rats. Such results are provocative be-
cause CSF-1R was originally identified as the product of c-fms,
a cellular tyrosine kinase proto-oncogene whose overexpres-
sion can lead to cell transformation.

Although it has been studied for some years, the exact role
played by CSF-1 and CSF-1R in human tumor establishment
and/or maintenance is unknown; however, several postulated
mechanisms may be relevant to the understanding of the on-
cogenic potential of overexpressed BARF1 (for a review, see
references 20 and 41). For example, NIH 3T3 cells expressing
hCSF-1R can undergo transformation and proliferate in se-
rum-free medium in the presence of human CSF-1 (35–37).
This transformation is presumably a result of the kinase activ-
ity of the CSF-1R that occurs following binding of CSF-1 and
the subsequent activation of downstream mitogenic signals.
Support view for this comes from studies in which mutagenized
CSF-1R was examined for its ability to induce transcription of
other proto-oncogenes such as c-myc. In these studies, mutant
receptors, which were found to be mitogenically inactive, also
failed to induce c-myc, suggesting that c-myc induction is re-

quired for CSF-1-induced mitogenesis (34, 38). In the study by
Wei et al. (55), overexpression of BARF1 protein in Louckes
B cells activated the c-myc proto-oncogene. Thus, it is possible
that the expression of BARF1 protein may, in rare instances
associated with EBV infection, result in activation of down-
stream oncogenic proteins, contributing to the formation of
tumors in some patients. While BARF1 could have a role for
some tumors in vivo, the protein is not expressed during latent
infection of EBV-transformed B cells in vitro (50). Preliminary
experiments using an EBV mutant in which the BARF1 gene
is disrupted confirm that this gene is not required for mainte-
nance of transformation by EBV (12).

It is likely that the primary role of the BARF1 protein during
EBV infection is to act as an antagonist for hCSF-1. As stated
previously, CSF-1 is a pleiotropic cytokine whose receptor is
expressed on many cell types. Although little is known about
the biology of hCSF-1, and relatively little is known about
mouse CSF-1 outside of its role as a macrophage growth and
differentiation factor, there are some studies that clearly sug-
gest a role for hCSF-1 in modulating the innate and cell-
mediated immune responses. The expression of hCSF-1 on the
surface of activated, but not resting, human T cells, as indi-
cated by our expression cloning experiments, is consistent with
other reports (19, 49, 57, 59). Zisman et al. (59) performed
proliferation assays using antigen-specific human T-cell clones,
irradiated syngeneic spleen cells, and antigen and found that
the inclusion of hCSF-1 blocking antibodies inhibited T-cell
proliferation. This work, then, suggests a role for hCSF-1 as a
costimulatory molecule. The biological activities of hCSF-1 are
better understood on monocytes, where it has been shown to
enhance complement component C3 production (3), regulate
integrin expression (15), and induce interferon and tumor ne-
crosis factor alpha (53).

It is worth noting that EBV encodes a viral homolog of the
cytokine IL-10. IL-10 also has profound immunosuppressive
effects on monocytes and macrophages, inhibiting their ability
to secrete cytokines and to serve as accessory cells for T cells
and natural killer cells (22). IL-10 also inhibits superoxide
anion production (32), but interestingly, viral IL-10 does not
upregulate major histocompatibility complex class II expres-
sion on monocyte cell surfaces, although cellular IL-10 does
(30). The inclusion of two gene products within the EBV ge-
nome that are involved with the inhibition of monocyte/mac-
rophage functions clearly points to an important role for these
cells in controlling EBV infection.

FIG. 5. (A) Histogram indicating the relative number of proteins (vertical axis) similar to BARF1 at each amino acid residue along the BARF1 sequence (horizontal
axis), as identified by BLAST searches against a nonredundant protein database. Three discrete regions of similarity to a large number of proteins are identifiable. (B)
The amino acid motif comprising residues 146 to 158 in region 3 of panel A, which is conserved between the BARF1 sequence and the indicated receptor tyrosine
kinases.

VOL. 72, 1998 NOVEL EBV-ENCODED CSF-1R 4019



The BARF1 gene joins a growing family of virus-encoded
immunomodulators that have little or no detectable sequence
similarity to their cellular counterparts, yet seem to function at
least as efficiently. Two striking examples of this have been
reported recently. The B18R gene of poxviruses shows clear
homology to the IL-1 receptor family of proteins yet binds
alpha/beta interferon with high affinity (13, 48). A soluble
poxvirus protein with no apparent sequence similarity to pro-
teins in the nonredundant database has been shown to bind
and neutralize chemokines (28, 43), an impressive fact consid-
ering all known mammalian chemokine receptors are multiple
membrane spanners. The relationship of BARF1 to the CSF-
1R is similar in that although there is a highly conserved amino
acid motif, it does not occur in the region of the CSF-1R
previously reported to be critical for hCSF-1 binding (52); in
addition, this motif is found in several other members of the
tyrosine kinase receptor family. These observations argue that
this stretch of conserved sequence might be more important in
the preservation of some secondary structure common to
members of this family than in the formation of the binding site
of hCSF-1. It is conceivable that the study of these noncon-
served virus immunomodulators will allow new insight into the
development of computer-assisted structure-function pro-
grams.

The identification of a novel, soluble CSF-1 receptor en-
coded by EBV implies a previously unrecognized importance
for the role of hCSF-1 in controlling EBV infection, and it
raises many questions regarding the potential link between
BARF1, hCSF-1, and CSF-1R in EBV-associated tumors.
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