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In pursuing studies on the early events in the infection of human B cells by Epstein-Barr virus (EBV), we
examined the host cell attachment phase with a panel of B-cell-specific monoclonal antibodies. One of the
monoclonal antibodies, OKB7, directly blocked the attachment of purified EBV to B lymphocytes in the
absence of a second anti-immunoglobulin antibody and thereby prevented EBV infection of tonsil and
peripheral blood B cells. Although earlier studies have shown a close association of the EBV and complement
receptor (CR2), an anti-CR2 monoclonal antibody, anti-B2, did not directly block the binding of EBV to B
cells. A comparison of the structures recognized by these monoclonal antibodies on various cell types and their
functional and physiochemical properties was undertaken. Flow cytometric analysis revealed that the molecules
detected by OKB7 and anti-B2 were coexpressed to the same extent on B cells but were not expressed on T-cell
lines. OKB7 and anti-B2 both immunoprecipitated a 145,000-molecular-weight membrane protein with an
isoelectric point of 8.2 from membrane extracts of Raji lymphoblastoid cells. OKB7 and, to a lesser extent,
anti-B2 directly blocked the attachment of C3d,g-coated fluorescent microspheres and sheep erythrocytes
bearing C3d to B cells, indicating that these antibodies also react with CR2. These studies indicate that the
EBV-CR2 receptor is a single membrane glycoprotein which possesses multiple antigenic and functional
epitopes.

Epstein-Barr virus (EBV), an oncogenic herpesvirus of
humans, selectively infects B lymphocytes (7, 12, 25) and
probably nasoepithelial cells (31), suggesting that discrete
membrane receptors are utilized by this virus to enter cells.
Such receptors undoubtedly participate in the endocytosis of
EBV in normal B cells (25, 26). Earlier studies demonstrated
that the EBV receptor was closely associated with the
complement C3d receptor (CR2), a 140,000- to 145,000-
molecular-weight membrane glycoprotein (13, 18, 28, 34,
35). Recently, evidence for the identity of the EBV receptor
with CR2 was obtained by using an anti-CR2 monoclonal
antibody, HB-5, which does not directly block EBV binding
(5). In the present studies, we examined the membrane
structure recognized by OKB7, a B-lymphocyte-specific
monoclonal antibody which directly blocks EBV attachment
and infection, and the relationship of this structure to CR2.

MATERIALS AND METHODS
Cell lines, lymphocytes, and EBV isolation. EBV-

transformed B-cell lines Raji and B95-8 were maintained in
RPMI 1640 and 10% fetal bovine serum at 37°C. Peripheral
blood B lymphocytes were isolated from normal adult donors
by negative selection with neuraminidase-treated sheep
erythrocytes as previously described (8). Tonsils were ob-
tained at Children's Hospital, San Diego, Calif., from normal
children of 2 to 11 years of age undergoing tonsillectomy.
EBV was grown in phorbol-myristate-acetate-stimulated

B95-8 cells and purified as previously described (24). Virus
was intrinsically labeled with [35S]methionine by the method
of Edson and Thorley-Lawson (2). Virus purity was assessed
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
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sis (SDS-PAGE) and autoradiography and by negative-stain-
ing transmission electron microscopy (24).
Monoclonal and polyvalent antibodies and CR2 ligands.

Monoclonal antibodies OKB2 and OKB7 were obtained
from Ortho Diagnostics, Inc., Raritan, N.J.; anti-Bl, anti-
B2, and anti-B4 antibodies were from Coulter Immunology,
Hialeah, Fla.; the monocyte- and macrophage-specific
monoclonal antibody anti-MO2 was purchased from Coulter.
Affinity-purified anti-mouse immunoglobulin M and anti-im-
munoglobulin G and M antibodies were purchased from
Cappel Laboratories, Cochranville, Pa. The latter antibodies
were cross-linked to CNBr-activated Sepharose 6B (Phar-
macia Fine Chemicals, Piscataway, N.J. [Div. Pharmacia,
Inc.]) as recommended by the manufacturer. Highly purified
C3d,g, the physiologic fragment of C3 which binds to CR2
(1, 29), was generously provided by Hans Muller-Eberhard
and Michael J. Pangburn. Coumarin (green) fluorescent
microspheres (1.0 ,um) (Covalent Technology Corp., Red-
wood City, Calif.) were coated with purified C3d,g or bovine
serum albumin (BSA) exactly as recommended by the manu-
facturer. Antibody-sensitized sheep erythrocytes bearing the
complement components C2 and C4 (EAC4,2) were coated
with 10,000 to 20,000 molecules of C3d by sequential incuba-
tion with purified C3, factors H and I, and 5 ,ug of trypsin per
ml as previously described (30).

Radiolabeling, SDS-PAGE, and IEF analysis of CR2. Raji
lymphoblastoid cells were surface labeled with 1251 by using
lodo-Beads (Pierce Chemical Co., Rockford, Ill.). The cells
were lysed in 1% Nonidet P-40, and the lysates were
precleared by absorption with an equal volume of packed,
fixed Staphylococcus aureus (Pansorbin; Calbiochem-
Behring, La Jolla, Calif.) for 3 h at 4°C. The precleared
extracts were reacted with 2 ,ug of anti-B2 antibody coupled
to anti-mouse immunoglobulin-M-Sepharose or with an
equivalent amount of OKB7 antibody coupled to anti-mouse
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TABLE 1. Effect of monoclonal antibodies on binding of EBV to
B cellsa

Monoclonal Immunoglobulin 35-labeled EBV % Inhibition
antibody isotype (cpm SD) of binding

Anti-MO2 IgM 421 ± 28 -3.0
Anti-Bl IgG2a 398 ± 32 2.5
Anti-B2 IgM 483 + 80 -18.0
Anti-B4 IgGl 399 ± 12 2.3
OKB2 IgGl 488 ± 33 -19.6
OKB7 IgG2a 155 ± 26 62.0
Control 408 ± 18
a Experiment was carried out with 106 peripheral blood B cells and 1 ,ug of

each monoclonal antibody.

immunoglobulin G and M-Sepharose. The immunoprecipi-
tates were washed and then eluted from the Sepharose beads
with 2% SDS for SDS-PAGE (16) or with 8 M urea for
isoelectric focusing (IEF) (4).
EBV binding to and infection of B cells in the presence of

monoclonal antibodies. In preliminary studies, the binding of
35S-labeled EBV to untreated Raji lymphoblastoid cells was
examined first. Increasing amounts of 35S-labeled EBV was
added to 107 Raji cells in 1 ml of phosphate-buffered
saline-BSA with constant mixing at 4°C for 60 min. The cells
were then washed twice in phosphate-buffered saline-BSA,
and the pellets were lysed and counted. For virus binding-
inhibition assays, peripheral blood B cells (106) or tonsil or
Raji cells (10G) were pretreated with various amounts of the
different monoclonal antibodies in phosphate-buffered
saline-BSA or with buffer alone for 60 min at 4°C. The cells
were washed and reacted with 4,000 cpm (approximately 107
virions) of purified 35S-labeled EBV and incubated for an
additional 60 min at 4°C. The cells were again washed, lysed
with scintillation fluid (Cytoscint; Westchem, San Diego,
Calif.), and counted. Control cells were pretreated with an
irrelevant monoclonal antibody (anti-MO2) or with buffer
alone. For viral infectivity assays, 6 x 105 peripheral blood
B cells were incubated with the monoclonal antibodies for 60
min at 4°C. The monoclonal antibodies were diluted in
RPMI-10% fetal calf serum and dialyzed against the same
medium to remove azide before exposure to B cells. The
cells were then washed with RPMI medium, plated into
96-well sterile trays at 2 x 105 cells per well, and then
exposed to unlabeled EBV at a multiplicity of infection of
1.0, as determined by DNA content (27) and electron mi-
croscopy (24), for 14 days. Cell transformation was assessed
by incorporation of [3H]thymidine and by formation of cell
colonies as previously described (24).

Binding of C3d,g and C3d to B cells in the presence of
monoclonal antibodies. Binding of C3d or C3d,g to B cells
was examined by two separate assays. In the first assay, the
ability of monoclonal antibodies to influence C3d,g binding
to B cells was studied by using C3d,g-coated fluorescent
microspheres. B cells which had been reacted with various
amounts of the monoclonal antibodies at 4°C for 60 min in
200 Rl of phosphate-buffered saline-BSA were subsequently
incubated for 45 min at 37°C with 10 ,u1 of a 10% suspension
of C3d,g-fluorescent microspheres or with microspheres
which had been coated with BSA as a control. Cells were
examined by combination phase-contrast and fluorescent
microscopy. Cells with four or more microspheres were
considered positive for C3d,g binding. In the second CR2
assay, B cells were pretreated with monoclonal antibodies at
4°C, washed, and then reacted at a ratio of 1:50 with EAC3d

cells for 45 min at 37°C. Formation of rosettes was examined
by light microscopy, and B cells with four or more EAC3d
cells were considered positive. Controls included B cells
incubated with EA or EAC4,2 cells.

RESULTS
Effect of B-cell-specific monoclonal antibodies on EBV at-

tachment and infection. The specificity of 35S-labeled EBV
binding to B cells was first examined by incubating increas-
ing amounts of 35S-labeled EBV with Raji cells and determin-
ing binding. An uptake curve indicative of saturable binding
was observed; at saturable binding, 85 to 90% binding of
labeled virus was achieved. Such binding was inhibited by a
10-fold excess of cold EBV (data not shown), indicating the
specificity of EBV binding. A panel of monoclonal antibod-
ies specific for B cells was then screened for the ability to
directly inhibit the binding of radiolabeled EBV to isolated B
lymphocytes in the absence of a second antibody. In these
experiments, an amount of each monoclonal antibody (1 to 2
pug) which gave maximal fluorescent staining of the cells was
used together with an amount of 35S-labeled EBV which
resulted in the saturation of50% of the EBV receptors on 107
untreated tonsil or Raji B cells. Only OKB7 inhibited the
binding of labeled EBV to peripheral blood B cells (Table 1).
There was no correlation of virus inhibition with the anti-
body isotype (Table 1) or with the percentage of B cells
recognized by antibodies as determined by fluorescence-
activated cell sorter analysis. The percentage of peripheral
blood B cells labeled by anti-Bl, OKB7, and anti-B2 anti-
bodies, as determined by FACS analysis, was similar to the
previously reported values (21-23). In addition, antibodies
anti-B2 and OKB7 stained similar numbers of tonsil B cells
and isolated peripheral blood B cells and did so with similar
intensities.

Dose-response studies revealed that 50% inhibition of the
binding of approximately 107 particles ofEBV (4,000 cpm) to
107 tonsil B cells occurred with a dose of 300 ng of antibody
OKB7, whereas 800 ng was required to achieve 50% inhibi-
tion of binding to 107 Raji cells (Fig. 1A). The anti-CR2
monoclonal antibody, anti-B2 (10), failed to inhibit EBV
binding at all doses. Consistent with the ability of antibody
OKB7 to inhibit the binding of EBV to tonsil B lymphocytes
and Raji lymphoblastoid cells directly, this antibody also
directly blocked EBV infection of peripheral blood B lym-
phocytes in a dose-dependent manner (Fig. 1B) as measured
either by colony outgrowth in soft agarose or by
[3H]thymidine incorporation at 14 days of culture. A 50%
inhibition of infection occurred with a dose of 300 to 500 ng
of antibody OKB7 per 6 x 106 peripheral blood B lympho-
cytes.

Reactivity of OKB7 and anti-B2 monoclonal antibodies with
CR2. Studies were next carried out to determine the possible
CR2 specificity of monoclonal antibody OKB7. Antibody
OKB7 efficiently inhibited both EAC3d and C3d,g binding to
tonsil B cells and Raji cells, respectively, in the absence of a
second anti-immunoglobulin antibody, indicating that this
antibody blocks CR2 function (Table 2). Anti-B2 antibody
showed a limited ability to inhibit CR2 function as indicated
by the blocking of EAC3d and C3d,g microsphere binding to
B cells, a finding consistent with previous reports (10). Two
other monoclonal antibody controls, anti-MO2 and anti-Bl,
failed to alter CR2 function significantly. Inhibition was
observed at 37°C (Table 2) as well as at 4°C (data not shown).
This indicates that modulation by antibody redistribution of
receptors was not responsible for the observed inhibition.
SDS-PAGE and IEF analysis of the antigen recognized by
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antibodies anti-B2 and OKB7. Biochemical studies were
carried out to define the antigens recognized by the OKB7
and anti-B2 monoclonal antibodies. Antibodies OKB7 (Fig.
2A, lane 1) and anti-B2 (lane 2) both immunoprecipitated a
145,000-molecular-weight protein from detergent lysates of
labeled Raji cells. An irrelevant monoclonal antibody, anti-
M02 (lane 3), failed to do so. Immunoprecipitates were also
subjected to IEF. Both antibodies anti-B2 (Fig. 2B, lane 1)
and OKB7 (lane 2) detected a protein with an isoelectric
point of 8.2, a value consistent with the isoelectric point of
CR2 reported by Iida et al. (10). The molecular weight
estimate for the protein recognized by antibody OKB7 was
somewhat different than that originally reported (21).

DISCUSSION
Infection of B lymphocytes is initiated by the specific

binding of EBV to a receptor expressed on the surface of B
lymphocytes and B-lymphoblastoid cell lines (12-14, 25).
Several lines of evidence have suggested that the EBV
receptor is either a C3 receptor or is closely associated with
a C3 receptor (3, 9, 13, 15, 20, 28, 34, 35). Direct analysis of
the EBV receptor and its relationship to CR2 has recently
been possible through the use of monoclonal antibodies. The
140,000- to 145,000-molecular-weight B-cell membrane pro-
tein is recognized by monoclonal antibodies termed anti-B2
(10, 23) and HB-5 (5, 32, 33), which immunoprecipitate a
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FIG. 1. Effect of monoclonal antibodies on 35S-labeled EBV

binding and infection. (A) Normal tonsil B (left) or Raji (right) cells
(107) were reacted with various amounts of OKB7 (- *) or
anti-B2 (-----) antibody before the addition of 4,000 cpm of
3"S-labeled EBV. X Axes, monoclonal antibody (,ug). (B) B cells (6
x 105) were reacted with various amounts of OKB7 (-) or anti-B2
(A) antibody, washed, and then cultured for 14 days in the presence
of EBV. Infectivity was measured by the stimulation of DNA
synthesis ([3H]thymidine incorporation) and colony formation.

TABLE 2. Inhibition of CR2 function by monoclonal antibodies

Antibody Amt (,ug) t% Positive EAC3d % Positive C3d,g
AntibodyAmt (~~g) rosetteSab rosetteSb,c

None 73 (5) 93 (4)
Anti-MO2 2.0 67 (3) 88 (5)
Anti-Bl 2.0 74 (5) 90 (5)

Anti-B2 0.5 40 (2) 78 (6)
Anti-B2 1.0 43 (8) 57 (4)
Anti-B2 2.0 40 (3) 25 (3)

OKB7 0.2 55 (4) 50 (4)
OKB7 1.0 45 (6) 20 (4)
OKB7 2.0 30 (2) 4 (1)

a Positive rosettes were tonsil B cells having four or more bound EAC3d
cells.

b Numbers in parentheses indicate standard deviation from two experi-
ments. At least 100 cells were counted for each antibody concentration.

c Positive rosettes were Raji cells having four or more fluorescent C3d,g
microspheres.

polypeptide chain of this molecular weight from normal B
lymphocytes and B-lymphoblastoid cell lines and, together
with an anti-immunoglobulin second antibody, block rosette
formation between particles bearing C3d and B-lymphoid
cells bearing the receptor (10, 33). Antibody anti-B2 also has
some ability to block such rosette function directly in the
absence of a second antibody (10). Antibody HB-5, although
unable to block EBV binding directly, possessed this ability
in the presence of a second anti-immunoglobulin antibody
(5). Recently, good evidence for the identity of the EBV
receptor with CR2 was obtained by using these antibodies,
since pretreatment of B-lymphoblastoid cells with antibody
HB-5 followed by anti-immunoglobulin blocked virus bind-
ing, and HB-5-CR2 complexes obtained by immunoprecipi-
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FIG. 2. Immunoprecipitation of Raji B cells with monoclonal
antibodies. Surface-labeled Raji cells were lysed with 1% Nonidet
P-40 and immunoprecipitated with OKB7 (lanes 1A and 2B), anti-B2
(lanes 2A and 1B) antibody, or M02 (lane 3A) and analyzed by
SDS-PAGE (A) or IEF (B). MW, Molecular weight.
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tation from B-lymphoblastoid cell extracts and immobilized
on S. aureus particles possessed the ability to bind EBV (5).
The studies with OKB7 monoclonal antibody described here
provide direct evidence that a single B-cell membrane pro-
tein functions as a dual receptor for EBV and C3d. This
antibody reacts with a 145,000-molecular-weight protein
with an isoelectric point of 8.2, values previously identified
as characteristic of CR2, and directly blocks CR2 function as
well as EBV binding and infection in the absence of a second
antibody.
These studies thus indicate that EBV utilizes a normal cell

constituent to achieve specific B-cell tropism. Other ex-
amples of viruses which use host proteins to infect cells are
rabies virus, which may utilize the acetylcholine receptor on
neural cells (18, 19), and lactate dehydrogenase virus, which
may bind to Ia antigens (11) on macrophages.
These B-cell-specific monoclonal antibodies and cor-

responding ligands such as EBV and C3d,g, which all react
with a common protein on lymphocytes but induce different
biological functions, will provide very useful probes for
dissecting the early stages of EBV infection as well as the
biochemical events involved in B-cell activation and dif-
ferentiation.
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