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EBV binds and infects HSB-2 T cells via a receptor distinct from CD21. To further study this novel EBV receptor,
we expressed the first 470 amino acids of the EBV-gp350/220 using the baculovirus expression system. The
recombinant gp350/220_47¢, has a m.w. of 95 kDa, reacts with anti-gp350/220 Abs, and binds CD21 in ELISA.
Radiolabeled gp350/220;_470, binds both HSB-2 and Raji cells. The gp350/220;_45(, protein also inhibits EBV binding
to both HSB-2 and Raji, detected by flow cytometry. Lysates of HSB-2 cells compete with CD21 for binding to gp350/
220y _470) suggesting that the two receptors bind related epitopes on the recombinant protein. Scatchard analysis
reveals that gp350/220,;_470, binds to 34,000 high affinity sites/HSB-2 cell (Ky = 0.92 X 1078 M) compared with the
97,000 high affinity sites bound/Raji cell (K; = 1.78 X 1078 M). Utilizing a gp350/220,,_4-affinity matrix, we identify
a 70-kDa (55-kDa nonreduced) protein on the surfaces of '?®|-labeled HSB-2 cells. Binding of this protein to the matrix
is inhibited by anti-gp350/220 Ab 72A1. In summary, we characterize a novel EBV-binding molecule on HSB-2 cells,
compare its reactivity with gp350/220 to that of CD21, and provide evidence of a gp350/220-reactive, 70-kDa protein
on the surfaces of HSB-2 cells. In view of previous evidence of HSB-2 infectivity by EBV, we propose that the 70 kDa

protein represents the novel EBV receptor.

agent of mononucleosis (1) and has been associ-
ated with a variety of human tumors including
Burkitt’s lymphoma (2), nasopharyngeal carcinoma (3)
and, more recently, certain T cell lymphomas (4-9).
EBYV binding to and infection of its target cells can be
mediated by C receptor type 2 (CD21, CR2) (10-12).
CD21 is expressed on B cells, thymocytes, certain T cell
lines, and some types of epithelial cells (13-16). Different
types of transcripts have been described for CD21 in B
lymphocytes, as well as in B and T cell lines that reflect
alternative exon splicing (15, 17, 18).

E BV, a lymphotropic herpes virus, is the causative
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Epithelial cells have been reported to bind and internal-
ize EBV (19). A recent report by Lindhout et al. has dem-
onstrated that CD21-positive folicular dendritic cells
(FDC)? can be infected and transformed by EBV, and that
the so-obtained cell lines have phenotypic characteristics
typical of those of freshly isolated FDC (20). An EBV
receptor apparently indentical to CD21 has been described
on epithelial cell lines by Birkenbach et al. (16). Another
HB-5 reactive, 200-kDa protein has been reported by
Young et al. on freshly isolated ectocervical epithelial
cells (21). This protein, however, does not bind gp350/220
or other anti-CD21 mAbs (16), thus making it unlikely that
it represents an EBV receptor.

More recently, our laboratory described a phenotypi-
cally distinct EBV receptor on the surfaces of the CD21-
negative HSB-2 cells that allows viral infection, evidenced
by the expression of EBV nuclear Ag-1 (22). The inter-
action of EBV and this novel receptor occurs via the
N-terminal portion of the EBV envelope glycoprotein

3 Abbreviations used in this paper: FDC, follicular dendritic cells; EBNA-T,
EBV nuclear antigen-1; ABTS, 2,2'-azino-di-[3-ethylbenzthiazolinesulfonate
(6)], diammonium salt; strep-PE, streptavidin-phycoerythrin.
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2p350/220 (22), which is also used by the virus to bind
CD21 (23-25).

In the present report, we have utilized recombinant
gp350/220 as a probe to further characterize the specific
interaction between EBV and HSB-2 cells. The reactivity
of the recombinant protein to CD21-negative HSB-2 cells
has been compared with that of CD21-positive Raji cells.
Finally, we have identified a 70-kDa protein on HSB-2
cells that we propose to represent the novel EBV receptor.

Materials and Methods
Cells and reagents

The HSB-2 T cell line, the EBV-transformed Raji B cell line, the K562
erythroid line, and the EBV-producing B95-8 marmoset leukocyte line
were all cultured in RPMI 1640 (Mediatech, Washington, DC) containing
10% FCS with the cell concentration adjusted to 2 X 10° cells/ml every
3 to 4 days. The Sf9 insect cell line was obtained commercially (Invitro-
gen Corporation, San Diego, CA). Virus was obtained from cell culture
supernatants of the B95-8 cells as previously described (26). The Sf9
insect cells were cultured in Ex-cell 400 media under serum-free condi-
tions (Invitrogen).

The anti-CD21 mAb HB-5 and the anti-gp350/220 mAb 72A1 were
obtained from the American Type Culture Collection (Gaithersburg,
MD) hybridomas HB135 and HB168, respectively. The anti-gp350/220
mAbs 2110 and BMA17.3 were gifts of Dr. G. Pearson (Georgetown
University, Washington, DC). The gp350/2204°-32 peptide and an an-
tiserum to this peptide were prepared as previously reported (27). Oli-
gonucleotides were synthesized in the San Diego State University Mi-
crochemical Core Facility using a synthesizer from Applied Biosystems
(Foster City, CA).

Expression, and purification of recombinant
8P350/220,;_ 470,

Episomal EBV DNA was isolated from the cytoplasm of Raji cells as
previously described (28). A portion corresponding to the first 470 N-
terminal amino acids of gp350/220 was amplified by PCR using the
following primers: 5'-GGTCTAGAATGGAGGCAGCCTTGCTTGT-3'
(extends downstream) and 5'-CCGGATCCTTAGGTGGATACAGT
GGGGCCTG-3' (extends upstream). The underlined portion of each
primer denotes the addition of restriction sites (Xbal and BamH1, re-
spectively) along with two additional bases to facilitate enzymatic diges-
tion and subsequent cloning. The existing start, and an added stop codon
have been included. The PCR was performed in a thermocycler (Eri-
comp, San Diego, CA) as follows: after a 10 min preincubation period at
94°C the samples were taken through 30 cycles of 1.5 min at 90°C, 30 s
at 65°C, and 1.5 min at 72°C. The identity of the PCR product was
confirmed by digestion with restriction enzymes, Southern blotting uti-
lizing a 30-base *?P-labeled oligonucleotide (5'-CCTGGTACAGGG
TATGCATACAGCCTGCCT-3") that hybridizes to bases 766-796 of
the positive strand of the gp350/220 open reading frame, and by sequenc-
ing of one of its strands. The PCR product was subcloned into the
pVL1393 vector and co-transfected into Sf9 cells following the manu-
facturer’s instructions in the ‘MaxBac’ expression system (Invitrogen).
Clones secreting gp350/220;_470, were identified by Western blotting
with anti-gp350/220° > peptide Abs. Supernatant fluids from positive
clones were concentrated and purified by fast protein liquid chromatog-
raphy using Mono-Q HR10 and Superose 12 columns (Pharmacia LKB
Biotechnology. Piscataway, NJ). Purified fractions were then analyzed
for their reactivity with monoclonal and anti-peptide Abs to gp350/220 in
ELISA and Western blotting.

Immunochemical reactivity of recombinant
8P350/220(;_470)
The immunochemical reactivity of recombinant gp350/220;_47q) was as-

sessed by Western blotting, ELISA, and flow cytometry. Western blot-
ting analysis of the gp350/220;_40, Was conducted as previously de-
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scribed (26). Briefly, purified gp350/220, _4-q, Was electrophoresed on
SDS-PAGE (7.5% acrylamide) under reducing conditions, transferred
to PVDF membrane (Schleicher & Schuell, Keene, NH), and blotted
with Abs.

The ELISA was essentially performed as described by Esparza et al.
(27) in microtiter plate wells that had been precoated cither with 10
pg/ml of gp350/220;_47y or 20 pg/ml of C3 aggregated with glutaral-
dehyde (29), or 10 ug/ml casein as control. Detection of bound Abs was
accomplished with horseradish peroxidase-conjugated goat anti-mouse
Ig (Jackson ImmunoResearch, West Grove, PA) and ABTS (Calbiochem,
La Jolla, CA) as substrate.

Flow cytometric analysis was performed as described by Watry et al.
(26). Briefly, 1 X 10° cells were pretreated with either 2p350/220,_ 4,
or control material from Sf9 cells that had been transfected with wild-
type virus, followed by incubation with biotin-conjugated EBV that was
prepared as previously described (26). EBV binding was assessed by
incubation with strep-PE (Biomeda, Foster City, CA) and analysis on the
FACStar flow cytometer (Becton Dickinson, Sunnyvale, CA).

Radioiodination of gp350/220,;_ 47,

Radioiodination of gp350/220;_,5, was performed as follows: 20 pg of
recombinant protein were suspended in 300 ul of PBS, pH 7.2 containing
1 mCi of Na'*I (Amersham, Arlington Heights, IL) and labeled with
Todo-beads (Pierce, Rockford, IL) following the manufacturer’s protocol.
Free iodine was removed by passage through 10DG desalting columns
(Bio-Rad, Richmond, CA). Alternatively, gp350/220(;_470, was labeled
with the Bolton-Hunter Reagent (Pierce) as follows: 150 ug of Bolton-
Hunter reagent was incubated with 1 mCi of Na'2°I (Amersham) and two
Todo-beads (Pierce) in 100 ul PBS, pH 7.0, for 15 min at room temper-
ature with rotation. The mixture was transferred, without Iodo-beads, to
20 pg of gp350/220;_470y in 50 pl PBS and incubated for 1 h at room
temperature with occasional mixing. The radiolabeled protein was puri-
fied through a desalting column as described above. The specific activity
obtained with the Na'**I-labeled material ranged from 1.1 X 10° t0 9.6 X
10° cpm/pg, whereas the Bolton-Hunter-labeled material was 10-fold
lower in specific activity.

Quantitative binding of '?°|-labeled
8P350/220(;_ 470

lodinated gp350/220;._47q, Was produced using the Bolton-Hunter
method as described above with the exception that desalting was accom-
plished using microcon microconcentrators (Amicon, Beverly, MA). The
specific activity of the preparation used for these studies was 0.88 X 10°
cpm/ug. Duplicate samples of 1 X 10° HSB-2 cells or 2 X 10° Raji cells
were incubated with 0.25 ug/ml '**I-labeled gp350/220;; 47, in the ab-
sence or presence of increasing concentrations of unlabeled ligand for 1 h
at 0°C. Cells were separated from free ligand by centrifugation through
1.0 ml FCS gradient in 1.5 mi microcentrifuge tubes for 5 min at 10,000
rpm, 4°C. The tips of the tubes, containing the cell pellet, were cut and
cell bound '**I-labeled gp350/220(,_4+0, was determined in a Beckman
Gamma 4000 counter (Beckman Industries, Fullerton, CA). Background
counts were determined by mAb 72A1 inhibition of **I-labeled gp350/
220(;...470) binding and subtracted before analysis of the data. Analysis of
the data was performed using the EBDA (Equilibrium Binding Data
Analysis) and Ligand programs (Biosoft, Milltown, NJ).

Molecular weight determination of gp350/220-
reactive proteins on HSB-2 cells

This was accomplished by affinity chromatography. Coupling of recom-
binant gp350/220;_470, or BSA to cyanogen bromide-activated Sepha-
rose 4B was performed following the manufacturer’s protocol (Pharma-
cia). Protein concentration during coupling was 0.1 mg gp350/220;_ 40,
or 1 mg BSA/ml of activated Sepharose gel. For affinity chromatography,
cells were radiolabeled with 1 mCi of Na'*T using Iodo-beads (Pierce)
according to the manufacturer’s protocol, and lysates prepared as previ-
ously described (30). The lysates from 50 X 10° '*I-labeled HSB-2 or
Raji cells were first precleared with 100 ul of BSA-Sepharose 4B and
then incubated with 100 ul of gp350/220;_.q,-Sepharose 4B for 1 h at
room temperature with rotation, followed by three washes (centrifugation
at 300 X g for 5 min) in 10 ml of wash buffer (4.3 mM Na,HPO,-7H,0
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FIGURE 1. Characterization of gp350/220,_450,. A, 170 ng of purified gp350/220_,,¢, (lanes 1 and 4) along with
prestained m.w. markers (lanes 2 and 3) were subjected to SDS-PAGE (7.5% acrylimide) under reducing conditions. A portion
of the gel was stained with Coomassie blue (fanes 7 and 2) whereas the rest (lanes 3 and 4) was transferred to polyvinyl
difluoride membrane and probed with an anti-gp350/220 peptide Ab (lane 4). Molecular weight markers are 97.4, 66, 45, and
31 kDa (fane 2) and 116, 97.4, 66, and 45 kDa (fane 3). B, microtiter plate wells were coated with purified gp350/220,_,,0,
(10 pg/ml), and reacted with the anti-gp350/220 mAbs 72A1 (1/1000 dilution of ascites), BMA17.3 (10 ug/ml), or 2L10 (10
ug/ml). Control Ab was a mixture of isotype controls. Bound anti-gp350/220 Ab was detected with horseradish peroxidase-
conjugated goat anti-mouse Ig and ABTS as the substrate. Absorbance was read at 405 nm. All additions were in 50-u! aliquots.
Results are the averages of triplicate determinations (£SD) with the exception of BMA17.3 (duplicates). The results in A are
those from one of three replicate experiments. In B, the 72A1 reactivity is representative of three replicate experiments whereas

the reactivity for BMA17.3 and 2L10 are single experiments.

— 1.4 mM KH,PO,, pH 7.2, 200 mM NaCl, 1% Nonidet P-40, 5 mM
EDTA, 2 mM PMSF, 1 uM leupeptin, and 1 uM pepstatin A). The beads
were then resuspended in SO pl of Laemmli’s buffer (31) with or without
2% 2-ME and boiled for 5 min, nonsoluble material was removed by
centrifugation, and the supernatant analyzed by SDS-PAGE (7.5% ac-
rylamide). Molecular weight markers (GIBCO BRL, Gaithersburg, MD)
were analyzed in adjacent lanes. -

Results
Characterization of recombinant gp350/220,;_ 4,

Purified, recombinant gp350/220(;_4;,, was analyzed by
SDS-PAGE and Western blotting. Under reducing condi-
tions, the recombinant protein displays an approximate rel-
ative size of 95 kDa, as evidenced by Coomassie blue
staining of the gel (Fig. 1A, lane I) and by reactivity with
an anti-gp350/220 peptide Ab that recognizes the CD21-
binding site of gp350/220 in western blotting analysis
(Fig. 1A, lane 4).

The reactivity of the recombinant protein to three dif-
ferent anti-gp350/220 mAbs.is variable'(Fig. 1B). When
these Abs are added to ELISA plate wells coated with the
recombinant protein, consistent reactivity is seen with Ab
72A1. Because 72A1 was used as ascitic fluid, whereas the
other two Abs were purified preparations, it is possible that
the variability merely reflects the total amount of Ab
added in the assay. Alternatively, it is possible that 72A1
may react morc cfficiently with the recombinant protein
because its reactive epitope is entirely contained within the
amino-terminal 470 amino acids of gp350/220 (23). Fur-

thermore, this Ab has been shown to block the binding of
EBYV to both B cells and HSB-2 cells, and neutralize viral
infection (22, 32).

The gp350/220 viral glycoprotein has been shown to
interact with CD21 for EBV binding and infection of B
cells, thymocytes, and certain T cell lines (15, 24, 26). To
test the reactivity of gp350/220,_47¢, with CD21, tonsillar
lysates were incubated in microtiter plate wells that had
been coated with gp350/220,_47¢), glutaraldehyde-aggre-
gated C3, or casein (control). The captured CD21 was as-
sessed by addition of anti-CD21 mAb HB-5, horseradish
peroxidase-conjugated goat anti-mouse Ig, and ABTS as
the substrate. The data in Figure 2 indicate that gp350/
2201470y binds CD21 in a dose-dependent fashion. Fur-
thermore, the binding is as good, if not better, as that
of C3.

Reactivity of gp350/220,;_ 4, with HSB-2 cells

We wished to assess the ability of gp350/220,; _ 470, to bind
to HSB-2 cells that are known to express the novel EBV
receptor, but not CD21 (22). To this end, we radioiodi-
nated gp350/220;_47q, with Na'**1 and compared its bind-
ing to HSB-2 and the CD21-expressing Raji cells. The
radioiodinated recombinant protein binds to Raji, but not
to HSB-2 cells (Fig. 3A). The binding is specific, as it is
almost completely inhibited by anti-gp350/220 mAb 72A1
(Fig. 3A). Because iodination of gp350/220,_47, with
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FIGURE 2. Interaction of recombinant gp350/220_4,,
with CD21. Recombinant gp350/220,;_4¢, (10 pg/ml), glu-
taraldehyde aggregated C3 (20 ug/ml), or casein (10 pg/ml)
were used to coat microtiter plate wells. Tonsil cell lysate
was added at various dilutions of 5 X 108 cells/ml stock and
allowed to bind for 1 h. Bound CD21 was detected with mAb
HB-5 (2 pg/ml) and horseradish peroxidase-conjugated goat
anti-mouse Ig with ABTS as substrate. Absorbance was read
at 414 nm. All additions were in 50-ul aliquots, Results are
those of one experiment.

Na’®I occurs on tyrosine residues, we considered the pos-
sibility that this may have selectively affected the ability of
the protein to bind to HSB-2 cells. We therefore labeled
gp350/220,;_470) on lysine residues by using '*’I-labeled
Bolton-Hunter reagent. It can be seen from Figure 3B that
the so-labeled recombinant protein binds to both cell types
in a specific fashion because it can be inhibited by mAb
72A1. In three replicate experiments performed, HSB-2
cells always bound radioactive gp350/220(,_4qy at lower
levels, as compared with Raji cells. In other experiments,
not shown here, gp350/220,;_47q, Was conjugated to bi-
otin, and its interaction with HSB-2 and Raji cells was
studied using strep-PE and flow cytometry. The recombi-
nant protein bound to both cell types in a specific fashion.

We extended these observations to compare both the
number of gp350/220(;_47¢, binding sites per cell and the
affinity constants between HSB-2 and Raji cells. To de-
termine these values, we incubated cells with 0.25 ug/ml
of radioiodinated gp356)/220,;_4¢, in the absence or pres-
ence of increasing amounts of nonlabeled ligand. The cells
were washed through a FCS gradient and bound ligand
determined in a gamma counter. Analysis of the data re-
veals the presence of a two-component binding curve for
both HSB-2 and Raji (Fig. 4). Using the Ligand and
EBDA programs, we estimate that HSB-2 cells possess
34,000 high affinity binding sites/cell and 430,000 lower
affinity sites/cell with K, of 0.92 X 107® M and 3.5 X
1077 M, respectively (Fig. 4, top). Raji cells are deter-
mined to have 97,000 high affinity sites/cell with a Ky =
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FIGURE 3. Interaction of recombinant gp350/220(_40,

with HSB-2 and Raji cells. One million cpm of radiolabeled
recombinant gp350/220;_,,¢, Was incubated at 4°C with
1 X 10° HSB-2 or Raji cells. Incubation was performed in
100 ul of PBS for 1 h. The labeled protein was either pre-
treated or not pretreated with the anti-gp350/220 mAb 72A1
(1/10 dilution of ascites, 50 wl total volume, 30 min at 4°C)
before addition to the cells. Unbound gp350/220;_40, was
removed by centrifugation through a serum gradient and the
cell bound material was quantified in a gamma counter. A,
recombinant gp350/220,, 4., labeled with Na'**l on ty-
rosine residues; B, gp350/220,_450, labeled with '??I-la-
beled Bolton-Hunter on lysine residues as described in Ma-
terials and Methods. Each of the figures is representative of
three replicate experiments. The results displayed represent
the averages of duplicate samples (£SD).

1.78 X 107® M that is comparable to that of the high
affinity sites on HSB-2 (Fig. 4, bottom). Similar to HSB-2,
Raji cells also possess 537,000 lower affinity sites/cell
with a K; = 1.96 X 1077 M (Fig. 4, bottom). The data
obtained for Raji cells are comparable with those previ-
ously reported by Tanner et al. (23).

To assess the ability of gp350/220(,_470) to compete
with EBV for binding to the viral receptors expressed on
HSB-2 and Raji cells, samples of the two cell types
were preincubated with culture supernatants from gp350/
220(1_470y-producing Sf9 cells or Sf9 control culture su-
pernatants (see Materials and Methods), and then exposed
to biotin-conjugated EBV. The binding of the virus was
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FIGURE 4. Competition binding of '?°|-labeled gp350/
220 _470, to HSB-2 and Raji cells. Duplicate samples of
HSB-2 (top) or Raji (bottom) cells were incubated with '2°|-
labeled gp350/220;_470, (0.25 pg/ml) alone or in the pres-
ence of increasing amounts of nonlabeled ligand for 1 h at
0°C in 100 wl of RPMI 1640/2% FCS, total volume. Samples
were sedimented through a serum gradient and the cell
bound ligand was quantified in a gamma counter. The data
points represent the averages of duplicate determinations
with background subtracted. The background was deter-
mined by preincubation of '**l-labeled gp350/220;_4,0,
with mAb 72A1 (1/5 dilution of .ascites, 1 h, 25°C). Errors
(SEM) were less than 6% of the mean. Scatchard analysis of
the binding is shown in the inserts. The lines drawn represent
the best fit as determined by linear regression analysis per-
formed using the EBDA program.

measured by addition of strep-PE and analyzed by flow
cytometry. EBV bound to 83% of Raji and 69% of HSB-2
cells after preincubation with control Sf9 culture superna-
tants (Fig. 5). However, after preincubation with gp350/
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FIGURE 5. Inhibition of EBV-binding to HSB-2 and Raji

cells by recombinant gp350/220;_4,- One million Raji or
HSB-2 cells were preincubated with a 1/4 dilution of gp350/
220_470-containing Sf9 culture supernatant fluid (right
panels) or Sf9 control culture supernatants (left panels) for 30
min at 4°C. The cells were then allowed to react with biotin-
conjugated EBV for an additional hour. Virus binding was
detected with strep-PE and analyzed by flow cytometry. The
results are displayed as histograms of cell number vs log of
fluorescence intensity. Results are representative of two
experiments.

220¢;_ 470)-containing culture supernatant fluid, the per-
centage of positive Raji cells was reduced to 18% and that
of HSB-2 to 4% (Fig. 5). This inhibition of EBV binding
was gp350/220,_4;0,-dose dependent (data not shown).
These data indicate that gp350/220 is involved in the bind-
ing of EBV to both of these cell types and that its reactive
epitopes are contained within the first 470 amino acids.

Competition between the novel EBV receptor and
CD21 for binding to gp350/220;_ 470,

In view of the above data that gp350/220,;_47, reacts with
both CD21 and the novel receptor, we wanted to determine
whether the two receptors compete for binding to the re-
combinant protein. Lysates from Raji cells (CD21-posi-
tive) were incubated in gp350/220,;_4¢)-coated microtiter
tray wells that had been either pretreated with lysates from
HSB-2 cells (novel EBV receptor positive) or not. The
capture of CD21 was measured by the addition of anti-
CD21 mAb HB-5 as described in Materials and Methods.
The data in Figure 6 demonstrate that HSB-2 cell lysates
compete with CD21 for binding to gp350/220 in a dose-
dependent fashion. This effect is specific as indicated by
the fact that lysates of K562 cells that do not bind EBV
(33, 34) cannot compete with CD21 (Fig. 6).

Identification of a gp350/220,;_,7pyreactive 70 kDa
protein on HSB-2 cells

We performed affinity matrix chromatography to deter-
mine the relative molecular size of the gp350/220,;_470)-
reactive proteins on HSB-2 cells. Radioiodinated HSB-2
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FIGURE 6. Lysates from HSB-2 cells compete with CD21

for binding to gp350/220,;_4,0,- Five X 10° cell equivalents
of Raji lysates were incubated for 60 min at room tempera-
ture in microtiter tray wells that had been precoated with 10
ug/ml of gp350/220,, 4,0, and pretreated or not pretreated
(60 min at room temperature) with various amounts of cell
equivalents of HSB-2 or K562 (control) lysates. Binding of
CD21 was detected by addition of anti-CD21 mAb HB-5 and
horseradish peroxidase-conjugated goat anti-mouse Ig with
ABTS as the substrate. Background absorbance was deter-
mined in control cultures that lacked Raji lysates. Back-
ground ranged between 0.213 and 0.219 OD,,,, and it is
subtracted from the values displayed in the figure. The results
are displayed as absorbance at OD,,;, nm at various ratios of
HSB-2 or K562 to Raji cell lysates. The HSB-2 inhibition re-
sults are representative of six experiments. K562 cells were
used as a control in two experiments.

cell lysate was precleared by incubation with BSA-acti-
vated Sepharose 4B beads and then reacted with gp350/
220¢, 470y-activated Sepharose 4B beads. The latter had
been pretreated with the anti-gp350/220 Ab 72A1 or not
pretreated. The matrix was washed with 200 mM NaCl-
containing buffer and the gp350/220;_470)-Sepharose 4B-
reactive proteins precipitated by centrifugation. Analysis
by SDS-PAGE under reducing conditions reveals a band
of 70 kDa relative molecular size whose interaction with
the affinity matrix is inhibited by 72A1 Ab (Fig. 7, left).
The higher m.w. bands (Fig. 7, left) were nonspecific (no
inhibition by 72A1) and not reproducibly observed. Sim-
ilarly obtained lysates analyzed under nonreducing condi-
tions display a protein that migrates at 55 kDa relative size
(Fig. 7, center). The interaction of this protein with the
affinity matrix is also inhibited by pretreatment with the
72A1 Ab (Fig. 7, center). The expected 140 kDa band
(presumably representing CD21) is seen when Raji lysates
are analyzed in a similar fashion under nonreducing con-
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ditions (Fig. 7, right). The interaction of this protein with
the matrix is inhibited by mAb 72A1 (Fig. 7, right). The
data displayed in each of the three panels of Figure 7 rep-
resent those from different experiments. In each HSB-2
panel, the (+)72A1 lane has received an equivalent
amount of sample as the (—)72A1 lane of the same panel
determined by quantification with a Phosphorlmager (Mo-
lecular Dynamics, Sunnyvale, CA). In the Raji panel the
(—)72A1 lane inadvertently received less sample than the
(+)72A1 lane.

Discussion

In the present investigation, we have utilized as a probe the
N-terminal portion of the EBV-gp350/220 envelope gly-
coprotein that encompasses the first 470 amino acids to
extend our knowledge on a novel EBV-binding protein
expressed on the human T cell line HSB-2 (22). HSB-2
cells do not express the known EBV receptor CD21, as
assessed by Northern blotting, immunofluorescence, and
PCR analyses (22). The present data demonstrate that
HSB-2 cells express a 70-kDa protein (55 kDa under non-
reducing conditions) that appears to be the EBV-binding
moiety on this cell line.

Similarities between the 70-kDa protein and CD21 at
the protein level do not seem very likely, because previous
experiments have suggested that the two molecules do not
share major immunogenic epitopes. A panel of monoclo-
nal anti-CD21 Abs shows no reactivity with HSB-2 cells
(22) and a polyclonal anti-CD21 rabbit antiserum (kindly
provided by Dr. V. M. Holers, Washington University, St.
Louis, MO) that inhibits binding of EBV to Raji cells
failed to do so on HSB-2 cells (data not shown). Previous
studies by Hedrick et al., however, demonstrate a 5.2-kb
transcript in HSB-2 that shares some homology with
the N-terminal short consensus repeats of CD21 (22). It is
not known whether this transcript represents the novel
receptor.

The data obtained from the competition capture ELISA,
shown in Figure 6, indicate that novel EBV receptor-con-
taining lysates from HSB-2 cells successfully inhibit the
binding of CD21 to gp350/220(; 7). This result is con-
sistent with both the interpretation that the two receptors
react with the same epitope, as well as with the possibility
that they bind to distinct, but related sites on gp350/220.
Several lines of evidence, however, support the latter pos-
sibility. The data in Figure 3, for example, are not consis-
tent with the hypothesis of a single epitope, as one would
not expect to see differences in the ability of tyrosine-, but
not lysine-modified gp350/220(;_47q) to bind the two re-
ceptors. It is of interest that in the competition capture
ELISA (Fig. 6), inhibition of CD21 binding to gp350/220
achieved a plateau at a HSB-2 to Raji lysate ratio of 2 to
4 (reproduced in three experiments). One interpretation of
this result could be that CD21 may have a binding sites on
gp350/220 that is not reactive with the HSB-2 receptor.
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Cell: HSB-2 HSB-2 Raji
72A1: 4+ - + - , -

105.0

28.25

FIGURE 7. Characterization of a gp350/220,_,,0-binding
protein on HSB-2 cells. Lysates from 50 X 10° '2%|-labeled
HSB-2 or Raji cells were analyzed as described in Materials
and Methods by incubation with gp350/220,_,,-Sepha-
rose 4B that had been pretreated with anti-gp350/220 Ab
72A1 or not pretreated (1/10 dilution ascites, 60 min, room
temperature). Left, HSB-2 lysate analyzed under reducing
conditions. Each lane received equivalent amounts of sample
as determined by analysis with the Phosphorimager. Center,
HSB-2 lysate analyzed under nonreducing conditions. Each
lane received equivalent amounts of sample as determined
by analysis with the Phosphorlmager. Right, Raji lysate ana-
lyzed under nonreducing conditions. The (—)72A1 lane in-
advertently received less sample than the (+)72A1 lane. Mo-
lecular weight markers run in adjacent lanes are shown to the
left of each panel. The HSB-2 data are representative of three
experiments, and the Raji data are from a single experiment.

Interestingly, both our own quantitative binding experi-
ments (Fig. 4, bottom) and those of Tanner et al. (23)
demonstrate two binding affinities for CD21 on Raji cells.
We find 97,000 high affinity sites/cell with a K of 1.78 X
10~® M and 537,000 lower affinity sites per cell with a K
of 1.96 X 1077 M (Fig. 4). This is compared with the
60,000 high affinity sites/cell with a K of 1.2 X 1078 M
and the 220,000 lower affinity sites/cell with K, of 3.3 X
1077 M reported by Tanner et al. (23). These data are in
good agreement if one considers the potential variabilities
in ligand generation, radiolabeling, and specific activities
attained. In contrast to the two affinity families seen here
and by Tanner et al. (23), Lowell et al. observed only a
single family of 40,000 gp350/220 binding sites/Raji cell
with K of 0.84 X 10~% M (35). The reasons why these
investigators detect only a single class of receptors is not
understood, but again it may reflect differences in ligand
generation, labeling procedure, or other variables from
laboratory to laboratory.

Binding of gp350/220(;_479) to HSB-2 cells also dis-
plays a two-component binding profile. We estimate
34,000 high affinity sites/cell with a K, of 0.92 X 107* M
and 430,000 lower affinity sites/cell with a K of 3.5 X
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10~7 M. Thus, within the limitations of competition bind-
ing analysis, we can conclude that both HSB-2 and Raji
cells express high and low affinity binding sites for gp350/
220 with the former cell type exhibiting approximately
three times fewer high affinity binding sites per cell.

Lambris et al., employing synthetic peptides, have iden-
tified the area in C3 that comprises the CD21 binding site
(36). It is of interest that this portion of C3 has been found
to have significant homology to an N-terminal region of
the EBV gp350/220 (24, 37). A synthetic peptide that cor-
responds to that region binds to CD21 (24), blocks binding
of gp350/220 and C3dg to B cells (24), and inhibits the
growth supporting effects exhibited by CD21 multivalent
peptides (25). It is important to note that this gp350/220
peptide does not bind to HSB-2 cells, even though its re-
activity with Raji displays the same binding characteristics
as the intact recombinant protein (24).

In previous studies we have demonstrated that anti-
gp350/220 mAb 72A1, which is known to inhibit EBV
binding to CD21 (23), also very effectively inhibits viral
binding to HSB-2 (22). We have also demonstrated that
the 2110 anti-gp350/220 mAb does not inhibit binding of
EBYV to Raji, but does cause a small but significant inhi-
bition of the virus binding to HSB-2 cells (22). Ab 2L10
does so only in the presence of goat anti-mouse Ig sug-
gesting that the inhibition is caused by steric effects (22).
Finally, aggregated C3 is able to only partly inhibit EBV
binding to HSB-2 (22). We conclude, considering the
above data collectively, that the 70-kDa protein and CD21
bind to the EBV gp350/220 glycoprotein via distinct, but
related epitopes that may be overlapping or conformation-
ally related.

In other experiments, not shown here, we determined
that the 70-kDa EBV-binding protein is not phosphatidyl-
inositol-linked. Pretreatment of HSB-2 cells with phos-
phatidylinositol-specific phospholipase C did not affect
their ability to bind EBV under conditions that their reac-
tivity with a mAb to decay accelerating factor, a protein
known to be phosphatidylinositol linked (38), was sig-
nificantly diminished (90% reduction assessed by flow
cytometry).

Tanner et al. have previously described a gp350/220
deletion mutant, called GP220A470, that is similar to ours,
as it encompasses the first 470 amino acids of the protein
(23). GP220A470 was produced by transfection of a deletion
construct into GH3 cells. The product, similar to our recom-
binant protein, reacts with anti-gp350/220 mAb 72A1, indi-
cating that the Ab-reactive epitope is contained within the
first 470 N-terminal amino acids of the protein (23).

GP220A470 has a reported relative m.w. of 120 kDa
(23) vs the 95-kDa size reported here for gp350/220(; 470,
This probably reflects variations on post-translational
modification of the recombinant proteins because of dif-
ferences in the cells used to produce the recombinant pro-
tein (GH3 vs Sf9). Another difference between the two
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recombinant proteins is that GP220A470 inhibits only par-
tially the reactivity of EBV with target cells, whereas
gp350/220(;_470, displays almost complete inhibition of
EBYV binding to both Raji and HSB-2 cells (Fig. 5). This
difference may again represent variations in the assays
used (inhibition of EA induction in Tanner et al. (23) vs
fluorocytometric detection of EBV binding in present
report).

It is interesting that GP220A470 coupled to fluorescent
beads displayed detectable binding to HSB-2 cells (23). In
fact, other mutant forms of gp350/220 reported by these
authors displayed higher fluorescence intensity of binding
to HSB-2 cells, as compared with negative controls (23).
This binding was not discussed by Tanner et al. because
the authors discounted it as nonspecific reactivity, partic-
ularly in view of the fact that intact soluble gp350/220 did
not bind to HSB-2 (23). It is possible that the reactivity of
HSB-2 with EBV and gp350/220 may be variable because
of possible adverse effects that manipulation of the protein
or the virus (e.g., radioiodination) may have on their bind-
ing properties. Indeed, we found that tyrosine iodination
severely compromises the ability of gp350/220(;_7q, to
bind to HSB-2, but not to Raji cells (Fig. 3).

The cellular distribution of expression of the novel 70-
kDa EBV-binding protein is presently unknown. The fact
that we describe it in a T cell line does not necessarily
limit its expression to T cells. It is possible that the 70-kDa
protein is expressed in tissues other than those of the lym-
phoid system. Cervical epithelial and FDC have been
shown to bind and internalize EBV (19, 20). In the case of
FDC, transformed cell lines were established (20). The
nature of the surface proteins that allow the interaction of
these cells with EBV has not been elucidated.

We previously have reported the expression of EBV
receptors in human thymocytes (14, 26). These receptors
are functional because they can mediate infection of thy-
mocytes by EBV as detected by EBNA-1 expression (26).
CD21 or a CD21-like molecule is expressed in thymocytes
as determined by flow cytometry and SDS-PAGE analyses
using anti-CD21 mAb (14, 26). It would be of great in-
terest to determine whether the 70-kDa EBV-binding pro-
tein is expressed on thymocytes or on other lymphoid and
nonlymphoid cells. To address these issues, one must pur-
sue the generation of mAbs to the 70-kDa receptor, as well
as the identification of its coding gene.

The involvement of the novel EBV receptor in EBV
pathology is of utmost significance. Of particular interest
in this context are several recent reports that demonstrate
the presence of EBV geénome in T cell lymphomas several
of which lack clear expression of CD21 (4-9).

In summary, we have identified and characterized a
novel EBV-binding protein that is clearly distinct from the
known EBV receptor, CD21. Further characterization
of this protein is needed to understand its physiologic sig-
nificance, as well as its involvement in EBV-mediated
pathology.
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