JOURNAL OF VIROLOGY, May 2004, p. 5007-5014
0022-538X/04/$08.00+0 DOI: 10.1128/JV1.78.10.5007-5014.2004

Vol. 78, No. 10

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Use of gHgL for Attachment of Epstein-Barr Virus to Epithelial Cells
Compromises Infection
Corina M. Borza,'f Andrew J. Morgan,” Susan M. Turk,'s and Lindsey M. Hutt-Fletcher'*

School of Biological Sciences, University of Missouri—Kansas City, Kansas City, Missouri," and Department of
Pathology and Microbiology, School of Medical Sciences, University of Bristol,
Bristol, United Kingdom?

Received 7 October 2003/Accepted 14 January 2004

Epstein-Barr virus (EBV) is a lymphotropic herpesvirus. However, access to B lymphocytes during primary
infection may be facilitated by replication in mucosal epithelial cells. Attachment and penetration of EBV into
these two cell types are fundamentally different. Both the distribution of receptors and the cellular origin of the
virus impact the efficiency of infection. Epithelial cells potentially offer a wide range of receptors with which
virus can interact. We report here on analyses of epithelial cells expressing different combinations of receptors.
We find that the stoichiometry of the virus glycoprotein complex that includes gHgL and gp42 affects the use
of gHgL not just for entry into epithelial cells but also for attachment. Penetration can be mediated efficiently
with either a coreceptor for gp42 or gHgL, but the use of gHgL for attachment as well as penetration greatly

compromises its ability to mediate entry.

Epstein-Barr virus (EBV) is predominantly a lymphotropic
herpesvirus. It is the etiologic agent of most cases of infectious
mononucleosis and has been implicated in development of
immunoblastic lymphoma, endemic Burkitt’s lymphoma, and
certain types of Hodgkin’s disease. However, the virus also has
tropism for epithelial cells. It causes oral hairy leukoplakia, a
wart-like lesion of the oral cavity, and is associated with devel-
opment of nasopharyngeal and gastric carcinomas (28). Initi-
ation of infection of these two key targets, B lymphocytes and
epithelial cells, is substantially different. It probably involves
different routes (18) and certainly involves different envelope
glycoproteins and cell receptors.

B-cell infection is initiated by attachment of glycoprotein
gp350/220 to the complement receptor type 2 (CR2) (6, 21, 22,
34). Entry requires fusion of virus with the B-cell membrane,
which is mediated by glycoprotein gB (8), and a noncovalently
linked complex of three glycoproteins, gH, gL, and gp42 (9, 20,
37). Glycoprotein gL serves as a chaperone for gH (40), and a
recombinant virus with gH deleted also lacks gL (20). Thus,
with few exceptions, the functions of gH and gL cannot be
mapped to either one of the two components. However, the
third protein, gp42, plays no known role in gHglL maturation
and is unique among human herpesviruses. It interacts with
HLA class II (32), which functions as an essential coreceptor
for B-cell infection (7, 14). A monoclonal antibody (MAb) to
gp42 that blocks the interaction with HLA class II inhibits virus
cell fusion (15, 19), and a MAb to HLA class II that blocks
gp42 binding neutralizes virus infection. In further support of
a critical role for gp42 in B-cell infection, a virus that lacks
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gp42 fails to infect B cells unless cells and bound virus are
fused with polyethylene glycol (37) or a soluble form of gp42
which lacks a transmembrane domain but retains the ability to
bind to gH and gL is added in zrans (38).

In contrast, not only is gp42 completely dispensable for entry
into epithelial cells that do not constitutively express HLA
class II, its presence is also inhibitory. Stoichiometric analysis
of virus demonstrated the presence of much larger amounts of
gHgl than gp42 in the virion, implying that some complexes
naturally lack or are low in gp42. Saturation of the complexes
by addition of soluble gp42 in frans blocked epithelial infection
(38). In addition, infection of epithelial cells, but not B cells,
could be blocked by antibodies that interacted with gH or
gHgl alone. These findings were interpreted to mean that
there is a coreceptor on epithelial cells, which we refer to as
gHgL R, that can substitute for HLA class II and with which
gHgL interacts in the absence of gp42. The absolute require-
ment for gp42 in B-cell infection coupled with the inhibitory
effect it had on epithelial cell infection suggested that gp42
could function as a molecular switch of virus tropism.

Two sets of observations support these hypotheses. The first
provided evidence for a direct interaction between gHgL and
the epithelial surface. Some epithelial cell lines express at least
low levels of CR2, and recent studies have found that EBV
may use the BMRF-2 protein and a5/B1 integrins for attach-
ment to polarized epithelial cells (35). However, binding to
epithelial lines lacking CR2, such as the gastric carcinoma cell
line AGS, is dependent on gHgL.. gHgL null virus failed to bind
to AGS cells (20, 25), and a MAD to gHgL that blocked entry
into but not binding to an epithelial cell engineered to express
CR2 (15) also inhibited this gHgl-dependent virus binding,
suggesting, although not definitively proving, that the epithelial
coreceptor was also used for attachment on a cell lacking CR2
(20).

The second set of observations provides evidence that levels
of virion-associated gp42 have an effect on virus tropism (4).
Virus made in HLA class II-negative epithelial cells was found
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to be up to 100-fold-more infectious for B lymphocytes than
was the same amount of virus produced by an HLA class
II-positive B cell. Virus originating from either cell type bound
equally well to CR2 on the B-cell surface, but virus made in the
B cell entered less efficiently. This reflected the fact that in an
HLA class II-positive virus-producing cell, some complexes
containing gp42 interacted with class II during biosynthesis and
were targeted to the HLA class II trafficking pathway, where
they were vulnerable to degradation. The resulting loss of
three-part complexes from virus reduced the efficiency of HLA
class II-dependent entry. Such a loss did not occur in an HLA
class II-negative epithelial cell, where virus showed a relative
increase in gp42 and an increased efficiency for HLA class
II-dependent entry. However, constitutive expression of HLA
class II in an epithelial cell as a result of transfection of the
class II transactivator gene reversed the phenotype.

As might be expected, the levels of gp42 in virus also im-
pacted infection of epithelial cells via the HLA class II-inde-
pendent pathway. B-cell virus was on average fivefold better at
infecting epithelial cells than was epithelial virus. However, the
AGS cells used for these experiments were those that used the
gHglL complex for attachment. In addition, epithelial lines that
express at least low levels of CR2 sustain infection via a CR2-
dependent, HLA class II-independent pathway (5). Since HLA
class II is an inducible molecule, this suggests that EBV might
encounter cells in vivo with several different combinations of
receptors and coreceptors. We explore here the effect that this
might have on the efficiency of infection by virus. Our results
indicate that the stoichiometry of the gHgl.gp42 complex sig-
nificantly influences the use of gHgL not just for entry into
epithelial cells but also for attachment and that the use of the
same protein(s) for attachment and penetration compromises
the efficiency of virus infection.

MATERIALS AND METHODS

Cells. Akata, a CR2-positive Burkitt lymphoma-derived cell line that carries
and can be induced to make EBV (33), and EBV-negative Akata cells that have
lost the EBV genome, were grown in RPMI 1640 (Sigma Chemical Co., St.
Louis, Mo.) supplemented with 10% heat-inactivated fetal bovine serum (Gibco/
BRL, Grand Island, N.Y.). Medium for Akata cells carrying EBV in which the
thymidine kinase gene was interrupted with a double cassette expressing neo-
mycin resistance and the green fluorescence protein (GFP) (EBV-TKdel) (20)
was supplemented with 500-pg/ml active G418 (Mediatech, Herndon, Va.).
AGS, a CR2-negative gastric carcinoma-derived cell line (American Type Cul-
ture Collection), was grown in Ham’s F-12 nutrient mixture (Gibco/BRL) sup-
plemented with 10% heat-inactivated fetal bovine serum. Medium for AGS cells
carrying EBV-TKdel was supplemented with 500-g/ml active G418. Medium for
AGS cells which expressed HLA class II proteins as a result of stable transfection
with the human class II transactivator (AGS-class IT) (4) was supplemented with
0.4-pg/ml puromycin (BD Biosciences Clontech, Palo Alto, Calif.). SVKCR2, a
keratinocyte cell line stably transfected with a plasmid expressing CR2 (16), was
grown in Joklik’s modified Eagle’s medium supplemented with 10% heat-inac-
tivated fetal bovine serum and 10-ng/ml cholera toxin (Sigma). Medium for
SVKCR?2 cells expressing HLA class II as a result of stable transfection with
CIITA (SVKCR2-class II) was supplemented with 0.2-pg/ml puromycin. Sf9
insect cells were grown in CCM3 medium (HyClone, Logan, Utah).

Virus. B-cell virus (B-EBV) was collected from clarified culture medium of
EBV-carrying Akata cells after induction of the lytic cycle with antihuman
immunoglobulin (Ig) (20). Epithelial cell virus (E-EBV) was harvested from
AGS cells after induction with 12-O-tetradecanoylphorbol-13-acetate (Sigma)
and 2.5 mM sodium butyrate (Calbiochem, La Jolla, Calif.). Yield from B cells
was consistently higher than that from epithelial cells, but virus from both
sources was concentrated by centrifugation as previously described (20) to ensure
that all stocks had been treated in an identical manner. Previous experiments
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have shown that the method of induction does not influence the behavior of the
virus (4).

Antibodies. The following MAbs were used: CL59 reacting with gH (20);
E1D1 reacting with gHgL (15); 72A1 reacting with gp350/220 (10); HB5 reacting
with CR2 (39); anti-HLA-DR recognizing HLA class II, which was conjugated to
phycoerythrin (anti-HLA-DR PE; BD Immunochemistry Systems, San Jose,
Calif.); and 1969, which recognizes the o5/B1 integrin complex (Chemicon In-
ternational, Temacula, Calif.). 72A1, E1D1, CL59, and HB5 were purified by
chromatography on protein A (Sigma) coupled to Affigel-15 (Bio-Rad, Rich-
mond, Calif.).

Assay of total virus and virus binding. Virus concentrations were equilibrated
for the amount of encapsidated EBV DNA by hybridization with the BamHI W
fragment of EBV DNA labeled with 3?P as previously described (38) and quan-
tification with a Molecular Dynamics Storm PhosphorImager. Virus binding was
measured by incubating virus with 2 X 10° cells for 2 h on ice, after which cells
were washed, pelleted, and resuspended for electrophoresis in a Gardella gel as
described previously (20). DNA was transferred to neutral nylon membranes for
hybridization with the BamHI W fragment and quantified by scanning with a
Molecular Dynamics Storm PhosphorImager.

Infection of cell lines. SVKCR2, SVKCR2-class II, AGS, and AGS-class II
cells were plated onto four-chamber Falcon slides (BD Biosciences Clontech) at
a dilution that produced a 30% confluent monolayer 24 h later. Cells were
incubated at 37°C for 4 h with 300 .l of virus. Growth medium (1 ml) was added,
and the cells were reincubated and 72 h later directly examined for GFP expres-
sion by fluorescence microscopy.

Soluble forms of glycoproteins. The soluble form of gHgL was expressed by
baculovirus (27). Sf9 cells were infected at a multiplicity of infection of 3, and 5
days later, the culture medium was clarified by low-speed centrifugation to
remove cells and centrifuged at 16,000 X g for 90 min to remove virus. Polyeth-
ylene glycol 3500 was added to a final concentration of 20% (wt/vol), and the
solution was stirred for 1 h at 4°C and centrifuged at 14,000 X g for 20 min. The
pellet was resuspended in 1/10 original volume of phosphate-buffered saline
(PBS). The precipitated gHgL was dialyzed against PBS in dialysis tubing with a
25,000 molecular weight cutoff. The soluble form of gp42 was made as previously
described (32).

Flow cytometric analysis. Virus binding to EBV-negative Akata cells was
examined by incubating virus and cells on ice for 1 h, washing cells three times
in medium, followed by sequential incubations and washes with MAb 72A1 and
sheep anti-mouse Ig coupled to phycoerythrin (Jackson ImmunoResearch Lab-
oratories, West Grove, Pa.). The last wash was done with PBS without calcium
or magnesium (PBS). To examine binding of gHgL to EBV-negative Akata cells,
protein was incubated with cells on ice for 1 h and cells were washed three times
with medium and incubated sequentially with MAb CL59 and sheep anti-mouse
antibody coupled to phycoerythrin as before. The effects of E1ID1 on binding
were measured by preincubating protein for 1 h on ice with antibody before
addition of protein to cells. Binding to adherent AGS and SVKCR?2 was mea-
sured in the same way, except that cells were removed from plastic by trypsiniza-
tion and allowed to recover in medium at 37°C before addition of virus or protein
on ice. Effects of EDTA on binding were measured by washing cells once with
PBS and twice with 20 mM EDTA in PBS before incubation with gHgL in PBS
or virus in medium with 20 mM EDTA. Cells were washed twice again with 20
mM EDTA in PBS and once with PBS before incubation with antibodies as
before. Cell surface expression of CR2 was examined with MAb HBS, expression
of HLA class II was visualized with anti-HLA-DR PE, and expression of the
a5/B1 integrin complex was examined with MAb 1969.

RESULTS

Characterization of receptor and coreceptor expression.
Cells used in this work had been been completely character-
ized for expression of CR2, which mediates virus attachment
via a high-affinity interaction with gp350/220, and HLA class II,
which serves as a coreceptor for gp42. However, they had not
all been examined for receptors that in the absence of CR2
could mediate attachment via gHgL (gHgLR) or the BMRF2
protein (a5/B1 integrins). To determine if both the CR2-pos-
itive epithelial line SVKCR2 and the CR2-negative epithelial
line AGS expressed gHgLR, cells were incubated with a solu-
ble form of gHgL made in baculovirus and analyzed by flow
cytometry using MAb CL59 to gH. Both cell lines bound gHgL
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FIG. 1. Flow cytometric analysis of gHgLLR and a5/B1 integrin expression and effects of chelation on binding. (A) Binding of gHgL to AGS in
the presence (arrow 2) or absence (arrow 3) of MAb E1D1. (B) Binding of gHgL to SVKCR?2 cells (arrow 2). (C) Binding of gHgL to EBV-negative
Akata cells (arrow 2). (D) Binding of MAb 1969 reacting with «5/B1 integrins to EBV-negative Akata cells (arrow 3) or AGS cells (arrow 4).
(E) Binding of gHgL to AGS cells in the absence (arrow 3) or presence (arrow 4) of 20 mM EDTA. (F) Binding of B-EBV to AGS cells in the
absence (arrow 3) or presence (arrow 4) of 20 mM EDTA. In panels A, B, and C, arrow 1 indicates cells incubated with CL59 in the absence of
gHgL. In panel D, arrows 1 and 2 indicate Akata cells (arrow 1) or AGS cells (arrow 2) incubated with second antibody alone. In panels E and
F, arrow 1 indicates untreated cells incubated with second antibody alone and arrow 2 indicates EDTA-treated cells incubated with second

antibody alone.

(Fig. 1A and B). Specificity of binding was confirmed by dem-
onstrating a reduction in binding by preincubation of gHgL
with MAb E1DI1, which recognizes the gHgl complex and
partially blocks binding of virus to AGS cells (20). No gHgL
bound to Akata cells (Fig. 1C), which is consistent with the
failure of antibodies to gHgL (E1D1) or gH alone (CL59) to
influence infection of this cell type (20, 38). Since few cell types
are negative for expression of a5/B1 integrins, the extent of
their expression on AGS cells was examined by comparing
levels on epithelial cells and B cells. The levels of a5/B1 inte-
grin were significantly higher on AGS cells than on Akata cells
(Fig. 1D), which is consistent with the observations of Tugizov
and colleagues (35). However, the failure of recombinant virus
lacking gHgL to bind to AGS suggested that integrin expres-
sion could not be playing a significant role in virus attachment
(20). Consistent with this observation was the fact that binding
of soluble gHgL or virus to AGS cells was not significantly
affected by chelation of divalent cations, which are essential for
maintenance of integrin structure (Fig. 1E and F). Further
work therefore focused on interaction of virus with combina-
tions of CR2, HLA class II, and gHgLR.

Infection of cells expressing only gHgLR is inefficient and is
enhanced by coexpression of HLA class II. AGS epithelial cells
expressing gHgLR in the absence of CR2 or HLA class II were
infected with equal amounts of B-EBV or E-EBV. Levels of
infection were low, but as previously noted (4), B-EBV, which

has a lower ratio of gp42 to gH than E-EBV, infected about
five times better than E-EBV (Table 1). Stable expression of
the B-cell coreceptor HLA class II in the same cells, now
referred to as AGS-class II, increased levels of infection by
virus derived from both cell types, but had the most marked
effect on infectivity of E-EBV, which now infected about five
times better than B-EBV.

Coexpression of CR2 and gHgLR has a much greater effect
on infection than coexpression of HLA class II and gHgLR;
infection is only modestly increased by expression of all three
receptors/coreceptors. Expression of CR2 in AGS cells dra-
matically increased levels of infection with both E-EBV and

TABLE 1. Percentage of epithelial cells that express GFP after
infection with B-EBV or E-EBV

% of cells expressing GFP in expt”:

Cells B-EBV E-EBV
1 2 3 Avg 1 2 3 Avg
AGS 022 053 022 032 002 001 017 0.07
AGS-class IT 027 29 070 1.29 4,60 860 410 5.77
SVKCR2 100 100 100 100 100 100 100 100

“ Shown are the percentages of epithelial cells carrying gHgLR (AGS), gHgLR
and HLA class II (AGS-class II), or gHgL.LR and CR2 (SVKCR?2) that express
GFP after infection with B-EBV or E-EBV.
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FIG. 2. Infection of SVKCR2 cells (A) or SVKCR2-class II cells
(B) with equal amounts of B-EBV (solid circles) or E-EBV (open
circles). Infection is measured as the percentage of cells that express
GFP at 72 h.

B-EBYV, but levels of CR2 fluctuated on these cells over time.
Stable levels of expression of CR2 could, however, be main-
tained together with expression of gHgLR on the SVKCR2
line. SVKCR2 cells were therefore used for all subsequent
work. The same amounts of E-EBV and B-EBV that induced
only the modest levels of infection of AGS and AGS-class II
cells described above infected 100% of SVKCR?2 cells (Table
1). To obtain a better estimate of the increase in the rate of
infection, experiments were repeated with higher dilutions of
virus (Fig. 2A). Infection was still detectable when virus was
diluted by more than 2 logs (1/256-fold, or 0.0039) from the
concentration used to infect AGS cells expressing only gHgLR.
Next we examined the impact that expression of HLA class II
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in addition to CR2 and gHgLR has on infection. Infection
rates of both B-EBV and E-EBV for SVKCR2-class II cells
expressing gHgl.R, CR2, and HLA class II were higher than
for SVKCR?2 cells expressing only gHgLLR and CR2. The effect
on E-EBV was more pronounced (Fig. 2B). Effects were, how-
ever, much more modest than the effect of addition of CR2. In
seven different experiments with B-EBV and four experiments
with E-EBV, using different concentration ranges and infecting
between 6 and 30% of SVKCR2 cells, the average increases
were 1.4-fold = 1.1-fold for B-EBV and 7.8-fold * 4.7-fold for
E-EBV.

Fusion of virus bound to B cells via CR2 requires endocy-
tosis as judged by its sensitivity to chlorpromazine (18). In
contrast, entry into epithelial cells is not affected by chlorprom-
azine treatment. To determine if the striking effect of CR2 on
the efficiency of infection of epithelial cells was related to a
concomitant switch to entry via endocytosis, the effects of
chlorpromazine on infection of SVKCR?2 cells and Akata cells
were measured. In the presence of 20 mM chlorpromazine, the
number of Akata cells positive for GFP expression dropped
from 41% to 18%, whereas infection of SVKCR2 cells was not
affected, with 60% cells infected in the absence of drug and
68% infected in its presence.

B-EBY, but not E-EBYV, binds almost as efficiently to gHgLR
as to CR2. B-EBV and E-EBV bind to cells expressing CR2
with the same efficiency (4), but the relative efficiency of bind-
ing to CR2-negative gHgL.R-positive epithelial cells had not
been tested. Since AGS cells support only low levels of infec-
tion with EBV, it had been assumed that EBV binding to these
cells would also be low. To compare binding to cells that
offered gHgL R alone or both gHgL.R and CR2 for attachment,
equal amounts of E-EBV and B-EBV were bound to AGS or
SVKCR?2 cells. As expected, binding of E-EBV to AGS cells
via gHglLR was very low and binding to SVKCR2 on which
both gHglLR and CR2 were available was several orders of
magnitude higher. However, B-EBV bound almost as well to
AGS cells expressing only gHgLR as it did to SVKCR2 cells
expressing both gHgL.R and CR2 (Table 2). The experiments
were repeated by using flow cytometry to compare binding of
equal amounts of four E-EBV and three B-EBV preparations
to gHgL.R on AGS cells in the absence of CR2, or to CR2 on
Akata B cells in the absence of gHgLR (Fig. 3). Virus from
both origins bound equally well to CR2-positive Akata cells,
but only B-EBV bound well to gHgLLR-positive AGS cells. To
determine if the stoichiometry of the gHgl.gp42 complex was

TABLE 2. Binding of B-EBV and E-EBYV to epithelial cells
expressing gHgLR (AGS) or gHgLR plus CR2 (SVKCR2)

Binding (relative units)”

B-EBV E-EBV
Expt
SVKCR2/ SVKCR2/
SVKCR2 AGS AGS ratio SVKCR2 AGS AGS ratio
1 513 255 2.4 8,540 ND? ~854
2 1,494 801 1.9 18,800 9 208.8
3 8,020 1,609 5.0 4,973 45 110.5
4 2,914 868 3.4 1,837 11 167.0

“ Binding was detected by Southern blot analysis of bound EBV DNA and
quantified by scanning with a Storm PhosphorImager.
> ND, not determined.
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FIG. 3. Flow cytometric analysis of equal amounts of four different
preparations of E-EBV and three different preparations of B-EBV
bound to EBV-negative Akata cells (A) or AGS cells (B) and visual-
ized with MAb 72A1 to gp350/220. In panel A, arrow 2 indicates
binding of both B-EBV and E-EBV. In panel B, arrow 2 indicates
binding of E-EBV and arrow 3 indicates binding of B-EBV. In both
panels, arrow 1 indicates binding of MAb 72A1 in the absence of virus.

relevant to these observations, the relative ability of B-EBV to
bind to gHgL. R-positive AGS cells and CR2-positive Akata B
cells was measured after increasing its gp42 content by addition
of soluble gp42 in trans. Increasing amounts of soluble gp42
decreased the ability of virus to bind to gHglLR but had no
effect on its ability to bind to CR2 (Fig. 4).

Infectivity of B-EBV bound to gHgLR can be increased by
treatment with polyethylene glycol. The large differences in
binding to gHgLR displayed by B-EBV and E-EBV did not
translate into large differences in infection rates. For the virus
preparations tested above by flow cytometry, the rates of in-
fection for gHgL.R-positive AGS cells were 0.30 = 0.10 for
B-EBV and 0.10 = 0.02 for E-EBV, indicating that an increase
in binding of B-EBV by almost 100-fold resulted in an increase
in infection of only 5-fold. This dichotomy between binding
and infection suggested that much of the extra B-EBV that was
bound to gHgLLR was unable to penetrate. To test this possi-
bility, equal amounts of B-EBV and E-EBV were allowed to
bind to AGS cells and then cells and bound virus were treated
with the exogenous fusogen polyethylene glycol. Herpesvirus
fusion mediated by polyethylene glycol is known to be ineffi-
cient (17), but in three separate experiments, polyethylene
glycol treatment increased the number of cells infected with
E-EBV by only X(1.5 * 0.5), whereas it increased the number
of cells infected with B-EBV by X (3.6 = 0.4). These results are
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FIG. 4. Southern blot of Gardella gel analysis of the amounts of
B-EBYV bound to gHgLR-positive AGS cells or CR2-positive, gHgLL.R-
negative, EBV-negative Akata cells after preincubation with increas-
ing amounts of soluble gp42. Numbers above the lanes indicate the
amount (micrograms) of soluble gp42 used, and numbers below the
panel indicate the percent reduction in binding determined by scan-
ning with a Storm PhosphorImager.
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consistent with the hypothesis that less of the bound B-EBV
than the bound E-EBYV is able to penetrate the cells to which
it is attached.

Low levels of gp42 in B-EBV target virus to use gHgL for
entry even when HLA class II is available for interaction with
gHglLgp42. The net effect of lower levels of gp42 in B-EBV
consistently translated into about a fivefold increase over
E-EBV for infection of AGS cells expressing only gHgLR.
However, this slight advantage was reversed for infection of
SVKCR?2 cells expressing both gHglLR and CR2 (Fig. 2A).
This suggested the possibility that low levels of gp42 in B-EBV
might continue to predispose to a nonproductive interaction
with gHgl.R even though CR2 was available for attachment.
As an approach to testing this possibility, we examined the
effect of MAb CL59 to gH on infection of SVKCR2-class II
cells which offered CR2 for attachment and allowed either
gHgl or gHglgp42 to be used for penetration. CL59 blocks
use of gHgL but not gHglL.gp42. The antibody was unable to
neutralize infection by E-EBV, which presumably used
gHgl gp42 and HLA class II for penetration, but it effectively
neutralized infection by B-EBV, indicating that even when
HLA class II is available, B-EBV continues to use gHgL for
penetration (Table 3).

TABLE 3. Effect of anti-gH MAb CL59 on infection of
SVKCR?2 cells by B-EBV or E-EBV

% Infection in presence of MAb CL59*

Expt
B-EBV E-EBV
1 0.9 108.7
2 0.0 81.2
3 0.8 135.2
4 1.6 108.3
5 2.7 90.3

¢ Infection was measured by expression of GFP and calculated as a percentage
of infection in the absence of antibody.
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DISCUSSION

Infection of epithelial cells by EBV has been a controversial
issue for many years, principally because attempts to infect
cultured cells in vitro have been difficult and efforts to detect
infected cells in vivo in normal healthy carriers or patients with
acute mononucleosis have met with mixed results (1, 13, 23, 24,
30, 36). However, nasopharyngeal and gastric carcinomas that
carry EBV episomes and oral hairy leukoplakia, which is an
epithelial lesion driven by lytic EBV replication (28), clearly
establish that infection is not only possible but also has impor-
tant consequences for virus pathogenesis. Several somewhat
different mechanisms by which virus might initiate epithelial
infection have been proposed. Early work suggested that it
occurred as a result of fusion between B cells and adjacent
epithelial cells (2), but little progress has been made toward
refuting or confirming this hypothesis. Other reports have in-
dicated that at least low-level expression of CR2 occurs on
some but not all epithelial cell lines (5, 11), although cross-
reactivity between anti-CR2 antibodies and an unrelated mol-
ecule on epithelial tissues has confounded determination of its
expression in vivo (41). Certainly efficient infection can be
mediated in vitro by engineered expression of CR2 (16; this
report). Cells that carry the polymorphic IgA receptor can be
infected with virus that is coated with IgA specific for gp350/
220 (31), which may principally be relevant to reinfection of
cells in an immune host from the basolateral surface. The same
may be true for the most recently described productive inter-
action between the BMRF-2 protein and a5/B1 integrins,
which are predominantly expressed on the basolateral surfaces
of polarized cells (35). Results presented here focus on the
involvement of glycoproteins gHgL in infection of epithelial
cells and suggest that although these proteins may function
both in attachment (20, 25) and penetration (38) of this cell
type, the efficiency of infection is significantly compromised if
they are involved in both.

The identity of the molecule to which gHgl binds on the
epithelial surface is not yet known. All available evidence is
consistent with, though does not prove, that it is the same
molecule as the coreceptor thought to be required for pene-
tration. We show here that soluble gHgL bound both to AGS
cells, where the complex is used for attachment, and to
SVKCR?2 cells, where it is used only for penetration. The MAb
E1D1, which blocks penetration of SVKCR2 cells (38), also
blocked attachment of virus or gHgL to AGS cells. Finally,
soluble gp42, which can bind to gHgL in trans and block pen-
etration of but not attachment to SVKCR2 cells (38), also
impeded attachment to AGS cells via gHgL.. Expression of the
human B-cell coreceptor HLA class II on murine B cells to
which gp350/220 cannot bind does not facilitate attachment of
EBV (S. M. Turk and L. M. Hutt-Fletcher, unpublished data),
but there is precedence for a virus using a coreceptor for
attachment. For example, primary isolates of human immuno-
deficiency virus type 1 have been adapted to bind to chemokine
coreceptors in the absence of CD4, although, in parallel with
EBYV, infection of cells expressing the primary receptor is more
efficient (12).

Irrespective of whether or not the epithelial receptor and
coreceptor are identical or closely associated molecules, the
stoichiometry of the gHglgp42 complex clearly affects its use
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for attachment or penetration. Expression of HLA class II
consistently increased infectivity of both B-EBV and E-EBV
and, as previously described for AGS cells alone (4), had a
more marked effect on E-EBV than B-EBV. The increases
were, however, not very striking, relative to the effects of ex-
pression of CR2. HLA class II and gHgLR (or an associated
molecule) do not appear to be very different in the efficiency
with which they function as coreceptors. The finding that B-cell
virus, low in gp42, could bind so effectively to gHgLLR was
surprising given the low level at which cells expressing only
gHgLR were infected. E-EBV, high in gp42, which bound very
poorly to gHgLR, infected almost as well. CR2 increased bind-
ing of B-EBV only three- to fourfold but increased infection
levels by more than 2 orders of magnitude, and the continued
resistance of infection of SVKCR2 cells to the effects of chlor-
promazine suggests that this cannot simply be attributed to
targeting of EBV to the endocytic pathway that it uses to enter
B cells. Attachment via CR2 also appears to play no essential
role in triggering the fusion machinery, since efficient infection
of polarized cells can be mediated in its absence (35). The
possibility that CR2-mediated cell signaling influences infec-
tion levels cannot be ruled out (3, 29), but the above observa-
tions and the larger effects of polyethylene glycol on penetra-
tion of B-EBV than on penetration of E-EBV are consistent
with the hypothesis that engagement of a substantial number
of gHgL. complexes by gHgLR is not compatible with use of the
complexes for efficient fusion. The fact that infection of
SVKCR2-class II cells by B-EBV, but not E-EBV, continued
to be neutralized by antibody to gH might then be explained if
the low levels of gp42 in this type of virus continued to be
predisposed to interaction with gHglLR. A tendency to use
gHglL.R might also explain why addition of CR2 to a class
II-negative, gHgl.R-expressing cell favored E-EBV more than
B-EBV. The apparent failure of virus to use a5/B1 integrins for
attachment is curious but perhaps reflects the state of activa-
tion or association of these molecules on the nonpolarized
AGS cells.

There are several possible reasons why binding of significant
numbers of gHgL. complexes might compromise infection. For
example, the conformation adopted by gHgL when attached to
gHgl R might be different from the conformation required for
fusion; a threshold number of complexes not adopting the
binding conformation might be required for efficient fusion
and entry to occur or for potential interaction with other com-
ponents of the fusion machinery, notably glycoprotein gB.
Complexes that are relatively rich in gHgL and low in gp42
might also allow for a higher avidity of complex binding via
gHgL R that is incompatible with fusion. Recent studies of the
influenza virus hemagglutinin (HA) protein, which mediates
both binding and fusion, showed that mutations that increased
the affinity of HA molecules for sialic acid impaired their
ability deliver virus into the cell. The number of fusion pores
was reduced, but in addition, a significant effect was seen on
the ability of the pores to dilate (26). The hypothesis proposed
to explain these results was that HA spikes cross-link receptor
molecules surrounding a fusion pore and that the high-affinity
binding of the mutants prevented an adjustment in binding
activity that is required for pore expansion to occur. An in-
crease in the number of gHgL. complexes available to bind and
cross-link gHgl.R might be having a similar effect.
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The difficulty in finding replicating EBV in epithelial cells in
vivo has led to the general assumption that virus that is re-
leased into the saliva of persistently infected individuals is
primarily of B-cell origin. We have previously proposed that
such virus, low in gp42, would be better prepared than epithe-
lial virus to initiate infection of HLA class II-negative epithe-
lial mucosa in a new host (4). We believe that this still holds
true for any mucosal cells that offer access to gHgLR, which is
required for entry, but not an additional functional receptor
for a distinct attachment protein, such as gp350/220 or
BMREF-2. The effect of low levels of gp42 is now shown to be
primarily on increased binding to gHgLR, and it comes at the
expense of the ability to mediate efficient entry. However, low
levels of gp42 may be important to ensure that free virus in
saliva is not immediately washed unproductively across a mu-
cosal surface. If mucosal cells do express an additional recep-
tor capable of mediating attachment, then B-EBV loses its
slight advantage over any E-EBV that might be present in
saliva, but in this case, both B-EBV and E-EBV infect with
high efficiency, so the biological outcome would be relatively
neutral.

Adaptation to the use of HLA class II as a coreceptor on
B cells that lack gHgLLR has come at the expense of losing
gHgl gp42 complexes to a degradation pathway and a reduc-
tion in the ability of B-EBV to infect new B cells (4). Initiation
of infection in an HLA class II-negative epithelial cell over-
comes this potentially serious defect in a virus that needs to
establish latency in the B-cell compartment. The ability of the
same virus to reinfect an epithelial cell is only slightly reduced
as long as an additional attachment receptor is expressed.
Replication in epithelial cells may or may not be extensive in
vivo, but passage through an epithelial cell as colonization of
the host occurs would not only ease passage across an intact
mucosal surface but also optimize the ability of virus to move
into the B-cell compartment.
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