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Abstract

The cell surface molecules used by Epstein-Barr virus (EBV) to attach to epithelial cells are not
well-defined, although when CD21, the B cell receptor for EBV is expressed epithelial cell
infection increases disproportionately to the increase in virus bound. Many herpesviruses use low
affinity charge interactions with molecules such as heparan sulfate to attach to cells. We report
here that the EBV glycoprotein gp150 binds to heparan sulfate proteoglycans, but that attachment
via this glycoprotein is not productive of infection. We also report that only the aminoterminal two
short consensus repeats of CD21 are required for efficient infection, This supports the hypothesis
that, when expressed on an epithelial cell CD21 serves primarily to cluster the major attachment
protein gp350 in the virus membrane and enhance access of other important glycoproteins to the
epithelial cell surface.
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INTRODUCTION

Human herpesvirus 4 or Epstein-Barr virus (EBV) is one of eight human herpesviruses and
is carried by more than 95% of the global adult population. Primary infections are often
asymptomatic, but can be accompanied by infectious mononucleosis. The virus establishes
latency in memory B lymphocytes and is modeled as replicating productively in epithelial
cells of the oropharynx. Persistently infected carriers typically suffer no long term
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consequences, but the virus is associated, as a causal or contributing factor, with several
lymphoid and epithelial malignancies, reflecting its tropism for cells of these lineages
(Longnecker et al., 2013).

Tropism is in part determined by the virus glycoproteins, of which there are eleven in the
virion envelope (Gore and Hutt-Fletcher, 2008). Virus attachment to B cells results from an
interaction between the most abundant virus glycoprotein, gp350 (Nemerow et al., 1987;
Tanner et al., 1987), and one of two complement receptors, CR2 or CD21 (Fingeroth et al.,
1984) and CR1 or CD35 (Ogembo et al., 2013). Entry is mediated by glycoproteins gB and a
complex of three glycoproteins gHgL and gp42 (Hutt-Fletcher, 2007). Glycoprotein gp42
interacts with HLA class Il (Haan et al., 2000; Li et al., 1997) and this essential interaction
(Wang and Hutt-Fletcher, 1998) is thought to initiate a cascade of events which ultimately
leads to fusion, probably executed as gB, which is modeled as a class 111 fusion protein
(Backovic and Jardetzky, 2009; Backovic et al., 2009), inserts into the cell membrane and
undergoes a conformational change (Chesnokova et al., 2014).

Fusion with an epithelial cell is mediated by three rather than four glycoproteins (Wang et
al., 1998). Epithelial cells do not constitutively express HLA class Il and, instead of the
interaction between gp42 and HLA class 11, a direct interaction between gHgL, which
carries a KGD motif, and one of three av integrins, avp5, avpé or avp8, provides the
initiating event (Chesnokova and Hutt-Fletcher, 2011; Chesnokova et al., 2009). The
presence of gp42 blocks access of gHgL to integrins (Chen et al., 2012; Wang et al., 1998).
Thus the virus carries both two part gHgL complexes and three part gHgLgp42 to infect
both cell types, with gp42 acting as a rheostat to switch tropism as its levels are modulated
by the cell type in which virus is produced (Borza and Hutt-Fletcher, 2002).

Although the molecules involved in B cell attachment and B cell and epithelial cell fusion
are generally agreed on, there remains uncertainty concerning productive epithelial cell
attachment. Several glycoproteins and cell receptors have been proposed as being involved.
Some, cultured epithelial cells express CD21 (Fingeroth et al., 1999), but CD21 expression
in the oropharynx in vivo appears to be limited to tonsil and adenoid epithelium (Jiang et al.,
2012; Jiang et al., 2008) and epithelial cells at other sites can also be infected (Temple et al.,
2014; Vincent-Bugnas et al., 2013; Walling et al., 2001). In the absence of CD21 virus can
attach to av integrins via gHgL, but infection, when virus uses gHgL for attachment as well
as fusion, is very inefficient (Borza et al., 2004), much less so that when virus is bound via
CD21, for unknown reasons. Binding of virus cross-links CD21 and in an epithelial cell
results in colocalization with the formin FHOS/FHOD1, which binds to the cytoplasmic
domain of CD21 (Gill et al., 2004). Formins directly nucleate actin (Goode and Eck, 2007)
and since actin dynamics seemed to be uniquely important to virus transport in epithelial
cells, the possibility that CD21 might provide a relevant link to cytoskeletal reorganization
was considered. Deletion of the cytoplasmic tail, however had no effect, although the
possible interaction of the transmembrane domain or ectodomain with other epithelial
molecules was not explored (Valencia and Hutt-Fletcher, 2012). The BMRF2 protein, which
complexes with the BDLF2 protein (Gore and Hutt-Fletcher, 2008), can bind to a3p1, a5p1
and avB1 integrins via an RGD motif, and is important for infection of polarized epithelial
cells (Tugizov et al., 2003), but whether its primary role is in attachment, signaling or lateral
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spread of virus, as it is for the homologous protein complex in the murine
gammabherpesvirus 68 (Gill et al., 2008), is not entirely clear.

Many herpesviruses, including the human herpesviruses herpes simplex virus (Spear, 2004),
Kaposi’s sarcoma associated herpesvirus (Veettil et al., 2104), human cytomegalovirus
(Compton et al., 1993) and human herpesvirus 7 (Secchiero et al., 1997), use low affinity
charge interactions with molecules like heparan sulfate proteoglycans for initial attachment
to cells. In some cases more than one virion glycoprotein is used for the purpose. There is a
small amount of residual virus binding seen when a gH-null EBV is added to a CD21-
negative epithelial cell where virus also does not use BMRF2 for attachment (Molesworth et
al., 2000; Oda et al., 2000). We therefore considered the possibility that this residual binding
might represent an interaction with heparan sulfate or another proteoglycan. A potential role
for the transmembrane and ectodomains of CD21 beyond that of attachment was also
explored.

RESULTS AND DISCUSSION

Binding of a gH-null virus to CD21-negative epithelial cells is low but saturable

To determine the number and avidity of binding sites for a gH-null virus on CD21-negative
epithelial cells, AGS gastric carcinoma cells and hTERT immortalized normal oral
keratinocytes (NOK) were incubated with increasing copy numbers of virus for 1h on ice.
Virus was removed, cells were washed and the amount of virus DNA remaining associated
with cells was measured by quantitative real-time PCR (QPCR). The number of binding
sites on the two cells was similar and low, 590480 per cell on AGS and 640+50 on NOK,
although saturation could be reached at high virus dose (Figure 1). The avidity, determined
as the number of virus particles needed to achieve 50% saturation, was also low,
36,000+13,000 for AGS and 40,000+800 for NOK.

Binding is heparan sulfate dependent

Attachment of herpesviruses that use heparan sulfate proteoglycans for initial binding to
cells can be blocked by the presence of soluble heparins. Binding of gH-null EBV to NOK
or AGS cells could be inhibited by preincubation of virus with different derivatives of
heparan sulfate or chondroitin sulfate (Figure 2). Heparin was the most effective and, in the
presence of increasing concentrations, virus binding was reduced in a dose dependent
manner. Since heparin was able to reduce binding, the ability of virus to bind to CHO K1
cells, CHO pgsA-745 cells, which lack glycosoaminoglycans, and CHO pgsD-677 cells,
which cannot synthesize heparan sulfate, was compared. gH-null virus bound well to CHO
K1 cells, but poorly to both CHO pgsA-754 and CHO pgsD-677 cells (Figure 3). Virus
binding was also reduced in a dose dependent manner by preincubation of CHO K1 cells
with the N-N’-(bis-5-nitropyrimidyl) dispirotripoperazine derivate 27 (DSTP 27), a
compound that binds to heparan sulfate residues and can block infection of viruses that use
heparan sulfate proteoglycans for attachment (Schmidtke et al., 2003; Selinka et al., 2007).
gH-null virus binding to NOK cells was reduced by a high salt wash, but not by washing in
0.1% Tween 20, 25mM HEPES pH 7.0-0.15M NaCl, suggesting an ionic and not a
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hydrophobic interaction (Figure 4A). Polyethylene glycol, which alters the hydration shell of
a protein (Rawat et al., 2010) and masks charge, also inhibited binding by a little over 50%.

Binding is mediated by virus glycoprotein gp150

The envelope proteins of EBV, like those of most viruses, are glycosylated, some carrying
both N- and O-linked sugars which like, heparan sulfate, would have a negative charge
(Bishop et al., 2007). However, many of the protein backbones themselves are theoretically
cationic. The protein with the highest predicted pl is gp150, the product of the BDLF3 gene.
Several years ago we made a virus in which the BDLF3 gene was interrupted by a neomycin
resistance cassette (Borza and Hutt-Fletcher, 1998). This gp150-null virus bound slightly
less well to NOK cells than an equal copy number of gH-null virus and the small amount of
virus that bound could be blocked almost completely by pre-incubation with soluble integrin
avp8 which competes with cellular integrins for binding to gH (Figure 4B).

The observation that, like many herpesviruses, EBV can bind to heparan sulfate
proteoglycans is perhaps not surprising. What is more surprising is that this binding, at least
on epithelial cells, is apparently non-productive. We previously found that the virus that
lacks gp150, although it has no phenotype for B cell infection, infects epithelial cells very
slightly better than does wild type virus (Borza and Hutt-Fletcher, 1998). Virus lacking
gp350, the ligand of CD21, has been reported to be able to infect B cells, including B cell
lines (Janz et al., 2000). However, B cell lines often lack heparan sulfate (Jarousse et al.,
2008) and normal B cells also express only very low levels (Bala Chandran, personal
communication) so it also seems unlikely that gp150 and heparan sulfate proteoglycans can
account for B cell infection by a gp350-null virus.

The transmembrane domain and most of the ectodomain of CD21 do not influence

infection

The robust levels of virus binding to an epithelial that can be achieved as a result of the
interaction between gHgL and an integrin, do not translate into the robust levels of infection
that can be achieved when CD21 is used. The cytoplasmic tail of CD21 plays no role in this
robust level of infection (Valencia and Hutt-Fletcher, 2012), but to explore if other domains
of the protein are important, perhaps mediating interactions with additional cell proteins,
two new CD21 constructs were made, one in which 13 of the 15 short consensus repeats
(SCR) in the ectodomain (Ahearn and Fearon, 1989) were deleted, putting the two
aminoterminal SCRs containing the gp350 binding site (Martin et al., 1991) immediately
adjacent to the transmembrane domain (CD21-2SCR) and one in which the two
aminoterminal SCRs were placed adjacent to the cytoplasmic tail and transmembrane
domain of EBV glycoprotein gH (CD21-2SCR-gH). Each of four constructs, full length
CD21, CD21-CT, missing the cytoplasmic tail, CD21-2SCR and CD21-2SCR-gH were
nucleoporated into AGS cells. Binding of gH-null virus, which cannot interact with
integrins, was measured by QPCR, infection with virus expressing GFP and levels of
expression of the aminoterminal two SCRs of CD21 were evaluated by flow cytometry. The
expression levels of CD21 lacking a cytoplasmic tail or containing only the aminoterminal
SCRs were slightly lower than those of full length CD21 (set at 100%) and expression of
CD21 containing the aminoterminal SCRs anchored by the cytoplasmic tail and
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transmembrane domain of gH was only about sixty percent of the expression levels of full
length CD21. However, virus binding and virus infection in each case paralleled expression
levels of the aminoterminal 2 SCRs suggesting that, unless the aminoterminal 2 SCRs
themselves interact with other membrane components, which cannot be absolutely ruled out,
interactions of CD21 with additional cell membrane components are unlikely to be
important for infection. Instead, several observations support an alternative explanation for
why CD21 expression makes such a difference to ease of infection of an epithelial cell.
Binding of virus to CD21 on a B cell, which causes capping of the gp350/CD21 complex,
followed by transfer of bound virus to an epithelial cell enhances infection and a gp350-null
virus is better able to infect a CD21-negative epithelial cell than is wild type virus, implying
that when not used, gp350 gets in the way (Shannon-Lowe et al., 2006). Further, antibodies
to gp350 capable of cross-linking the protein enhance epithelial infection. Glycoprotein
gp350 is not only the most abundant virus glycoprotein (Johannsen et al., 2004), it is also
modeled as a long extended structure (Moore et al., 1989) which when bound to CD21
initially places the virus approximately 50 nm from the cell surface (Nemerow and Cooper,
1984). It seems possible then that CD21 serves not only to anchor virus to the cell surface,
but also to cluster gp350 in the virus membrane, facilitating access of other virus
glycoproteins critical to the entry process.

MATERIALS AND METHODS

Cells, virus, antibodies and reagents

Akata-GFP, a Burkitt lymphoma-derived cell carrying a recombinant EBV in which the
thymidine kinase gene is interrupted with a double cassette expressing neomycin resistance
and the green fluorescence protein, Akata-gH-null, carrying a recombinant EBV in which
the BXLF2 open reading frame encoding gH is interrupted with the same cassette
(Molesworth et al., 2000) and Akata-gp150-null, carrying a recombinant EBV in which the
BDLF3 gene is interrupted by a neomycin resistance cassette (Borza and Hutt-Fletcher,
1998) were grown in RPMI 1640 (Sigma) supplemented with G-418 at 500ug/mL. AGS,
human gastric carcinoma cells (American Type Culture Collection) that have been cured of
parainfluenza type 5 infection by treatment with ribavirin, and CHO K1 cells, CHO
pgsA-745 cells (Esko et al., 1985), which are deficient in glycosaminoglycans and CHO
pgsA-677 cells (Lidholt et al., 1992), which are deficient in heparan sulfate biosynthesis,
were grown in Ham’s F-12 medium (Sigma). SVK cells, SV40-transformed keratinocytes
(Li et al., 1992) were grown in Joklik’s modified Eagle’s medium. NOK cells, hTert-
immortalized normal oral keratinocytes (a gift of Karl M(inger, Harvard University) were
grown in Keratinocyte SFM (Gibco). 293-B8 AVAP cells (Mu et al., 2002), which secrete
truncated avp8 conjugated to alkaline phosphatase (AP) and were a gift of Stephen
Nishimura (UCSF), were grown in DMEM (Sigma) supplemented with 1% nonessential
amino acids. Media for all cells, except SVK cells, which was supplemented with 10% heat
inactivated Cosmic calf serum (Hyclone), and NOK cells, were also supplemented with 10%
heat-inactivated fetal bovine serum (Gibco). Akata virus made in B cells was harvested from
the spent culture media of cells that had been induced by treatment with anti-human
immunoglobulin as described (Molesworth et al., 2000). Truncated avp8 was purified from
media of 293-B8 AVAP cells as previously described (Chesnokova and Hutt-Fletcher, 2011).
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DTSP 27 was a gift of Dr. Martin Sapp, LSU Health Sciences Center-Shreveport. Heparin,
heparan sulfates and chondroitin sulfate and polyethylene glycol 6000 were obtained from
Sigma and Tween 20 from Fisher Scientific. Monoclonal antibody 171 which reacts with
SCR1 and SCR2 of CD21 was a gift of Dr. Michael Holers, University of Colorado. CD21
expression was visualized with antibody 171 and goat anti-mouse antibody conjugated to
phycoerythrin (PE) (Jackson ImmunoResearch).

Virus binding and quantitative real time PCR (QPCR)

Cells were detached by trypsin and recovered in complete media for one hour. Virus was
diluted in RPMI media containing 100 pg/ml bacitracin and bound to cells for one hour on
ice. Unbound virus was removed by three washes with phosphate buffered saline (PBS) and
DNA was isolated using QUlamp DNA Blood mini Kit (Qiagen, Cat. #51104), according to
the manufacturer’s protocol. A 76-bp region of the EBV EBNAL gene in the BamHI K
fragment was amplified together with a 101-bp region of the human C-reactive protein
(CRP) gene. The EBV probe was labeled with 6-carboxyfluorescein (FAM) and the CRP
probe was labeled with VIC (PE Applied Biosystems). Serial dilutions of DNA from IB4, a
Burkitt’s lymphoma cell line containing five copies of EBV per cell, served as a standard
(Valencia and Hutt-Fletcher, 2012). Binding to CHO K1 cells was determined using a SYBR
Green assay with the same BamHI K primers as were used for the TagMan analysis and
primers that amplified an 83-bp region of the CHO K1 18s ribosomal RNA gene (Soltany-
Rezaee-Rad et al., 2015). This is a multicopy gene and virus amplification was expressed
relative to 18s ribosomal amplification and not as absolute values per cell.

CD21 plasmid constructs

Plasmids pPCAGGS-CD21 and pCAGGS-CD21-CT were made as previously described
(Valencia and Hutt-Fletcher, 2012). pPCAGGS-CD21-2SCR was made by cutting pPCAGGS-
CD21 at an Xho 1 site at 454, 2 bp prior to the start of the sequence of the third SCR and at
a Bgl 1l site in pCAGGS, 3’ to the stop codon of CD21. 209 bp including the sequence
encoding the cytoplasmic tail and transmembrane domain of CD21 and 10 residues of the
adjacent ectodomain were amplified with primers 5’-CGTATTCTCGAG
GGGTGCCAGGTGTGCCAACTTG-3’ and 5’-CTGATT AGATCT
TCAGCTGGCTGGGTTGTA TGGATC-3’, cut with Xho 1 and Bgl 11 and cloned into
pCAGGS-CD21 cut with the same enzymes. pPCAGGS-CD21-2SCR-gH was made from
pCAGGS-CD21-2SCR by amplification with the forward primer 5’-
AATTATGAATTCATGGGCGCCGCGGGC-3’ which included the initiation codon and the
reverse primer 5'-CGATTAGCATGCCTAAAGGAAAAACATAACAATC
TTGTGAACCAGAAAGATACCCAGAGCAAAAGCAATAAAGTACAGGATTATTGCCA
AAACAA CGTGTGCTCTGCAAACCGCCAGGG-3' which included sequences encoding
the cytoplasmic tail and transmembrane domain of EBV gH and 17 bp corresponding to the
sequence of the ectodomain of CD21 immediately adjacent to its transmembrane domain.

Infection of cells expressing CD21 constructs

Three batches of 108 AGS cells were each nucleofected with 5 pg pPCAGGS, pCAGGS-
CD21, pCAGGS-CD21-2SCR or pCAGGS-2SCR-gH using an Amaxa Nucleofector 4DX,
kit SF and program DS138. The three batches were pooled and incubated for 72 h. The
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pooled cells were again divided into three, one set was stained with monoclonal antibody
171 and goat anti-mouse antibody conjugated to phycoerythrin and examined by flow
cytometry. Virus lacking gH was bound to a second set for 1 h and binding was measured by
QPCR. The third set was infected with Akata GFP-virus and GFP expression was measured
by flow cytometry 48 h later.
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Highlights
EBV glycoprotein gp150 binds to heparan sulfate
EBV binding to heparan sulfate does not promote infection

Only the aminoterminal SCRs of CD21 are required to enhance epithelial infection
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Figure 1.
Scatchard analysis of binding of gH-null virus. Different copy numbers of virus were added

to AGS (A) or NOK (B) cells for 1h on ice, cells were washed and the amount of virus
remaining bound per cell was determined by QPCR. Virus copies (v.c.).
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Figure 2.
Reduction of virus binding by soluble proteoglycans. gH-null virus was preincubated on ice

with 100 pg/ml of the indicated proteoglycans for 1h and then added to NOK (A and C) or
AGS (B) cells for 1h on ice. Cells were washed and virus (BamK) and cell (CRP) DNA were
measured by QPCR. Virus copies (v.c.). Error bars are calculated as the standard quotient
error. Experiments in panel A were repeated 4 times and those in panels B and C were
repeated 3 times.
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Figure 3.
Virus binding in the absence of heparan sulfate proteoglycans or in the presence of an

inhibitory ligand for heparan sulfate. (A) gH-null virus was incubated for 1h on ice with
CHO K1, CHO pgs-745 or CHO pgsD-677 cells as indicated, cells were washed and virus
(BamK) and cell (18s rRNA) DNA were determined by QPCR. Binding is expressed as a
percent of binding to CHO K1. The experiment was repeated 3 times and the difference
between binding to CHO K1 versus the other two CHO mutant lines has a p value of <0.001
as calculated by an unpaired T-test. (B) CHO K1 cells were incubated with indicated

Virology. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chesnokova et al.

Page 14

concentrations of DSTP 27 for 30 min and then gH-null virus was added for 1h on ice. Cells
were washed and virus (BamK) and cell (18s rRNA) DNA were measured by QPCR.
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Figure 4.
Virus binding is reduced by high salt or polyethylene glycol and is lost if binding via gH and

gp150 is abrogated. (A) gH-null virus was either added to NOK cells for 1h on ice and then
cells were washed with salt or Tween 20 as indicated (left panel) or virus was preincubated
with polyethylene 6,000 (PEG 6,000) before adding to cells (right panel). Virus (BamK) and
cell (CRP) DNA were measured by QPCR. (B) Virus that was gH-null, gp150-null virus or
gp150-null and preincubated with soluble avf8, as indicated, was added to NOK cells for 1
h on ice. Cells were washed and virus (Bam K) and cell (CRP) DNA were measured by
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QPCR. Virus copies (v.c.). Error bars are calculated as the standard quotient error. Each
experiment was repeated 3 times.
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Figure 5.
Only the aminoterminal two short consensus repeats are needed to enhance infection. AGS

cells were nucleoporated with empty vector, plasmids expressing full length CD21, CD21
lacking a cytoplasmic tail (CD21-CT), CD21 comprised of only the aminoterminal 2 SCRs
(2SCR) or the aminoterminal 2SCRs anchored by the cytoplasmic tail and transmembrane
domain of gH (2SCR-gH). At 24 h cells were stained with an antibody to the aminoterminal
2SCRs and examined by flow cytometry (black bar), the number of gH-null virus copies
able to bind was measured by QPCR (hatched bar), and cells were infected with virus
expressing GFP and measured for GFP expression by flow cytometry 48 h later (grey bar).
Values are expressed as a percent of those achieved with full length CD21. The experiment
was repeated with the same results.
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