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Abstract

Prevention of Epstein-Barr virus (EBV) infection has focused on generating neutralizing 

antibodies (nAbs) targeting the major envelope glycoprotein gp350/220 (gp350). In this study, we 

generated 23 hybridomas producing gp350-specific antibodies. We compared the candidate gp350-

specific antibodies to the well-characterized nAb 72A1 by: (1) testing their ability to detect gp350 

using enzyme-linked immunosorbent assay, flow cytometry, and immunoblot; (2) sequencing their 

heavy and light chain complementarity-determining regions (CDRs); (3) measuring the ability of 

each monoclonal antibody (mAb) to neutralize EBV infection in vitro; and (4) mapping the gp350 

amino acids bound by the mAbs using competitive cell and linear peptide binding assays. We 

performed sequence analysis to identify 15 mAbs with CDR regions unique from those of murine 

72A1 (m72A1). We observed antigen binding competition between biotinylated m72A1, serially 
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diluted unlabeled gp350 nAbs (HB1, HB5, HB11, HB20), and our recently humanized 72A1, but 

not gp350 non-nAb (HB17) or anti-KSHV gH/gL antibody.
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Introduction

Epstein-Barr virus (EBV) predominantly infects epithelial cells and B cells, reflecting the 

viral tropism and cellular ontogeny characteristic of most EBV-associated malignancies 

(Rickinson and Kieff, 2007b). Despite the fact that EBV infection is associated with more 

than 200,000 cases of a variety of human malignancies every year, and has significant public 

health impacts, there is no licensed vaccine to date (Cohen et al., 2011). The EBV 

glycoprotein gp350/220 (gp350) is a known target for a host’s virus neutralizing antibody 

(nAb) response upon natural EBV infection (Sashihara et al., 2009; Thorley-Lawson and 

Poodry, 1982; Weiss et al., 2017) or immunization, and thus has been tested as a viable 

target for vaccines and therapeutics in five clinical trials to prevent B cell infection (Gu et 

al., 1995; Haque et al., 2006; Moutschen et al., 2007; Rees et al., 2009; Sokal et al., 2007). 

However, not all of the potential nAb epitopes on gp350 have been identified or fully 

characterized.

EBV infects at least 90% of the human population globally, irrespective of geographical 

location. Currently, there are two models describing how initial EBV infection of human 

host cells occurs in vivo (Cohen, 2000). In the first infection model, the incoming virus first 

targets epithelial cells and engages with host ephrin receptor tyrosine kinase A2 via 

heterodimeric glycoproteins gH/gL (Chen et al., 2018; Zhang et al., 2018) or with host 

integrins via BMRF-2 (Chesnokova et al., 2009; Tugizov et al., 2003). This triggers fusion 

of EBV glycoprotein gB with the host epithelial cell membrane to enhance viral entry into 

the cytoplasm. This interaction is thought to occur in the oral mucosa; there, EBV undergoes 

lytic replication in epithelial cells to release virions that subsequently infect resting B cells 

in tonsillar crypts or circulating naïve B cells. In the alternative infection model, the 

incoming virus binds to B cells in the oral mucosa via host CD35 (Ogembo et al., 2013) 

and/or CD21 through its major immunodominant glycoprotein, gp350 (Fingeroth et al., 

1984; Nemerow et al., 1989). The interaction between gp350 and CD35 and/or CD21 

triggers viral adsorption, capping, and endocytosis into B cells (Tanner et al., 1987). This 

subsequently leads to the heterotrimeric EBV glycoprotein complex gp42/gH/gL binding to 

host HLA class II molecules to activate gB membrane fusion and infection of B cells 

(Connolly et al., 2011). Once infected, B cells typically remain latent and harbor the virus 

for life, but may also traffic back to the oropharynx, where EBV is amplified by lytic 

replication in epithelial cells, and shed into the saliva (Cohen, 2000). Thus, B cells are the 

main reservoirs for EBV reactivation and for the development of virus-related malignancies 

(Babcock et al., 1998). Novel strategies that could block interactions between EBV 
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glycoproteins and cellular receptors that mediate viral infection could be beneficial in the 

development of effective antiviral therapies.

Antibodies are the first line of defense against viral infection and nearly all EBV-infected 

individuals develop nAbs directed to the ectodomain of EBV gp350 (Sashihara et al., 2009; 

Thorley-Lawson and Poodry, 1982; Weiss et al., 2017). A recent study showed that 

polyclonal serum antibodies against gp350 from naturally infected individuals or immunized 

animals block EBV infection of B cells in vitro better than antibodies against EBV gH/gL or 

gp42 (Bu et al., 2019). Thus, gp350 is a promising candidate for development of EBV 

vaccines against B cell infection; however, to make effective vaccines, the nAbs epitopes on 

the gp350 ectodomain must be identified and fully characterized. EBV gp350, a type 1 

membrane protein, is composed of 907 amino acid (aa) residues. A single splice of the 

primary gp350 transcript deletes 197 codons between codons 501 and 699, and joins two 

fragments in frame, to generate the gp220 transcript. Both gp350 and gp220 are composed 

of the same 18-aa residue at the C terminus that is located within the viral membrane, a 25-

aa residue at the transmembrane-spanning domain, and a large highly glycosylated N-

terminal ectodomain, aa 1–841 (Tanner et al., 1988). The first 470 aa of gp350 are thought to 

be sufficient for binding CD21 in B cells, as demonstrated by a truncated gp350 (aa 1–470) 

blocking the binding of EBV to B cells and reducing viral infectivity (Tanner et al., 1988). 

The gp350-binding domain on CD21 maps to N-terminal short consensus repeats (SCRs) 1 

and 2, which also bind to a bioactive fragment of complement protein 3 (C3d) (Nemerow et 

al., 1987a). A soluble truncated gp350 fragment (aa 1–470) and soluble CD21 SCR1 and 

SCR2 can block EBV infection and immortalization of primary B cells (Tanner et al., 1988). 

However, gp350 binding to CD35 is not restricted to N-terminal SCRs; it binds long 

homologous repeat regions as well as SCRs 29–30 (Ogembo et al., 2013).

There are at least seven unique CD21 binding epitopes located in the ectodomain of gp350 

(Urquiza et al., 2005); at least one of these epitopes (aa 142–161) is capable of eliciting 

nAbs (Tanner et al., 1988; Urquiza et al., 2005). The aa residues 142–161 are also one of the 

binding epitopes for nAb 72A1 (Hoffman et al., 1980; Szakonyi et al., 2006). Using gp350 

synthetic peptides binding to CD21 on the surface of a B-cell line, an additional gp350 

epitope was identified in the C-terminal region of gp350 (aa 822–841), suggesting this 

region also involved in EBV infection of B cells (Urquiza et al., 2005). However, the role of 

other epitopes in eliciting nAbs has not been fully investigated to fully justify the recent use 

of partial sequence of gp350 ectodomain in the development of effective prophylactic 

vaccine (Cui et al., 2013; Kanekiyo et al., 2015). Furthermore, the exact aa residues that 

comprise the core binding epitopes capable of eliciting nAbs and non-nAbs have not been 

determined. Mapping the gp350 protein residues that define immunodominant epitopes, 

identifying the critical aa residues of the known and unknown epitopes, and defining their 

roles in generating nAbs and non-nAbs will guide the rational design and construction of an 

efficacious EBV gp350-based vaccine that would focus B-cell responses to the protective 

epitopes.

In this study, we generated 23 hybridomas producing antibodies against gp350. To assess 

their clinical therapeutic/diagnostic potential and utility in informing future prophylactic 

vaccine design, we: (1) tested the ability of the new antibodies to detect gp350 protein, using 
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enzyme-linked immunosorbent assay (ELISA), flow cytometry, and immunoblot; (2) 

sequenced the unique complementarity-determining regions (CDRs) of the heavy (VH) and 

light (VL) chains of all 23 hybridomas to identify novel mAbs; (3) measured the efficacy of 

each mAb to neutralize EBV infection of B cells in vitro; (4) used competitive cell binding 

assays to identify gp350 regions recognized by neutralizing and non-neutralizing mAbs and 

(5) used linear peptide binding assay to identify gp350 core linear aa residues recognized by 

neutralizing and non-neutralizing mAbs.

Results

Novel anti-gp350 mAbs target linear and conformational epitopes

Previous studies have generated and characterized several anti-gp350 mAbs, both 

neutralizing and non-neutralizing. Some of these have been effectively used to map the 

immunodominant or neutralizing epitopes present in the gp350 ectodomain, which has 

relevance for future strategies to design sterilizing prophylactic vaccines (Table 1). We 

generated a panel of new gp350-specific mAbs by immunizing BALB/c mice three times 

with purified UV-inactivated EBV. We further boosted the EBV-immunized mice three times 

with VLPs that incorporate the gp350 ectodomain (1–841) on the surface to improve 

antibody affinity maturation and avidity. We isolated splenocytes from the immunized mice 

and fused them with myeloma cells to generate hybridomas. We used indirect ELISA to 

screen supernatants from the hybridomas for specificity against purified gp350 ectodomain 

protein (aa 4–863) and identified 23 hybridomas producing gp350-specific antibodies (data 

not shown).

To further characterize the biochemical properties of the 23 antibodies generated, we 

purified the antibodies from the hybridoma supernatants using protein A spin columns, 

followed by SDS-PAGE to confirm the purity of all antibodies (Fig. 1A). When we 

reevaluated quantified amount of the purified antibodies (10 μg/ml) using indirect ELISA, 

all of the 23 antibodies and m72A1 (anti-gp350 positive control) had ELISA signals greater 

than two times those of anti-KSHV gH/gL mAb 54A1 (negative control), and were 

considered positive/specific to gp350 (Fig. 1B). Of the 23 gp350-positive hybridoma 

producing antibodies identified, HB4, HB5, HB7, HB13, and HB14 demonstrated binding 

strength equal to or greater than that of the positive control, m72A1. This difference in 

binding of the antibodies could be due to differential exposure of cognate epitopes on gp350 

in the assay performed.

Determining the nature of the binding between an antibody and its target antigen is an 

important consideration for the performance and specificity of an antibody, as it can involve 

the recognition of linear or conformational epitopes (Sela et al., 1967). We evaluated the 

ability of the purified antibodies to bind linear epitopes by performing immunoblot analysis 

of denatured gp350 antigen expressed on CHO cells (Perez et al., 2017). We showed that 16 

of the 23 antibodies detected both the 350 kDa and the 220 kDa splice variants (Fig. 1C). In 

contrast, HB2, HB3, HB6, HB7, HB13, HB20, and HB21, as well as the negative control 

54A1, failed to recognize either of the denatured isoforms of gp350 (Fig. 1C). We further 

characterized the antibodies’ ability to bind conformational epitopes by using flow 

cytometric analysis of CHO cells stably expressing gp350 on the cell surface. HB1, HB2, 
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HB3, HB5, HB6, HB9, HB11, HB12, HB15, HB17, HB19, HB20, HB21 and m72A1 

readily recognized gp350 (Fig. 1D). The fact that HB2, HB3, HB6, HB20 and HB21 

detected gp350 by flow cytometry, but not by immunoblot, suggests that these four 

antibodies only recognize conformational epitopes (i.e., native) on gp350, whereas HB5, 

HB9, HB11, HB15, HB17, and HB19 recognize epitopes present on both native and 

denatured linear protein (Fig. 1C–D). Importantly, the observation that all 23 anti-gp350 

antibodies recognized the gp350 antigen either by indirect ELISA, immunoblot, or flow 

cytometry suggests that we successfully produced antibodies that are specific to EBV gp350 

protein. In addition, we determined the isotypes of our newly generated antibodies to be 

IgG1 (n=14), IgG2a (n=5), IgG2b (n=1), a mixture of IgG1 and IgG2b (n=1), and a mixture 

of IgG1 and IgM (n=2) (Table 2).

Identification and characterization of 15 novel anti-350 monoclonal antibodies

To determine whether the generated hybridomas were monoclonal or a mixture of 

antibodies, we sequenced the VH and VL variable region genes of the 23 new anti-gp350 

antibodies, as well as m72A1 (positive control), using Illumina MiSeq. The sequence of the 

CDR of m72A1 antibody was recently determined and published (Herrman et al., 2015; 

Tanner et al., 2015). We used PCR to amplify the genes encoding the VH and VL chain 

regions in cDNAs generated from the 23 hybridoma cells, as well as from m72A1. The PCR 

products presented distinct bands for VH (~350–450 bp) and VL (~450–500 bp), Fig. 2A is a 

representation of identified VH and VL bands for only a few selected hybridomas.. We 

sequenced purified fragments, followed by in silico analysis, and identified CDRs for both 

VH and VL (Fig. 2B). As previously reported, we identified two unique IgG1 VH and two 

unique VL chains, one kappa and one lambda sequence of m72A1, using the light chain 

kappa degenerative primers and specific primers for the lambda light chain (Herrman et al., 

2016). These sequences were >94% identical to the previously published sequences, 

suggesting that m72A1 exists as a mixture of antibodies, instead of the reported mAb 

(Tanner et al., 2015). Similar to m72A1, our HB4, HB13, HB15, and HB23 hybridomas 

each produced a mixture of two antibodies, with two unique sequences of the VH chain 

showing at >5% frequencies, suggesting that they are not mAbs (data not shown). We were 

unable to identify coding sequences for VL chains for HB7, HB9, and HB17, unless the 

frequencies were lowered to >1%; in this case, the identified coding VL chain sequences 

were identical.

Our analysis and comparison of the VH and VL chain gene sequences of the 23 hybridomas 

compared to m72A1 showed unique sequences within the CDR 1–3 regions (Fig. 2B). Only 

HB8 and HB18 had identical VH and VL chain gene sequences, suggesting that the two are 

the same clone isolated separately; therefore, HB18 was excluded from subsequent 

experiments. One of the two paired sequences from the HB15 hybridoma mixture was 

confirmed to have identical VH and VL gene sequences to that of mAb HB10; however, 

based on our previous characterization, the presence of the additional paired sequence in the 

HB15 hybridoma was sufficient to confer subtle differences in biochemical interactions with 

gp350 between the HB10 and HB15 purified antibodies. In addition, we determined the 

germline genes for the VH and VL chains of the new 15 anti-gp350 mAbs and m72A1 (Fig. 

2C). These results show that although only two mice were used in the generation of the 
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antibodies, germline diversity was still present to some extent, and few mAbs shared the 

same germline gene rearrangement and evolution. Thus, sequence analysis demonstrated 

that we generated 15 unique anti-gp350 mAbs, with distinct sequence identities from the 

commercially available m72A1. The sequence of the widely used non-neutralizing antibody 

2L10 (originally from G. Pearson’s laboratory) is not currently available and we were not 

able to access the hybridoma; thus, 2L10 was not used in our sequence comparative studies.

Humanization of m72A1 abrogated murine immunogenicity

The m72A1 VH and VL chain sequences identified in this study were identical to the ones 

published by Herrman et al., and we used them to generate a humanized 72A1 (h72A1) as a 

strategy to reduce and/or eliminate human anti-murine antibody (HAMA) (Fig. 3A). Our 

h72A1 bound gp350 with similar strength to m72A1 in ELISA (Fig. 3B). We further 

determined the levels of anti-mouse and anti-human activity retained in our h72A1 nAb 

using ELISA. As shown in Fig. 3C, mouse 72A1 mAb reacted strongly to goat-anti-mouse 

IgG as compared to goat anti-human IgG (9-fold, p< 0.0001) and 28-fold above the 

background (1x PBS) (p< 0.0001). In contrast, h72A1 mAb did not react at all to goat anti-

mouse, but specifically reacted strongly to goat anti-human IgG (2100-fold, p <0.0001) over 

the background. To determine whether h72A1 still recognized gp350 in its native 

conformation, we performed flow cytometric analysis. We showed that h72A1 recognized 

native epitopes of gp350 expressed on CHO cells surface, comparable to m72A1 (Fig. 3D). 

These results indicate that humanization of m72A1 did not affect its ability to recognize 

native gp350, but it abrogated anti-mouse reactivity and increased anti-human reactivity.

Novel anti-gp350 HB5 neutralizes EBV infection to B cells at comparable levels to that of 
m72A1 and h72A1 antibodies

Currently, m72A1 is the only commercially available anti-gp350 nAb (Hoffman et al., 

1980). However, this antibody was recently reported to be a mixture of a gp350-specific and 

MOP-specific antibodies (Herrman et al., 2016). We evaluated the ability of our 15 newly 

identified mAbs to neutralize purified eGFP-tagged-EBV infection of a B-cell line (Raji) in 
vitro compared to that of m72A1 (mixture) and our newly cloned and biochemically 

characterized h72A1, following standardized procedures (Ogembo et al., 2015; Sashihara et 

al., 2009). We determined the percentage of eGFP+ cells (percent infection) using flow 

cytometry, as described (Ogembo et al., 2015). Anti-gp350 non-neutralizing mAb 2L10 and 

anti-KSHV gH/gL mAb 54A1 antibodies were used as negative controls. Because HB4, 

HB13, HB15, HB16, HB19, HB21, and HB23 were confirmed to be polyclonal based on 

isotyping and/or sequence data, we eliminated them from further consideration in the 

neutralization assay. HB18 was not used in neutralization experiments because it was 

identical to HB8. First, we titrated purified eGFP-tagged-EBV in Raji cells to determine 

percent EBV infection using a range of volumes (50–250 μl) (Fig. 4A). Then we conducted 

initial neutralization of EBV in Raji cells using purified mAbs at various concentrations 

(12.5, 25, 50, and 100 μg/ml). Only HB1, HB5, HB11, HB22 and m72A1 showed a dose-

dependent neutralization of EBV in Raji cells; the neutralization capability of HB5 (60–

80%) was comparable to that of m72A1 (35–80%) (Fig. 4B). In contrast, HB2, HB3, HB6, 

HB7, HB8, HB9, HB10, HB12, HB14, HB17, and HB20 mAbs failed to neutralize EBV 
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infection, even at the highest concentration. As expected, neither 2L10 nor 54A1 neutralized 

EBV infection, even at the highest mAb concentration of 100 μg/ml (Fig. 4B).

Subsequently, we further purified seven representative novel nAb and non-nAb anti-gp350 

mAbs (HB1, HB5, HB10, HB11, HB17, HB20 and HB22) as well as controls (m72A1, 

h72A1 and 54A1) using protein G affinity chromatography and size-exclusion 

chromatography in order to eliminate any potential impurities, then reevaluated their potency 

in blocking EBV infection of Raji cells. Chromatography-purified HB1, HB5, HB11, and 

HB20, blocked EBV infection in a dose-dependent manner (Fig. 4C). HB5 was the most 

effective nAb among newly generated mAbs in our laboratory, efficiently blocking EBV 

infection (90%) at percentages comparable to both m72A1 (93%) and h72A1 (98%), even at 

the lowest concentration of 12.5 μg/ml, with 97% nAb activity at 100 μg/ml (Fig. 4C). HB1, 

HB11, and HB20 neutralized EBV infection between 57–73% at the lowest concentration 

(12.5 μg/ml) and 90% at 100 μg/ml. Neither HB17, HB22, nor 54A1 blocked EBV infection; 

although HB10 blocked some EBV infection, nAb activity did not reach 50% even at the 

highest concentration of antibody used, thus we also classified it as a non-nAb.

Four novel gp350 nAbs bind antigenic epitopes that overlap with those of 72A1

At least seven unique CD21 binding epitopes on EBV gp350 have been predicted (Table 1). 

One of these epitopes (aa 142–161) has been identified as the primary epitope recognized by 

m72A1 (Szakonyi et al., 2006) and mice immunized with the 142–161 peptide elicit nAbs 

against EBV infection (Tanner et al., 2015). To evaluate whether the selected novel nAbs 

(HB1, HB5, HB11, and HB20) and non-nAbs (HB10, HB17, and HB22) bind overlapping or 

non-overlapping target epitopes to those of 72A1, we determined their ability to compete for 

binding to gp350 expressed stably on transfected CHO cells. We observed antigen binding 

competition between biotinylated m72A1 (1 μg/ml) and serially diluted (500, 250, 125, and 

67.5 μg/ml) unlabeled gp350 nAbs (HB1, HB5, HB11, HB20, and h72A1), but not the 

gp350 non-nAbs (HB10, HB17, or HB22) or anti-KSHV gH/gL antibody 54A1 (negative 

control) (Table 3). However, previously non-nAbs HB10 and HB22, were shown not to bind 

native gp350 expressed on CHO cells using FACS (Fig 1D), suggesting that the observed 

lack of competitive binding could be attributed to these two Abs not binding the native 

gp350 expressed on the CHO cells. These results indicate that nAbs HB1, HB5, HB11, and 

HB20, as well as h72A1, bind overlapping target epitopes with that of m72A1, while non-

nAbs HB17, the only non-nAbs able to recognize gp350 in conformational form, binds 

different target epitopes. We obtained similar results when we performed cross-competition 

binding assays between 1 μg/ml biotinylated and 500 μg/ml unlabeled gp350 nAbs HB1, 

HB5, HB11, HB20, m72A1, and h72A1 and non-nAb HB17 (Table 4), confirming that the 

newly developed gp350 nAbs bind overlapping epitopes to 72A1. Because of inability of 

non-nAbs, HB10 and HB22 to recognize conformational gp350, they were excluded from 

the cross competitive cell binding assays. Importantly, even though HB1, HB5, HB11, and 

HB20 competed with 72A1 for the same antigenic epitope, each of these nAbs had unique 

VH and VL sequences from 72A1 (Fig. 2B).
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Novel anti-gp350 nAbs and non-nAbs bind three major immunodominant regions on gp350

The gp350 ectodomain is heavily glycosylated, with both N- and O-linked sugars, which 

accounts for more than half of the 350-kDa molecular mass of the protein. Currently, there is 

only one crystal structure available for gp350, comprising a truncated structure between 4–

443 aa, with at least 14 glycosylated asparagine residues coating the protein with sugars, 

with the exception of a single glycan-free patch (Szakonyi et al., 2006). Mutation of several 

residues in the glycan-free patch resulted in the loss of CD21 binding (Szakonyi et al., 

2006), suggesting that binding of CD21 by gp350 is mediated within this region. To identify 

linear epitopes on gp350, we scanned anti-gp350 nAbs (HB1, HB5, HB11 and HB20) and 

non-nAbs (HB10, HB17, and HB22) in an ELISA-based assay using a peptide library 

consisting of sequential peptides (Supplementary Fig. 1). The peptide library, consisting of 

20-mer peptides, covered the entire gp350 protein B95–8 sequence (Baer et al., 1984), with 

the exception of aa 862–881 (Table 5). This peptide could not be synthesized due to high 

hydrophobicity of aa residues in the sequence. We used purified m72A1 and h72A1 nAbs as 

positive controls and anti-KSHV gH/gL 54A1 antibody as a negative control. We used 

purified recombinant gp350 ectodomain as a control to validate the binding activity for all of 

the antibodies used. As shown in Supplementary Fig. 1, the binding strength and binding 

pattern of the mAbs to the linear peptides varied, although similarities could be observed 

between non-nAbs, as well as nAbs. All newly generated nAbs as well as h72A1 and 

m72A1 bound to peptide 8, which was composed of the sequence 142-

HHAEMQNPVYLIPETVPYIK-161, with the exception of HB1. This aa sequence has 

previously been identified to be part of the neutralizing epitope on gp350, as well as a 

binding site for nAb, 72A1. As expected, strong binding was observed for mAbs to purified 

recombinant gp350 ectodomain, with the exception of HB22.

We divided the overall gp350 sequence into nine different regions consisting of ~100 aa 

(Fig. 5A). The three major regions that exhibited the greatest affinity to anti-gp350 mAbs 

were: 1–101, 102–201, and 402–501 (Fig. 5B). The aa 102–201 region was bound by only 

nAbs (HB5, HB11, HB20, m72A1 and h72A1), with the exception of HB1. Notably, this 

region (102–201) contains the epitope (aa 142–161) previously identified as a binding 

epitope for 72A1 and as a binding receptor for CR2 (Table 1), confirming that this is the 

main region that interacts with most gp350 nAbs. Because both nAbs and non-nAbs bound 

to aa 1–101 and 402–501, we considered these two regions to be immunodominant.

Discussion

Antibodies, whether elicited in the host naturally or via passive immunization, provide an 

effective first-line of defense and correlate with protection against viral infection in humans 

(Iwasaki, 2016). In the past five decades, several immunization studies have indicated that 

the EBV major immunodominant gp350 is an ideal target for eliciting nAbs in immunized 

animals and humans (Cohen, 2015, 2018; Cohen et al., 2011; Cohen et al., 2013). Although 

the ectodomain of gp350 (aa 1–841) contains at least seven unique CD21 binding epitopes 

(Table 1), only one of these epitopes (aa 142–161) has been shown to be capable of eliciting 

nAbs (Hoffman et al., 1980; Szakonyi et al., 2006; Tanner et al., 1988; Tanner et al., 2015; 

Urquiza et al., 2005). The role of the remaining six predicted epitopes in generating nAbs 
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has not been elucidated; however, this information is needed to justify the recent use of only 

a small fragment of gp350 in the design of EBV prophylactic vaccines (Cui et al., 2013; 

Kanekiyo et al., 2015).

In this study, we generated 23 hybridomas producing gp350-specific antibodies and 

biochemically characterized their ability to bind gp350. Out of the 23 hybridomas, we 

determined that 15 were monoclonal and novel, based on their VH and VL CDR sequences, 

compared to the reported sequence of m72A1 (Herrman et al., 2016). Following 

confirmation that the new 15 mAbs recognized gp350 antigen and contained unique VH–VL 

sequences, further characterization revealed that mAbs HB1, HB5, HB11, and HB20 

inhibited EBV infection of a human B-cell line in a dose-dependent manner, with HB5 being 

the best neutralizer, comparable to m72A1 and h72A1. Thus, our study provides four new 

nAbs against EBV infection of B cells with potential clinical utility in blocking viral 

infection in immunosuppression settings.

For patients with end-stage organ failure or hematologic malignancies, transplantation is the 

treatment of choice (Rickinson and Kieff, 2007a). However, transplantation success depends 

entirely on use of potent immunosuppressive drugs to prevent stem cell/organ rejection, 

which in turn can impose serious side effects, including increased risk of infection with or 

reactivation of EBV, and resultant development of EBV+ post-transplant lymphoproliferative 

diseases (EBV+ PTLDs) and other types of lymphomas. EBV+ PTLDs are aggressive, life-

threatening complications, especially for pediatric transplant recipients who are EBV-naïve 

pre-transplantation (Coté et al., 1998; Goedert et al., 1998). A variety of non-standardized, 

non-specific treatments are currently used to treat EBV+ PTLD cases with variable success 

(Benkerrou et al., 1998; Cruz et al., 2012; Faro et al., 1996; Milpied et al., 2000; 

Papadopoulos et al., 1994; Starzl and Holmes, 1964). Currently, non-Hodgkin lymphoma 

and other EBV-associated B-cell lymphomas are the most common PTLDs seen in the 

pediatric transplant population (Engels et al., 2011; Yanik et al., 2017). Thus, the need for 

novel EBV-specific immunotherapies that could potentially block infection and/or target 

EBV+ cells to prevent PTLDS and/or other lymphomas are needed.

The recent identification and isolation of nAbs and their use in the clinic to prevent infection 

against highly variable viruses (e.g., HIV-1 (Stamatatos et al., 2009; Walker et al., 2009), 

influenza (Han and Marasco, 2011; Sui et al., 2009; Wrammert et al., 2008), respiratory 

syncytial virus (Piedimonte et al., 2000), and cytomegalovirus (Alexander et al., 2010)), 

suggests that a similar strategy could be successful in prevention of EBV infection. In 2012, 

an international, multidisciplinary expert panel (“The Seville expert workshop for progress 

in PTLDs”) recommended use of intravenous anti-viral nAbs for preventing or treating EBV

+ PTLDs (Glotz et al., 2012). Thus, nAbs offer a promising approach for EBV therapeutic 

vaccines, once they are deemed safe and potent enough. In a small phase I clinical trial, 

m72A1 conferred short-term protection against acquiring EBV after transplantation in 3 of 4 

pediatric patients (Haque et al., 2006). However, there was a major drawback: all 4 patients 

who received m72A1 developed human anti-mouse antibodies (HAMA), which caused side 

effects and limited treatment efficacy, and one patient developed a hypersensitivity reaction. 

This suggests that m72A1 is not safe for humans; generation of chimeric (human/mouse) or 

humanized 72A1 nAbs is expected to overcome safety complications associated with 
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HAMA. In addition, EBV uses multiple envelope glycoproteins, including the 

immunodominant gp350 and the gH/gL complex, to infect host cells (Connolly et al., 2011; 

Eisenberg et al., 2012). These glycoproteins are expressed on both EBV virions and lytically 

induced EBV+ cells (Cohen et al., 2011; Henle et al., 1968), and stimulate immune 

responses in humans and in animal models (Khanna et al., 1999; Perez et al., 2016; Thorley-

Lawson and Geilinger, 1980), making them attractive combination targets for a potentiated 

EBV nAb therapeutic vaccine (Cohen, 2015). Indeed, our recent pre-clinical studies showed 

that sera from mice immunized with both gp350 and gH/gL vaccines prevented EBV 

infection better than individual immunogens (Perez et al., 2016). Other groups showed that 

mAbs against gp350 (m72A1) (Ogembo et al., 2013; Ogembo et al., 2015; Thorley-Lawson 

and Geilinger, 1980) and anti-gH/gL human mAbs (AMMO1) (Snijder et al., 2018) or 

(769B10) (Bu et al., 2019) blocked in vitro EBV infection of B cells and epithelial cells, 

respectively, the two primary cell types targeted by the virus in vivo. Targeting all 

glycoproteins important for infection of various cell types will improve the potency of the 

nAbs as a strategy of preventing EBV infection.

Our identification of four new potent nAbs (HB1, HB5, HB11 and HB20) and sequencing of 

their CDR regions, as well as our humanization of m72A1, opens the possibility of using 

these nAbs for clinical applications, such as reducing or preventing EBV infection in 

transplant settings, with the consequent potential to reduce the incidence of EBV+ PTLDs. 

Our h72A1 IgG1 antibody recognized both native gp350 as well as gp350 peptides that 

constitute the principal gp350 neutralizing epitope (142–161) and completely eliminated 

anti-murine IgG immunoreactivity. Importantly, h72A1and our four newly generated nAbs 

(HB1, HB5, HB11, and HB20)—significantly blocked in vitro EBV infection of B cells to a 

degree comparable to or better than m72A1. These results are consistent with recent data 

from chimeric and/or humanized 72A1 neutralization assay in Raji cells (Tanner et al., 

2018). Ongoing experiments in our laboratory are focused on humanizing the four potent 

nAbs, followed by comparative studies with h72A1 and combination use with anti-gH/gL 

humanized and/or human antibodies, in which we will assess their ability to block infection 

of both epithelial and B cells in vitro and in a humanized mouse model. We expect that 

combining nAbs that bind to different peptides on gp350 and gH/gL will significantly 

reduce infection in both B cells and epithelial cells.

In addition, both nAbs and non-nAbs can be used as research tools to provide insight into 

epitope targets important for vaccine development. In the past, various methods, including 

lectin/ricin immune-affinity assay (Thorley-Lawson and Geilinger, 1980), purified mAbs 

(Alfarano et al., 2005; Qualtiere et al., 1987b), purified soluble gp350 mutants, synthetic 

peptides (Nemerow et al., 1989; Nemerow et al., 1987b; Tanner et al., 2015), cell binding 

assays (Urquiza et al., 2005), and X-ray crystallography of partial gp350 protein (aa 4–443) 

(Szakonyi et al., 2006), have been used to identify the critical gp350 epitopes responsible for 

its interaction with the CD21 and CD35 cellular receptors (summarized in Table 1). Despite 

several attempts to identify gp350 epitopes important for eliciting nAbs, to date only a single 

epitope, aa 142–161, has been identified, which is also the binding epitope for nAb 72A1. 

Currently, the lack of a crystal structure of full-length gp350 protein and the unavailability of 

multiple nAbs hinder the opportunity to identify other gp350 epitopes that might elicit nAbs 

and inform design of effective vaccine strategies. To identify gp350 epitopes responsible for 
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eliciting nAbs, we took advantage of our newly generated four nAbs (HB1, HB5, HB11, and 

HB20) and three non-nAbs (HB10, HB17, and HB22) to perform competitive cell binding 

and ELISA-based linear peptide binding assays. Although both approaches have various 

limitations, they offer useful information that when combined might inform and/or advance 

vaccine development efforts. Competitive cell binding assays can provide information on 

whether two antibodies bind overlapping or non-overlapping epitopes, although they are 

unable to indicate whether the competing antibodies bind the same or nearby epitopes, nor 

identify actual aa residues involved in the binding (Ladner, 2007). On the other hand, the 

ELISA peptide binding assay is only reactive to linear epitopes and may or may not take into 

consideration post-translational protein modifications, depending on whether a full protein 

or peptides are used as the target antigen(s).

Using biotinylated antibodies, we showed that the newly generated gp350 nAbs (HB1, HB5, 

HB11, and HB20) bound targets that overlapped with those of both m72A1 and h72A1, 

although HB20 showed only partial binding to the overlapping targets. The non-Ab, HB17 

showed little to no competitive binding when compared to nAbs, suggesting that they bound 

different gp350 epitopes. These results strongly suggest that we have identified two distinct 

binding regions, one bound predominantly by nAbs and the other by non-nAbs, and that 

nAbs potentially bind targets within the same proximity, if not the same aa sequences. Thus, 

the current antibodies provide the first step toward generating reagents required for mapping 

neutralizing versus non-neutralizing epitopes on gp350, should the full-length crystal 

structure of the protein remain unavailable. Using linear peptide epitope mapping, we 

identified three major mAb-binding regions, 1–101, 102–201, and 402–501; all three regions 

incorporable previously identified epitopes (Tanner et al., 2015; Urquiza et al., 2005; Zhang 

et al., 1991). Regions 1–101 and 402–501 were bound by both nAbs and non-nAbs, 

suggesting that these regions are immunodominant. However, the 102–201 region containing 

the nAb epitope 142–161 was only bound by nAbs (HB5, HB11, HB20, and both m72A1 

and h72A1), with the exception of the nAb HB1. We expect further studies involving alanine 

scanning of the positive peptides to elucidate the exact aa residues of the linear epitopes 

bound by nAbs. These results suggest that epitopes/regions capable of eliciting nAbs are 

located within the N-terminus of gp350.

In conclusion, we generated 15 novel anti-gp350-specific mAbs, characterized their binding 

to gp350, determined their neutralization activity against EBV infection in vitro, mapped 

their cognate epitopes, and defined the linear epitopes they recognize on gp350 aa residues. 

We identified 3 major regions responsible for generating nAbs and non-nAbs and narrowed 

down their binding epitopes to a region of ~100 aa residues. This study also provides 

additional evidence to support the current usage of the N-terminus of gp350 aa 4–443 

(Szakonyi et al., 2006) as a vaccine candidate, due to the presence of the antigenic epitope(s) 

capable of eliciting nAbs.

Materials and Methods

Cells and viruses

AGS-EBV-eGFP, a human gastric carcinoma cell line infected with a recombinant Akata 

virus expressing enhanced green fluorescent protein (eGFP) was a kind gift of Dr. Liisa 
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Selin (University of Massachusetts Medical School). Chinese hamster ovary cells (CHO); 

human embryonic kidney cells expressing SV-40 T antigen (HEK-293T); HEK-293 6E 

suspension cells; EBV-positive Burkitt lymphoma cells (Raji); myeloma cells 

(P3X63Ag8.653); and anti-EBV gp350 m72A1 hybridoma cells (HB168) were purchased 

from American Type Culture Collection (ATCC). ExpiCHO cells were purchased from 

ThermoFisher Scientific.

AGS-EBV-eGFP cells were maintained in Ham’s F-12 media supplemented with 500 μg/ml 

neomycin (G418, Gibco). Raji, P3X63Ag8.653, and HB168 hybridoma cells were 

maintained in RPMI 1640. CHO and HEK-293T cells were maintained in DMEM. 

HEK-293 6E and ExpiCHO cells were maintained in FreeStyle F17 Expression Medium 

supplemented with 0.1% Pluronic F-68 and Gibco ExpiCHO Expression Media, 

respectively. All culture media were supplemented with 10% fetal bovine serum (FBS) from 

Millipore Sigma, 2% penicillin-streptomycin, and 1% l-glutamine, with the exception of 

Freestyle F17 expression and Gibco ExpiCHO Expression Media. All media were purchased 

from ThermoFisher Scientific unless otherwise specified.

Antibodies and plasmids

Primary antibodies: EBV gp350 nAb (m72A1) was purified from the supernatant of the 

HB168 hybridoma cell line using Capturem™ Protein A Maxiprep spin columns (Takara) or 

protein G affinity and size-exclusion chromatography. The non-nAb gp350/220 mAb (2L10) 

was purchased from Millipore Sigma. Anti-KSHV gH/gL 54A1 mAb was generated and 

characterized in our laboratory as outlined (Mulama et al., 2019).

Secondary antibodies: Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG for 

immunoblot or ELISA was purchased from Bio-Rad. HRP-conjugated goat anti-human IgG 

for ELISA was purchased from ThermoFisher Scientific. Alexa Fluor® (AF) 488-

conjugated goat anti-mouse IgG (H+L) and AF488-conjugated goat anti-human IgG (H+L) 

for flow cytometry was purchased from Life Sciences Tech. Anti-biotin monoclonal 

antibody conjugated to AF488 for competitive binding assay was purchased from 

ThermoFisher Scientific.

The construction of the pCI-puro vector and pCAGGS-gp350/220-F has been described 

(Ogembo et al., 2015; Perez et al., 2017).

Virus production and purification

eGFP-tagged EBV was produced from the EBV-infected AGS cell line as described 

(Ogembo et al., 2015). Briefly, AGS-EBV-eGFP cells were seeded to 90% confluency in 

T-75 flasks in Ham’s F-12 medium containing G418 antibiotic. After the cells reached 

confluency, G418 media was replaced with Ham’s F-12 medium containing 33 ng/ml 12-O-

tetradecanoylphorbol-13-acetate (TPA) and 3 mM sodium butyrate (NaB) to induce lytic 

replication of the virus. Twenty-four h post-induction, the media was replaced with complete 

Ham’s F-12 media without G418, TPA, or NaB and cells were incubated for 4 days at 37°C 

in a 50% CO2 incubator. The cell supernatant was collected, centrifuged, and filtered using a 

0.8-μm filter to remove cell debris. The filtered supernatant was ultra-centrifuged using a 

Beckman-Coulter type 19 rotor for 70 min at 14 941 xg to pellet the virus. EBV-eGFP virus 
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was titrated in both HEK-293T cells and Raji cells, and stocks were stored at −80°C for 

subsequent experiments.

Generation and purification of gp350 virus-like particles (VLPs)

To generate gp350 VLPs, equal amounts (8 μg/plasmid) of the relevant plasmids (pCAGGS-

Newcastle disease virus [NDV] matrix [M] and nucleocapsid proteins [NP], and gp350 

ectodomain fused to NDV fusion [F] protein cytoplasmic and transmembrane domains) were 

co-transfected into 80% confluent CHO cells seeded in T-175cm2 flasks; supernatant from 

transfected cells containing VLPs was collected and VLPs were purified and composition 

characterized, as previously described (Ogembo et al., 2015).

Production of hybridoma cell lines

Seven days prior to immunization, two eight-week-old BALB/c mice were bled for 

collection of pre-immune serum. The mice were immunized with purified UV-inactivated 

EBV three times (Days 0, 21, and 35), then boosted with VLPs incorporating gp350 on the 

surface three times (Days 42, 49, and 56). The two mice were sacrificed and their 

splenocytes were isolated, purified, and fused with P3X63Ag8.653 myeloma cells at a ratio 

of 3:1 in the presence of polyethylene glycol (PEG, Sigma). Hybridoma cells were seeded in 

flat-bottom 96-well plates and selected in specialized hybridoma growth media with HAT 

(Sigma) and 10% FBS as described (Broering et al., 2009).

Indirect ELISA

Hybridoma cell culture supernatants from wells that had colony-forming cells were tested 

for antibody production using indirect ELISA. Briefly, immunoplates (Costar 3590; Corning 

Incorporated) were coated with 50 μl of 0.5 μg/ml recombinant EBV gp350 ectodomain 

(Immune Technology Corporation) diluted in 1x phosphate-buffered saline (PBS, pH 7.4) 

and incubated overnight at 4°C. After washing three times with 1x PBS containing 0.05% 

(v/v) Tween 20 (washing buffer), plates were blocked with 100 μl washing buffer containing 

2% (w/v) bovine serum albumin (BSA) (blocking buffer), incubated for 1 h at room 

temperature, and washed as above. 100 μl of hybridoma supernatant or 50 μl of 10 μg/ml 

purified mAbs was added to each well (in triplicate) and incubated for 2 h at room 

temperature. Anti-KSHV gH/gL 54A1 and m72A1 mAbs were added as negative and 

positive controls, respectively. The plates were washed as described above, followed by 

incubation with 50 μl of goat anti-mouse IgG HRP-conjugated secondary antibody (1:2,000 

diluted in 1x PBS) at room temperature for 1 h. The plates were washed again and 100 μl of 

chromogenic substrate 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS, 

Life Science Technologies) was added. The reaction was stopped using 100 μl of ABTS 

peroxidase stop solution containing 5% sodium dodecyl sulfate (SDS) in water. The 

absorbance was read at an optical density of 405 nm using an ELISA reader (Molecular 

Devices). All experiments were performed in triplicate and confirmed in three independent 

experiments.
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Antibody purification, quantification, and isotyping

Hybridoma cells from selected individual positive clones and filtered were expanded 

stepwise from 96-well plates to T-75 flasks. At confluence in T-75 flasks, supernatant from 

individual clones was collected, clarified by centrifugation (4,000 g, 10 min, 4°C), through a 

0.22-μm membrane filter (Millipore). Antibodies were further purified using Capturem™ 

Protein A Maxiprep spin columns and stored in 1x PBS (pH 7.4) at 4°C. Alternatively, 

antibodies were purified using protein G affinity chromatography followed by size-exclusion 

chromatography at the Beckman Institute of City of Hope X-ray Crystallography Core 

facility. Antibodies were analyzed using SDS-PAGE to determine purity. Bicinchoninic acid 

assay (BCA assay; Thermo Fisher Scientific) was conducted to determine the concentration 

of purified antibodies. Isotype identification was performed using a Rapid ELISA mouse 

mAb isotyping kit (Thermo Fisher Scientific). Two independent experiments were 

performed.

RNA extraction, cDNA synthesis, and sequencing and analysis of the variable region of the 
mAbs

Total RNA was extracted from 1×106 hybridoma cells using the RNeasy Mini Kit (Qiagen). 

Each hybridoma clone cDNA was synthesized in a total volume of 20 μl using Tetro Reverse 

Transcriptase (200 u), RiboSafe RNase Inhibitor, Oligo(dT)18 primer, dNTP mix (10 mM 

each nucleotide), and 100–200 ng RNA. Reverse transcription was performed at 45°C for 30 

min, and terminated at 85°C for 5 min. The cDNA was stored at −20°C. Immunoglobulin 

(Ig) VH and VL were amplified using the mouse Ig-specific primer set purchased from 

Novagen (Jones and Bendig, 1991). The VH and VL genes were amplified in separate 

reactions and PCR products were visualized on 1% agarose gels.

The VH and VL amplicons were sequenced using an Illumina MiSeq platform: duplicate 50-

μl PCR reactions were performed, each containing 50 ng purified cDNA, 0.2 mM dNTPs, 

1.5 mM MgCl2, 1.25 U Platinum Taq DNA polymerase, 2.5 μl 10x PCR buffer, and 0.5 μM 

of each primer designed to amplify the VH and VL. The amplicons were purified using an 

AxyPrep Mag PCR Clean-up kit (ThermoFisher Scientific). The Illumina primer PCR PE1.0 

and index primers were used to allow multiplexing of samples. The library was quantified 

using ViiA™ 7 Real-Time PCR System (Life Technologies) and visualized for size 

validation on an Agilent 2100 Bioanalyzer (Agilent Technologies) using a high-sensitivity 

cDNA assay. The sequencing library pool was diluted to 4 nM and run on a MiSeq desktop 

sequencer (Illumina). The 600-cycle MiSeq Reagent Kit (Illumina) was used to run the 6 pM 

library with 20% PhiX (Illumina), and FASTQ files were used for data analysis (Pei et al., 

2008). The determination of immunoglobulin families was analyzed using the IMGT/V-

QUEST tool (www.imgt.org/IMGT_vquest/vquest) (Brochet et al., 2008).

Humanization of 72A1

To generate humanized mAbs, the BioLuminate interface (Schrödinger) was used to identify 

the human VH and VL framework using 72A1. The resulting model was visually inspected 

to ensure appropriate packing at the base of the CDR. The sequence was meditope-enabled 

to add functionality for generating bispecific antibodies in the future (Donaldson et al., 

2013). The resulting sequences were codon-optimized, synthesized, and cloned into the 
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PD2610 vector (Atum). The constructs were transiently transfected into ExpiCHO cells 

following the manufacturer’s protocol. Supernatant was collected at 10 days post-

transfection and IgG was purified using protein G affinity chromatography, followed by size-

exclusion chromatography.

Immunoblot analysis

CHO cells were cultured and stably co-transfected with full-length pCAGGS-gp350/220 and 

pCI-puro vector containing a puromycin resistance gene. Forty-eight h post-transfection, 

DMEM media containing 10 μg/ml of puromycin was added to enrich for cells expressing 

gp350/220 protein. Puromycin-resistant clones were expanded, followed by flow cytometry 

sorting using m72A1 to a purity >90%. EBV gp350-positive CHO cells were harvested and 

lysed in radioimmunoprecipitation assay buffer (RIPA) followed by centrifugation at 15,000 

g for 15 min on a benchtop centrifuge. The lysate was collected and heated at 95°C for 10 

min in SDS sample buffer containing β-mercaptoethanol, then separated using SDS-PAGE. 

Proteins were transferred onto a nitrocellulose membrane using an iBlot™ Transfer System 

(Thermo Fisher Scientific) followed by incubation in blocking buffer (1% BSA; 20 mM 

Tris–HCl, pH 7.5; 137 mM NaCl; and 0.1%Tween-20 [TBST]) for 1 h. The blots were 

incubated in TBST containing purified anti-gp350 antibodies (1:50) overnight at 4°C. After 

three washes with TBST, the blots were incubated with HRP-conjugated goat anti-mouse 

(1:2,000) in TBST for 1 h. After three washes, the antibody-protein complexes were 

detected using Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare). 

All experiments were independently repeated three times.

Flow cytometry

To assess the ability of purified anti gp350 mAbs to detect surface expression of EBV gp350 

protein by flow cytometry, CHO cells that stably express EBV gp350 were harvested and 

stained with purified anti-gp350 (10 μg/ml), followed by AF488 goat anti-mouse IgG 

secondary antibody. Flow cytometric analysis was performed on a C-6 FC (BD Biosciences) 

and data was analyzed using FlowJo Cytometry Analysis software (FlowJo, LLC) as 

described (Ogembo et al., 2015). All experiments were performed in triplicate and 

independently repeated three times.

EBV neutralization assay

EBV neutralization assay was performed in Raji cells as previously described (Ogembo et 

al., 2015). Briefly, purified individual anti-gp350 mAbs were incubated with purified AGS-

EBV-eGFP (titer calculated to infect at least 8% of HEK-293 cells seeded in 100 μl of 

serum-free DMEM) for 2 h at 37°C. To represent EBV infection of B cells, the pre-

incubated anti-gp350 mAbs/AGS-EBV-eGFP were used to infect 5×105 Raji cells seeded in 

a 96-well plate for 2 h at 37°C. Neutralizing 72A1 and non-neutralizing 2L10 anti-gp350 

mAbs served as positive and negative controls, respectively. Infected cells were washed 

three times with PBS to remove any unbound viruses and antibodies. Washed, infected cells 

were incubated in 96-well plates at 37°C for 48 h post-infection and the number of eGFP+ 

(infected) cells was determined using flow cytometry. All dilutions were performed in 

quintuplicate and the assays repeated three times. Antibody EBV neutralization activity was 

calculated as: % neutralization = (EBValone - EBVmAb) / (EBValone) × 100.
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Epitope mapping by competitive cell binding assay

To evaluate conformation epitope mapping of the selected mAbs, competitive binding assays 

were conducted using biotinylated mAbs. A one-step antibody biotinylation kit (MACS 

Miltenyi Biotec) was used to biotinylate the mAbs. Approximately 1 ×105 CHO cells that 

stably express EBV gp350 were incubated for 2 h with serially diluted (500, 250, 125, and 

67.5 μg/ml) unlabeled competitor mAbs and non-specific anti-KSHV gH/gL 54A1 mAb. 

After being washed with PBS, the cells were incubated for 2 h in the presence of 1 μg/ml 

biotinylated mAbs. To determine maximum binding, cells in which the biotinylated mAb 

was added in the absence of unlabeled mAbs were included in the assay. Cells were washed 

with PBS, followed by incubation for 1 h with anti-biotin AF488 at a dilution of 1:500. After 

the final wash in PBS, cells were resuspended in 1% paraformaldehyde and analyzed by 

flow cytometry as described above. Percentage of inhibition was calculated as: 100 − [(% 

fluorescent cells with competitor mAb/% fluorescent cells without competitor mAb) × 100]. 

The complete prevention of binding of a biotinylated mAb by its unlabeled counterpart was 

used as a validation of the assay, as previously described (Chiuppesi et al., 2015).

Synthesis of 20-mer linear peptides of gp350 proteins

Forty-five sequential 20-mer linear peptides, covering the whole sequence of gp350 

(GenBank: NC_007605.1), with an exception of aa 862–881, were synthesized using a solid 

phase method and cleaved using a low-high hydrogen fluoride method by the GenicBio, as 

previously described (Urquiza et al., 2005). Synthesis of aa 862–881 (pep-44) was not 

possible due to multiple hydrophobic aa.

Linear epitope mapping by peptide-mAb binding assay

The binding of anti-gp350 mAbs to 45 synthesized 20-mer sequential peptides covering the 

total length of gp350 was analyzed using indirect ELISA as described (Urquiza et al., 2005). 

Briefly, immunoplates were coated with 50 μl of 10 μg/ml EBV gp350 peptides (forty-five 

20-mers) diluted in PBS and incubated overnight at 4°C; 0.5 μg/ml recombinant EBV gp350 

ectodomain protein was used as a positive control. After washing three times with washing 

buffer (PBS containing 0.05% (v/v) Tween 20), plates were blocked with 100 μl washing 

buffer containing 3% BSA (blocking buffer), incubated for 1 h at room temperature, and 

washed as above. Ten μg/ml purified mAbs were added to each well in triplicate and 

incubated for 2 h at room temperature. Anti-gp350 antibodies m72A1 and h72A1 were 

added as positive controls and anti-KSHV-gH/gL 54A1 mAb was used as negative control. 

The plates were washed as described above, followed by incubation with goat anti-mouse 

IgG or goat anti-human IgG HRP-conjugated secondary antibody (1:2,000 diluted in PBS) at 

room temperature for 1 h. The plates were washed again and the chromogenic substrate 

ABTS was added. The reaction was stopped using ABTS peroxidase stop solution. The 

absorbance was read at an optical density of 405 nm using an ELISA plate reader.

Statistical Analysis

Unpaired Mann–Whitney U test was used to assess statistical differences between two 

independent groups. Statistical calculations were performed in Graphpad Prism. Data was 

considered statistically significant at p<0.05.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Biochemically and functionally characterized 15 new anti-gp350 murine 

mAbs

• Identified four novel potent nAbs comparable to commercial 72A1 and 11 

non-nAbs

• The novel anti-gp350 nAbs bind similar overlapping epitopes (142–161) with 

72A1

• Humanized commercial nAb 72A1 to avoid human anti-murine antibody 

immune responses

• The novel nAbs and humanized 72A1 have clinical potential to prevent EBV 

infection
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Figure 1. Specificity of anti-gp350 antibodies.
(A) SDS-PAGE analysis of anti-EBV gp350 antibodies purified from indicated hybridoma 

(HB) supernatants. (B) ELISA screening of HB supernatants for anti-gp350-specific 

antibodies. Soluble EBV gp350 protein was used as the target antigen at 0.5 μg/ml. m72A1 

at 10 μg/ml and KSHV anti-gH/gl (54A1) were used as positive and negative (not shown) 

controls, respectively. Bound antibodies were detected using HRP-conjugated anti-mouse 

IgG (1:2,000). Twenty-three HB clones with ELISA signals two times greater than those of 

PBS control were considered to be positive/reactive to gp350. (C) Immunoblot analysis with 

gp350-transfected stable CHO lysate to determine specificity of anti-gp350-producing HB 

supernatants. (D) Flow cytometric analysis of surface expression of gp350 protein on gp350-

expressing CHO cells. Cells were stained with indicated anti-gp350 mAbs (1:250), followed 

by secondary goat anti-mouse conjugated to AF488.
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Figure 2. Determination of novel anti-gp350 antibody sequences.
(A) Agarose gel analysis of PCR products of heavy chain of select novel anti-gp350 

antibodies (HB1, HB4, HB7, HB13, and HB15) and m72A1 was used as a positive control. 

(B) Amino acid sequencing of the heavy (VH) and light (VL) chain variable region 

complementarity-determining regions (CDR) 1–3 of the new gp350 mAbs and mouse 

(m72A1) and humanized 72A1 (h72A1). (C) IMGT/V-QUEST analysis to determine the 

germline gene families for VH and VL of the 15 new mAbs and m72A1.
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Figure 3. Comparison of murine 72A1 (m72A1) and humanized 72A1 (h72A1).
(A) Sequence comparison of murine (m72A1) and humanized (h72A1) 72A1. ClustalW 

alignment of heavy chain (i) and light chain (ii) variable region amino acid sequences. 

Regions of identical sequence are represented by *. Regions of similarity are represented 

by:. (B) ELISA comparison screening of m72A1 and h72A1 for anti-gp350-specificity. 

Soluble EBV gp350 protein was used as the target antigen at 0.5 μg/ml. m72A1 and h72A1 

were serially diluted (5–0.062 μg/ml) and 1x phosphate buffered saline (PBS) was used as a 

negative control (data not shown). Bound h72A1 and m72A1 antibodies were detected using 
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HRP-conjugated anti-mouse IgG and anti-human IgG (1:2,000) as relevant. (C) ELISA 

determining the reactivity of humanized 72A1 to murine IgG. Soluble EBV gp350 protein 

was used as the target antigen at 0.5 μg/ml. Plates were incubated with 10 μg/ml of m72A1 

and h72A1, followed by three washes. Bound antibodies were detected using HRP-

conjugated anti-mouse IgG or anti-human IgG (1:2,000). (D) Flow cytometric analysis of 

m72A1 and h72A1 gp350 specificity. CHO wild-type cells and gp350-expressing CHO cells 

were stained with m72A1 and h72A1, followed by secondary goat anti-mouse or anti-human 

conjugated to AF488. Unstained cells and cells stained with secondary goat anti-mouse or 

anti-human conjugated to AF488 alone were used as negative controls. 2° represents 

secondary antibody.
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Figure 4: Neutralization activity of novel anti-gp350 mAbs against EBV-eGFP in Raji cells.
(A) EBV-eGFP titration in Raji cells to determine optimal dose of infection. (B) EBV-eGFP 

was pre-incubated with 15 indicated serial diluted (12.5–100 μg/ml), maxispin column-

purified anti-gp350 mAbs, followed by incubation with 105 Raji cells for 48 h. EBV-eGFP+ 

cells were enumerated using flow cytometry. Anti-gp350 (m72A1) nAb served as positive 

control and non-neutralizing anti-gp350 (2L10) mAb and anti-KSHV gH/gL mAb (54A1) 

served as negative controls. (C) EBV-eGFP was pre-incubated with 7 indicated serially 

diluted (12.5–100 μg/ml) protein G affinity chromatography- and size-exclusion 
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chromatography-purified anti-gp350 mAbs, followed by incubation with 105 Raji cells for 

48 h. EBV-eGFP+ cells were enumerated using flow cytometry. Anti-gp350 (m72A1 and 

h72A1) nAbs served as positive controls and anti-KSHV gH/gL mAb (54A1) served as 

negative control.
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Figure 5. Analysis of anti-gp350 antibodies linear epitope binding.
(A) Schematic diagram of EBV gp350 protein, illustrating the ectodomain and the splice site 

(aa 501–699) for making gp220, the transmembrane domain, TM (aa 841–897) and the 

cytoplasmic domain, CT (aa 898–907). To analyze and classify binding of anti-gp350 mAbs 

to linear epitopes on the protein, EBV gp350 was separated into 9 regions of ~100 aa. (B) 

Summarized analysis of anti-gp350 mAb linear epitope binding to various regions of gp350. 

Three major immunodominant regions were identified, region 1 (aa 1–100), 2 (aa 101–202) 

and 5 (aa 401–502).
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Table 1.

Summary of published gp350 epitope mapping using various methodologies

Method mAbs/protein/peptides Number of epitopes identified Reference

Competitive binding assay mAbs 7 epitopes – Sequence not defined (Qualtiere et al., 
1987a)

Binding studies: Determine the effects 
of anti-gp350 mAbs on gp350 binding 

to CR2

mAbs 2 possible regions identified by sequence 
alignment to C3d sequence:
 1. aa 21–28
 2. aa 372–378

(Nemerow et al., 
1987a)

Peptide digest and 
immunoprecipitation

Truncated and mutant 
protein; mAbs (72A1 and 

BOS-1)

Narrowed down to the first 470 residues (Tanner et al., 
1988)

Binding studies Peptide and protein 2 sequences defined:
 1. aa 21–28
 2. N-terminus of gp350

(Nemerow et al., 
1989)

Dot Blot immunoassay: Purified 
truncated protein incubated with 

mAbs

Protein – 8 clones 
overlapping N- and C-

terminal portions of protein; 
mAbs from Qualtiere et al., 

1987

3 sequences defined:
 1. aa 310–325
 2. aa 326–439
 3. aa 733–841

(Zhang et al., 
1991)

Peptide cell binding assay to 2 CR2-
positive (Raji and Ramos) and 1 -

negative (P3HR-1) cell lines

Synthesized peptides 
covering gp350 (907 aa)

7 regions, 3 identified:
 1. aa 142–161
 2. aa 282–301
 3. aa 822–841

(Urquiza et al., 
2005)

Crystal structure and binding studies Mutant proteins; mAbs 
72A1

3 epitopes (based on 72A1 binding and 
gp350 4–443)
 1. aa 16–29
 2. aa 142–161
 3. aa 282–301

(Szakonyi et al., 
2006)

Structural docking studies and 
antigenicity mapping

gp350 and CR2 crystal 
structure alignment/docking

Single epitope (based on gp350 aa 1–470)
 1. aa147–165

(Sitompul et al., 
2012)

Structural alignment: computer 
modeling of gp350 and 72A1 and 

docking studies

Peptides (used in 
immunization); mAb (72A1)

4 epitopes: identified
 1. aa 14–20
 2. aa 144–161
 3. aa 194–211
 4. aa 288–291

(Tanner et al., 
2015)
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Table 2.

Summarized biochemical and functional characterization of anti-gp350 antibodies

Antibody IgG sub-class Light chain ELISA binding to purified EBV 
gp350/220

Flow cytometry (CHO Cells) Western blot

HB1 IgG1 κ + + +

HB2 IgG2a κ + + −

HB3 IgG2a κ + + −

HB4 IgG1 κ + − +

HB5 IgG2a κ + + +

HB6 IgG1 κ + + −

HB7 IgG1 κ + − −

HB8 IgG1 κ + − +

HB9 IgG2a κ + + +

HB10 IgG1 κ + − +

HB11 IgG1 κ + + +

HB12 IgG1 κ + + +

HB13 IgG1 κ + − −

HB14 IgG1 κ + − +

HB15 IgG1 κ + + +

HB16 IgG1/ IgM κ + − +

HB17 IgG2b κ + + +

HB19 IgG1/ IgM κ + + +

HB20 IgG2a κ + + −

HB21 IgG1/IgG2b κ + + −

HB22 IgG1 κ + − +

HB23 IgG1 κ + + +

m72A1 IgG1 κ/ʎ + + +
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Table 3.

Cell binding mAbs competition assay with EBV gp350 using biotinylated m72A1

Unlabeled mAbs
% inhibition of biotinylated nAbs

500 μg/ml 250 μg/ml 125 μg/ml 67.5 μg/ml

HB1 91 89 81 81

HB5 95 93 92 94

HB10 12 14 16 13

HB11 95 95 89 87

HB17 32 32 6 0

HB20 96 91 87 89

HB22 10 3 16 9

m72A1 91 93 94 97

h72A1 98 95 93 89

54A1 18 7 10 4
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Table 4.

Cross-competitive binding of EBV gp350

% inhibition of biotinylated nAbs

Unlabeled mAbs HB1 HB5 HB10 HB11 HB17 HB20 HB22 m72A1 h72A1 54A1

HB1 92 97 ND 96 16 61 ND 98 95 4

HB5 92 98 ND 93 9 73 ND 97 97 13

HB10 ND ND ND ND ND ND ND ND ND ND

HB11 93 96 ND 96 17 3 ND 97 97 9

HB17 23 32 ND 11 86 17 ND 24 16 0

HB20 88 97 ND 89 13 59 ND 98 96 0

HB22 ND ND ND ND ND ND ND ND ND ND

m72A1 82 97 ND 90 37 31 ND 98 98 1

h72A1 87 97 ND 79 31 26 ND 98 98 0

54A1 0 0 ND 0 0 0 ND 0 3 0

ND- Not determined
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Table 5.

Sequence, length and position of EBV gp350 peptides

Peptide name Peptide gp350 region Peptide sequence Peptide length

Pep-1 1–20 1 MEAALLVCQYTIQSLIHLTG 20

Pep-2 21–40 1 EDPGFFNVEIPEFPFYPTCN 20

Pep-3 41–61 1 VCTADVNVTINFDVGGKKHQL 21

Pep-4 62–81 1 DLDFGQLTPHTKAVYQPRGA 20

Pep-5 82–101 1 FGGSENATNLFLLELLGAGE 20

Pep-6 102–121 2 LALTMRSKKLPINVTTGEEQ 20

Pep-7 122–141 2 QVSLESVDVYFQDVFGTMWC 20

Pep-8 142–161 2 HHAEMQNPVYLIPETVPYIK 20

Pep-9 162–181 2 WDNCNSTNITAVVRAQGLDV 20

Pep-10 182–201 2 TLPLSLPTSAQDSNFSVKTE 20

Pep-11 202–221 3 MLGNEIDIECIMEDGEISQV 20

Pep-12 222–241 3 LPGDNKFNITCSGYESHVPS 20

Pep-13 242–261 3 GGILTSTSPVATPIPGTGYA 20

Pep-14 262–281 3 YSLRLTPRPVSRFLGNNSIL 20

Pep-15 282–301 3 YVFYSGNGPKASGGDYCIQS 20

Pep-16 302–321 4 NIVFSDEIPASQDMPTNTTD 20

Pep-17 322–341 4 ITYVGDNATYSVPMVTSEDA 20

Pep-18 342–361 4 NSPNVTVTAFWAWPNNTETD 20

Pep-19 362–381 4 FKCKWTLTSGTPSGCENISG 20

Pep-20 382–401 4 AFASNRTFDITVSGLGTAPK 20

Pep-21 402–421 5 TLIITRTATNATTTTHKVIF 20

Pep-22 422–441 5 SKAPESTTTSPTLNTTGFAD 20

Pep-23 442–461 5 PNTTTGLPSSTHVPTNLTAP 20

Pep-24 462–481 5 ASTGPTVSTADVTSPTPAGT 20

Pep-25 482–501 5 TSGASPVTPSPSPWDNGTES 20

Pep-26 502–521 6 KAPDMTSSTSPVTTPTPNAT 20

Pep-27 522–541 6 SPTPAVTTPTP NATSPTPAV 20

Pep-28 542–561 6 TTPTPNATSPTLGKTSPTSA 20

Pep-29 562–581 6 VTTPTPNATSPTLGKTSPTS 20

Pep-30 582–601 6 AVTTPTPNATSPTLGKTSPT 20

Pep-31 602–621 7 SAVTTPTPNATGPTVGETSP 20

Pep-32 622–641 7 QANATNHTLGGTSPTPVVTS 20

Pep-33 642–661 7 QPKNATSAVTTGQHNITSSS 20

Pep-34 662–681 7 TSSMSLRPSSNPETLSPSTS 20

Pep-35 682–701 7 DNSTSHMPLLTSAHPTGGEN 20

Pep-36 702–721 8 ITQVTPASISTHHVSTSSPA 20

Pep-37 722–741 8 PRPGTTSQASGPGNSSTSTK 20
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Peptide name Peptide gp350 region Peptide sequence Peptide length

Pep-38 742–761 8 PGEVNVTKGTPPQNATSPQA 20

Pep-39 762–781 8 PSGQKTAVPTVTSTGGKANS 20

Pep-40 782–801 8 TTGGKHTTGHGARTSTEPTT 20

Pep-41 802–821 9 DYGGDSTTPRPRYNATTYLP 20

Pep-42 822–841 9 PSTSSKLRPRWTFTSPPVTT 20

Pep-43 842–861 9 AQATVPVPPTSQPRFSNLSM 20

Pep-44 862–881 9 LVLQWASLAVLTLLLLLVMA 20

Pep-45 882–901 9 DCAFRRNLSTSHTYTTPPYD 20

Pep-46 888–907 9 NLSTSHTYTTPPYDDAETYV 20
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