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SUMMARY
Epstein-Barr virus (EBV) is linked to various malignancies and autoimmune diseases, posing a significant
global health challenge due to the lack of specific treatments or vaccines. Despite its crucial role in EBV infec-
tion inBcells, themechanismsof theglycoproteingp42 remain elusive. In this study,weconstruct anantibody
phage library from 100 EBV-positive individuals, leading to the identification of two human monoclonal anti-
bodies, 2B7 and 2C1. These antibodies effectively neutralize EBV infection in vitro and in vivowhile preserving
gp42’s interactionwith the human leukocyte antigen class II (HLA-II) receptor. Structural analysis unveils their
distinct binding epitopes on gp42, different from the HLA-II binding site. Furthermore, both 2B7 and 2C1
demonstrate potent neutralization of EBV infection in HLA-II-positive epithelial cells, expanding our under-
standing of gp42’s role. Overall, this study introduces two human anti-gp42 antibodies with potential implica-
tions for developing EBV vaccines targeting gp42 epitopes, addressing a critical gap in EBV research.
INTRODUCTION

More than 90% of individuals are infected with the Epstein-Barr

virus (EBV).1 It is linked to various human diseases, including

autoimmune disorders such as multiple sclerosis, as well as

nasopharyngeal carcinoma (NPC) and B cell malignancies in

immunocompromised individuals.2–5 For instance, individuals

undergoing organ transplantation or those with HIV/AIDS are

particularly susceptible to EBV-related lymphoproliferative dis-

orders.6 Therefore, developing effective vaccines and targeted

drugs against EBV is crucial for public health.

However, despite decades of research, there are currently no

available EBV vaccines or specific anti-EBV treatments.7–9 This

is primarily due to our limited understanding of the mechanisms

underlying EBV infection and persistence. Additionally, we have

limited knowledge regarding the requirements for protection

against EBV, including the specificity and strength of the im-

mune response needed. Neutralizing antibodies have a pivotal

role in unraveling the mechanisms of EBV infection, holding

promise for effective treatment and vaccine development.10–13

Therefore, the development of neutralizing antibodies is an ur-

gent priority in order to enhance our understanding of the infec-
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tion mechanism and to create effective vaccines and targeted

drugs against EBV.

Individuals infected with EBV present a diverse repertoire of

potent neutralizing antibodies that target EBV-encoded proteins

and exhibit effective potency to inhibit both B cell and epithelial

cell infection in vitro.14 Nevertheless, the precise range of epi-

topes and the protection mechanism against EBV infection of

these antibodies remain poorly understood. During infection,

EBV targets host cells through a complex process involving

multiple viral envelope glycoproteins, including gH, gL, gp42,

gB, and gp350/220.15 While glycoproteins gH, gL, and gB are

required for fusion in both B and epithelial cells, there is a need

for an extra glycoprotein gp42 for B cell infection, which com-

bines with gH/gL to form a gH/gL/gp42 complex.16 The N termi-

nus of gp42 binds gH/gLwith high affinity, while theC terminus of

gp42 interacts with human leukocyte antigen class II (HLA-II),

triggering fusion initiated by the interaction between the gH/gL/

gp42-HLA-II complex and subsequent gB conformational

change.17 A recent finding has shown that incorporating gp42

into gHgL-based subunit vaccines enhances the neutralizing

activity and fusion inhibition efficacy of the immune sera, indi-

cating the importance of a gp42-elicited immune response for
ay 21, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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protection against EBV.18 In addition, gp42 contributes to viral

tropism switching.19 Epithelial cell-derived EBV with a high level

of gp42 tends to infect B cells, while B cell-derived EBV express-

ing low levels of gp42 is more likely to infect epithelial cells.19

However, the precise functions of gp42 and the impact of anti-

gp42 immune response on both B and epithelial cell infections

remain unclear.

The previously reported murine antibody F-2-1 targeting gp42

has been shown to disrupt the binding of HLA-II and gp42. It hin-

ders the fusion of EBV and B cells, exhibiting B cell-neutralizing,

but not epithelial cell-neutralizing, potential.20–23 Monoclonal an-

tibodies (mAbs) targeting the N terminus of gp42 have been

developed in rabbits, but these antibodies present no obvious

neutralization effects.24 Recently, 5E3, A10, and 4C12, recog-

nizing the C-type lectin domain of gp42, have been isolated

from animals immunized with gp42 or gH/gL/gp42 and shown

to possess neutralizing activity in B cells.25–27 However, to

date, there is no report of human antibodies against gp42.

Here, to better understand the role of gp42 in EBV infection,

we established a phage-displayed antibody library using periph-

eral blood samples from EBV-positive volunteers. Through

screening, we identified two high-affinity antibodies, 2B7 and

2C1, that target distinct epitopes other than the HLA-II binding

site on gp42.

RESULTS

Isolation and identification of high-affinity anti-gp42
antibodies
We collected peripheral blood samples from 100 EBV-positive

volunteers (Figure 1A). The peripheral blood mononuclear cells

of the volunteers were separated for cDNA construction (Fig-

ure S1A). To capture the diversity of both heavy (H)- and light

(L)-chain sequences, we employed a human immunoglobulin G

(IgG) primer set to amplify the variable regions of the H and L

chains (vH and vL, respectively) from the cDNA (Figure S1B).

Subsequently, we constructed the vL-vH sequence library by

linking the amplified sequences together through overlap PCR,

incorporating a flexible linker. A phage library with a diversity

of 2.93 109 was then constructed using the pComb3XSS phage

vector (Figures S1C and S1D). The gp42 protein was purified

from eukaryotic cells (293F) and used as bait protein for phage

screening (Figures 1A and S1E). Following three rounds of

screening, the titer of phages binding to the gp42 protein ex-

hibited a 134-fold increase compared to the titer observed with

the control (Figure S1F). Finally, 96 single clones were selected

to verify the relative affinity of each phage clone for the gp42 pro-

tein using ELISA (Figure S1G).

Sequencing analysis identified four distinct antibody se-

quences: 2B7, 2C1, 2C5, and 2D5 (Figure S1G). Notably, 2C1,

2C5, and 2D5 shared a very similar H-chain sequence but

different L-chain sequences (Figure S1H). To further investigate

these antibodies, their sequences were engineered into the hu-

man IgG1 eukaryotic expression vector, and the full-length anti-

bodies were expressed. Among the identified antibodies, 2B7

and 2C1 exhibited the highest apparent affinity, with KD values

of 2.093 10�12 and 5.6923 10�10M, respectively, as determined

by bio-layer interferometry (BLI) analysis (Figure 1B). Additionally,
2 Cell Reports Medicine 5, 101573, May 21, 2024
the binding affinities of 2B7 and 2C1 Fabs to gp42were assessed.

The binding affinity of 2B7 Fab to gp42 is 11.24 nM, while that of

2C1 Fab was measured at 1.89 nM, as depicted in Figure S1I. In

competition assays, it was observed that 2B7 did not compete

with 2C1, 2C5, or 2D5, suggesting that they bind to distinct epi-

topes (Figure 1C). However, 2C1, 2C5, and 2D5 antibodies ex-

hibited complete competition with each other, indicating their

binding at the same epitope (Figure 1C). The third complemen-

tarity-determining region (CDR3) sequences and Ig gene assign-

ments are listed in Figure 1D. Given the superior affinity demon-

strated by 2C1, which shares the same CDR3 of the H chain

(CDR-H3) and epitope with 2C5 and 2D5, we selected 2C1 and

2B7 antibodies for further investigation.

2B7 and 2C1 inhibit EBV infection in B and HLA-II-
positive epithelial cells
Evaluation of the neutralization potency of 2B7 and 2C1 against

EBV infection was initially conducted in B cells (Figures 2A, S2A,

and S2B). 2C1 displayed a potent Raji B cell neutralization

with an half maximal inhibitory concentration (IC50) value of

0.171 mg/mL, which was comparable to the neutralization ability

of the anti-gp350 antibody 72A1 (IC50 = 0.243 mg/mL) (Fig-

ure 2A). Given the essential role of gp42 in EBV infection within

B cells, which rely on HLA-II-mediated viral entry,17 we extended

our investigation to explore whether 2B7 and 2C1 exhibit neutral-

ization effects on HLA-II-positive epithelial cells. To investigate

this, we first assessed the HLA-II expression across six epithelial

cell lines (HEK293, 293T, NOK, HK1, HNE1, AGS) and observed

relatively elevated HLA-II levels in HEK293, 293T, and NOK

epithelial cells (Figure 2B). Interestingly, HEK293, 293T, and

NOK cells were susceptible to efficient infection by epithelial-

derived CNE2-EBV, which is supposed to express a high level

of gp42,19 but the HK1, HNE1, and AGS cells are resistant to

CNE2-EBV infection (Figure 2C). To further study the impact of

HLA-II expression on the infection efficacy of CNE2-EBV in

epithelial cells, we established a stable HEK293 cell line express-

ing HLA-II (HEK293-HLA-II) (Figure 2D). Subsequently, we

compared the infection rates of CNE2-EBV in HEK293-HLA-II

cells with those in wild-type HEK293 cells. This revealed that

the infection rate of CNE2-EBV in HEK293-HLA-II cells was three

times higher than in wild-type HEK293 cells, suggesting that

HLA-II expression enhances the susceptibility of epithelial cells

to CNE2-EBV infection (Figure 2E).

Furthermore, we found that both 2B7 and 2C1 exhibited the

capacity to inhibit CNE2-EBV infection in HEK293, HEK293-

HLA-II, NOK, and 293T epithelial cells (Figures 1F, 1G, S2C,

and S2D). The IC50 values of 2B7 and 2C1 across various B

and epithelial cell lines are shown in Figure 2H. In addition, to

investigate potential differences in HLA expression among

cultured cells, we assessed HLA-II expression in various batches

of HEK293 and 293T cells. We observed slight variations be-

tween batches and noted a positive correlation between the

infection rate across different batches of cells and the expres-

sion levels of HLA-II (Figures S2E–S2H). Furthermore, the trans-

fection process did not affect the rates of EBV infection or the

neutralizing efficiency of mAbs in HEK293 cells (Figures S2I

and S2J). It is noteworthy that these antibodies can neutralize

B cell infection against both epithelial-derived CNE2-EBV and



Figure 1. Isolation and identification of anti-gp42 antibodies

(A) Schematic representation of the phage library generation and screening process. Peripheral blood sampleswere collected fromEBV-positive volunteers. DNA

fragments encoding the variable region of the B cell receptor domain were amplified and incorporated into the phage genomes. Following three rounds of

screening on immobilized gp42, phages bound to gp42 were isolated and subjected to sequencing.

(B) Measurement of binding kinetics by bio-layer interferometry (BLI) assay for purified 2B7, 2C1, 2C5, and 2D5. KD represents the equilibrium dissociation

constant. The biotin-conjugated gp42 protein was immobilized on SA sensors. The range of antibody concentrations was from 500 to 7.8 nM.

(C) Competition assay of purified antibodies (2B7, 2C1, 2C5, and 2D5) using surface plasmon resonance (SPR).

(D) Antibody characteristics of 2B7, 2C1, 2C5, and 2D5. CDRs are defined using the IMGT numbering scheme.28

See also Figure S1.
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B cell-derived AKATA-EBV. However, their epithelial neutraliza-

tion effect was observed when infected only with CNE2-EBV

but not with AKATA-EBV (Figures S2K and S2L).

Cryo-EM structure of the EBV gH/gL/gp42 and 2C1 Fab
complex
To provide insight into the structural basis for the neutralizing po-

tency of 2C1, we used cryoelectron microscopy (cryo-EM) to
elucidate the structure of recombinant gH/gL/gp42 in complex

with the Fab fragments of 2C1 at resolutions of 3.3 Å (Figure 3A).

Detailed information regarding data collection and EM analysis is

provided in the STAR Methods and supplemental information

(Figures S3A–S3H; Table S1). The resolution of the gp42/Fab

interface was 3.4 Å by local refinement. 2C1 Fab forms a binding

interaction with the gH/gL/gp42 protein, covering a total buried

surface area of 382.7 Å2. This interaction engages both the vH
Cell Reports Medicine 5, 101573, May 21, 2024 3



Figure 2. Neutralization effect of anti-gp42 antibodies in B and epithelial cells

(A) The neutralization effect of 2B7, 2C1, 5E3, AMMO1 (anti-gH/gL), 1D8 (anti-gH/gL), 72A1 (anti-gp350), and control IgG was assessed against EBV infection in

Raji B cells (n = 3).

(B) qPCR analysis of human leukocyte antigen class II (HLA-II) gene expression in various epithelial cell lines. The expression levels are presented as relative fold

change to the GAPDH gene (n = 4).

(C) CNE2-EBV infection rate in different epithelial cell lines. CNE2-EBV was added to each cell in equal amounts (n = 4).

(D) qPCR analysis of HLA-II gene expression in HEK293 cells and HEK293 cells overexpressing HLA-II (HEK293-HLA-II). The expression levels are presented as

relative fold change to the GAPDH gene (n = 4).

(E) CNE2-EBV infection rate in HEK293 cells and HEK293-HLA-II. CNE2-EBV was added to each cell in equal amounts (n = 3).

(F and G) The neutralizing activities of mAbs against CNE2-EBV infection in HEK293 cells (F) or HEK293-HLA-II cells (G) (n = 3).

(H) The IC50 values of mAbs in different B and epithelial cell lines (n = 3).

Significance was calculated using one-way ANOVA followed by Tukey’s multiple comparisons (C) and two-tailed unpaired Student’s t test (E). Error bars

represent ±SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S2.
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(99.3 Å2) and vL (283.4 Å2) sequences to recognize gp42. The

IMGT numbering system is used to designate the numbering of

all antibody residues and CDR loops. Fab 2C1 uses CDR L1

and CDR L3 for its binding with gp42 (Figure 3B). The primary

interaction site of the antibody predominantly involves the hydro-

phobic patches, which are reported as the gp42 canonical ligand
4 Cell Reports Medicine 5, 101573, May 21, 2024
binding site (Figures 3C–3E and S3I).29 The region consists

mainly of hydrophobic and aromatic residues, which encompass

two tyrosines (at positions 185 and 194) and three phenylala-

nines (at positions 188, 198, and 210), along with a cluster of

aliphatic residues (Ile159, Ile187, Val201, and Pro213) within

gp42. These residues created a shallow and broad groove above



Figure 3. Cryo-EM structure of EBV gH/gL/gp42-2C1 Fab and mutation verification

(A) Structure of EBV gH/gL/gp42-2C1 Fab complex. gH, gL, gp42, 2C1 Fab heavy chain, and 2C1 Fab light chain are colored green, salmon, purple, dark blue, and

light blue, respectively.

(B) Structuremodel and zoomed-in views of the binding site of 2C1 Fab (ribbon representation). The CDRs of the vH (HCDR1-3) and the CDRs of the vL (LCDR1-3)

are shown in different colors. The side chains of residues that form the hydrophobic surface (yellow: hydrophobic amino acids, blue: hydrophilic amino acids) of

gp42 are displayed.

(C) Structure model of 2C1 Fab (ribbon representation) with EBV gp42 (surface representation). Hydrophobic patches (HPs) are indicated.

(D and E) Different views of overlap between primary functional amino acids andHPs. Residues Ile159, Ile187, Phe188, Tyr194, Phe198, His205, and His206 of the

HPs are indicated in blue.

See also Figures S3–S5 and Table S1.
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the HLA-DR1 binding site of gp42. Lys197 and Phe198 of gp42

form extensive aromatic residue interactions with the interface

of the H chain and L chain, which may play an important role in

hydrophobic interaction. These amino acids could provide the

conformational signal for triggering viral entry.29 To identify key

residues crucial for antibody binding, we introduced a range of

single amino acid mutations to the interacting sites on gp42.

Given that the hydrophobic patches are believed to interact

with 2C1, hydrophobic amino acids were mutated to either
alanine or hydrophilic amino acids with similar side-chain lengths

(Figure S4). All mutant variants were successfully expressed and

purified. Subsequently, we evaluated the impact of these muta-

tions on 2C1 binding using BLI. Among them, mutations in resi-

dues I159, I187, F188, Y194, F198, H205, and H206 were found

to affect the binding between 2C1 and gp42 (Figure S4). Their

positions are indicated in Figures 3C–3E (highlighted in blue).

Notably, mutating F198 almost completely abolishes the binding

of 2C1 to gp42. Mutations in Y194, I159, and F188 strongly
Cell Reports Medicine 5, 101573, May 21, 2024 5
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affected the dissociation affinity of 2C1 (Figure S4). Themutation

results indicate the prominent role of hydrophobic interactions in

the binding between 2C1 and gp42. Furthermore, the key resi-

due Y194 forms a hydrogen bond with R92L (Figure 3B).

Given the high degree of similarity in the H chains among 2C1,

2C5, and 2D5, we employed tFold-Ab to generate models for

these Fabs.30 Despite the less conserved CDR sequences in

the L chain compared to the H chain, they demonstrated similar

hydrophobic surfaces (Figures S5A and S5B). An analysis of the

density map highlighted that F198 inserts into the hydrophobic

pocket of 2C1, which is constituted by conserved residues

including W47H, I51H, I52H, K63H, and P95L. These residues

are common across 2C1, 2C5, and 2D5 (Figures 3B, S5C, and

S5D). Examination of the effects of gp42 mutations on 2C5 and

2D5 revealed a similar sensitivity to mutations that influence

2C1 binding (Figures S4C, S5E, and S5F). This suggests that

these antibodies are capable of interacting with the hydrophobic

pockets of gp42 due to their analogous hydrophobic surfaces. In

contrast, 2B7 was not impacted by any of these mutations,

implying that the bindingmechanism of 2B7 involves distinct res-

idues (Figure S5G).

Additionally, we observed that the gH/gL/gp42 conformation

is different compared to the previously reported structure

5T1D.31 In our structure, the two arms of the gH/gL/gp42-2C1

Fab complex demonstrate angles of �66� relative to each other,

while the angle is �33� in 5T1D (Figures S6A and S6B). Earlier

research has shown that gH/gL/gp42 complexes can adopt

two conformational states: a "closed" state where gH/gL and

gp42-HLA-II molecules are closely aligned in one configuration

and a more heterogeneous "open" state in the other configura-

tion (Figures S6C and S6D).32 In the closed state, the two arms

of the gH/gL/gp42 complex have angles of �20� relative to

each other, while in the open state, the angles range from

�40� to 115� relative to each other.32 This indicates that the po-

sition of gp42 is relatively flexible in relation to gH/gL and that the

change in angle is probably influenced by the gp42 binding

ligand.

2B7 and 2C1 recognize two distinct epitopes on gp42
We attempted to obtain the 2B7-gH/gL/gp42 complex structure

(Figures S6E and S6F). However, we encountered challenges

due to orientation preferences that hindered acquiring the

atom model, so we fit the model of the gH/gL/gp42 complex

(PDB: 5T1D)31 along with the predicted structure of the 2B7

Fab into a low-pass-filtered map (Figures 4A and 4B). This fitting

approach allowed us to discern that the epitope of 2B7 is distinct

from the interface where gp42 interacts with HLA-DR1 (Figures

4C and 4D).29

Previously, HLA-II was identified as the EBV gp42 receptor

mediating EBV infection of B cells.23 The complex structure of

the HLA-II ligand-binding domain with gp42 has been eluci-

dated.29 A comparison of this structure with the structures of

the gH/gL/gp42-2C1 Fab and gH/gL/gp42-2B7 Fab complexes

reveals that the epitopes of both antibodies are unique and

distinct from the HLA-II binding site (data not shown). Addition-

ally, we compared the recently reported antibody 5E3, which

competes with HLA-II25 (Figure S6G). To verify whether the anti-

bodies compete with HLA-II for gp42 binding, we purified the ec-
6 Cell Reports Medicine 5, 101573, May 21, 2024
todomain of HLA-DR1 (Figure S6H). Our findings indicate that

unlike 5E3, neither 2B7 nor 2C1 inhibits the binding of HLA-

DR1 to gp42 or the gH/gL/gp42 complex (Figures S6I–6L),

consistent with the structural analysis. To our surprise, the bind-

ing of 2B7 even promotes the binding ability of HLA-DR1 to gp42

and the stability of the HLA-DR1-gp42 complex (Figures S6I and

S6J). These findings indicate that the interaction between gp42

and 2B7 might induce a certain extent of conformational change

in gp42, which resulted in the increased affinity between gp42

and HLA-DR1.

Furthermore, we investigated whether the presence of anti-

bodies could affect the binding of EphA2 (receptor of EBV gH/

gL) and the gH/gL/gp42 complex.33,34 Our findings suggest

that the interaction between the gH/gL/gp42 complex and 2B7

or 2C1 does not hinder its ability to interact with the gH/gL recep-

tor EphA2 (Figure S6M).

2C1 protects against EBV challenge and EBV-induced
lymphoma in humanized mice
To evaluate the in vivo protective efficacy of 2B7 and 2C1, we

performed an EBV challenge assay in humanized mice. The

NOD-Prkdcnull interleukin-2 receptor gnull mice were engrafted

with human CD34+ stem cells. After an 8-week maturation

period, the mice were injected with anti-gp42 antibodies and in-

fected with EBV. Each humanized mouse (six per group)

received an intraperitoneal administration of 200 mg (in 200 mL

PBS) of either 2B7 or 2C1 or 200 mL PBS as negative control.

One day later, the mice were intravenously injected with EBV

equivalent to 2.5 3 106 green Raji units. Following that, all ani-

mals were given 200 mg of the respective antibodies on the sec-

ond, seventh, fourteenth, and twenty-first days (Figure 5A). To

assess the suitability of our dosing regimen, we evaluated serum

antibody levels in BALB/c and NSG mice following comparable

dosing schedules. The findings revealed that, on average, the

concentrations of serum antibodies in mice were similar to those

of gp42-specific antibodies in individuals infected with EBV

(Figures S7A–S7C).

Two weeks after the EBV challenge, we observed detectable

levels of EBV DNA in all mice of the PBS group, with levels

increasing rapidly thereafter (Figure 5B). By the third week, overt

EBV DNA was detectable in all mice of the 2B7 and PBS groups,

while only trace amounts were found in one mouse in the 2C1

group (Figure 5B). In the fourth week, the average EBV DNA

copy numbers in the surviving mice of the 2B7 and PBS groups

exceeded 100 and 1,000 copies/mL, respectively (Figure 5B). In

contrast, EBV DNA copy numbers of mice in the 2C1 remained

below 10 copies/mL, notably lower than the copy numbers

observed in the 2B7 or PBS group (Figure 5B). Moreover, mice

treated with 2B7 or PBS experienced significant weight loss

starting from the second week post-challenge (Figure 5C), and

all mice in the 2B7 and PBS groups succumbed to the infection

within 5 weeks (Figure 5D). Mice treated with 2B7 exhibited

similar survival rates and body weight loss compared to the

mice treated with PBS (Figures 5C and 5D). In contrast, mice

treated with 2C1 demonstrated stable body weight and higher

survival rates, with five mice (83.3%) surviving after 6 weeks

(Figures 5C and 5D). While 2B7 did not exhibit notable protection

in terms of survival rate and body weight, mice treated with 2B7



Figure 4. 2B7 and 2C1 antibodies reveal two distinct sites on gp42

(A) The semi-transparent cryo-EM maps of the EBV gH/gL/gp42-2B7 Fab complex. The model structure of EBV gH/gL/gp42/2B7 Fab is aligned with the low-

pass-filtered electron density as a reference.

(B) Zoomed-in views of a semi-transparent map superimposed with the atomic models generated by crystal diffraction.

(C) The 2B7 epitope (yellow), 2C1 epitopes (blue), and HLA-DR1 binding site (red) are mapped on gp42 (gray).

(D) Structure model of gp42 (gray) in complex with HLA-DR1 (red), 2C1 Fab (blue), and 2B7 Fab (yellow).

See also Figure S6.
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had lower EBV copy numbers than those treated with PBS.

These results indicate that 2B7 has a weaker ability to inhibit

EBV infection in vivo (Figure 5B). Notably, the 2C1-treated group

exhibited significantly lower EBV DNA copy numbers in the

spleen, kidney, and liver in comparison to the 2B7- and PBS-

treated mice, indicating a stronger inhibitory effect of 2C1 on

EBV infection (Figures 5E–5G). It is worth noting that the spleen

generally exhibits higher EBV copy numbers than the liver and

kidneys (Figures 5E–5G). The body weight of each mouse is

shown in Figure 5H.

We next performed a pathological analysis in EBV-induced

lymphomas during autopsies. All mice treated with 2B7 or PBS
showed enlarged spleens with pale tumors on the surface. In

contrast, most mice (5/6) in the 2C1 group had normal spleens

without visible tumors (Figure 6). We proceeded with histopath-

ological analysis of spleen sections using in situ hybridization for

EBV-encoded RNA (EBER), immunohistochemistry for hCD20

and hCD3, and H&E staining. The 2B7- and PBS-treated mice

had typical large B cell lymphoma in the white pulp area, with

strong positivity for EBER staining and infiltrated by substantial

hCD20+ B cells. The lymphomas in the mice treated with

2B7 and PBS disrupted the integrity of the tissue structure.

In contrast, in the 2C1 group, the overall structure of the

spleen remained intact, with immune cell infiltration primarily
Cell Reports Medicine 5, 101573, May 21, 2024 7



Figure 5. 2C1 provides effective protection against EBV infection in humanized mice

(A) Timeline represents the engraftment of CD34+ human hematopoietic stem cells, the administration of antibodies, and the EBV challenge. Intraperitoneal

administration of 200 mg 2C1 (n = 6), 200 mg 2B7 (n = 6), or 200 mL PBS (negative control, n = 6) was performed in mice for a total of five doses. Following the initial

dose, the mice were intravenously challenged with CNE2-EBV.

(B) EBV DNA copies in the peripheral blood of each group of mice following the EBV infection. Each data point represents an individual mouse, with the dotted line

indicating the detection limit.

(C) The body weight changes of mice in the 2C1, 2B7, and PBS groups were monitored.

(D) The survival curve illustrates the outcomes of mice from each group following the EBV challenge.

(E–G) EBV DNA copies in the liver (E), spleen (F), and kidney (G) were quantified using real-time qPCR.

(H) The body weight of each mouse in the 2B7, 2C1, or PBS group is indicated.

Significance was calculated using two-way ANOVA followed by Dunnett’s multiple comparisons (B and C), log-rank test (D), or one-way ANOVA followed by

Tukey’s multiple comparisons (E–G). Error bars, mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S7 and Table S2.
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Figure 6. 2C1 prevents EBV-induced lymphoma and inhibits viral replication in EBV-challenged mice

Representative images of spleens and splenic sections stained for hematoxylin and eosin (H&E), in situ hybridization targeting EBV-encoded RNA (EBER), and

human CD20 and CD3 (hCD20 and hCD3).
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concentrated in the white pulp area rather than being diffusely

distributed. Additionally, compared to the 2B7 and PBS groups,

the 2C1 group exhibited a lower number of cells positive for

EBER (Figure 6). Taken together, these findings demonstrate

that the 2C1 antibody reduces EBV replication and lymphoma-

genesis in the spleen compared to the 2B7 and PBS groups,

which explains the protective effects of 2C1 against lethal EBV

infection in vivo.

2B7 and 2C1 inhibit cell fusion and 2C1-like antibodies
are prevalent in human sera
To gain deeper insights, we investigated the effects of 2B7 and

2C1 on the fusion process in both B and epithelial cells using vi-
rus-free fusion assays. Our findings revealed that both 2B7 and

2C1 exerted robust inhibition on B cell fusion, with 2C1 showing

superior effectiveness, consistent with its potent neutralization

capacity (Figure 7A). However, in the epithelial fusion assay,

the fusion-inhibitory potency of 2B7 and 2C1 was comparatively

modest and weaker than that of gH/gL antibody AMMO1 in 293T

and HEK293 cells (Figures 7B and 7C). This observation is

consistent with previous research suggesting that gp42 may

not play a pivotal role in the epithelial fusion process, and epithe-

lial cell fusion can occur independently of gp42 presence.15

Surprisingly, we observed a significant enhancement in the

fusion-inhibitory potency of 2B7 and 2C1 in HEK293-HLA-II cells

compared to HEK293 cells, with 2C1 demonstrating stronger
Cell Reports Medicine 5, 101573, May 21, 2024 9



Figure 7. Inhibition of cell fusion and high prevalence of 2C1-like antibodies in EBV-positive human sera

(A–D) The fusion inhibition effect of AMMO1 (anti-gH/gL), 1D8 (anti-gH/gL), 72A1 (anti-gp350), 2B7, 2C1, and IgG control was assessed using Daudi B cells (A),

293T cells (B), HEK293 cells (C), and HEK293-HLA-II cells (D). The percentage of fusion inhibition was calculated using the formula ((RLU_positive � RLU_mAb)/

RLU_positive 3 100%). RLU, relative luminescence units. n = 3.

(E) Potential mechanism of 2B7 and 2C1 neutralization. The interaction between gp42 antibodies and the gH/gL/gp42-HLA-II complex may impede the sub-

sequent triggering of gB conformational changes and the membrane fusion process.

(F) Competitive inhibition of anti-gp42 antibodies in EBV-positive human sera by 2B7, 2C1, and IgG control was assessed using SPR (n = 18). See also Figure S7.

Error bars represent ±SEM. Significance was calculated using one-way ANOVA followed by Tukey’smultiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001.
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inhibition than the gH/gL antibody AMMO1 (Figure 7D). This sug-

gests that the fusion-inhibitory ability of 2B7 and 2C1 is related to

the HLA-II expression levels. Moreover, the fusion inhibitory po-

tency of 2C1 in both B cells and epithelial cells surpassed that of

5E3 (Figures 7A–7D). This suggests that 2C1, targeting gp42 hy-

drophobic patches, could more effectively inhibit the cell fusion

process compared to blocking the HLA-II binding site. Further-

more, considering that gp42 is not needed for EBV binding,16

we hypothesize that the neutralization effect of 2B7 and 2C1

arises from their ability to disrupt the structure of the gH/gL/

gp42-HLA-II complex, which is crucial for triggering the confor-

mational change of gB and subsequent membrane fusion17

(Figure 7E).

To determine the prevalence of antibodies resembling 2B7 or

2C1 induced by natural EBV infections, we collected serum sam-

ples from 40 individuals who tested positive for EBV. We then

used surface plasmon resonance to examine the binding of

these serum samples to gp42. Among the collected sera, 18

showed significant binding to gp42, and these samples were

subsequently used in the binding inhibition assay. The control
10 Cell Reports Medicine 5, 101573, May 21, 2024
IgG displayed a nonspecific inhibition of approximately 3.1%

(±1.54%, SEM) of serum antibodies binding to gp42. In contrast,

both 2B7 and 2C1 exhibited stronger inhibition, blocking approx-

imately 11.5% (±1.55%, SEM) and 31.1% (±3.21%, SEM) of

serum antibodies from binding to gp42, respectively (Figure 7F).

The stronger blocking capacity of 2C1 suggests a higher preva-

lence of 2C1-like antibodies, indicating the widespread pres-

ence of antibodies targeting similar epitopes in individuals in-

fected with EBV.

In addition, to further characterize the 18 individuals who

tested positive for anti-gp42 antibodies in comparison to the

other 22 individuals who tested negative, we collected and

analyzed additional data. These data include EBV DNA copy

numbers, early antigen IgA (EA-IgA), viral capsid antigen IgA

(VCA-IgA), viral bZIP transcription factor IgA (Zta-IgA) (signal-

to-cut-off, SCO), EBV nuclear antigen 1 IgA (EBNA1-IgA) (cut-

off index, COI), EBNA1-IgG (U/mL), R transactivator IgG

(Rta-IgG), and the age of the EBV carriers. We compared

these parameters between individuals with positive anti-gp42

(18/40) and those with negative anti-gp42 (22/40). The results



Article
ll

OPEN ACCESS
showed that lower levels of EA-IgA, VCA-IgA, and Rta-IgG were

observed in anti-gp42-negative carriers compared to their posi-

tive counterparts (Figures S7D–S7K).

DISCUSSION

EBV gp42 is a membrane protein crucial for facilitating the fusion

and entry of EBV into B cells.35 The gp42 protein forms a stable

heterotrimerwithgH/gL,playingapivotal role inHLA-II-dependent

B cell entry.15 In our research, we successfully identified two anti-

gp42 human antibodies, 2B7 and 2C1, which demonstrate potent

neutralization of EBV infection in both B and HLA-II-positive

epithelial cells. Neutralizing antibodies function by binding vulner-

able epitopes of viral proteins. Consequently, identifying the spe-

cific epitopes they recognize canprovide valuable insights into the

mechanisms of virus infection, offering guidance for the rational

design of vaccines. Strnad et al. isolated the mouse-derived

anti-gp42 antibody F-2-1, which inhibits B cell infection by inter-

rupting the binding of HLA-II with gp42.21,23 Junping et al. gener-

ated ninemAbs inmice against the N-terminal region of gp42, tar-

geting the 44–61 or 67–81 aa, but none exhibited neutralization

ability.24 Recently, 1A7, 6G7, and 5E3 were isolated from rabbits

and showed neutralizing abilities in B cells.25,26 The epitopes of

1A7 and 6G7 were predicted through chimeric gp42 construct

binding: 1A7 binds to gp42 residues 149–163, partially overlap-

ping with the HLA-II binding site, while the 6G7 epitope mapped

in gp42 174–183 aa, distinct from the HLA-II binding site.26 How-

ever, their epitopes were not determined by structural analysis.

The structure of 5E3 in complex with gH/gL/gp42was recently re-

ported, showing a large overlapping regionwith theHLA-II binding

site.25

Our structural data indicate that the epitopes recognized by

2B7 and 2C1 are distinct from the HLA-II binding site and the

estimated epitopes of antibodies reported previously. This sug-

gests that the neutralizing effects of 2B7 and 2C1 are not medi-

ated by directly competing with the binding of gp42 and HLA-II.

Instead, these antibodies may inhibit infection by hindering the

fusion process after HLA-II binding.16 Specifically, the hydropho-

bic pocket where 2C1 binds is crucial for the EBV fusion process

that occurs downstream of receptor binding.32 Studies have

demonstrated that mutations within this pocket impede fusion

without affecting gp42 binding to HLA-II or gHgL, indicating its

functional importance in viral fusion.36,37 In a study by Karthik

et al., altering the gp42 residue I159 effectively blocked mem-

brane fusion.32 Intriguingly, this residue is one of the seven crit-

ical amino acids involved in the binding of 2C1 to gp42. This sug-

gests that 2C1 may achieve neutralization by occupying the

hydrophobic pocket and interfering with the fusion process by

perturbing the overall structure and conformation of the gH/gL/

gp42-HLA-II complex.17 On the other hand, 2B7 does not target

this pocket and exhibits a less potent neutralization and fusion-

inhibition effect compared to 2C1 despite its higher affinity for

gp42. This indicates that while the binding of 2B7might influence

the gH/gL/gp42-HLA-II-mediated fusion process to some

extent, its epitope is not as vulnerable as that of 2C1.

It is worth noting that both 2C1 and 2B7 antibodies displayed

potent neutralization of EBV infection in both B and epithelial

cells. However, their neutralization effect on epithelial cells ap-
pears exclusive to epithelial cell-derived CNE2-EBV, which ex-

presses a high level of gp42.19 This suggests that the inhibition

of epithelial cell infection by these two antibodies is dependent

on the virion gp42. Moreover, the susceptibility of HEK293,

293T, and NOK cells38 (as they exhibit relatively high HLA-II

expression) to CNE2-EBV infection, along with the significantly

increased CNE2-EBV infection in cells overexpressing HLA-II

(HEK293-HLA-II), strongly suggests that CNE2-EBV can infect

epithelial cells via an HLA-II-dependent pathway.39 In addition,

the fusion-inhibition effect of 2B7 and 2C1 was notably

enhanced in HEK293-HLA-II cells, suggesting that these anti-

bodies exert their inhibitory effect by targeting the HLA-II-depen-

dent fusion pathway.

While the precise mechanisms underlying the EBV neutraliza-

tion effect of 2B7 and 2C1 remain unclear, the binding of anti-

bodies, particularly 2C1, to gp42 could potentially alter the gH/

gL/gp42-HLA-II structure, thereby impeding subsequent mem-

brane fusion processes. Furthermore, our serum inhibition assay

indicates a widespread prevalence of 2C1-like antibodies in

EBV-infected individuals, suggesting that a similar neutralizing

mechanism is commonly employed in physiological contexts.

Prior research has established the inhibitory role of gp42 in the

infection of epithelial cells, which do not express HLA-II constitu-

tively.19,40 However, upregulation of HLA-II has been observed in

tumor cells of NPC,41–43 and the nasopharyngeal epithelium is

prone to exposure to epithelial-derived, gp42-rich EBV.44,45

This suggests that the neutralizing effect of the anti-gp42 anti-

bodies on epithelial cells may play a physiological role.

In addition, our findings reveal higher levels of EA-IgA, VCA-

IgA, and Rta-IgG in individuals lacking anti-gp42 antibodies

compared to those who test positive. Notably, the EA-IgA,

VCA-IgA, and Rta-IgG titers are elevated in patients with NPC

and are commonly used for NPC screening and early diag-

nosis.46 Moreover, elevated serum levels of EBV EA-IgA and

VCA-IgA have been linked to poor treatment response and prog-

nosis in patients with extranodal natural killer/T cell lymphoma.47

These findings suggest that the presence of gp42-specific anti-

bodies may contribute to better control of EBV reactivation and

the related diseases.

Moreover, our unpublished data based on a population study

show that the presence of serum gp42 IgG is a protective factor

against the risk of developing NPC (X.W. Kong, unpublished

data). Notably, individuals with NPC contain lower levels of

gp42 IgG in their serum compared to control groups. These re-

sults further support that gp42 plays a pivotal role in nasopharyn-

geal epithelium infection and emphasize its potential as a valu-

able vaccine target to reduce the risk of EBV infection and

NPC. However, the precise binding and entry mechanism of

EBV and the specific role of gp42 in B and epithelial cell infection

remain unclear, and further investigation is warranted to fully

elucidate the relationship between gp42-specific antibodies,

EBV infection, and disease control.

Finally, in humanized mice, 2C1 demonstrated significant pro-

tection against EBV infection. In contrast, although 2B7 reduced

EBV copy numbers, it did not extend the mice’s survival. This

may be due to our use of a challenge with 2.5 3 106 Raji units

of CNE2-EBV, which exceeds the viral dosage employed in pre-

vious studies.11,13 As a result, the mice had relatively short
Cell Reports Medicine 5, 101573, May 21, 2024 11
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survival times, and the excessive EBV exposure may have over-

shadowed the protective effect of antibodies with weaker

neutralizing capabilities. In addition, the mouse protection data

revealed that the 2B7 and 2C1 mAbs were unable to completely

prevent viral infection, as evidenced by the detection of the virus

in all animal groups after 4 weeks. This could be attributed to

several factors, including excessive EBV exposure or the poten-

tial inability of themAbs to achieve complete neutralization of the

virus in this experimental setting. Antibodies have been shown to

exert various effects beyond direct neutralization, such as

limiting viral dissemination or modulating host immune re-

sponses.48 Future studies employing additional experimental

approaches, such as in vitro viral entry assays or in vivo imaging

techniques, could provide further insights into the precise mech-

anisms by which these antibodies impact viral infection

dynamics.

In conclusion, we have successfully isolated the neutralizing

human antibodies targeting EBV gp42. Structural analysis re-

vealed two distinct epitopes on gp42, suggesting that anti-

gp42 antibodies could hinder the fusion process without

competing with HLA-II binding and holding promise for further

mechanistic investigations. In addition, 2C1 identifies a previ-

ously unknown vulnerable site on gp42, which holds signifi-

cant implications for the future design of gp42-based EBV

vaccines. Furthermore, we demonstrate that 2C1 effectively

protects against EBV infecting humanized mice, which can

be combined with other EBV antibodies (e.g., AMMO1, 1D8)

to develop antibody-based strategies for preventing or treat-

ing EBV infection.

Limitations of the study
Humanized mice provide a valuable tool for assessing antibody

protection against EBV infection. However, the model has

inherent limitations, including differences in immune responses

compared to humans and potential variability in tissue tropism.

Additionally, the lack of an animal model for EBV-associatedma-

lignancies hinders the assessment of antibodies in preventing

and mitigating those diseases. Therefore, the development of

new animal models is essential for future research. Moreover,

while our study illuminates the neutralizing actions of antibodies,

the detailed mechanisms through which these antibodies

disrupt the fusion process remain partially understood. Further

exploration through structural studies or functional assays could

unveil the precise molecular interactions at play and inform the

creation of more focused therapeutic approaches against EBV

infection.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mu-Sheng

Zeng (zengmsh@sysucc.org.cn).

Materials availability
For all requests concerning resources and reagents, please contact the lead contact author. All reagents, including antibodies, pro-

teins, plasmids, and viruses, will be made available upon request after the completion of aMaterial Transfer Agreement for non-com-

mercial usage.

Data and code availability
d The cryo-EM map of the EBV gH/gL/gp42-2C1 Fab has been submitted to the Electron Microscopy DataBank (EMDB:EMD-

37249). The atomic coordinates of the complex have been submitted and are available in the Protein Data Bank (PDB:8KHR).

d This paper does not report the original code.

d The original data has been uploaded to Research Data Deposit: https://www.researchdata.org.cn/ with accession number

RDDB2024979584. Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Cell lines were maintained in a humidified atmosphere at 37�C with 5% CO2. NOK cells, HEK293T cells, HEK293 cells, and CNE2

cells were cultured in DMEM supplemented with 10% FBS. BJAB B cells, Raji B cells, AGS cells, and EBV-negative AKATA

(AKATA-) cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS. 293F cells were maintained with SMM

293-TII Expression Medium (Sino Biological). For the establishment of HLA-DR over-expressing cell lines, lentiviruses expressing

full-length HLA-DRA1 and HLA-DRB1, along with Puromycin and Neomycin (G418) selection markers, were prepared using 293T

cell lines. HEK293 cells were infected with the HLA-DRA1 lentivirus. Then, 48 h post-infection, Puromycin was added andmaintained

for two weeks. Subsequently, these cells were infected with the HLA-DRB1 lentivirus. Again, 48 h post-infection, Puromycin was
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replaced with G418 for another two weeks. Overexpression of HLA-DRA1 and HLA-DRB1 was confirmed by Western blot analysis.

100 mg/mL streptomycin and 100 U/mL penicillin were added to all cell culture media.

Human specimens
Peripheral blood mononuclear cell (PBMC) samples were collected from 100 EBV-positive participants in 2020 and 2021 in Guang-

dong, China. Sera from EBV-positive individuals (n = 40) were collected from Sun Yat-sen University Cancer Center in 2022 and 2023

in Guangdong, China. The sample size was determined both by empirical and clinical availability. Samples were not artificially as-

signed to experimental or control groups. Instead, the grouping in Figures S7D–S7K was determined solely by the detection results

of the anti-gp42 antibody. Ethical approval for the use of human specimens was granted by the Ethics Review Committee of Sun Yat-

sen University Cancer Center (SYSUCC, G2022-145-01), and the study adhered to the principles outlined in the Declaration of Hel-

sinki. All participants involved in human research provided written informed consent.

Mice
Animal experiments involving infectious EBV were conducted within the animal biosafety level 2 facilities at Zhongshan School

of Medicine, following approval by the Sun Yat-sen University Committee on the Animal Experiments Ethics (SYSUCC,

L102012021020P). The animal studies strictly followed the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments).

NOD-Prkdcscid IL2Rgnull mice (NPG) were employed for generating humanized mice acquired from Beijing Vitalstar Biotechnology

Co., Ltd., and they were kept in a specific pathogen-free (SPF) environment. All mice were housed under controlled conditions

with a temperature of 25 ± 2�C, humidity maintained at 50%, and a 12-h light-dark cycle.

METHOD DETAILS

Scfv library construction and panning procedure
Pcomb3XSS vector was a gift from Carlos Barbas (RRID: Addgene_63890), used to construct the scfv phage library as described by

previous studies.63,72,73 In brief, fragments encoding single-chain variable fragments (scFv) were obtained through PCR amplification

from PBMC cDNA. These fragments were then ligated into the Pcomb3XSS vector and transformed into E coli (TG1 strain). The diver-

sity of the library was estimated to encompass approximately 2.93 109 distinct clones. Subsequently, this library underwent panning

against purified gp42 antigen. Immuno tubes (Nunc-Immuno MaxiSorp, Thermo Scientific) were incubated with 1mL 10 mg/mL gp42

protein (dissolved in PBS) overnight at 4�C. Following this, 2 mL of a 3% bovine serum albumin (BSA) solution (w/v, dissolved in PBS)

was used for the subsequent blocking by incubating the tube at 37�C for 1 h. Subsequently, the tubes were washed with PBS–0.1%

Tween 20 (PBST) five times, and the scfv phage library (dissolved in the blocking buffer) was added to the tubes, with approximately

1011 phage particles in each tube. The plate underwent incubation for 1 h at 37�C, followed by 20 washes with PBST to eliminate un-

bound phages. To elute the bound phages, 500 mL of elution buffer (containing 0.25 mg/mL trypsin) was added to each well and incu-

bated at 37�C for 10 min. The eluted phage was mixed with log-phase E. coli TG1 cells and cultivated in 23YT medium, which was

supplemented with 100 mg/mL ampicillin. Once the medium reached an OD600 of 0.5, helper phage M13KO7 (NEB, N0315S) was

added at a multiplicity of infection of 20:1 and allowed to incubate at 37�C for an additional 30 min. Subsequently, kanamycin

was added at a final concentration of 50 mg/mL, and the cultures were incubated overnight at 30�Cwith shaking. This panning protocol

was repeated for two to three rounds and individually amplified phage clones were assessed for their capacity to bind to gp42 using

Enzyme-linked immunosorbent assay (ELISA).74 Briefly, individual phage clones are generated in a 96-well format and incubated onto a

96-well plate coatedwith gp42. Following incubation andwashing, the remaining phages on the platewere detected using an anti-M13

HRP antibody (NBbiolab, Cat #S004H) and read using a BioTek Epoch microplate spectrophotometer.

Plasmids
The EBV protein genes were amplified from the EBV M81 strain (GenBank: KF373730.1). The ectodomain of gp42 (34–223 aa), gH(aa

19–678)/gL(24–137 aa) and EphA2(28–530 aa) were inserted into a pCDNA3.1 vector, with an N-terminal CD5 signal peptide and a

C-terminal 63 His tag. The gH and gL were linked with (G4S)3 linker. A gH/gL construct lacking the His tag was employed to purify

the gH/gL/gp42 complex. Plasmids encoding the soluble formof HLA-DR1 (HLA-DRA1*01:01/DRB1*04:01) were constructed following

a previous report.62 pCAGGS-gB, pCAGGS-gH, pCAGGS-gL, pCAG-T7, and pT7EMCLuc were generously given by Professor R.

Longnecker (Northwestern University) and Wolfgang Hammerschmidt (Helmholtz Zentrum M€unchen). The pUC57 plasmid was engi-

neered to contain themRNA template encoding T7RNApolymerase. This construct includes a T7promoter sequence, a 50 untranslated
region (UTR) at the N-terminal, a 3’ UTR, and a 120-poly-A tail at the C-terminal, denoted as pUC57-T7-T7 polymerase-poly(A). Sepa-

rate primer pairs were utilized to obtain the variable domain of antibody heavy chain and light chain (vH and vL, respectively). PCR prod-

ucts were cloned into antibody expression vectors with human IgG1 constant regions. Sanger sequencing was conducted to verify the

recombinant plasmids.

Soluble protein purification
Soluble gp42, gH/gL, gH/gL/gp42, HLA-DR1, EphA2, recombinant antibodies, and Fabs were purified by 293F protein expres-

sion system cultured with chemically defined medium (UP1000, Union Bio) under CO2 supplied shaking incubator.13,26 The
Cell Reports Medicine 5, 101573, May 21, 2024 e4
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gH/gL/gp42 complex was purified by co-transfect 293F with soluble gp42(with his tag) and soluble gH/gL(no tag) plasmids. Six to

seven days post-transfection, the supernatant was collected, filtered through a 0.22um filter, and purified with Ni Sepharose Excel

(17371202, Cytiva).75 Eluate was further purified by Superdex 200 Increase 10/300 GL (28990944, Cytiva). Recombinant antibodies

were purified by passing the supernatant through rProtein A Sepharose Fast Flow resin (17127906, Cytiva), followed by PBSwashing

and subsequent elution with 15 mL of 0.2M glycine (pH 3.0). The elution buffer was immediately neutralized with 2 mL of 1M Tris HCl

(pH 8.0). After purification, the antibodies were dialyzed into PBS. Purified proteins underwent additional purification through size

exclusion chromatography using ÄKTA pure 25M (Cytiva Life Sciences). Protein concentration was determined by NanoDrop One

Spectrophotometer (ThermoScientific). After purification, the recombinant protein was aliquoted, rapidly frozen using liquid nitrogen,

and then stored at �80�C for further use.

Recombinant protein biotinylation
Purified HLA-DR1, gp42, and gH/gL/gp42were biotinylated at a theoretical 3:1 biotin/protein ratio. This biotinylation process was car-

ried out using EZ-Link Sulfo-NHS-Biotin (ThermoFisher Cat#21338) for 30 min at 37oC. The sample underwent three consecutive

roundsof buffer replacementwithPBSusingMilliporeSigmaAmiconUltra-2Centrifugal FilterUnits to eliminate excessunboundbiotin.

Bio-layer interferometry (BLI)
Interactions between purified gp42 or gH/gL/gp42 proteins with antibodies and gp42 with HLA-DR1 were assessed using an Octet

RED96 instrument (Forte’Bio, Pall LLC). The purified gp42 or gH/gL/gp42 proteins were biotinylated and immobilized on streptavidin

(SA) sensors (ForteBio, Pall LLC). The sensors were then equilibrated in KB buffer and subjected to target protein association and sub-

sequent dissociation in KB buffer (0.1% BSA [w/v] and 0.02% Tween 20[v/v] in PBS). In each experiment, a sensor loaded with bio-

tinylated protein but immersed in KB buffer during association and dissociation served as a background reference. For competition

binding assays, 10ug/ml biotinylated gp42 or biotinylated gH/gL/gp42 was immobilized onto the streptavidin sensors (ForteBio, Pall

LLC). KB buffer was used to establish the baseline interference. Subsequently, the sensors were associated with 500nM 2C1,

100nM 2B7, or KB buffer (blank), followed by equilibrium in KB buffer and subsequent association with 500 nM 2C1, 100 nM 2B7, or

10 mMHLA-DR1. Dissociation was carried out with KB buffer. One sensor loaded with antigens was placed in the KB buffer as a refer-

enceduringboth theassociationanddissociation steps. This referencesensorwasused tosubtractbackgroundsignals. Formeasuring

2C1 affinities to variant mutations of gp42, Protein A sensors (ForteBio, Pall LLC) were employed to capture 10ug/ml 2C1. As analytes,

1000 nM gp42 with amino acid substitutions was utilized. All proteins subjected to BLI analysis were diluted in KB buffer.

Surface plasmon resonance (SPR)
SPRwas performed with Biacore 8K equipment (Cytiva). Soluble gp42 was covalently coupled onto the flow cell 2 of a CM5 chip, and

the reference flow cells (flow cell 1) were not modified. Purified antibodies were diluted using a running buffer containing 150mMNaCl,

100 mM HEPES-NaOH (pH 7.4), 30 mM EDTA, and 0.5% TWEEN 20 to the indicated concentration. In a multi-cycle kinetics experi-

ment, the interaction between gp42 and antibodies was assessed by introducing antibodies at decreasing concentrations with an in-

jection rate of 30 mL/min (analyte contact time was set to 60 s) at 25�C. Following each reaction, 50 mM NaOH was injected to regen-

erate the chip. Kinetics were fitted by Biacore Evaluation Software 3.0.12.15655. To perform competitive analysis with SPR, antibodies

were injected sequentially without regeneration in between (contact time was set to 60 s). To evaluate the strength of competition, re-

action units (RUs) of a specific antibody pair were subtracted from the RUs of a specific control pair (running buffer followed by anti-

bodies). To assess the competition binding of 2B7 and 2C1 with antibodies in human serum, we determined the corrected RUs of a

serum sample after 2B7, 2C1, and IgG contact (mAb_RU). The corrected RUs (Control_RU) were obtained by subtracting the RUs

of a corresponding control pair, which involved a running buffer followed by the corresponding serum sample. The binding inhibition

rate was calculated as the percentages of the change in response units (DRUs): DRUs % = (Control_RU - mAb_RU)/Control_RU x

100%. The DRUs % served as the indicators of the strength of competition, with higher DRUs % indicating stronger competition.

Virus production
CNE2-EBV was produced from CNE2 epithelial cells infected with EBV-GFP. Upon reaching 90% density within a 10 cm dish, NaB

(sodium butyrate) and TPA (12-O-tetradecanoylphorbol-13-acetate) were added to the medium to induce the release of EBV virus.

After 12 h, the medium was replaced. Under sterile conditions, the culture supernatant was collected to isolate and purify the virus.

The supernatant was directly aspirated and centrifugated, followed by filtration through a 0.45 mm filter. Subsequently, the virus un-

derwent a 100-fold concentration through high-speed centrifugation at 50,000 g, after which it was resuspended with RPMI 1640

medium (free of FBS) and stored at �80�C until use. AKATA-EBV was produced as described previously.13 Briefly, Akata-EBV-

GFP cells were suspended in RPMI 1640 medium and treated with goat anti-human IgG (Shuangliu Zhenglong Biochem Lab

Cat#H0111-6) for 6h to induce Epstein-Barr virus (EBV) production. After incubation, Akata-EBV-GFP cells were cultured in RPMI

1640 with 5% FBS for another 72h, and the virus-containing supernatant was collected, filtered, and concentrated as CNE2-EBV.

Neutralization assay
Before the neutralization assay, the virus was titrated on various cell lines. For B cell neutralization, antibodies were added in serial

dilutions to 96-well plates, each containing 60 mL RPMI 1640. Subsequently, each well was added with 20 mL of CNE2-EBV-GFP
e5 Cell Reports Medicine 5, 101573, May 21, 2024
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(in RPMI 1640), followed by an incubation at 37�C for 2 h. Then,130 mL of fresh 10% FBS RPMI 1640 containing 13 104 B cells (Raji,

Akata, or BJAB B cells) were added into each well. Incubation then continued at 37�C for 48 h. For epithelial cell neutralization, the

process is similar except that the resulting mixture was added to 96-well plates containing 8 x 103 epithelial cells per well. 2G450 was

consistently used as the IgG control throughout the study. Subsequent incubation at 37�C for 48 h followed. Flow cytometry was

used to determine the percentage of GFP-positive cells. Uninfected cells served as negative controls, while cells infected by EBV

without antibodies were used as positive controls. The percentage of neutralization was defined as [1 - (infection rate of cells in anti-

body-addedwell/infection rate of the positive control)]3 100%. Data were analyzed and calculated using non-linear regression anal-

ysis to determine the IC50 value.

Virus-free fusion inhibition assay
Effector cells (293T cells) were transfected with pCAGGS-gB, pCAGGS-gH, pCAGGS-gL, pCAGGS-gp42, and pT7EMCLuc (2 mg for

each plasmid). 24 h later, effector cells (2 3 105 cells/test) were incubated with 2.5 mg of the respective antibodies (AMMO1, 1D8,

2B7, 2C1, or IgG control) per test at 37�C for 30 min. Then, the effector cells were mixed with either target epithelial cells (293T,

HEK293, or HEK293-HLAII cells) or target Daudi B cells (2 3 105 cells/test). Target epithelial cells were transfected with a plasmid

encoding T7 polymerase (pCAG-T7). For transfection of Daudi B cells, mRNA encoding T7 polymerase was synthesized in vitro

and introduced into Daudi B cells via electroporation, following previously described protocols.76 Briefly, Daudi cells (7.5 3 106)

were electroporated 50 mg of mRNA (encoding T7 polymerase) in 250 mL of RPMI1640.

Electroporation was conducted in 4-mm cuvettes at 190 V and a capacitance of 975 mF, utilizing a Bio-Rad electroporation appa-

ratus. The mixed cells were cultured in a 12-well plate for an additional 24 h. After this incubation, the culture medium was aspirated,

and the cell luciferase activity was determined, which can be detected only if cell-cell fusion has occurred. Specifically, the luciferase

activity was measured using the Dual-Glo luciferase assay system (Promega) according to the manufacturer’s instructions and de-

tected with a Bio-Tek microplate reader. The relative fusion activity was calculated as the ratio of luciferase activity in cells incubated

with mAbs to that with the IgG control.

Generation of IVT mRNA
To generate IVT mRNA, the pUC57-T7-T7 polymerase-poly(A) plasmid containing the T7 promoter, 50-UTR, open reading frame

(ORF) encoding T7 polymerase, 30-UTR, and a 120-polyA tail was linearized using BsmBI-v2 restriction enzyme (NEB, R0739L)

and served as template, as previously described.77 Briefly, The T7 High Yield RNA Transcription kit (Novoprotein, E131) was used

for the synthesis of uncapped mRNA transcripts. Subsequently, the cap structure was added using Vaccinia Capping Enzyme

(Novoprotein, GMP-M062) and mRNA Cap 20-O-Methyltransferase (Novoprotein, GMP-M072) in a single step. mRNA was purified

with LiCl, eluted in RNase-free water, and stored at �80�C until use.

Animal experiments
To generate humanized mice, human CD34+ cells, extracted from umbilical cord blood with a purity exceeding 90% (provided by

Beijing Novay biotech), were intravenously injected into the tail 48 h post a single intraperitoneal Busulfan injection at a dosage of

20 mg per kilogram of body weight. Evaluation of human CD45+ cell presence in peripheral blood, using flow cytometry, was con-

ducted at both 4- and 8-week intervals following engraftment. Mice were administered 200 mg of monoclonal antibodies (2B7 or 2C1)

or 200 mL of PBS intraperitoneally on days�1, 2, 7, 14, and 21. The challenge involved an intravenous tail injection of CNE2-EBV (3 x

106 Green Raji Units) on day 0. Peripheral blood was collected once a week for four weeks following the EBV challenge. Mice were

euthanized with either a weight loss greater than 30%, inability to take food or water, or at week 6.

H&E, IHC staining, and in situ hybridization
Tissue samples underwent fixation in 10% formalin, followed by embedding in paraffin and sectioning onto slides. Consecutive slides

were used for staining with H&E, hCD3 (anti-hCD3 antibody, VENTANA Cat#790–4341), hCD20 (anti-hCD20 antibody, VENTANA

Cat#760–2531), and EBERs. hCD20 and hCD3 antibodies were used at a 1:200 dilution. To detect EBV-encoded RNAs (EBERs),

in situ hybridization was carried out with an EBER probe (EBER detection kit, ZSGB-BIO, Cat#ISH-7001–100), following the instruc-

tions provided by the manufacturer.

Quantitative real-time PCR (qPCR)
For assessing EBV DNA copy numbers, EBV DNA was extracted from mouse peripheral blood utilizing a Blood DNA Extraction Kit

(TIANGEN, China, Cat #DP304-03). Quantification of EBVDNA copy numbers followed established protocols.13 In brief, the EBVDNA

copy numbers were assessed using Roche Light Cycler 480with TaqMan BamHI probes (sense: 50-CCCAACACTCCACCACACC-30;
antisense: 50-TCTTAGGAGCTGTCCGAGGG-30). A standard EBV genome (BDS biotech Cat#BDS-BW-087) served as a control for

accurate copy number quantification.

To assess the expression of the human leukocyte antigen (HLA)-II, cellular RNA was extracted utilizing TRIzol Reagent (Thermo

Fisher Scientific) according to themanufacturer’s guidelines. The concentration and purity of the extracted RNAwere assessed using

a spectrophotometer (NanoDrop, Thermo Fisher Scientific). Subsequently, complementary DNA (cDNA) was generated from the ex-

tracted RNA utilizing a reverse transcription kit (Promega GoScript Reverse Transcription System) following the manufacturer’s
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instruction. QPCR was performed using the SYBR-Green PCR kit (ChamQ Universal SYBR qPCR Master Mix, Vazyme Biotech Co.,

Ltd., Nanjing, China), and signal detection was carried out using the Roche LightCycler 480 II instrument. The primers used for the

HLA-II genes are listed in Table S2.

Negative-stain electron microscopy
For negative-stain electron microscopy imaging of gH/gL/gp42-Fab, the protein samples were diluted to approximately 0.02 mg/mL

in PBS buffer. Formvar and carbon-coated 300 mesh copper grids (Electron Microscopy China) were used, and they were glow dis-

charged immediately before use. 5 mL of the sample was applied onto the grid and left for 1 min, after which it was blotted away with

Whatman No. 1 filter paper. Subsequently, the grids were stained with 10 mL of 0.75% (w/v) uranyl acetate for 30 s, then blotting away

the excess stain solution. Grids were checked on the FEI Talos L120C G2 transmission electron microscope, and images were ac-

quired with a Gatan Ceta 16M 4 K 3 4 K CMOS camera.

Cryo-EM sample preparation and data collection
Purified samples were checked by negative staining using the Talos L120C G2 (Thermo Fisher Scientific) at 120 kV. To image

ghglgp42 -Fab by cryo-EM, 4 mL of 0.5 mg/mL sample was loaded onto a freshly glow-discharged (60 s at 15 mA). Plunge freezing

was performed on Quantifoil Cu R1.2/1.3 300 mesh grids using a Vitrobot Mark IV system (ThermoFisher Scientific Inc.) with 0-blot

force, 7 s blot time, 100% humidity, and 8�C. A 300 kV Titan Krios microscope (Thermo Fisher Scientific Inc.) equipped with a

BioContinuum Imaging Filter (Gatan Inc) was used to collect the cryo-EM data. Images were captured on a K3 Summit direct detec-

tion camera (Gatan Inc) using EPU software and GIF Quantum energy filter for the automated acquisition of images. The images were

captured at a nominal magnification of 105,0003 in super-resolution mode, resulting in a calibrated pixel size of 0.855 Å. Each expo-

sure was dose-fractionated into 32 frames to reach a total dose of 50 e�/Å2. Themicrographs had a final defocus range ranging from

�2.0 to �1.0 mm.

Cryo-EM data processing
All image processing was done in cryoSPARC (v3.3.2).66 Raw movie frames were subjected to dose-weighting and correction for

beam-induced drift using the Patch motion correction (multi) integrated into the cryoSPARC software. The parameters for the

contrast transfer function (CTF) were estimated using CTFFIND4.78 Particles were first picked using blob picker. Particle images

were obtained using a box size of 384 pixels for two-dimensional classification. From these, we selected high-quality 2D class av-

erages that served as templates for training in Topaz.79 These class averages represented projections from different orientations.

Then, we used Topaz extract to pick particles and subjected them to another round of 2D classification. After ab initio model building

and homogeneous refinement, heterogeneous refinement was carried out. Particles from the specific class were employed to pro-

duce the final map through nonuniform (NU) refinement with a global resolution of 3.3 Å. Local refinement focusing on the interface

with themask could reconstitute the structure at a 3.4 Å resolution. A local resolution estimate was conducted using cryoSPARC, and

the reported resolutions were evaluated based on the gold-standard Fourier Shell Correlation (FSC) criterion of 0.143.

Model building, refinement, and validation
The structure of the gH/gL/gp42 (PDB: 5T1D) in complex with a fab (predicted by Alpha Fold270) was docked into the cryo-EMdensity

maps using CHIMERA.65 Subsequently, these models underwent manual adjustments for local fitting in COOT.67 The refinement of

the models against the corresponding maps in real space was carried out using PHENIX,68 with the application of secondary struc-

tural restraints and Ramachandran restraints. The quality of each model’s stereochemistry was evaluated using MolProbity.69 Struc-

tural visualizations were generated utilizing PyMOL,71 Chimera, or ChimeraX.64,65 Table S1 and Figure S4 showed detailed statistics

on model refinement and validation.

QUANTIFICATION AND STATISTICAL ANALYSIS

The sample size (n) varied for different assays and is specified in figure legends. Mean values ±standard error of the mean (SEM) was

presented. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was utilized in the comparison

among more than two groups. two-way ANOVA followed by Dunnett’s multiple comparisons test was employed for analyzing

EBV copy number and weight change in humanized mice. The log rank (Mantel-Cox) test was used to evaluate survival curves.

Detailed descriptions of statistical methods for each experiment are provided in figure legends. Significance was indicated as

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and non-significant (ns) when p > 0.05. Data analysis and p-value calculations

were performed using GraphPad Prism software (8.0).

ADDITIONAL RESOURCES

No additional resources.
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