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ABSTRACT Epstein-Barr virus (EBV) is an oncogenic herpesvirus that is associated with
200,000 new cases of cancer and 140,000 deaths annually. To date, there are no avail-
able vaccines or therapeutics for clinical usage. Recently, the viral heterodimer glycopro-
tein gH/gL has become a promising target for the development of prophylactic vaccines
against EBV. Here, we developed the anti-gH antibody 6H2 and its chimeric version
C6H2, which had full neutralizing activity in epithelial cells and partial neutralizing activ-
ity in B cells. C6H2 exhibited potent protection against lethal EBV challenge in a human-
ized mouse model. The cryo-electron microscopy (cryo-EM) structure further revealed
that 6H2 recognized a previously unidentified epitope on gH/gL D-IV that is critical for
viral attachment and subsequent membrane fusion with epithelial cells. Our results sug-
gest that C6H2 is a promising candidate in the prevention of EBV-induced lymphoproli-
ferative diseases (LPDs) and may inform the design of an EBV vaccine.

IMPORTANCE Epstein-Barr virus (EBV) is a ubiquitous gammaherpesvirus that establishes
lifelong persistence and is related to multiple diseases, including cancers. Neutralizing
antibodies (NAbs) have proven to be highly effective in preventing EBV infection and
subsequent diseases. Here, we developed an anti-EBV-gH NAb, 6H2, which blocked EBV
infection in vitro and in vivo. This 6H2 neutralizing epitope should be helpful to under-
stand EBV infection mechanisms and guide the development of vaccines and therapeu-
tics against EBV infection.

KEYWORDS Epstein-Barr virus, glycoprotein H, neutralizing antibody, humanized
mouse model, cryo-electron microscopy

Epstein-Barr virus (EBV) is a prototypical member of human gammaherpesvirus (1, 2),
which establishes lifelong latency in more than 90% of the world’s population and

threatens global health as an oncogenic virus (3, 4). EBV is a causative agent of infec-
tious mononucleosis (IM) and multiple malignancies, including Hodgkin’s lymphoma,
diffuse large B-cell lymphoma, Burkitt’s lymphoma, T/NK cell lymphoma, nasopharyn-
geal carcinoma, and 10% of gastric carcinomas that are EBV positive (5–7). In addition,
EBV is associated with lymphoproliferative diseases (LPDs) in immunodeficient individ-
uals, including AIDS patients and organ transplant recipients (5). Prophylactic vaccines
against human oncogenic pathogens such as hepatitis B virus (HBV) and human papil-
lomavirus (HPV) have proven to be efficient in reducing tumorigenesis, indicating that
vaccine strategies would be viable for cancer prevention (8). However, no prophylactic
or therapeutic vaccine has been approved against EBV infection or EBV-associated dis-
eases to date (9).

Editor Lori Frappier, University of Toronto

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Xiao Zhang,
zhangxiao1@sysucc.org.cn, Miao Xu,
xumiao@sysucc.org.cn, or Yixin Chen,
yxchen2008@xmu.edu.cn.

The authors declare no conflict of interest.

Received 14 January 2022
Accepted 3 March 2022
Published 29 March 2022

April 2022 Volume 96 Issue 8 10.1128/jvi.00075-22 1

VACCINES AND ANTIVIRAL AGENTS

https://orcid.org/0000-0002-3374-1038
https://orcid.org/0000-0003-3509-5591
https://orcid.org/0000-0002-9591-634X
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jvi.00075-22
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.00075-22&domain=pdf&date_stamp=2022-3-29


The close association of EBV with lymphomas and epithelial carcinomas suggests
that EBV infection is a crucial event in these two types of cancers (10–12). B cells are
the major reservoir for EBV, and EBV exhibits high tumorigenic potential, with the abil-
ity to transform human B cells into growing lymphoblastoid cell lines (LCLs) (13–15).
Epithelial cell infection of EBV is essential for viral genome replication and production
of infectious viral particles for transmission through saliva (16). During its life cycle, EBV
shuttles between B cells and epithelial cells, which facilitates its persistence and trans-
mission in infected hosts. Hence, EBV-related work has focused on these two major tar-
get cells. EBV infects B cells and epithelial cells through different mechanisms involving
the participation of various envelope glycoproteins (1, 9, 17). At least five envelope gly-
coproteins, gp350, gp42, gH, gL, and gB, have been reported to participate in B-cell
infection, while EBV entry into epithelial cells involves BMRF2, gH, gL, and gB (18). gH/
gL and gB fusogen comprise the core fusion machinery for membrane fusion and virus
entry (19). The gH/gL or gH/gL/gp42 entry complex is an essential component to trig-
ger fusogen gB-mediated membrane fusion (20). Heterodimer gH/gL, which consists of
soluble gL and transmembrane gH, is important for the infection of both B cells and
epithelial cells. When infecting B cells, gp42 is required to form a stable gH/gL/gp42
complex to engage human leukocyte antigen (HLA) class II (21, 22). gH/gL directly
binds to receptors such as Ephrin type-A receptor 2 (EphA2) and integrins avb5, avb6,
and/or avb8 during entry into epithelial cells (23–26).

The crystal structure of the ectodomain of EBV gH in complex with gL (gH/gL) has
been resolved and exhibits an elongated rod-like conformation, while HSV-2 and vesic-
ular stomatitis virus (VSV) gH/gL adopt a boot-like shape (27–29). gH/gL comprises
four major domains (D-I to D-IV), and D-I is associated with soluble gL (amino acids [aa]
24 to 131) and the N terminus (aa 20 to 65) of gH, while the remaining region of gH
comprises D-II to D-IV (D-II, aa 66 to 344; D-III, aa 345 to 529; D-IV, aa 530 to 672) (27).
Multiple regions of gH/gL are important for EBV entry. D-I is responsible for binding to
the recently discovered epithelial cell receptor of EphA2, regulating gB activation and
potentially defining a gB binding site (25, 26, 30, 31). A KGD (lysine-glycine-aspartic
acid) motif in D-II was implicated in binding to integrins (28). The gp42 N-terminal
binding site crosses through gH/gL D-II to D-IV (32, 33). Structural and mutagenicity
analysis demonstrated that D-I, the D-I/D-II interface, and D-IV participate in the mem-
brane fusion process (32, 34–38). Overall, different gH/gL domains display variable and
indispensable functions, which makes gH/gL a promising target for the design of vac-
cines and therapeutics.

Recently, antibodies against gH/gL in human plasma were found to be indispensa-
ble to block EBV infection of both B cells and epithelial cells, indicating that gH/gL is a
principal target of the humoral immune response (39). Furthermore, gH/gL-based
immunogens elicited high levels of neutralizing antibodies (NAbs) in multiple animal
models, including mice, rabbits, and nonhuman primates (39–41). NAbs have become
an increasingly important tool for investigating viral infection mechanisms, and a series
of anti-EBV gH/gL NAbs have been generated and characterized. Most of the anti-gH/
gL NAbs, such as E1D1, CL40, and CL59, are of murine origin and efficiently block epi-
thelial cell infection but not B-cell infection (23, 42–44). Two human NAbs, AMMO1
and 769B10, were proven to effectively neutralize EBV infection in both cell types (39,
45). AMMO1 defines a binding site at the D-I/D-II interface (45). Structural studies dem-
onstrated that E1D1 binds exclusively to gL (32). CL40 binds to the region at the D-II/
D-III interface, which would compete with AMMO1 and 769B10 (39, 46). Among the
NAbs mentioned above, only CL59 recognized gH/gL D-IV, and mutations within gH/
gL D-IV affected fusion function (38, 46). Epitope determination of these NAbs together
revealed that multiple regions of gH/gL are critical for EBV infection.

Here, we obtained and characterized an EBV gH/gL-specific murine NAb 6H2 target-
ing gH/gL D-IV, which could block EBV infection of epithelial cells and partially prevent
B-cell infection. The chimeric form of 6H2, C6H2, showed potent protection against
EBV-induced LPD and reduced viral load in peripheral blood in a humanized mouse
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model. Cryo-electron microscopy (cryo-EM) revealed that 6H2 recognized a novel epi-
tope referring to three loops on D-IV of gH/gL. 6H2 prevented gH/gL or gH/gL/gp42
complex binding to the cell surface and significantly inhibited subsequent membrane
fusion with epithelial cell. Our study highlights the importance of D-IV as an alternative
site for the rational design of gH/gL-based therapeutics and subunit vaccines.

RESULTS
Characterization of EBV gH/gL-specific NAb 6H2. Recombinant EBV gH/gL derived

from 293F cells was used for mouse immunization and subsequent NAb screening.
One MAb, 6H2, that can neutralize EBV infection of epithelial cells and partially neutral-
ize B-cell infection was obtained. We then evaluated the binding ability of 6H2 by both
enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance (SPR)
assay. To further evaluate the potential clinical application of 6H2, we also constructed
a chimeric 6H2 (C6H2), which contained a human IgG1 Fc. Both 6H2 and C6H2 effec-
tively bound to purified gH/gL protein with half-maximal effective concentrations
(EC50) of 22.68 ng/mL and 26.61 ng/mL, respectively, which were comparable to that of
AMMO1 (25.46 ng/mL) (Fig. 1A). For SPR analysis, 6H2 followed fast-on (association
rate constant [Kon] of 2.51 � 105 M-1s-1) and slow-off (dissociation rate constant [Koff] of
7.02 � 1024 s21) binding kinetics, resulting in an equilibrium dissociation constant (KD)
of 2.80 nM (Fig. 1B), which was ;5-fold lower than that of AMMO1 (0.55 nM) (Fig. 1C).

FIG 1 Binding and neutralizing efficacies of neutralizing antibody (NAb) 6H2. (A) The binding abilities of 6H2, C6H2 (chimeric version of 6H2), and AMMO1
to purified gH/gL protein were determined by indirect enzyme-limited immunosorbent assay (ELISA), and the half-maximal effective concentration (EC50)
values are shown. (B, C, and D) The binding affinity of (B) 6H2, (C) AMMO1, and (D) C6H2 to gH/gL was measured by surface plasmon resonance. (E to H)
6H2, C6H2, AMMO1, and isotype antibody controls (72A1 and AMMO5) were used to test their binding abilities to cell surface-expressed gH/gL in
transfected 293T cells (E and F) and EBV-positive CNE2 cells (G and H) using flow cytometry. (I) Detection of the antibody binding abilities with gH/gL-
expressed Cos7 cells using immunofluorescence. (J and K) Serial dilutions of the indicated antibodies were evaluated for their abilities to neutralize EBV
infection in HNE1 cells (E) and Akata cells (F). 6H2, C6H2, AMMO1, and 10C3 (negative control) are shown as red, light red, blue, and black lines,
respectively. Data are presented as the mean 6 standard error of the mean (SEM).
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C6H2 showed a similar affinity of KD (3.66 nM) with that of murine 6H2 (2.80 nM) (Fig.
1D).

Next, we assessed whether 6H2 can recognize native gH/gL. 293T cells were
cotransfected with plasmids encoding the full-length gH and gL. The cells were then
incubated with 6H2, C6H2, and AMMO1. 72A1 (47) and AMMO5 (45) were used as neg-
ative controls. Flow cytometric analysis demonstrated that 6H2, C6H2, and AMMO1
could bind to the heterodimeric gH/gL complex expressed on the cell surface (Fig. 1E
and F). We also used EBV-positive CNE2 cells to test the binding properties of 6H2,
C6H2, and AMMO1. We found that three antibodies could specifically bind to the virus-
encoded native form of gH/gL embedded on the surface of the tested cells (Fig. 1G
and H). The binding activities of 6H2 were further confirmed by immunofluorescence
(IF) assay (Fig. 1I). Heterodimer gH/gL is a trigger factor for gB activation and promotes
gB-induced membrane fusion. (19, 48). We next evaluated the abilities of 6H2 and
C6H2 to neutralize EBV infection in both epithelial and B cells. In the HNE1 cell-based
neutralization assay, 6H2 and C6H2 showed potent neutralizing activity with half-maxi-
mal inhibitory concentration (IC50) values of 0.10 mg/mL and 0.12 mg/mL, comparable
to that of AMMO1 (0.08 mg/mL) (Fig. 1J). The neutralizing efficacy of 6H2 against B-cell
infection was less potent than that in epithelial cells. Even though it was unable to
completely block B-cell infection, 6H2 was able to greatly reduce it (Fig. 1K). AMMO1
showed complete neutralizing ability in B-cell infection, with an IC50 value of 0.18 mg/
mL (Fig. 1K). We identified that NAb 6H2 could prevent EBV infection of epithelial cells
and greatly reduce EBV infection of B cells, indicating that multiple mechanisms are
involved in the neutralization of EBV infection by 6H2 in different cell types.

6H2 conferred protection against lethal EBV challenge in humanized mice.
Several antibodies have been reported previously to prevent EBV-driven tumor forma-
tion in humanized mice (49, 50). To examine whether 6H2 can protect mice against
EBV-related disease, we carried out a similar in vivo assessment in a humanized mouse
model susceptible to EBV infection (51–54). NOD-Prkdcnull IL2Rgnull (NPI) mice were cho-
sen and inoculated with CD34-positive (CD341) hematopoietic stem cells from umbili-
cal cord blood. The humanized immune system was reconstructed after 8 weeks (Fig.
2A). Next, we assessed the protection of C6H2 in vivo. AMMO1 (49) and the anti-Ebola
antibody 2G4 (55, 56) were used as positive and negative controls, respectively. Animal
physical condition was monitored by documenting body weight. All animals were eu-
thanized 6 weeks after EBV challenge. EBV DNA copies in peripheral blood became de-
tectable on week 3 post EBV challenge. C6H2-treated and AMMO1-treated mice
remained aviremic, with viral DNA copy numbers under 10 copies/mL (Fig. 2B),
although antibody was likely still present in the blood in C6H2-treated animals at the
time the blood was drawn. Mice in the 2G4 and phosphate-buffered saline (PBS)
groups showed viremia in which EBV duplicated rapidly, and the DNA copy numbers
were approximately 100-fold higher than those of the C6H2 and AMMO1 groups at
week 5 postchallenge (Fig. 2B).

During the animal trials, peripheral blood mononuclear cells (PBMCs) were isolated
and analyzed each week. hCD201 B cells in mice from the 2G4 and PBS groups had a
significant decrease that was concurrent with a marked increase in the frequency of
hCD31 T cells compared to that of the C6H2 and AMMO1 groups (Fig. 2C and D). This
was likely because human B cells from the 2G4 and PBS groups were infected by EBV,
and infected B cells were effectively recognized and removed by EBV-specific cytotoxic
T cells, which was consistent with previous reports (49, 54). C6H2 and AMMO1 success-
fully blocked in vivo EBV infection without a decline in B cells or an increase in T cells
(Fig. 2C and D).

Animals treated with 2G4 and PBS exhibited significant body weight loss from week
4 to week 6 that was concurrent with increasing levels of EBV DNA (Fig. 2B and E). In
contrast, the mouse body weights of the C6H2 and AMMO1 groups were relatively sta-
ble (Fig. 2E). By the end of the study, all of the mice treated with PBS and 2G4 were eu-
thanized due to substantial body weight loss, while all mice from the C6H2 and
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FIG 2 6H2 provides potent protection against EBV challenge in humanized mice. (A) Experimental timeline for CD341

hematopoietic stem cell (HSC) engraftment, antibody injection, virus challenge, and monitoring for various biological and clinical

(Continued on next page)
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AMMO1 groups survived the challenge (Fig. 2F). Furthermore, spleens from different
groups were collected and photographed after euthanasia. The spleens from C6H2-
treated and AMMO1-treated mice were normal and of equal size (Fig. 2G). Animals
from the 2G4 and PBS groups showed extreme splenomegaly with overt and pale tu-
mor formation on the spleen surface, which should be a sign of lymphoproliferative
disorder (Fig. 2G). We further performed histopathology analysis on paraffin sections of
spleens using hematoxylin and eosin (H&E) staining and in situ hybridization for
Epstein-Barr virus-encoded RNAs (EBERs). The spleens of mice treated with 2G4 and
PBS presented with typical lymphoproliferative disease (LPD) due to EBV infection,
which consisted of large and atypical lymphoid cells that were positive for EBER stain-
ing (Fig. 2G). In contrast, C6H2 and AMMO1 protected mice from LPD without obvious
EBER staining (Fig. 2G).

Structural insight into the interaction of NAb 6H2 and gH. To characterize the
structural basis for the interaction between NAb 6H2 and gH/gL, we determined the
structure of the 6H2 Fab in complex with gH/gL/gp42 using single particle cryo-EM
and obtained a three-dimensional (3D) structure of the complex at an overall resolu-
tion of ;6.9 Å (Fig. 3A to C). In the moderate resolution density map of the complex,
most of the a-helixes and b-strands were separated, and several bulky side chains
could be visualized (Fig. 3D and E). The previously reported crystal structures of EBV
gH/gL/gp42 (PDB no. 5T1D) could be well fitted to our density map with distinguish-
able D-I to D-IV of the gH/gL and gp42 subunits (Fig. 3E). The 6H2 Fab bound mainly
to the D-IV of gH/gL, without extra interaction with gL or gp42 (Fig. 3E).

To further inspect the 6H2 binding interface with gH, we also built a homology
model of 6H2 Fab using Discovery Studio 2.0. The Fab density in contact with the D-IV
of gH/gL was well resolved and allowed us to fit the 6H2 Fab model into a density map
(Fig. 3F). All six complementarity-determining region (CDR) loops fit into the density
unambiguously and therefore revealed a solid piece of density connection between
6H2 Fab and gH/gL. The 6H2 Fab interacted with gH mainly by the contact of its
HCDR3 to the gH 570 loop and that of LCDR2 and LCDR3 to the gH 620 and 650 loops.
We then fitted the complex structures of AMMO1, E1D1, and CL40 in our density map
to compare the binding sites of these NAbs (Fig. 3G). D-IV was excluded from the bind-
ing sites of AMMO1, E1D1, and CL40, and the location of 6H2 on gH/gL represented a
novel binding mode without any overlap with other reported NAbs. Taken together,
our structural analysis combining the cryo-EM map and homology model information
revealed a unique neutralizing epitope located on D-IV of gH/gL.

Residues involved in 6H2 binding are critical for correct folding and fusion
function of gH/gL. To further identify the key residues located on the 6H2-gH/gL inter-
face, we chose a series of residues based on structural analysis for single alanine substi-
tution. We found that 6H2 Fab interacted with three loops (the 570, 620, and 650
loops) on gH D-IV. Hence, we selected the amino acids on these three loops for further
alanine-scanning mutagenesis (T570/T571/Y572/L573/S574 of the 570 loop, E624/
K625/E626/G627 of the 620 loop, and D652/N653/L654/H655/V656 of the 650 loop).
The adjacent amino acids, including D489, K490, and S493, were included as well. The
soluble mutant gH/gL proteins were constructed, recombinantly expressed, and puri-
fied. The binding ability of 6H2 to mutants was assessed by indirect ELISA. Soluble gH/

FIG 2 Legend (Continued)
features. Humanized mice received 20 mg/kg C6H2, AMMO1 positive control, 2G4 negative control, or an equal volume of
phosphate-buffered saline (PBS) (infected control) via intraperitoneal (i.p.) injection 24 h prior to intravenous (i.v.) challenge with
Akata-EBV. After virus challenge, antibodies or PBS were reinjected weekly 4 additional times. Schematic diagram of mouse was
created with BioRender.com. (B) Viral DNA copies in the peripheral blood of infected mice were evaluated by real-time PCR (RT-
PCR). The dashed line indicated the limit of detection (10 copies/mL). (C and D) Blood samples from antibody-treated or PBS-
treated humanized mice were collected, and peripheral blood mononuclear cells (PBMCs) were isolated weekly. The frequencies of
hCD451 hCD201 cells (C) and hCD451 hCD31 cells (D) in PBMCs were analyzed by flow cytometry. (E) Body weights of infected
mice were monitored weekly. (F) The survival curves of mice treated with C6H2, AMMO1, 2G4, or PBS. (G) Pathological analyses of
EBV-infected mice. Photograph of spleens and photomicrographs of hematoxylin and eosin (H&E) and EBV-encoded small RNA
(EBER) in situ hybridization of spleen sections from infected mice treated with C6H2, AMMO1, 2G4, and PBS. All data are presented
as the mean 6 SEM. *, P , 0.05; **, P , 0.01; ***, P , 0.001, ****; P , 0.0001; ns, not significant.
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FIG 3 6H2 targets a novel epitope on gH/gL D-IV. (A) Motion-corrected micrograph of frozen-hydrated gH/gL/gp42/6H2
complex; bar, 50 nm. (B) Representative two-dimensional (2D) class averages of gH/gL/gp42/6H2. (C) The gold-standard

(Continued on next page)
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gL mutants showed similar expression efficiency to that of wild-type (WT) recombinant
gH/gL but resulted in different impacts on 6H2 binding (Fig. 4A). Among all 17 resi-
dues, most of the mutants retained their binding with 6H2, while four mutated resi-
dues (L573A, K625A, G627A, and H655A) significantly decreased the 6H2 binding

FIG 3 Legend (Continued)
Fourier shell correlation (FSC) curve of the 3D reconstruction of gH/gL/gp42/6H2. (D) Cryo-electron microscopy (cryo-EM)
structure of gH/gL/gp42/6H2. gL is colored in cyan. gH is colored blue in D-I, orange in D-II, green in D-III, and yellow in
D-IV. gp42 is colored in pink. 6H2 is colored in red. (E) Ribbon diagram of the gH/gL/gp42/6H2 complex structure. gH/gL,
gp42 and 6H2 are colored as in panel D. (F) Close-up view of 6H2 CDR interfaces with gH. 6H2 contacts three loops on
gH/gL D-IV (570, 620, and 650 loops). (G) Structure comparison of the binding modes of gH/gL NAbs. E1D1 (PDB no.
5T1D), CL40 (PDB no. 5W0K), and AMMO1 (PDB no. 6C5V) are fitted in a density map of gH/gL/gp42/6H2 and shown in
ribbon style and colored yellow, cyan, and light blue, respectively.

FIG 4 Identification of key residues involved in the gH/gL-6H2 interaction and their roles in virus-
triggered cell fusion. (A) Binding activities of 6H2 to mutant gH/gL proteins were assessed by ELISA.
(B) Detection of surface expression of Flag-tagged gH cotransfected with wild-type gL (WT-gL) in
293T cells using anti-Flag antibody. (C and D) Expression amount of WT-gH or mutated gH
cotransfected with WT-gL in 293T cells. Surface expression amount of gH/gL evaluated by AMMO1 (C)
and 6H2 (D). (E) The influence of gH mutants on gH/gL-mediated cell-to-cell fusion. All values are
normalized as a percentage to WT gH/gL. All data are presented as the mean 6 SEM. *, P , 0.05; **,
P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, not significant.
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capacity (optical density [OD] value below 1.0 at 5mg/mL) (Fig. 4A). These four residues
were located on the 570, 620, and 650loops, which was consistent with the structural
analysis.

We chose these four residues for further evaluation to identify their roles in the
6H2-gH/gL interaction. We individually introduced the mutations into full-length gH
carrying a Flag tag in the N terminus and transfected mutated gH together with WT-gL
into 293T cells. As previously reported, AMMO1 binding is dependent on the coexpres-
sion of both gH and gL and recognizes a conformational epitope across D-I and D-II
and distant from D-IV (45). Then, we used AMMO1 to examine whether the mutated
gH/gL correctly folded on the cell surface. All four mutants retained the capacity to
traffic to cell surfaces as detected by anti-Flag antibody (Fig. 4B). The binding efficien-
cies of AMMO1 against L573A, K625A, and H665A mutants were lower for L573A (75%)
and H655A (40%) than for the WT (100%) and K625A (95%) (Fig. 4C). The G627A mu-
tant was undetectable on the cell surface for AMMO1 (Fig. 4C). Residues L573, K625,
and H655 disrupted 6H2 binding when mutated to alanine (Fig. 4D). Among the four
mutants, G627A was undetectable for 6H2 (Fig. 4D).

Subsequently, the functional effects of gH mutants were evaluated in a gB-gH/gL-
mediated epithelial cell-membrane fusion assay. 293T cells cotransfected with plasmids
encoding gB, gH (WT-gH or mutated gH), WT-gL, and T7 RNA polymerase were used as
effector cells. 293T cells transfected with plasmid expressing luciferase under the T7
promoter control were selected as target cells. The coincubation of effector cells and
target cells mimicked the process of membrane fusion between virus and epithelial
cells (57). In contrast to WT-gH (100%), gH mutants were markedly impaired for mem-
brane fusion (L573A, 21%; K625A, 37%; H655A, 31%), and no fusion activity was
observed for the gH mutant G627A, as expected (Fig. 4E). The evaluation of gH/gL
mutants identified that four residues (L573A, K625A, G627A, and H655A) largely con-
tribute to the 6H2 epitope. In addition, we illustrated that key residues recognized by
6H2 on gH/gL D-IV were critical for correct protein folding and membrane fusion with
epithelial cells.

6H2 effectively blocks gH-mediated viral attachment and subsequent membrane
fusion. During epithelial cell infection, gH/gL binds directly to receptors on the cell surface
and triggers gB-driven membrane fusion between the viral envelope and cell membrane
(19). We found that 6H2 was capable of reducing gH/gL binding to the surface of AGS epi-
thelial cells (Fig. 5A). AMMO1 binding to gH/gL also affected gH/gL binding to epithelial
cells, whereas the anti-gp350 MAb 72A1 had no such effect (Fig. 5A). For B-cell infection,
EBV entry into B cells is initiated with gp42 binding to HLA class II, and gB-mediated fusion
is then triggered through gH/gL/gp42 complex formation (58). We found that preincuba-
tion of 6H2 with the gH/gL/gp42 complex also significantly inhibited the binding of the lat-
ter to the Akata B-cell surface (Fig. 5B). In contrast, AMMO1 only slightly reduced the bind-
ing of the gH/gL/gp42 complex to B cells and failed to completely block this binding (Fig.
5B). We further evaluated whether 6H2 could inhibit gH/gL binding to the reported cell re-
ceptor EphA2, which has been proven to be essential for EBV infection (25, 26, 30).
However, we found that the interaction between EphA2 and gH/gL was not influenced by
preincubation with 6H2 and AMMO1, while soluble EphA2 inhibited the interaction (Fig.
5C), which was consistent with a previous study (45). To further examine whether 6H2
could inhibit EBV-initiated membrane fusion, a virus-free cell fusion assay was performed
as described above. Preincubation with 6H2 and AMMO1 significantly blocked membrane
fusion with epithelial cells by the addition of as little as 0.8 mg of antibody, whereas E1D1
only partially reduced membrane fusion even at the highest dose (100mg), and the control
antibody 72A1 failed to do so (Fig. 5D). Taken together, 6H2 was able to block membrane
fusion with epithelial cells by restricting gH/gL binding to the cell surface.

DISCUSSION

EBV entry into host cells is a complex process that requires the coordinated action
of multiple viral envelope glycoproteins (1, 18). Heterodimer gH/gL, an essential com-
ponent of the core fusion machinery, is indispensable for EBV infection of both
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epithelial cells and B cells (27). Previous studies have proven that antibodies against
gH/gL display potent neutralization effects and that gH/gL-based immunogens elicit a
robust humoral immune response against EBV infection (39–41). gH/gL is therefore
becoming an attractive target for the development of therapeutic drugs and promising
prophylactic vaccine candidates. In this study, we isolated one anti-gH antibody, 6H2,
that showed neutralizing ability in vitro and displayed potent protective activity
against EBV-induced LPD in vivo. The cryo-EM structure of 6H2 complexed with gH/gL/
gp42 mapped a new epitope at D-IV of gH/gL.

Recently, the in vivo protective effect of EBV NAbs was evaluated in humanized
mouse models (49, 50). Accordingly, we carried out a similar study to evaluate the
potential clinical use of 6H2. We found that C6H2 provided efficient and comparable
protection with AMMO1 by preventing viremia and EBV-induced LPD (Fig. 2B and G).
The antibody levels in the plasma are important for controlling EBV replication. In our
study, the last dose of antibody was given at the 4th week and the last detection for vi-
remia was at the 5th week post EBV challenge. Even though the peripheral EBV DNA
copy numbers of C6H2 and AMMO1 were still within the threshold at the 5th week,
both of them exhibited weak growth trends. Due to the short time (1 week) between
the last dose of antibody and when the last blood was obtained, it is not known
whether viremia, weight loss, or LPD would have occurred when antibody was no lon-
ger present in the blood. Considering that C6H2 is a chimeric antibody containing a
murine component in variable regions, C6H2 may induce a potentially undiscovered
human anti-mouse antibody (HAMA) response and prevent C6H2 from working more
effectively. Hence, construction of highly humanized 6H2 and further antibody affinity
maturation are required for future clinical evaluation. In addition, antibody cocktails

FIG 5 6H2 interferes with gH/gL-mediated cell attachment and subsequent cell fusion. (A and B)
Inhibition of gH/gL or gH/gL/gp42 binding to cell surfaces by MAbs. (A) Epithelial cells (AGS cells)
were stained with phycoerythrin (PE)-conjugated gH/gL complex with or without MAbs. (B) B cells
(Akata cells) were stained with PE-conjugated gH/gL/gp42 complex with or without MAbs. (C) Surface
plasmon resonance was used to detect the influence of EphA2 binding efficiency to gH/gL when
premixed with 6H2, AMMO1, and EphA2. (D) 6H2, AMMO1, E1D1, and the negative control 72A1
were evaluated in a virus-free fusion assay. All data are presented as the mean 6 SEM. *, P , 0.05;
**, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, not significant.
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have proven to be a promising approach for preventing viral infection and treating dis-
ease (59–61). 6H2 and AMMO1 could simultaneously bind to nonoverlapping epitopes
and exert their functions through different mechanisms. An antibody cocktail combin-
ing 6H2 and AMMO1 would be an ideal antibody-based therapy and prophylactic for
EBV infection.

Several anti-gH/gL NAbs have been characterized and define multiple regions on
gH/gL with different neutralizing mechanisms. NAb E1D1 overlaps with the binding
site of the identified epithelial cell receptor EphA2 and possibly neutralizes epithelial
cell infection by directly blocking gH/gL binding to EphA2 (Fig. 6A) (30, 32). The
remaining anti-gH/gL NAbs do not bind close to known receptor-binding sites of gH/
gL, for which the neutralizing mechanisms are not explained clearly (45, 46). 6H2 dis-
played potent neutralizing ability against epithelial cell infection and efficiently
blocked cell surface binding and membrane fusion with epithelial cells (Fig. 1J and Fig.
5A and D). Our structural study revealed that the 6H2 epitope was distant from the
known receptor-binding site (aVb5, aVb6, aVb8, and EphA2) of gH/gL (23–26) (Fig. 3
and Fig. 6A) and that 6H2 could not prevent the gH/gL-EphA2 interaction (Fig. 5C).
Considering the complexity of herpesvirus infection, 6H2 restricted gH/gL access to
the epithelial cell surface, possibly by physically obstructing gH/gL binding to potential
receptors or cofactors (Fig. 5A and 6A). Similarly to the anti-HCMV gH/gL MAb 3G16
(62), 6H2 bound to the virus membrane-proximal domain of gH and possibly restricted
the conformational change of gH/gL required for subsequent receptor binding or gB
binding and activation to trigger membrane fusion with epithelial cells (Fig. 6A and B).

FIG 6 Possible mechanisms of 6H2-mediated neutralization. (A) Surface mapping of the anti-HCMV gH/gL 3G16
epitope, anti-EBV gH/gL NAb epitopes, and EphA2 epitope. The structures were drawn using PyMOL. (B) For
epithelial cells, 6H2 could possibly restrict gH/gL binding to epithelial cell receptors by steric hindrance
through the Fab and Fc regions of the antibody. 6H2 may also restrict the movement of gH/gL required for
subsequent receptor binding or gB binding.
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We determined the structure of gH/gL/gp42/6H2 using cryo-EM and identified the
key residues involved in the contact interface by mutagenesis studies. 6H2 uncovered
a new epitope at D-IV (Fig. 3). Key residues recognized by 6H2 are directly involved in
membrane fusion with epithelial cells (Fig. 4E). Alanine mutation in G627 resulted in
undetectable cell surface gH/gL expression by 6H2 and AMMO1 (Fig. 4C and D), sug-
gesting that the mutation to G627 may greatly impair gH/gL folding. Similar to the
G627A mutant, insertion mutations into gH 564AL565 and 621SY622 abolished the cell sur-
face and total expression of gH/gL (38). L573, G627, and H655 are conserved in gam-
maherpesviruses, including rhesus lymphocryptovirus (rhLCV) and Kaposi’s sarcoma-
associated herpesvirus (KSHV), suggesting a conserved function of gH/gL D-IV.
Identification of functional residues on EBV gH/gL D-IV provides compelling evidence
that the virus membrane-proximal domain is important in gH/gL expression, hetero-
dimer formation, and membrane fusion.

Collectively, we isolated the anti-gH NAb 6H2, which can neutralize EBV infection of
epithelial cells and partially neutralize B cell infection. 6H2 recognizes a previously
undetected epitope located on D-IV and exerts neutralizing effects by restricting gH/
gL and gH/gL/gp42 complex binding to the cell surface and therefore prevents subse-
quent membrane fusion with epithelial cells. The chimeric form of 6H2 provides potent
protection against lethal EBV challenge in vivo. This study provides new insight into
rational therapeutics or vaccine design based on gH/gL.

MATERIALS ANDMETHODS
Plasmid construction. The coding sequences of the gH ectodomain (residues 19 to 678), gL (residues

24 to 137) and the gp42 ectodomain (residues 34 to 223) were obtained from the M81 strain (GenBank acces-
sion no. KF373730.1). The plasmid containing EphA2 (GenBank accession no. NP_004422.2) sequence was
provided by Mu-Sheng Zeng. The gL and the gH were connected by a (GGGGS)3 linker. gH/gL, gp42, and the
ectodomain of EphA2 (residues 28 to 530) fragments were cloned into pcDNA3.1(1) by homologous recom-
bination with an N-terminal CD5 signal peptide and a C-terminal 6�His tag. pCAGGS-Flag-gH was con-
structed by introducing a DYKDDDDK sequence between residues 22 and 23 of the EBV gH sequence (38).
The mutant gH/gL-His was constructed by introducing alanine mutations into pcDNA3.1-gH/gL-His using a
Mut Express fast mutagenesis kit (Vazyme) and confirmed by Sanger sequencing. pCAGGS-gH, pCAGGS-gL,
pCAGGS-gB, pCAG-T7, and pT7EMCLuc (which carries a luciferase-containing reporter plasmid under the con-
trol of the T7 promoter) were provided by Richard Longnecker. The mutant pCAGGS-gH was constructed by
introducing alanine mutations into pCAGGS-gH using a Mut Express fast mutagenesis kit (Vazyme) and con-
firmed by Sanger sequencing.

Recombinant expression. Plasmids encoding wild-type (WT) gH/gL-His, gH/gL-His mutants, gp42-
His, and recombinant antibodies were transiently transfected into 293F cells using polyetherimide (PEI)
at a mass ratio of 1:3 (plasmids:PEI). The culture was collected 7 days after transfection. The cells and cell
debris were removed by centrifugation at 10,000 rpm for 2 h, after which the supernatant was filtered
through a 0.22-mm filter. The WT gH/gL-His, mutant gH/gL-His, and gp42-His were further purified with
Ni21 Sepharose 6 Fast Flow resin (GE Healthcare). The target proteins were eluted by elution buffer (PBS
with 250 mM imidazole; pH 7.4). Purified proteins were then dialyzed in PBS overnight and further iden-
tified by SDS-PAGE. The antibody was purified by protein A affinity chromatography (GE Healthcare).
Purified antibodies were then dialyzed in PBS overnight and further identified by SDS-PAGE.

Antibody and Fab preparation. Eight-week-old female BALB/c mice were immunized subcutane-
ously three times at 2-week intervals. At 2 weeks after the final immunization, mice were boosted by
administering soluble recombinant proteins. Three days later, spleen cells were collected from immu-
nized mice and fused with mouse myeloma Sp2/0 cells. The hybridomas were sequentially screened for
the secretion of gH/gL-specific MAbs by ELISA and neutralization assays. The hybridomas were cloned
three times by limiting dilution and then purified from mouse ascites using protein A affinity chromatog-
raphy (GE Healthcare). Fab fragments were prepared using papain cleavage. Antibodies were mixed
with papain in reducing L-cysteine buffer and digested at 37°C for 12 h. The reaction was stopped by
adding iodoacetamide, and the product was analyzed by SDS-PAGE. Fab fragments were separated
from Fc fragments and undigested MAbs with protein A affinity chromatography (GE Healthcare).

Cell lines. All cell lines were cultured and routinely maintained at 37°C in humidified air containing
5% CO2. 293T cells (ATCC), AGS cells (ATCC), and Cos7 cells (ATCC) were maintained in Dulbecco’s modi-
fied Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). Akata cells and HNE1 cells (63)
were grown in RMPI 1640 plus 10% FBS. EBV-positive Akata cells (44) (used for producing Akata-EBV-free
fluorescent protein [GFP] virus) were grown in RMPI containing 5% FBS. EBV-positive CNE2 cells (64)
(used for producing CNE2-EBV-GFP virus) were maintained in DMEM plus 10% FBS. 293F cells (Thermo
Fisher) were maintained in FreeStyle medium (Union) with gentle shaking.

Sequence analysis and chimeric antibody construction. Total RNA from 107 hybridoma cells was
extracted using a MiniBest Universal RNA extraction kit (TaKaRa). The extracted RNA was then subjected to a
reverse transcription reaction with the following primers: 59-CCCAAGCTTCCAGGGRCCARKGGATARACIGRT
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GG-39 for reverse transcription of the heavy (H) chain variable region gene and 59-CCCAAGCTTAC
TGGATGGTGGGAAGATGGA-39 for reverse transcription of the light (L) chain variable region gene. The coding
regions of the H and L chains of the antibodies were amplified by PCR using the following primers: 59-
ACTAGTCGACATGGATTTTGGGCTGATTTTTTTTATTG-39 (H-chain-forward) and 59-CCCAAGCTTCCAGGGRC
CARKGGATARACIGRTGG-39 (H-chain-reverse); and 59-ACTAGTCGACATGAKGTHCYCIGCTCAGYTYCTIRG-39 (L-
chain-forward) and 59-CCCAAGCTTACTGGATGGTGGGAAGATGGA-39 (L-chain-reverse). The PCR products were
cloned into a pMD18-T vector and sent to Sangon Biotech Company (Shanghai, China) for sequencing. The
sequences of the antibody variable regions were confirmed using the VBASE2 database (http://www.vbase2
.org/), and the corresponding amino acid sequences were determined. To construct the chimeric version of
6H2 (C6H2), the coding sequences for the variable heavy (VH) chain and variable light (VL) were subsequently
cloned into the pTT5 vector containing the constant region of human IgG1 gamma heavy chain (HC) and
kappa light chain (LC). The recombinant antibodies were expressed in 293F cells through transient transfection
and purified from culture media by protein A affinity chromatography (GE Healthcare).

Enzyme-linked immunosorbent assay. Then, 100 ng/well gH/gL-His or gH/gL-His mutant was
added to microplates at 37°C for 2 h. The plates were washed once with PBS containing 0.1% vol/vol
Tween 20 (PBST) and blocked in PBS containing 2% wt/vol nonfat milk (blocking buffer) at 37°C for 2 h.
After blocking, plates were washed once with phosphate-buffered saline with Tween 20 (PBST). Serial 2-
fold dilutions of purified antibody were added to the wells and incubated at 37°C for 30 min. After five
washes, 100 mL of horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-human IgG buffer
was added to each well and incubated at 37°C for 30 min. After five washes, 100 mL of tetramethylbenzi-
dine (TMB) substrate was added and incubated at 37°C for 15 min. The reaction was stopped with a 2 M
H2SO4 solution, and the absorbance was measured at 450 nm. All samples were run in triplicate. EC50

was calculated using the Prism 8 package (GraphPad Software).
Surface plasmon resonance assays. Equilibrium dissociation constants (Kd values) for antibodies

were determined on a Biacore 8K system (GE Healthcare). The sensor chip NTA was used to capture gH/
gL-His. gH/gL-His was diluted with PBS to a final concentration of 5 mg/mL. Serially diluted Fab was
injected for 300 s at 30 mL/min, followed by dissociation for 600 s at 30 mL/min. The Series S sensor chip
CM-5 has a carboxylated dextran polymer matrix covalently coupled to a surface coating on a gold film.
EphA2 were attached via covalent coupling. The carboxyl groups on the dextran surface were activated
with 70 mL of a 1:1 (vol/vol) mixed solution of N-ethyl-N-(3-diethylarninopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) for 7 min. EphA2 was diluted with 10 mM sodium acetate (pH 5.0) to a final
concentration of 75 mg/mL for coupling. In each channel, flow cell 2 of the chip was coated with ligand,
whereas flow cell 1 was left uncoated and blocked with ethanolamine as a control. For the EphA2 block-
ing assay, 500 nM gH/gL and 500 nM gH/gL mixed with equal molar amounts of 6H2, AMMO1, and
EphA2-His were injected onto sensors for 60 s at 30 mL/min. The results were analyzed by Biacore
Insight Evaluation software.

Surface staining of heterodimer gH/gL by flow cytometry. 293T cells were cotransfected with full-
length gH and gL at a mass ratio of 1:1. Following 48 h of culture, the cells were trypsinized and pelleted
by centrifugation at 1,500 rpm for 5 min. Trypsinized cells were resuspended in ice-cold 2% fetal bovine
serum (FBS) and prepared at 106 cells per sample. The cells were stained with 6H2, C6H2, AMMO1, iso-
type control antibodies (72A1 and AMMO5), or anti-Flag antibody (Sigma-Aldrich) at 4°C for 30 min to
detect the surface expression of gH/gL, followed by goat anti-mouse IgG fluorescein isothiocyanate
(FITC; Sigma-Aldrich) or anti-human IgG Allophycocyanin (APC) (BD Biosciences) incubation at 4°C for
another 30 min. The number of fluorescently stained cells was analyzed by flow cytometry on an
LSRFortessa X-20 instrument (BD Biosciences). The data were collected and analyzed using FlowJo 10.0.7
software (Tree Star). CNE2-EBV-GFP cells were induced by 12-O-tetradecanoylphorbol 13-acetate (TPA)
and sodium butyrate and stained as described above. The number of stained cells was analyzed by flow
cytometry as described above.

Surface staining of heterodimer gH/gL by immunofluorescence. COS7 cells were seeded on glass
coverslips at a density of 3 � 105 cells per coverslip and transfected with 1 mg each of pCDH–full-length
gL and pCDH–full-length gH. At 48 h after transfection, the cells were washed twice with PBS and fixed
with 4% paraformaldehyde at room temperature for 10 min. Then, the cells were incubated in blocking
solution (1.5% bovine serum albumin [BSA] and 0.25% Triton X-100 in PBS) for 1 h at room temperature
and washed with PBS. Cells were incubated with primary antibodies against 6H2 (1:100), c6H2 (1:100),
AMMO1 (1:100), 72A1 (1:100), and AMMO5 (1:100) at 4°C overnight. After washing three times with PBS,
cells were incubated with secondary goat anti-rabbit IgG Alexa Fluor 647 (1:500; Invitrogen) or goat anti-
human IgG Alexa Fluor 647 (1:500; Invitrogen) for 1 h at room temperature. Cells were washed three
times with PBS and incubated with 49,6-diamidino-2-phenylindole (DAPI; 1:1,000) for 10 min at room
temperature. Cells incubated without primary antibody were used as a negative control. Images were
captured by LSM 980 confocal microscope.

EBV production. To produce epithelial tropic EBV virus, Akata-EBV-GFP cells were resuspended in
RPMI 1640 to a density of 2 � 106 cells/mL, and then goat anti-human IgG (Promega) was added to the
cell suspension at a concentration of 0.8% (vol/vol) to induce EBV production. After 6 h of induction, the
medium was changed to RPMI 1640 medium supplemented with 10% FBS. After 72 h, the supernatant
was clarified by centrifugation at 200 � g for 5 min and passed through a 0.45-mm filter. Viruses were
concentrated 100� by centrifugation at 50,000 � g for 2.5 h and resuspended in RPMI 1640. The viruses
were stored at 280°C. To produce B-cell tropic EBV virus, CNE2-EBV-GFP cells were induced by 12-O-tet-
radecanoylphorbol 13-acetate (TPA) (20 ng/mL) and sodium butyrate (2.5 mM) for 12 h, and the medium
was changed to RPMI 1640 with 3% FBS. The viruses were collected and stored as described above.
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B-cell infection neutralization assay. Twofold serially diluted antibodies (starting from 100 mg/mL)
were mixed with 100 mL CNE2-EBV-GFP and incubated at room temperature for 2 h. EBV-negative Akata
cells (1 � 104 cells/well) were resuspended in the mixture and incubated in a 1.5-mL Eppendorf tube at
37°C for 3 h, after which the cells were pelleted by centrifugation at 200 � g for 5 min and washed once
with PBS. The mixture was cultured in RPM1640 with 10% FBS in 96-well plates for 48 h and then col-
lected and washed once with PBS. The infection rate was determined by the numbers of GFP-positive
cells using a CytoFlex flow cytometer (Beckman Coulter) and analyzed using FlowJo 10.0.7 software
(Tree Star). Uninfected cells were used as negative controls, and Akata-negative cells incubated with EBV
in the absence of antibodies were used as positive controls. The neutralizing efficiency of antibodies
was calculated using the following equation: neutralization % = [(% of GFP-positive cells in infected con-
trol) – (% of GFP-positive cells in antibody-treated group)]/% GFP-positive cells in infected control.

Epithelial cell infection neutralization assay. Twofold serially diluted purified antibodies (starting
from 100 mg/mL) were mixed and incubated with 50 mL Akata-EBV-GFP at room temperature for 2 h.
The mixture was added to 5 � 103 HNE1 cells/well in 96-well plates and then incubated at 37°C for 3 h,
after which the wells were washed once with PBS and cultured in RPM 1640 with 10% FBS for 48 h. After
trypsinization with 0.25% trypsin-EDTA, the numbers of GFP-positive cells were analyzed by flow cytom-
etry, and the infection rate was determined. The percent neutralization of antibody was determined as
described in the B-cell neutralization assay.

EBV infection in humanized mice. Approximately 4- to 5-week-old NOD Cg-Prkdcem1IDMOIl2rgem2IDMO

(NOD-Prkdcnull IL2Rgnull, NPI) mice (Beijing Idmo Co., Ltd.) were chosen for human CD341 stem cell (HSC)
transfer through the intravenous (i.v.) route. At 8 weeks post HSC transfer, the efficiency of human cell
engraftment was evaluated by detecting the percentage of human CD451 cells in peripheral blood
using flow cytometry. Experimental or control antibodies (20 mg/kg) were intraperitoneally (i.p.) injected
in each humanized mouse. At 24 h later, the mice received a dose of Akata-EBV equivalent to 1,000 50% trans-
forming dose (TD50) via i.v. injection. The same dose (20 mg/kg) of antibody was administered weekly for
4 weeks. Peripheral blood samples were collected, and mouse body weight was monitored weekly. DNA was
extracted from whole blood samples using a tissue DNA kit (Omega), and then EBV copy number was quanti-
fied by real-time PCR (RT-PCR) using EBV BALF5 gene-specific primers (F: 59-GGTCACAATCTCCACGCTGA-39; R:
59-CAACGAGGCTGACCTGATCC-39). PBMCs isolated from peripheral blood were used to evaluate the immuno-
phenotypes of circulating lymphocytes by staining with anti-human CD45-phycoerythrin (PE) (BD Biosciences),
CD3-PerCP-Cy5.5 (BD Biosciences), and CD20-FITC (BD Biosciences).

Cryo-electron microscopy sample preparation and data collection. Complex of gH/gL/gp42 (molar
ratio of 1:1:1) was prepared and purified by TSK-Gel 3000PWXL (TOSOH) and then concentrated to 2 mg/
mL. Aliquots (3 mL) of purified immune complex were deposited onto fresh glow-discharged holey carbon
Quantifoil Cu grids (R1.2/1.3, 200 mesh; Quantifoil Micro Tools). Grids were blotted for 6 s at 100% humid-
ity and 8°C for plunge freezing (Vitrobot Mark IV; FEI) in liquid ethane cooled by liquid nitrogen. The data
set of gH/gL/gp42/6H2 was recorded on an FEI Titan Krios equipped with a K2 Summit (Gatan) direct elec-
tron detector at a nominal magnification of 21,000�, corresponding to a pixel size of 1.1 Å. The total elec-
tron dose was approximately 60 e2/Å2, which was fractionated into 40 frames (K2 Summit) with an expo-
sure time of 8 s (K2 Summit). Data were automatically collected using FEI EPU or SerialEM software. The
EMDB code for this deposition (gH/gL/gp42/6H2 complex) is EMD-33102.

Virus-free fusion assay. 293T cells were seeded in 10-cm dishes in DMEM with 10% FBS at a density
of 2 � 106 cells/dish. After reaching 80% confluence, cells were transfected with 2.5 mg each of pCAGGS-
gB, pCAGGS-gH, pCAGGS-gL, and pCAG-T7 polymerase, and cells in another dish were transfected with
10 mg pT7EMCLuc expressing luciferase under the control of the T7 promoter. At 24 h posttransfection,
2 � 105 cells transfected with plasmids encoding gB, gH, gL, and T7 polymerase were trypsinized and
incubated with serially diluted antibodies (starting from 100 mg) at 37°C for 30 min. Then, 2 � 105 cells
transfected with pT7EMCLuc were added to the mixture described above in a 24-well plate and cultured
at 37°C for 24 h. Cells were lysed using a Dual-Glo luciferase assay (Promega). Cell lysate was transferred
to a white-bottomed assay plate, and luciferase activity was quantified on a GloMax 96 microplate lumi-
nometer (Promega). To evaluate the epithelial cell-membrane fusion inhibition effect of gH mutants
L573A, K625A, G627A, and H655A, 293T cells were seeded in 10-cm dishes in DMEM with 10% FBS at a
density of 2 � 106 cells/dish. After reaching 80% confluence, cells were transfected with 2.5 mg each of
pCAGGS-WT gH or pCAGGS-gH mutants, pCAGGS-gB, pCAGGS-gL, and pCAG-T7 polymerase, and cells
in another dish were transfected with 10 mg pT7EMCLuc. At 24 h after transfection, cells were trypsi-
nized, and 2 � 105 cells were mixed with each other in a 48-well plate and cultured at 37°C for 24 h in
DMEM with 10% FBS. Cells were lysed, and luciferase activity was quantified using a Dual-Glo luciferase
assay (Promega).

Cell surface binding assay. gH/gL was biotinylated with the EZ-Link sulfo-NHS-biotinylation kit
(Pierce). Streptavidin (SA)-PE-conjugated gH/gL-biotin (0.5 mg/mL) was added to a 96-well plate in a vol-
ume of 50 mL per well. An equimolar amount of gp42 was added to selected wells that contained gH/
gL-PE. Antibody (35 mg) was added to selected wells containing gH/gL-PE with or without gp42 and
incubated at room temperature for 1.5 h. Adherent epithelial cells (AGS cells) were trypsinized and
recovered in RPMI 1640 with 10% FBS at 37°C for 1 h. Suspended B cells (Akata cells) were pelleted by
centrifugation at 300 � g for 5 min, and then resuspended at a density of 1 � 106 cells/mL in ice-cold
0.5% BSA in PBS. Then, 100 mL of epithelial or B cells was added to wells containing SA-PE, gH/gL-PE,
gH/gL-PE plus gp42, and with or without antibodies. The mixture described above was incubated on ice
for 1 h. The cells were pelleted by centrifugation at 300 � g for 5 min, washed with 200 mL of ice-cold
0.5% BSA in PBS, pelleted again, and resuspended in 4% paraformaldehyde. The number of PE-positive
cells was quantified using a flow cytometer on an LSRFortessa X-20 instrument (BD Biosciences).
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Quantification of the cell surface and total expression of gH/gL mutants. 293T cells were seeded
in 10-cm dishes in DMEM with 10% FBS at a density of 2 � 106 cells/dish. When reaching 80% conflu-
ence, cells were cotransfected with 5 mg of gL with 5 mg gH mutants L573A, K625A, G627A, H655A, and
WT gH. Cells were collected at 24 h posttransfection and incubated with 5 mg of AMMO1 with or with-
out permeabilization at room temperature for 1 h. After washing with PBS, a 1:500 diluted goat anti-
human IgG Alexa Fluor 647 antibody (Invitrogen) was applied, followed by incubation at 4°C for 30 min.
Data were collected with a CytoFlex instrument (Beckman Coulter) and analyzed using FlowJo 10.0.7
software (Tree Star).

Statistics. All statistical calculations were conducted with Prism 8 (GraphPad Software, Inc.). P values
were generated by one-way analysis of variance (ANOVA) unless noted otherwise. P values of #0.05
were considered statistically significant. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, not
significant.
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