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Dear Editor,

Varicella-zoster virus (VZV) is a highly contagious human
herpesvirus that causes chickenpox upon primary infec-
tion and can later reactivate to cause shingles (Johnson
and Rice, 2014). It is globally widespread, and more than
90% of individuals are infected by adolescence (Gershon
et al., 2015). Varicella-zoster immune globulin (VZIG),
containing high levels of VZV-specific antibodies, pro-
vides protection against varicella in high-risk individu-
als when administered postexposure, reducing infection
risk and mitigating severe cases. However, studies on the
structural basis of the effects of neutralizing antibod-
les (nAbs) against natural herpes zoster (HZ) infection
remain elusive (Duchon et al., 2020; Gans and Chemaly,
2021).

VZV encodes various glycoproteins, such as glycopro-
tein B (gB), glycoprotein C (gC), glycoprotein E (gE), gly-
coprotein H (gH), glycoprotein I (gl), glycoprotein K (gK),
and glycoprotein L (gL), which play critical roles in viral
maturation and packaging (Zerboni et al., 2014). Among
these glycoproteins, gE plays a crucial role in VZV viral
infection, serving as the most antigenically potent and
abundant glycoprotein present on both the viral enve-
lope and the membranes of infected cells (Zerboni et al.,
2011). gE is currently the sole antigen in recombinant

herpes zoster vaccines and has relatively high protec-
tive efficacy (Fowler et al., 1995). However, its structure
remains poorly understood, rendering it difficult to ana-
lyze its main mechanisms of action and further optimize
vaccine antigens at the molecular level.

In this study, we used gE with different tags (gE-Avi
and gE-Flag) as bait to isolate gE-specific antibodies
from peripheral blood mononuclear cells (PBMCs) of
a convalescent patient. Initially, B cells were enriched
using anti-CD19 magnetic beads. Subsequently, gE-
specific memory B cells were identified via flow cytom-
etry using fluorophore-conjugated gE-Avi (BV421) and
gE-Flag (PE), along with the memory B cell marker CD27
(Fig. 1A). A total of 18,000 cells were processed for single-
cell transcriptome and VD] sequencing. UMAP analy-
sis classified B cells into naive, intermediate, memory,
and plasma cells (Figs. 1B and S1A). Naive B cells were
rare, while memory and intermediate B cells exhibited
distinct marker expression (Fig. 1C). To refine nAb iden-
tification, IgG1-expressing B cells with stable responses
and a somatic hypermutation rate higher than 2% were
selected (Fig. 1D) (Cao et al., 2020), yielding 100 enriched
clonotypes (Fig. S1B). Further analysis of the 100 selected
sequences revealed that most of the cells appeared at a
low frequency, and the SHM rates were mostly between
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Figure 1. Isolation of gE-specific mAbs. (A) Strategy for sorting gE-specific B cells from convalescent PBMCs. Flow cytometry analysis
was performed using CD27, gE-Avi, and gE-Flag markers, with Brilliant Violet 421 anti-human CD4 and PE-conjugated anti-human
CD4 antibodies used as single-stain controls for gating. (B) The UMAP representation of sorted B cells. These cells can be classified
into naive B cells, intermediate B cells, memory B cells, and plasma cells based on markers. Memory B cells are characterized by
high expression of CD27, GPR183, CXCR3, and PDE4D. (C) Expression levels of different cell surface markers. (D) Selection criteria for
antibodies with high confidence. (E) Frequency of candidate antibodies, the number of memory B cells, and the distribution of SHM.
(F) VDJ gene rearrangement of high-confidence candidate heavy and light chains.
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0.15 and 0.2, indicating that most B cells had undergone
affinity maturation (Fig. 1E). VDJ analysis revealed fre-
quent recombination of IGHV3-33/IGHV2-5/IGHV1-3/
IGHV5-51 (heavy chains) and IGLV3-21/IGLV3-14/IGKV1-
39 (light chains) in naturally infected individuals (Fig. 1F).

We screened 53 ideal candidates with distinct CDR
regions and high confidence, then conducted germline
phylogenetic analysis to examine antibody responses to
gk after infection (Fig. S2). The binding activity of each
monoclonal antibody (mAb) to gk was evaluated using
an enzyme-linked immunosorbent assay (ELISA). Among
the 53 sequences, 7 elite antibodies exhibited high binding
activity, with EC, values ranging from 0.1 to 0.3 nmol/L
(Figs. 2A and S3A). The binding affinities of these 7 elite
antibodies were further analyzed by surface plasmon
resonance (SPR), which revealed that all 7 elite antibod-
ies had strong affinity for gE (Fig. S3B-H).

Epitope competition ELISA categorized the 7 elite anti-
bodies into 3 groups, revealing at least 3 distinct gE anti-
genic sites (Fig. 2B). In vitro neutralization assays showed
all 7 antibodies blocked VZV infection, with activities
ranging from 0.1 to 2 pg/mL (Fig. 2C). Further germline
analysis revealed that first class antibodies shared
IGLV3-21 light chains with IGHV2-5/IGHV2-70 heavy
chains. The second class included IGHV3-33, IGHV3-15,
and IGHV1-3 heavy chains with IGLV2-14, IGKV2-30, and
IGLV1-47 light chains. The third class had a single anti-
body with an IGHV5-51 heavy chain and an IGKV3-15
light chain. Compared with gE-specific antibodies elic-
ited by the live-attenuated zoster vaccine (ZVL) (Sullivan
et al, 2018), IGHV4-39 (heavy) and IGKV1-5 (light)
showed weak binding in natural infection but strong
binding postvaccination. Interestingly, further analysis
of the BCR results revealed that, in contrast to the lack
of IgM antibody-secreting cells 7 days after vaccination,
IgM was still highly present in the B cells of the con-
valescent patient, suggesting that low-level persistent
infection might still exist in the patient’s body (Fig. S1B).
The heavy and light chains encoded by these genes are
frequently involved in VDJ recombination, and the SHM
rates of the 3 classes of antibodies were all greater than
0.2, indicating that each of the 7 elite nAbs had under-
gone moderate affinity maturation (Fig. S4).

We then used cryo-EM to analyze gE complexes with
noncompetitive antibodies. A ternary complex (Fab
WLL-1/WLL-28/gE) was constructed (Fig. S5A) and con-
firmed to be homogeneous and well-dispersed through
negative-staining electron microscopy (Fig. S5B and
S5C). Cryo-EM analysis resolved the Fab WLL-1/WLL-
28/gE complex at 3.36 A (Fig. S6; Table S1), revealing the
binding sites of Fab WLL-1 and Fab WLL-28 on gE. The
overall structure of the gl-binding domain of gt and Fab
WLL-1/WLL-28 complex resembles a V-shape, with the
2 antibodies binding on opposite sides of the gl-binding
domain of gE (Fig. 2D). The gl-binding domain of gE

consists of 9 B-strands (31-p9) and 3 a-helices (al-a3),
forming an IgG-like fold (Fig. 2E). Structural analysis
revealed that the p-strands can be divided into 2 clus-
ters. One cluster forms a B-sheet comprising 1, B3, p4,
35, B8, and B9, whereas the other cluster is formed by 32,
(36, and B7 (Fig. 2E). Notably, the cryo-EM density for resi-
dues 210-241 is ambiguous, and this region is speculated
to correspond to the gl binding site (Harshbarger et al.,
2024). The electron density was also not observed in this
region of the recently resolved gE crystal structure, indi-
cating that gE is highly flexible (Harshbarger et al., 2024).

The structure reveals that Fab WLL-1 binds to one
side of the gl-binding domain, with a buried surface area
(BSA) of 683 A2 Both the heavy and light chains of Fab
WLL-1 contribute to this interaction, with 55% of the
BSA derived from the heavy chain and 45% from the
light chain (Fig. S7A; Tables S2 and S3). Fab WLL-1 mainly
interacts with a loop formed by residues 191-195, situ-
ated between 2 and B3, as well as another loop encom-
passing the al helix formed by residues 251-261 (Fig.
2F). The complementarity-determining regions (CDRs)
H1, H2, H3, L1, L2, and L3 of Fab WLL-1 mediate the
interaction with the gl-binding domain (Fig. 2G; Tables
S4 and SS5) (see Supplementary Materials). Fab WLL-28
binds to an opposite side of the gl-binding domain, non-
competitively with Fab WLL-1 (Fig. 2D). The BSA for the
gl-binding domain/Fab WLL-28 interaction is 578 A2. The
CDRH1-H3, CDRL1, and CDRL3 of Fab WLL-28 contribute
to the interaction with the gl-binding domain, with the
major contribution coming from CDRH1-H3, accounting
for a BSA of 538 A? (Fig. S7B; Table S2). The regions of the
gl-binding domain interacting with Fab WLL-28 are pri-
marily composed of loop regions, including residues 273-
276 located between (35 and (36, a loop region containing
the a3 helix formed by aa 290-294, loops between (1
and B2 (aa 178-179), and between (33 and 4 (aa 206-209)
(Fig. 2H; Tables S6 and S7). Five hydrogen bonds and 3
salt bridges are formed between Fab WLL-28 and the gI-
binding domain. All hydrogen bonds originate from
CDRH3 and interact with E275, Q294, and E292 of the
gl-binding domain (Fig. 2I). Three salt bridges are formed
between R101, D57, and D32 from Fab WLL-28 and E275,
K293, and R290 of the gl-binding domain (Table S8).
Additionally, a hydrogen bond is formed between D32 of
CDRL1 and R290 of the gl-binding domain (Fig. 2I).

VZV gE has a unique N-terminal region (aa 1-188) that
binds the cellular receptor insulin-degrading enzyme
(IDE) and has been identified as immunodominant,
underscoring its significance in the antibody response
(Fowler et al., 1995; Garcia-Valcarcel et al., 1997; Zhu
et al,, 2016). In this study, we isolated nAbs targeting
this region from the peripheral blood of a convalescent
patient—an observation not previously reported for
vaccine-induced antibodies. Epitope analysis revealed
2 main binding sites: the N-terminal domain (aa 1-188)
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Figure 2. Identification and characterization of nAbs and epitope analysis of antigen-antibody complexes. (A) Identification of
the binding activity of 53 mAbs. The binding activity of the antibodies to gE was evaluated by ELISA. Based on the OD,, results, the
antibodies were classified as nonbinding, weakly binding, or strongly binding. Antibodies with strong binding activity are marked in
red, whereas weak-binding and nonbinding antibodies are represented in blue and black, respectively. Selected weak-binding and
strongly binding antibodies were subjected to serial dilutions to calculate the EC,, as shown in Fig. S3. (B) A competitive ELISA was
used to detect the cross-competition of antibodies. (C) Identification of the neutralizing activity of strongly bound antibodies. The
Y-axis indicates the ability of the antibodies to inhibit viral infection. (D) Cryo-EM structure of the ternary complex Fab WLL-1/Fab
WLL-28 and the gl-binding domain of gE. The specific details of the gl-binding domain are displayed in the enlarged panel on the
right. The gl-binding domain is colored silver, with Fab WLL-1 heavy and light chains colored dodger blue and dark turquoise and
Fab WLL-28 heavy and light chains colored medium orchid and plum, respectively. (E) Sequence information and 2D structure of
the gl-binding domain (aa 169-325). Visible residues in the electron density map are shown in black, invisible residues are shown
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(see Supplementary Materials), corresponding to the
receptor-binding region, and the gl-binding domain.

To investigate the mechanism of neutralization, we
expressed recombinant soluble IDE (rIDE, residues
42-1,019) and performed binding assays. A pull-down
assay using gE immobilized on anti-Flag affinity resin
confirmed a direct interaction with rIDE (Fig. 2J). SPR
analysis further revealed a moderate binding affinity,
with a K of ~10-® mol/L (Fig. 2K), reinforcing the role of
rIDE as a functional receptor for gE.

We then examined whether the nAbs interfere with
this interaction. gE was pre-incubated with each anti-
body to form complexes, which were tested for rIDE
binding using ELISA. Despite recognizing distinct
epitopes, all nAbs effectively blocked the gE-rIDE inter-
action (Fig. 2L), suggesting that their neutralizing activity
is primarily mediated through interference with receptor
engagement.

Recent advances in structural biology have revolution-
ized our understanding of viral mechanisms and accel-
erated the development of antiviral therapies (Guo et al.,
2023; Oliver et al., 2020; Wang et al., 2019). This study is
the first to report the discovery and structural investiga-
tion of nAbs from convalescent patients and to compare
the differences in antibody binding epitopes between
individuals who recovered from natural infection and
those vaccinated with ZVL. In the final stage of our man-
uscript preparation, Wayne D. Harshbarger et al. achieved
important breakthroughs in the structural investigation
of gE antibodies isolated from vaccine recipients. They
used Fab fragments of anti-gE antibodies previously
isolated from ZVL vaccine recipients to stabilize gE and
map the epitopes targeted by human anti-gE antibodies
induced by ZVL vaccination. Preliminary characteriza-
tion of the gE structure has been achieved by defining
3 primary neutralizing epitopes by vaccine-induced
human antibodies against gE (Harshbarger et al., 2024).
One epitope is located at the Fc-binding domain, which is
involved in the interaction between gE and Fc. The other
2 epitopes are within the gl-binding domain. The first of
these is a f-sheet cluster formed by 2, $6, and 37, which
are recognized by several antibodies, including 1E3, 1E12,
and 5B3. The second epitope is located in the loop region
between B3, p4, and B9, where antibody 1A2 binds.

We report the identification and characterization of
nAbs obtained from a convalescent patient. All antibod-
ies examined bind to the gE protein (aa 1-325). Notably,
WLL-1 and WLL-28 both bind within the glI-binding
domain but differ in their binding sites. WLL-1 primarily
interacts with the loop region between 2 and 3, as well
as p4 and p5, overlapping partially with the binding sites
of antibody 1A2. WLL-28 predominantly binds to the loop
region between (35 and 6, 7 and 8, in close proximity to
where antibodies 1E3 and 1E12 interact with the f-sheet
cluster formed by 2, $6, and p7 (Fig. S8). Consistent with
findings from antibodies isolated from patients after ZVL
immunization, no antibodies specific to the gE—gl het-
erodimer interface residues (aa 208-236) were detected.
This may be attributed to the formation of the gE—gI het-
erodimer, which likely prevents these gE residues from
being exposed. These findings indicate that epitopes rec-
ognized by antibodies from natural infection may differ
from those induced by vaccination. Furthermore, the
fact that many of the neutralizing epitopes are located
in the gl-binding domain suggests that this region shows
potent immunogenicity, as well as the potential to elicit
an effective antibody response, offering valuable insights
for the development of next-generation recombinant
vaccines.

Supplementary data

Supplementary data is available at Protein & Cell online
https://doi.org/10.1093/procel/pwaf051.
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