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Abstract

The large number of atypical monkeypox (Mpox) cases caused by emerging monkeypox virus (MPXV) strains was recently
found in countries and regions where the Mpox was not reported before. Diagnostic tools and therapeutic agents are impor-
tant countermeasures for preventing Mpox outbreak. H3L protein is the important surface antigen of MPXV for binding to
host cell receptors and mediating viral infection. A broad range of murine anti-MPXV H3L monoclonal antibodies (mAbs)
recognizing various binding epitopes have been generated in the study. The rapid test composed of the mAbs 4-2A and 3-3F
can specifically detect H3L protein and MPXV virion. The mAb 3-3F exhibited strong MPXV neutralizing activity in a
complement-dependent manner. Notably, 3-3F binds to a unique epitope within residues 35-89 of H3L protein. The serum
samples collected from Mpox patients barely bound to the N-terminal portion of H3L protein ranging from 2 to 89 residues,
indicating that the content of the 3-3F-like antibody is very low in Mpox patient sera. In contrast, the seropositivity was
mostly observed using the C-terminal portion of H3L protein ranging from 185 to 282 residues as the target antigen in the
immunoblot analysis. Taken together, the anti-MPXV H3L mAb can be developed as the Mpox diagnostic and therapeutic
agents. Furthermore, H3L protein is the promising biomarker for serological analysis.

Key Points

e Anti-H3L mAbs can cross-react with H3L proteins in MPXV and VACV virions.
oThe LFIA rapid test using the mAbs 4-2A and 3-3F can specifically detect MPXYV.
e MPXV was neutralized by mAb 3-3F in a complement-dependent manner

Keywords Monkeypox virus (MPXYV) - H3L protein - Lateral flow immunochromatographic assay - Neutralizing antibody -
Complement - Serological assay

Introduction

Mpox (formerly known as monkeypox) is a viral disease

caused by an orthopoxvirus, monkeypox virus (MPXV),
and has been reported in Africa for several decades since

I-Hsiang Huang and Guan-Chun Lai are joint first authors.

P4 Sui-Yuan Chang 3 Department of Internal Medicine, National Taiwan
sychang @ntu.edu.tw University Hospital, College of Medicine, National Taiwan

54 Shih-Chung Chang University, Taipei 100, Taiwan

shihchung @ntu.edu.tw Department of Medicine, National Taiwan University Cancer
Center, Taipei 106, Taiwan

Department of Biochemical Science and Technology, 5
College of Life Science, National Taiwan University,

Taipei 106, Taiwan

Department of Laboratory Medicine, National Taiwan
University Hospital, College of Medicine, National Taiwan
University, Taipei 100, Taiwan

Department of Clinical Laboratory Sciences and Medical 6
Biotechnology, College of Medicine, National Taiwan

University, Taipei 100, Taiwan

Center of Biotechnology, National Taiwan University,
Taipei 106, Taiwan

Published online: 02 April 2025 @ Springer


http://orcid.org/0000-0002-5015-8178
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-025-13466-6&domain=pdf

80 Page 2 of 12

Applied Microbiology and Biotechnology (2025) 109:80

it was first detected in humans in 1970 (Foster et al. 1972;
Ladnyj et al. 1972). MPXV shares similar clinical features
with smallpox and is considered the most severe orthopox-
virus infection since the eradication of smallpox (Gong et al.
2022). MPXV is divided into two major clades: clades I
and II, respectively (Van Dijck et al. 2023). The fatality rate
for clade I is as high as 10%, while it is less than 1% for
clade IT (Mitja et al. 2023). From July 2022 to August 2024,
the global outbreak of Mpox was declared a public health
emergency of international concern (PHEIC) for two times
by World Health Organization (WHO) as it spread rapidly
across a range of countries and regions where the virus had
not been previously reported (Haque et al. 2024; Rizk et al.
2024). Notably, the upsurge of Mpox with the large number
of atypical cases was caused by the emerging virus strains
(Gigante et al. 2022; Isidro et al. 2022; Otieno et al. 2024;
Zhu et al. 2023) with different modes of transmission and
various levels of risk (Cho et al. 2024; Okwor et al. 2023;
Rampogu et al. 2023; Saraswat and Shah 2024; Sukhdeo
et al. 2022). The multi-country outbreak of Mpox was a
shocking warning and should not be neglected (Haque et al.
2024). In response to the Mpox outbreak, it is time to act
decisively to develop the specific diagnosis tools, effective
vaccines, and therapeutic agents.

The process of MPXV infection can be summarized into
three distinct stages: virus invasion, replication, and release
(Lu et al. 2023). If the MPXYV invasion is blocked, there is
no subsequent virus life cycle undergoing inside the host
cell. Therefore, the surface membrane proteins of MPXV
involved in binding to human membrane receptors become
important targets for neutralizing antibody (Hubert et al.
2023; Yefet et al. 2023; Zeng et al. 2023). It has been shown
that vaccinia virus (VACV) H3L, sharing 93.52% sequence
similarity with MPXV H3L (Sagdat et al. 2024), binds hepa-
rin sulfate (Lin et al. 2000; Singh et al. 2016) but does not
bind well to human cells that are deficient in surface glycosa-
minoglycans (Singh et al. 2016). These observations imply
that H3L plays the crucial role in the viral adsorption to the
host cells. Additionally, the absence of H3L disrupts the
assembly of intracellular mature virions (MV), indicating
that H3L is also involved in the transformation and assembly
of viral particles (Lin et al. 2000). Many lines of evidence
indicated that anti-H3L antibodies exhibited virus neutral-
izing capabilities. It has been reported that the immunization
of MPXV A29L and H3L antigens in mice can induce the
highest neutralization titers of sera against authentic MPXV
(Song et al. 2024). Human anti-VACV H3L mAb hV26 has
been demonstrated with therapeutic efficacy against a lethal
VACY infection in the immunodeficiency mice (Crickard
et al. 2012; McCausland et al. 2010). An anti-H3L mAb
MV32, selected from the phage-display library which was
constructed based on the macaques immunized with live
VACYV, exhibited high affinity and potent in vitro VACV
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neutralization capabilities. Furthermore, mAb MV32 was
also able to neutralize Mpox 2018 and 2022 strains, sug-
gesting a potential for cross-poxvirus protection (Noy-Porat
et al. 2023).

The abundant surface antigens of MPXV are also specific
marker proteins for use in diagnostics and serological assays
(Cohn et al. 2023; Liang et al. 2024; Yang et al. 2023). H3L
has been identified as one of the major immunogenic pro-
teins of VACYV, which was capable of inducing both T-cell
and B-cell immune responses (Drexler et al. 2003; Ostrout
et al. 2007). H3L is also considered the immune target after
MPXYV infection (Yefet et al. 2023). Sera from Mpox con-
valescent patients bound strongly to H3L antigen (Yefet
et al. 2023). In the serological study of Mpox patients, it
was found that the positive rates of serum recognition of
H3L could exceeded 80% within the first week of infection
(Yefet et al. 2023), indicating that H3L could serve as the
early diagnostic marker (Yang et al. 2024).

In the rapidly evolving viral landscape of Mpox, rapid
detection and interruption of viral transmission chains are
crucial strategies to prevent outbreaks. In the study, the
recombinant MPXV H3L protein fused with an N-terminal
maltose-binding protein (MBP) tag was purified from the
Escherichia coli expression system in the soluble condition
and used to immunize BALB/c mice for generating mono-
clonal antibodies (mAbs). Six anti-MPXV H3L mAbs, 4-2A,
1-1C, 3-8H, 3-3F, 4-9F, and 2-7G, were produced and fur-
ther subjected to characterization of their isotypes, binding
epitopes, and cross-reactivity with the VACV virions. The
mAb pairing composed of 4-2A and 3-3F was developed as
the lateral flow immunochromatographic assay (LFIA) for
specific detection of the recombinant MPXV H3L proteins
and the MPXYV virions. The plaque reduction and neutrali-
zation test (PRNT) assays were performed to access their
ability of neutralizing MPXV infection to Vero E6 cells (a
cell line exhibiting epithelial morphology that was isolated
from the kidney of an African green monkey) in the absence
or presence of the baby rabbit complements. In addition, the
truncated fragments of the recombinant MPXV H3L were
applied in the serological assays to analyze the antibody pro-
files of the serum samples collected from Mpox patients.
This study provided useful insights on using MPXV H3L
protein as the promising target for development of the diag-
nostic and neutralizing antibody.

Materials and methods
Preparation of the recombinant MPXV H3L protein
The cDNA encoding for the extracellular portion of the

MPXYV H3L from amino acids 1-278 (GenBank accession
number: WEY 18844.1) was subcloned into the pET28a
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vector (Merck Millipore, Burlington, MA, USA) with the
sequences for an N-terminal hexa-histidine tag (His-tag;
MGSSHHHHHH), a linker peptide (SSGLVPRGSH), and
a maltose-binding protein (MBP) tag (hereinafter named as
pET28a-MBP-H3L). To construct the plasmids for express-
ing the truncated H3L fragments, the cDNA of the full-
length H3L in the pET28a-MBP-H3L plasmid was replaced
with the cDNA encoding for the H3L fragment 2-34, 2-89,
2-184, or 2-239, respectively. The E. coli Rosetta(DE3)
competent cells were transformed with the plasmids (Merck
Millipore, Burlington, MA, USA) in the presence of kana-
mycin (50 pg/mL) and chloramphenicol (34 pg/mL). For
protein expression, bacteria were cultured in the Luria—Ber-
tani (LB) medium to an ODg, of 0.5 at 37 °C and then
induced with 1 mM isopropyl -D-1-thiogalactopyranoside
(IPTG) at 18 °C for 12 h. The bacterial lysate resuspended
in the nickel-nitrilotriacetic acid (Ni-NTA) column binding
buffer (20 mM sodium phosphate, 0.5 M NaCl, 10 mM imi-
dazole, pH 7.4) was loaded on the HisTrap column (Cytiva,
Marlborough, MA, USA), and the bound proteins were
eluted with a 10-250 mM imidazole gradient. The collected
fractions were exchanged buffer with 20 mM Tris—HCI (pH
7.4), 200 mM NacCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), and 1 mM dithiothreitol (DTT) by using the PD-10
column (Cytiva, Marlborough, MA, USA). Samples were
then loaded on the MBPTrap column (Cytiva, Marlborough,
MA, USA) and eluted with 10 mM maltose. The purified
recombinant MBP-H3L proteins were exchanged buffer with
phosphate-buffered saline (PBS) by using the PD-10 column
and stored at —20°C before use.

Generation of mouse mAb

The procedures for immunization of antigen and genera-
tion of hybridomas were performed as described previously
with slight modifications (Cheng and Chang 2021; Lai et al.
2022; Li et al. 2022). In brief, 7-week-old BALB/c mice
were purchased from the National Laboratory Animal Center
Taiwan and immunized four times in a 2-week interval with
50 pg of MBP-H3L formulated with 50 uL. of Freund’s
adjuvant (EMD Millipore Corporation, Burlington, MA,
USA) through intraperitoneal injection. Seven days post
each immunization, mouse antisera were collected from the
submandibular veins for analysis of the elicited antibody
levels. Three days post the final booster with 50 ug of MBP-
H3L in PBS, mice were sacrificed in accordance with the
animal care and ethics guidelines. Subsequently, splenocytes
were mixed with Sp2/0-Agl4 cells (ATCC CRL-1581) in the
presence of polyethylene glycol 1500 (Sigma-Aldrich, USA)
for performing the cell fusion step. Cells were resuspended
in Dulbecco’s Modified Eagle Medium (DMEM) containing
15% fetal bovine serum, 1% penicillin—streptomycin, 1 mM
sodium pyruvate, and hypoxanthine-aminopterin-thymidine

(HAT) supplement (EMD Millipore Corporation, Burl-
ington, MA, USA) and aliquoted into 96-well cell culture
plates at 37 °C in the 5% CO, incubator. Seven days post
cell fusion, hypoxanthine-thymidine (HT) supplement (EMD
Millipore Corporation, Burlington, MA, USA) was added to
each well for improving cell growth. The culture media were
collected for enzyme-linked immunosorbent assay (ELISA)
using 100 ng of the purified recombinant MBP-H3L protein
as the antigen. The positive hybridoma cells were selected
by limiting dilution method.

Western blot (WB) analysis

Proteins or viral samples were analyzed on the sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
under the reduction condition. Protein bands were trans-
ferred to the polyvinylidene difluoride (PVDF) membranes
(EMD Millipore Corporation, Burlington, MA, USA), which
were then blocked with 5% non-fat milk in PBS containing
0.05% Tween 20 (PBST) at room temperature for 30 min.
The mouse antisera or the mAb samples (1:5000 in blocking
buffer) were used to detect the target antigens at room tem-
perature for 1 h. After washing steps with PBST, the horse-
radish peroxidase (HRP)-conjugated secondary antibody
(5450-0011, SeraCare, Milford, MA, USA) was used for
probing the primary antibody. The WB signal was developed
by using the chemiluminescent substrate (VisGlow, Visual
Protein Biotechnology, Taipei, Taiwan) and captured by the
UVP BioSpectrum Imaging System (Upland, CA, USA).

Purification of mAb

The culture media of the hybridoma cells were loaded on the
HiTrap Protein G HP column (Cytiva, Marlborough, MA,
USA) which was pre-equilibrated with 20 mM sodium phos-
phate (pH 7.0). Bound antibody samples were eluted with
0.1 M glycine—HCI buffer (pH 2.7) and immediately neutral-
ized to pH 7.4 with 1 M Tris—HCI (pH 9.0). The isotypes
of the purified mAbs were determined by using the Rapid
ELISA Mouse mAb Isotyping Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturer’s
instruction. The purified mAbs were exchanged buffer with
PBS by using the PD-10 column (Cytiva, Marlborough, MA,
USA) and then stored at — 20 °C before use.

PRNT assay

Approximately 2x 10° Vero E6 cells (ATCC CRL-1586)
were seeded in each well of the 24-well plate and cultured
in DMEM supplemented with 10% FBS and antibiotics for
1 day at 37 °C in the 5% CO, incubator. On the day for
performing the viral infection step, MPXV (50 PFU) was
mixed with antibody sample in the absence or presence of

@ Springer



80 Page 4 of 12

Applied Microbiology and Biotechnology (2025) 109:80

10% baby rabbit complements (31,061-1, Pel-Freez, Rogers,
AR, USA) at 37 °C for 1 h. The mixture was then added to
the Vero E6 cell monolayer seeded in the well of the 24-well
plate and incubated at 37 °C for 1 h. After that, the mixture
was removed and an overlay medium was added, followed by
7 days of incubation. The cell monolayer was then fixed with
10% formalin (equivalent to 3.7% formaldehyde) overnight.
After the removal of formalin, the cells were stained with
0.5% crystal violet to visualize the plaque formation.

LFIA

The anti-MPXV H3L mAb 3-3F (60 pg/mL) was mixed
with 40 nm colloidal gold (0.D.520=1, DCN, Carls-
bad, CA) in 20 mM borate buffer (pH 9.0) at 4 °C over-
night and then blocked with 10% bovine serum albumin
(BSA). The 3-3F-conjugated colloidal gold was collected
by centrifugation at 7000 rpm for 15 min and then resus-
pended in 20 mM Tris—HCI (pH 8.2) containing 0.05%
polyethylene glycol (PEG) 20,000, 150 mM NacCl, 1%
BSA, and 0.1% sodium azide. Conjugate pad (Cytiva,
Marlborough, MA, USA) was pre-treated with 20 mM
Tris—HCI (pH 8.2) containing 1% BSA, 6% trehalose, 4%
sucrose, and 0.05% sodium azide and then coated with
the 3-3F-conjugated colloidal gold solution. The capture
mAb 4-2A, 1-1C, or 3-8H was coated in the test line, and
protein G was coated in the control line of the nitrocellu-
lose (NC) membrane (UniSart CN140, Sartorius, Gottin-
gen, Germany). The NC membrane was then thoroughly
blocked with 0.5% casein in 50 mM borate buffer (pH
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Fig. 1 Immunization of mice with the recombinant MPXV MBP-
H3L protein. a The purified MBP-H3L was analyzed on SDS-PAGE,
coomassie staining (left panel), and WB with anti-His tag antibody
(right panel). b BALB/c mice were immunized with five doses of the
purified MBP-H3L in a 2-week interval. The mouse antisera were
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8.5) at room temperature for 30 min and washed with
0.5% sucrose in 50 mM Tris—HCI (pH 7.5). After that,
the NC membrane was air-dried at 50 °C for 30 min and
subsequently assembled with sample pad, adsorbent pad,
and the rapid test cassette. The recombinant MBP-H3L
proteins or the MPXV virions were mixed with 75 $$$L
of lysis buffer (50 mM Tris, 1% BSA, 0.2 M NaCl, 0.05%
Triton X-100) to perform the LFIA at room temperature
for 5-10 min.

Results
Immunization of MPXV H3L in BALB/c mice

In order to produce the recombinant MPXV MBP-H3L
proteins for immunization of BALB/c mice, the E. coli
Rosetta(DE3) competent cells were transformed with the
pET28a-MBP-H3L plasmid for protein expression, and the
cell lysates were further loaded on the HisTrap and MBP-
Trap columns for protein purification as described previously.
The purified MBP-H3L protein was subjected to the SDS-
PAGE and the WB analysis (Fig. 1a). The BALB/c mice were
immunized in a 2-week interval with four doses of MBP-
H3L proteins supplemented with the Freund’s adjuvant and a
final booster of MBP-H3L protein solution in PBS (Fig. 1b).
The mouse antisera were collected 1 week post first to fourth
immunization and then used to measure the immune response
against MBP-H3L by WB analysis. The results showed that

Immunization

[, LL L2

+—> Cell

Day 0 7 14 21 28 35 42 49 56 fusion

e o ) ® 9]
Serum collection

Day 0 7 21 35 49

e e .<MBP-H3L

collected five times at days O (before immunization), 7, 21, 35, and 49
as indicated with red blood symbols in the diagram. ¢ The collected
mouse antisera were applied in the WB for monitoring the induc-
tion of the MBP-H3L-specific antibodies throughout the prime-boost
immunization process
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the MBP-H3L-specific antibodies were significantly elicited
in the antiserum collected on day 49 (Fig. 1c¢).

Production of the H3L-specific mAbs

The splenocytes obtained from the immunized BALB/c
mice were fused with Sp2/0-Agl4 cells to generate the
hybridoma cell lines. Six mAbs against MPXV H3L
were generated in the study, including 4-2A, 1-1C,
3-8H, 3-3F, 4-9F, and 2-7G (Fig. 2a). The isotypes of
the purified mAbs were also determined by using the
Rapid ELISA Mouse mAb Isotyping Kit. The results
revealed the heavy chain and light chain isotypes of these
mAbs, including IgG2a/kappa (4-2A), IgGl/kappa (1-1C
and 4-9F), IgG2b/kappa (3-8H and 2-7G), and IgG2b/
lambda (3-3F), respectively (Fig. 2b). In addition, these
six mAbs exhibited great specificity against H3L without
cross-reacting with MBP (Fig. 2¢). Notably, the detec-
tion profiles of these six mAbs in the WB seemed to
have at least three different patterns. 4-2A, 1-1C, 3-8H,
and 3-3F detected multiple degraded MBP-H3L bands.
4-9F detected two bands, including the full-length MBP-
H3L and one degraded fragment. In contrast, 2-7G only
detected the full-length MBP-H3L (Fig. 2c¢).

FLS S s O

Characterization of the binding epitopes of anti-H3L
mAbs

To further determine the binding epitopes of these six anti-
H3L mAbs, a series of truncated MBP-H3L fragments were
separated on SDS-PAGE and subjected to WB analysis with
the indicated antibodies: anti-MBP antibody, 4-2A, 1-1C,
3-8H, 3-3F, 4-9F, and 2-7G, respectively (Fig. 3a—g). The
results showed that 4-2A, 1-1C, and 3-8H recognize all of
the truncated MBP-H3L fragments (Fig. 3b—d), suggesting
that the binding fragments of these three mAbs are located
within residues 2—34 of H3L protein. 3-3F can bind to all
of the truncated MBP-H3L fragments, except the MBP-
H3L_2-34 (Fig. 3e), suggesting that the binding fragment of
3-3F is located within residues 35-89 of H3L protein. 4-9F
recognize the truncated MBP-H3L fragments larger than
MBP-H3L_2-184 but cannot bind to MBP-H3L_2-34 and
MBP-H3L_2-89 (Fig. 3f), indicating that the binding frag-
ment of 4-9F is located within residues 90-184 of H3L pro-
tein. Furthermore, 2-7G only binds to MBP-H3L_2-239 and
MBP-H3L_2-282 but not MBP-H3L_2-34, MBP-H3L_2-89,
and MBP-H3L _2-184 (Fig. 3g), indicating that the binding
fragment of 2-7G is located within residues 185-239 of H3L
protein. Collectively, these six anti-H3L mAbs bind to H3L
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Fig.2 Characterization of the anti-H3L mAbs. a The purified 4-2A,
1-1C, 3-8H, 3-3F, 4-9F, and 2-7G were analyzed on SDS-PAGE
under the reduction condition and further revealed by coomassie
staining. b The isotypes of the anti-H3L mAbs were determined by
using the Rapid ELISA Mouse mAb Isotyping Kit according to the
manufacturer’s instruction. The isotypes of the heavy chains and light

bt |
B3
1 a4

Coomassie Anti-MBP  4-2A 1-1C 3-8H 3-3F 4-9F 2-7G

chains for each mAbs were indicated with solid and open circles,
respectively. ¢ The specificity of the anti-H3L mAbs was identified by
WB analysis using MBP and MPB-H3L as the antigens. Anti-MBP
was used as the control antibody to detect both of MBP and MBP-
H3L
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Fig.3 Characterization of the binding epitopes of anti-H3L mAbs.
The truncated H3L fragments (2-34, 2-89, 2—184, 2-239, and 2-282)
fused with an N-terminal MBP-tag were analyzed on SDS-PAGE

protein and truncated fragments through recognizing at least
four different epitopes.

Anti-H3L mAbs cross-reacted with MPXV and VACV
virions

The MPXV and VACV H3L proteins share 93.52% sequence
similarity (Sagdat et al. 2024). Therefore, we also examined
whether the anti-H3L mAbs produced in the study can rec-
ognize the authentic H3L proteins in the MPXV and VACV
virions. The WB analysis results showed that all of the mAbs
4-2A, 1-1C, 3-8H, 3-3F, 4-9F, and 2-7G can cross-react with
H3L proteins in MPXV and VACYV virions (Fig. 4). It is also
noted that the highest WB signal was observed by using
3-3F as the probing antibody (Fig. 4). In contrast, 4-9F and
2-7G exhibited significantly lower binding affinity against
MPXYV and VACV H3L proteins than other mAbs (Fig. 4).

a
© © © ©
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Fig.4 Recognition of the authentic H3L proteins in MPXV and
VACYV virions by anti-H3L mAbs. a The culture media collected
from the control Vero E6 cells or the MPXV-infected Vero E6 cells,
which produced MPXV virions, were analyzed on SDS-PAGE and
subjected to WB analysis with 4-2A, 1-1C, 3-8H, 3-3F, 4-9F, or
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and subjected to WB analysis with anti-MBP (a), 4-2A (b), 1-1C (c),
3-8H (d), 3-3F (e), 4-9F (f), and 2-7G (g), respectively

Detection of H3L protein and MPXV virion by LFIA

As described previously, 3-3F is the best detection antibody
for probing MPXYV and VACYV virions, but 4-9F and 2-7G
poorly bind to them (Fig. 4). In addition, 4-2A, 1-1C, and
3-8H bind to a similar epitope which is different from the
one recognized by 3-3F. Therefore, the mAb pairing com-
posed of 4-2A/3-3F, 1-1C/3-3F, or 3-8H/3-3F was developed
as the LFIA rapid test for evaluating the binding effective-
ness against H3L protein. The experimental result showed
that a clear detection signal appeared on the test line when
MBP-H3L was added to the 4-2A/3-3F-based LFIA rapid
test (Fig. 5a). Interestingly, there was no clear detection
signal observed when MBP-H3L was added to the 1-1C/3-
3F-based or 3-8H/3-3F-based LFIA rapid tests (Fig. 5a).
To further determine the limit of detection (LOD) of the
4-2A/3-3F-based LFIA rapid test, the different amounts

Q N S N T T R N A U AN
AR g o 06 O U6 U6 0o
Q &QY&AY&AY‘&AY&QTQ,@AY

kDa

75 -

63 —

48 —

- @ 2 829
- — — —

28 —

17 =

4-2A 1-1C 3-8H 3-3F 4-9F  2-7G

2-7G

2-7G, respectively. b The culture media collected from the control
BSC40 cells or the VACV-infected BSC40 cells, which produced
VACV virions, were analyzed on SDS-PAGE and subjected to WB
analysis with 4-2A, 1-1C, 3-8H, 3-3F, 4-9F, or 2-7G, respectively
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Fig.5 The anti-H3L mAb-based LFIA rapid test. a The mAb pair-
ing 4-2A/3-3F, 1-1C/3-3F, or 3-8H/3-3F-based LFIA rapid test was
assembled for evaluation of the binding efficiency for MBP-H3L. C,
control line. T, test line. b The various amounts of MBP-H3L pro-
tein (0, 12.5, 25, 50, and 100 ng) were added to the 4-2A/3-3F-based

of MBP-H3L were applied in the experiments. The results
showed that the minimum concentration that can be detected
by the 4-2A/3-3F-based LFIA rapid test is 12.5 ng (Fig. 5b).
In addition, the 4-2A/3-3F-based LFIA rapid test can capture
the MPXV virions in the test line but not the Vero E6 control
sample (Fig. 5¢).

Inhibition of MPXV infection by mAb 3-3F
To investigate the neutralizing potential of these six anti-

H3L mAbs, antibody samples (50 pg/mL) were pre-incu-
bated with MPXYV virions, and the mixtures were added to

a b

LFIA rapid tests for determining the values of the limit of detection
(LOD). ¢ Vero E6 cell lysates and MPXV virions are also used to
examine the detection specificity of the 4-2A/3-3F-based LFIA rapid
test

the Vero E6 monolayers for performing the PRNT assays.
Notably, only 3-3F exhibited minor neutralizing activity
(~12% inhibition) against MPXV infection to Vero E6 cells
(Fig. 6a). Previous studies have suggested that complements
may enhance the neutralizing activity of anti-VACV and
anti-MPXYV antibodies (Benhnia et al. 2009b; Hubert et al.
2023; Kaever et al. 2016; Lustig et al. 2005). Thus, we fur-
ther examined whether the neutralizing activity of 3-3F can
be enhanced in the presence of baby rabbit complements.
The results of PRNT assays showed that the formation of
viral plaques was profoundly decreased in the presence of
3-3F and baby rabbit complements (Fig. 6b). The results

C
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- Complement + Complement
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Fig.6 Neutralization of MPXV by 3-3F in the presence of comple-
ments. a The MPXV virions were pre-incubated with PBS, 4-2A,
1-1C, 3-8H, 3-3F, 4-9F, or 2-7G (50 pg/mL) and then added to
Vero E6 cell monolayers for performing the PRNT assays, respec-
tively. Percentage inhibition =[(control — antibody)/control] X 100.
Control stands for the counting numbers of plaques formed in the
PRNT assays with PBS. Antibody stands for the counting numbers of
plaques formed in the PRNT assays with the indicated mAb. Data are
presented as means =+ SD of three biological replicates (n=3). b The
MPXYV virions were pre-incubated with PBS or 3-3F (50 pg/mL) in

Control +C

the absence or presence of 10% baby rabbit complements (-/+com-
plement) and then added to Vero E6 cell monolayers for performing
the PRNT assays. After incubation for 7 days, cells were fixed with
formaldehyde and stained with crystal violet. Three biological rep-
licates were conducted for each experimental group. ¢ The counting
numbers of plaques derived from b were calculated by using the for-
mula described previously and presented as percentage inhibition.
Control, without 10% baby rabbit complements. +C, with 10% baby
rabbit complements
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obtained from three independent experiments revealed that
the neutralizing activity of 3-3F at the concentration of 50
pg/mL was significantly promoted from ~ 15% inhibition
to~75% inhibition of MPXYV infection to Vero E6 cells in
the presence of 10% baby rabbit complements (Fig. 6¢).

The antibody profiles of Mpox patient sera
against different H3L domains

H3L-specific antibody has been considered a target for diag-
nosis of MPXYV infection in the serological assay (Yang et al.
2024; Yefet et al. 2023). However, the antibody profiles of
Mpox patient sera against H3L protein have not been char-
acterized. Furthermore, it remains uncertain whether the
human immune system can generate antibodies targeting dif-
ferent domains of H3L protein. To address these issues, sera
randomly collected from ten Mpox patients who have not
received the smallpox vaccine were used to perform the WB
analysis against a series of truncated H3L fragments which
were previously utilized in the epitope mapping experiments
(Fig. 7a & b). The results showed that the sera collected
from all of the Mpox patients barely bound to the truncated
peptide 2-34 (Fig. 7c—i), indicating that the H3L_2-34-spe-
cific antibodies were not responsively induced after natural
infection by MPXV. Two Mpox patient sera can nicely bind
to H3L_2-89 and other longer fragments (Fig. 7c & d). Five
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Fig.7 The antibody profiles of the Mpox patient sera against the
truncated H3L fragments. The different lengths of the truncated H3L
fragments (2-34, 2-89, 2-184, 2-239, and 2-282) fused with an
N-terminal MBP-tag were analyzed on SDS-PAGE and subjected to
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Mpox patient sera exhibited weaker binding against H3L_2-
184, but they exhibited stronger binging against H3L_2-239
and H3L_2-282 (Fig. 7e—i). Three Mpox patient sera did not
bind to fragments which are shorter than H3L_2-184 but
mainly recognized H3L_2-239 and H3L_2-282 (Fig. 7j-1).
These findings suggest that the antibodies induced by MPXV
infection with the similar specificity of mAb 3-3F (Fig. 3e)
are the minority population in Mpox patient sera. In contrast,
the major antibody profiles of Mpox patient sera are similar
with the patterns recognized by mAbs 4-9F and 2-7G in the
epitope mapping experiment (Fig. 3f & g).

Discussion

Mpox can vary widely from a mild illness to a severe dis-
ease, potentially causing life-threatening complications and
requiring intensive medical treatments in immunocompro-
mised individuals (Mitja et al. 2023). The incubation period
of Mpox can last up to 21 days, increasing the obstacle and
difficulty in controlling the spread of infectious diseases
(Titanji et al. 2024). In terms of Mpox diagnosis, polymer-
ase chain reaction (PCR) can serve as a standard detection
method (de Oliveira Thomasi et al. 2024; Fan et al. 2024).
However, the operation of PCR needs a proper equipment,
and it usually takes long processing time to obtain results,
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from Mpox patients P1-10 (c-1) 2 weeks after admission to the hospi-
tal, respectively
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making it less suitable in remote areas with less medical
resources. Anti-MPXV A29L antibodies have been applied
in the development of the Mpox-specific antigen detection
immunoassays (Davis et al. 2023; Liang et al. 2024; Sun
et al. 2024; Yang et al. 2023; Ye et al. 2023). In our previous
study, we showed that the LFIA rapid test using the mAb
pairing of 2-5H and 3-8G can specifically detect MPXV
A29L and distinguish it from VACV A27L (Liang et al.
2024). It has been reported that H3L is also an abundant sur-
face antigen in the VACV proteome (Chung et al. 2006). In
order to provide an alternative option for detection of MPXV
while the existing rapid test for detecting A29L fails due to
viral mutations, the anti-MPXV H3L mAbs were generated
in the study. The 4-2A/3-3F-based LFIA rapid test can detect
MPXV H3L protein and virion (Fig. 5). However, it must
be noted that the mAbs 4-2A and 3-3F cannot distinguish
between MPXV H3L and VACV H3L (Fig. 4).

The virus neutralizing activities in sera collected from
MPXV-infected or vaccinated individuals who have
received the third generation modified vaccinia Ankara
(MVA)-based vaccine (IMVANEX) can be increased about
2.5-fold in the presence of complement, suggesting that
complements play important roles in MPXV neutrali-
zation (Hubert et al. 2023). Studies focusing on VACV
extracellular enveloped virion (EV) protein B5 showed
that the protection against VACV EV infection provided
by the IgG2a anti-B5 mAb B126 requires complement
(Benhnia et al. 2009b). The depletion experiments, espe-
cially lacking of C3, exhibited a specific loss in the mAb
B126-dependent protection (Cohen et al. 2011; Paran
and Lustig 2010). Binding of human anti-B5 antibodies
to VACV-infected cells potently directs complement-
dependent cytotoxicity in an isotype-dependent manner
(Benhnia et al. 2009a). In contrast, complement in com-
bination with anti-A33 IgG did not neutralize VACV EV
but induce complement-dependent virolysis of EV and
thereby release the internal MV to be neutralized by the
second IgG targeting the L1 membrane protein (Lustig
et al. 2004). Interestingly, another study showed a differ-
ent result that the human anti-A33 mAb VV22 with higher
affinity developed by electrofusion generation of hybrido-
mas using memory B cells from MVA-vaccinated donors
and anti-B5 mAb h102 (Benhnia et al. 2009a) can neutral-
ize EV in the presence of complement via opsonization
of the EV particle surface (Benhnia et al. 2013). VACV
MYV contains surface proteins, such as A27L, H3L, and
D8L, with main features for binding host cells and helping
to establish an infection (Sagdat et al. 2024). Therefore,
these surface proteins are expected to confer neutralization
responses and become the major target antigens of neutral-
izing antibodies. Neutralization of VACV MV infection
to Vero E6 cells by murine anti-H3L mAb clone 41 in
the neutralization assay was enhanced in the presence of

complement (Matho et al. 2012; McCausland et al. 2010).
Neutralization of VACV MV by the anti-VACV D8 mAb
LAS was markedly increased from 20 to 80% in the pres-
ence of complement (Matho et al. 2012). Here, we also
found that the neutralization of MPXV infection to Vero
E6 cells by anti-MPXV H3L mAb 3-3F was significantly
enhanced in the presence of complement (Fig. 6). How-
ever, the anti-MPXV H3L mAbs 4-2A, 1-1C, 3-8H, 4-9F,
and 2-7G targeting binding epitopes, which are different
from that of 3-3F (Fig. 3), were still lack of MPXV neu-
tralizing activity in the presence of complement, indicat-
ing that the correct binding epitope recognized by the
neutralizing antibody remains the key determinant and
essential factor for the complement-dependent MPXV
neutralization. It has been reported that the isotype of the
murine neutralizing antibody shall be IgG2a, such as the
anti-B5 mAb B126 (Benhnia et al. 2009a). Interestingly,
the isotype of mAb 3-3F is IgG2b (Fig. 2b), but it still
exhibited a complement-enhancing neutralizing activity.
Recall that the isotype of 1-1C and 4-9F is IgG1 that may
not effectively stimulate the antibody-dependent comple-
ment activity in vivo. Taken together, the roles of comple-
ment in enhancing the neutralizing activity of mAb 3-3F
should be further characterized in the future. The in vivo
toxicity, pharmacokinetics, or resistance potential of mAb
3-3F have not been evaluated, indicating that there is still
a significant gap before clinical application.

It has been reported that the H3L epitope recognized by
a fully human neutralizing antibody fh1A derived from a
VACV-immune phage-display library is discontinuous and
localized within the amino acid residues 15-19 and 232-237
(Khlusevich et al. 2018). Notably, the neutralizing epitope
of fh1A does not match with the putative glycosaminogly-
can binding sites located at amino acid residues 94-101
and 159-164 of H3L (Lin et al. 2000). It has been shown
that most neutralization epitopes reside between 1 and
239 residues of H3L protein (Khlusevich et al. 2022). The
amino acid residues necessary for binding with polyclonal
neutralizing antibodies are localized on loops 13-34 and
231-239 of H3L protein (Khlusevich et al. 2022). Impor-
tantly, residues R16, P17, P18, E20, T21, V25, and A233
are crucial, and their substitutions led to the formation of
epitopes unrecognizable by human anti-VACV polyclonal
antibodies (Khlusevich et al. 2022). Here, we also found that
the neutralizing binding epitope within residues 35-89 of
H3L protein recognized by mAb 3-3F does not match with
the putative glycosaminoglycan binding sites (Fig. 3e) and
is also different from the neutralizing epitope of th1A. The
neutralizing mechanism of mAb 3-3F is probably caused by
binding of mAb 3-3F to residues 35-89 of H3L protein that
sterically interrupts virus adsorption to the host cell. It is
also possible that mAb 3-3F can bind to an undefined gly-
cosaminoglycan binding site. Alternatively, mAb 3-3F might
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neutralize virus infection by participating in the destabili-
zation of the virus structure or aggregation of virions. The
neutralizing mechanism mediated by mAb 3-3F should be
further characterized by structural biology approach.

The strong antibody titer against H3L has been found after
MPXYV infection (Yang et al. 2024; Yefet et al. 2023). The
seropositivity rate for anti-A29L and anti-H3L IgG during
1-7 days post symptom onset (d.p.o) could reach 86.36% and
79.55% and increased to 100% and 94.74% during 15-21 d.p.o,
respectively (Yang et al. 2024). Therefore, A29L and H3L are
considered the early diagnostic marker or the immune target
for the identification of recent MPXYV infection (Yang et al.
2024; Yefet et al. 2023). However, the serological study can-
not provide more details on the antibody profiles induced by
individual neutralizing epitopes. Thus, analysis of the antibody
profiles against the major surface proteins of MPXV is very
important for vaccine development and generation of neutraliz-
ing antibody. In our previous study, a series of truncated A29L
fragments were utilized to analyze the antibody profiles of sera
collected from Mpox patients (Liang et al. 2024). The results
showed that Mpox patient sera contained significantly lower
levels of antibodies targeting the N-terminal 2—34 residues of
A209L. The large portions of antibodies induced by MPXV
infection target the C-terminal region of A29L (Liang et al.
2024). Here, we also deployed the same approach using the
truncated H3L fragments to analyze the anti-H3L antibody pro-
files of sera collected from Mpox patients who had not received
the MVA-based vaccine before. We found that the responsive
levels of H3L_2-34-specific antibodies were not observed in
Mpox patient sera. In fact, the antibody levels for binding to
H3L_2-89 are also very low (Fig. 7). Notably, the binding
epitope of mAb 3-3F is located within the region of H3L._2-89
(Fig. 3e), indicating that the 3-3F-like neutralizing antibody
was barely induced after MPXV infection. Thus, improve-
ment of the immunogenicity of the H3L neutralizing epitope
should be carefully taken into consideration while designing
the MPXYV vaccine containing H3L proteins for induction of
potent neutralizing antibodies. Frankly, it should be mentioned
that only ten patient sera were analyzed, which did not cover
different disease stages or geographic origins. The limitation
of the experimental results may potentially affect the generaliz-
ability of the conclusions. Furthermore, this study found that
mAb 3-3F cannot completely inhibit MPXYV infection to Vero
EG6 cells even in the presence of complement (Fig. 6¢), implying
that it should work in concert with other antibodies targeting
additional MPXYV surface proteins to achieve stronger neutral-
izing potency (Song et al. 2024; Tan et al. 2024).

Vaccines, diagnostic tools, and therapeutic agents are
important countermeasures for preventing infectious disease
(Kumari et al. 2022). WHO declared Mpox as a PHEIC for two
times in 2 years regarding the accumulating cases reported in
countries and regions where the MPXV had not been seen. In
addition, the MPXV mutation strains continue to emerge with
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capability for sustained human-to-human transmission (Isidro
et al. 2022; Vakaniaki et al. 2024). As we have learned from
the experience of the COVID-19 pandemic, it will be behind
the curve to develop the effective vaccines, reliable diagnostic
methods, and therapeutic drugs when an unexpected Mpox
outbreak with increasing severity and fatality rates suddenly
appears and spreads globally. The studies on the neutralizing
antibodies for inhibiting the functions of A29L and H3L can
build up the foundation for developing the therapeutic agents
against Mpox. If the LFIA rapid tests can combine diagnostics
of A29L and H3L, it can also minimize the possible failure for
detecting MPXYV infection. Future work should make efforts
on identifying more H3L neutralizing epitopes that may also
contribute to design a better Mpox vaccine.

Acknowledgements The authors would like to acknowledge the service
provided by the Biosafety Level-3 Laboratory of the First Core Labo-
ratory, National Taiwan University College of Medicine. We are also
thankful to the technical assistance from the Technology Commons,
College of Life Science, National Taiwan University.

Author contribution SYC and SCC designed study and acquired
research funds. IHH, GCL, TLC, WDL, and SYC performed experi-
ments. IHH, GCL, TLC, SYC, and SCC analyzed and interpreted data.
GCL, SYC, and SCC wrote and edited the manuscript. All authors read
and approved the final manuscript.

Funding This work was supported by the National Science and Tech-
nology Council, Taiwan (grant numbers 111-2320-B-002-047, 112-
2740-B-002-004 and 112-2321-B-002-013) and National Taiwan Uni-
versity (grant numbers 11217255 and 113L.7226).

Data availability All data associated with this study are included in
the paper.

Declarations

Ethical statement The animals’ care and protocol have been reviewed
and approved by the Institutional Animal Care and Use Committee
(IACUC) of National Taiwan University (approval number: NTU-
112-EL-00080). A written informed consent was obtained from all
individual Mpox patients in the study, which was approved by the
Institutional Review Board of National Taiwan University Hospital.

Conflict of interest The authors declare no competing interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

Applied Microbiology and Biotechnology (2025) 109:80

Page110f12 80

References

Benhnia MR, McCausland MM, Laudenslager J, Granger SW, Rickert
S, Koriazova L, Tahara T, Kubo RT, Kato S, Crotty S (2009)
Heavily isotype-dependent protective activities of human antibod-
ies against vaccinia virus extracellular virion antigen B5. J Virol
83(23):12355-12367

Benhnia MR, McCausland MM, Moyron J, Laudenslager J, Granger S,
Rickert S, Koriazova L, Kubo R, Kato S, Crotty S (2009) Vaccinia
virus extracellular enveloped virion neutralization in vitro and pro-
tection in vivo depend on complement. J Virol 83(3):1201-1215

Benhnia MR, Maybeno M, Blum D, Aguilar-Sino R, Matho M, Meng
X, Head S, Felgner PL, Zajonc DM, Koriazova L, Kato S, Burton
DR, Xiang Y, Crowe JE Jr, Peters B, Crotty S (2013) Unusual
features of vaccinia virus extracellular virion form neutralization
resistance revealed in human antibody responses to the smallpox
vaccine. J Virol 87(3):1569-1585

Cheng YC, Chang SC (2021) Development and biochemical characteri-
zation of the monoclonal antibodies for specific detection of the
emerging HSN8 and H5Nx avian influenza virus hemagglutinins.
Appl Microbiol Biotechnol 105(1):235-245

Cho W, Park S, Kim HJ, Lee M, Choi YS, Yeo SG, Lee J, Koyanagi
A, Jacob L, Smith L, Rahmati M, Ahmad S, Fond G, Boyer L,
Rhee SY, Lee SW, Shin JI, Woo HG, Yon DK (2024) Clinical
characteristics and outcomes of patients with mpox during the
2022 mpox outbreak compared with those before the outbreak: a
systematic review and meta-analysis. Rev Med Virol 34(1):e2508

Chung CS, Chen CH, Ho MY, Huang CY, Liao CL, Chang W (2006)
Vaccinia virus proteome: identification of proteins in vaccinia virus
intracellular mature virion particles. J Virol 80(5):2127-2140

Cohen ME, Xiao Y, Eisenberg RJ, Cohen GH, Isaacs SN (2011)
Antibody against extracellular vaccinia virus (EV) protects mice
through complement and Fc receptors. PLoS One 6(6):e20597

Cohn H, Bloom N, Cai GY, Clark JJ, Tarke A, Bermudez-Gonzalez
MC, Altman DR, Lugo LA, Lobo FP, Marquez S, group PVIs,
Chen JQ, Ren W, Qin L, Yates JL, Hunt DT, Lee WT, Crotty
S, Krammer F, Grifoni A, Sette A, Simon V, Coelho CH (2023)
Mpox vaccine and infection-driven human immune signatures: an
immunological analysis of an observational study. Lancet Infect
Dis 23(11):1302-1312

Crickard L, Babas T, Seth S, Silvera P, Koriazova L, Crotty S (2012) Pro-
tection of rabbits and immunodeficient mice against lethal poxvirus
infections by human monoclonal antibodies. PLoS One 7(11):¢48706

Davis I, Payne JM, Olguin VL, Sanders MP, Clements T, Stefan CP,
Williams JA, Hooper JW, Huggins JW, Mucker EM, Ricks KM
(2023) Development of a specific MPXV antigen detection immu-
nodiagnostic assay. Front Microbiol 14:1243523

de Oliveira Thomasi RM, da Silva CT, Silva do Carmo D, Rodrigues
DF, da Silva Correa LV, Xavier SR, Silva LS, da Silva JO, San-
tos MD, da Silva Dantas A, da Paz MC, Chavez-Fumagalli MA,
Giunchetti RC, Ferraz Coelho EA, Machado JM, Galdino AS,
(2024) Molecular methods for diagnosis of monkeypox: a mini-
review. Curr Mol Med 24(10):1208-1218

Drexler I, Staib C, Kastenmuller W, Stevanovic S, Schmidt B, Lemon-
nier FA, Rammensee HG, Busch DH, Bernhard H, Erfle V, Sutter
G (2003) Identification of vaccinia virus epitope-specific HLA-
A*0201-restricted T cells and comparative analysis of smallpox
vaccines. Proc Natl Acad Sci U S A 100(1):217-222

Fan Z, Xie Y, Huang B, Zhao F, Hu Y, Huang Y, Mei S, Wei L, Wang
L, Wang L, Gao Z, Ai B, Fang J, Liang C, Xu F, Tan W, Guo F
(2024) Development of a multiplex real-time PCR assay for the
simultaneous detection of mpox virus and orthopoxvirus infec-
tions. J Virol Methods 328:114957

Foster SO, Brink EW, Hutchins DL, Pifer JM, Lourie B, Moser CR,
Cummings EC, Kuteyi OE, Eke RE, Titus JB, Smith EA, Hicks

JW, Foege WH (1972) Human monkeypox. Bull World Health
Organ 46(5):569-576

Gigante CM, Korber B, Seabolt MH, Wilkins K, Davidson W, Rao
AK, Zhao H, Smith TG, Hughes CM, Minhaj F, Waltenburg MA,
Theiler J, Smole S, Gallagher GR, Blythe D, Myers R, Schulte
J, Stringer J, Lee P, Mendoza RM, Griffin-Thomas LA, Crain J,
Murray J, Atkinson A, Gonzalez AH, Nash J, Batra D, Damon
I, McQuiston J, Hutson CL, McCollum AM, Li Y (2022) Mul-
tiple lineages of monkeypox virus detected in the United States,
2021-2022. Science 378(6619):560-565

Gong Q, Wang C, Chuai X, Chiu S (2022) Monkeypox virus: a re-
emergent threat to humans. Virol Sin 37(4):477-482

Haque MA, Halder AS, Hossain MJ, Islam MR (2024) Prediction of
potential public health risk of the recent multicountry monkey-
pox outbreak: an update after the end declaration of global public
health emergency. Health Sci Rep 7(6):2136

Hubert M, Guivel-Benhassine F, Bruel T, Porrot F, Planas D, Vanhom-
wegen J, Wiedemann A, Burrel S, Marot S, Palich R, Monsel G,
Diombera H, Gallien S, Lopez-Zaragoza JL, Vindrios W, Taieb F,
Fernandes-Pellerin S, Delhaye M, Laude H, Arowas L, Ungeheuer
MN, Hocqueloux L, Pourcher V, Prazuck T, Marcelin AG, Lelievre
JD, Batejat C, Levy Y, Manuguerra JC, Schwartz O (2023) Comple-
ment-dependent mpox-virus-neutralizing antibodies in infected and
vaccinated individuals. Cell Host Microbe 31(6):937-948

Isidro J, Borges V, Pinto M, Sobral D, Santos JD, Nunes A, Mixao
V, Ferreira R, Santos D, Duarte S, Vieira L, Borrego MJ, Nun-
cio S, de Carvalho IL, Pelerito A, Cordeiro R, Gomes JP (2022)
Phylogenomic characterization and signs of microevolution in
the 2022 multi-country outbreak of monkeypox virus. Nat Med
28(8):1569-1572

Kaever T, Matho MH, Meng X, Crickard L, Schlossman A, Xiang Y,
Crotty S, Peters B, Zajonc DM (2016) Linear epitopes in vaccinia
virus A27 are targets of protective antibodies induced by vaccina-
tion against smallpox. J Virol 90(9):4334-4345

Khlusevich Y, Matveev A, Baykov I, Bulychev L, Bormotov N, Ily-
ichev I, Shevelev G, Morozova V, Pyshnyi D, Tikunova N (2018)
Phage display antibodies against ectromelia virus that neutralize
variola virus: selection and implementation for p35 neutralizing
epitope mapping. Antiviral Res 152:18-25

Khlusevich Y, Matveev A, Emelyanova L, Goncharova E, Golosova N, Per-
everzev |, Tikunova N (2022) New p35 (H3L) epitope involved in vac-
cinia virus neutralization and its deimmunization. Viruses 14(6):1224

Kumari M, Lu RM, Li MC, Huang JL, Hsu FF, Ko SH, Ke FY, Su SC,
Liang KH, Yuan JP, Chiang HL, Sun CP, Lee 1J, Li WS, Hsieh
HP, Tao MH, Wu HC (2022) A critical overview of current pro-
gress for COVID-19: development of vaccines, antiviral drugs,
and therapeutic antibodies. J Biomed Sci 29(1):68

Ladnyj ID, Ziegler P, Kima E (1972) A human infection caused by
monkeypox virus in Basankusu Territory, Democratic Republic
of the Congo. Bull World Health Organ 46(5):593-597

Lai GC, Chao TL, Lin SY, Kao HC, Tsai YM, Lu DC, Chiang YW,
Chang SY, Chang SC (2022) Neutralization or enhancement of
SARS-CoV-2 infection by a monoclonal antibody targeting a spe-
cific epitope in the spike receptor-binding domain. Antiviral Res
200:105290

Li CJ, Chao TL, Chang TY, Hsiao CC, Lu DC, Chiang YW, Lai
GC, Tsai YM, Fang JT, Ieong S, Wang JT, Chang SY, Chang
SC (2022) Neutralizing monoclonal antibodies inhibit SARS-
CoV-2 infection through blocking membrane fusion. Microbiol
Spectr 10(2):e0181421

Liang CY, Chao TL, Chao CS, Liu WD, Cheng YC, Chang SY,
Chang SC (2024) Monkeypox virus A29L protein as the target
for specific diagnosis and serological analysis. Appl Microbiol
Biotechnol 108(1):522

Lin CL, Chung CS, Heine HG, Chang W (2000) Vaccinia virus enve-
lope H3L protein binds to cell surface heparan sulfate and is

@ Springer



80 Page 12 of 12

Applied Microbiology and Biotechnology (2025) 109:80

important for intracellular mature virion morphogenesis and
virus infection in vitro and in vivo. J Virol 74(7):3353-3365

LuJ, Xing H, Wang C, Tang M, Wu C, Ye F, Yin L, Yang Y, Tan W,
Shen L (2023) Mpox (formerly monkeypox): pathogenesis, pre-
vention, and treatment. Signal Transduct Target Ther 8(1):458

Lustig S, Fogg C, Whitbeck JC, Moss B (2004) Synergistic neutral-
izing activities of antibodies to outer membrane proteins of the
two infectious forms of vaccinia virus in the presence of com-
plement. Virology 328(1):30-35

Lustig S, Fogg C, Whitbeck JC, Eisenberg RJ, Cohen GH, Moss B
(2005) Combinations of polyclonal or monoclonal antibodies
to proteins of the outer membranes of the two infectious forms
of vaccinia virus protect mice against a lethal respiratory chal-
lenge. J Virol 79(21):13454-13462

Matho MH, Maybeno M, Benhnia MR, Becker D, Meng X, Xiang
Y, Crotty S, Peters B, Zajonc DM (2012) Structural and bio-
chemical characterization of the vaccinia virus envelope
protein D8 and its recognition by the antibody LAS5. J Virol
86(15):8050-8058

McCausland MM, Benhnia MR, Crickard L, Laudenslager J, Granger
SW, Tahara T, Kubo R, Koriazova L, Kato S, Crotty S (2010)
Combination therapy of vaccinia virus infection with human
anti-H3 and anti-B5 monoclonal antibodies in a small animal
model. Antivir Ther 15(4):661-675

Mitja O, Ogoina D, Titanji BK, Galvan C, Muyembe JJ, Marks M,
Orkin CM (2023) Monkeypox. Lancet 401(10370):60-74

Noy-Porat T, Tamir H, Alcalay R, Rosenfeld R, Epstein E, Cherry L,
Achdout H, Erez N, Politi B, Yahalom-Ronen Y, Weiss S, Mela-
med S, Israely T, Mazor O, Paran N, Makdasi E (2023) Genera-
tion of recombinant mAbs to vaccinia virus displaying high affin-
ity and potent neutralization. Microbiol Spectr 11(5):e0159823

Okwor T, Mbala PK, Evans DH, Kindrachuk J (2023) A contempo-
rary review of clade-specific virological differences in monkey-
pox viruses. Clin Microbiol Infect 29(12):1502-1507

Ostrout ND, McHugh MM, Tisch DJ, Moormann AM, Brusic V,
Kazura JW (2007) Long-term T cell memory to human leu-
cocyte antigen-A2 supertype epitopes in humans vaccinated
against smallpox. Clin Exp Immunol 149(2):265-273

Otieno JR, Ruis C, Onoja AB, Kuppalli K, Hoxha A, Nitsche A,
Brinkmann A, Michel J, Mbala-Kingebeni P, Mukadi-Bamuleka
D, Osman MM, Hussein H, Raja MA, Fotsing R, Herring BL,
Keita M, Rico JM, Gresh L, Barakat A, Katawera V, Nahapetyan
K, Naidoo D, Floto RA, Cunningham J, Van Kerkhove MD,
Lewis RF, Subissi L (2024) Global genomic surveillance of
monkeypox virus. Nat Med 31(1):342-350

Paran N, Lustig S (2010) Complement-bound human antibodies to
vaccinia virus B5 antigen protect mice from virus challenge.
Expert Rev Vaccines 9(3):255-259

Rampogu S, Kim Y, Kim SW, Lee KW (2023) An overview on mon-
keypox virus: pathogenesis, transmission, host interaction and
therapeutics. Front Cell Infect Microbiol 13:1076251

Rizk Y, Lippi G, Henry BM, Notarte KI, Rizk JG (2024) Update on
Mpox management: epidemiology, vaccines and therapeutics,
and regulatory changes. Drugs 85(1):1-9

Sagdat K, Batyrkhan A, Kanayeva D (2024) Exploring monkeypox
virus proteins and rapid detection techniques. Front Cell Infect
Microbiol 14:1414224

Saraswat Y, Shah K (2024) Mini review on clinical aspects of mon-
keypox. Curr Pharm Biotechnol 25(4):411-425

Singh K, Gittis AG, Gitti RK, Ostazeski SA, Su HP, Garboczi DN
(2016) The vaccinia virus H3 envelope protein, a major target
of neutralizing antibodies, exhibits a glycosyltransferase fold
and binds UDP-glucose. J Virol 90(10):5020-5030

Song S, Ren Z, Chen J, Li M, Jiang Y, Liu Y, Zhang B, Lu H, Zhao
W, Shen C, Yang Y (2024) Analysis of binding and authentic

@ Springer

virus-neutralizing activities of immune sera induced by various
monkeypox virus antigens. Immunol Res 72(5):902-907

Sukhdeo S, Mishra S, Walmsley S (2022) Human monkeypox: a
comparison of the characteristics of the new epidemic to the
endemic disease. BMC Infect Dis 22(1):928

Sun H, Miao Y, Yang X, Guo L, Li Q, Wang J, Long J, Zhang Z, Shi
J,LiJ, Cao Y, Yu C, Mai J, Rong Z, Feng J, Wang S, Yang J,
Wang S (2024) Rapid identification of A29L antibodies based
on mRNA immunization and high-throughput single B cell
sequencing to detect Monkeypox virus. Emerg Microbes Infect
13(1):2332665

Tan M, Zhang R, Shen T, Li A, Hou X, Zhang Y, Wang T, Zhang
B, Sun P, Gong X, Li L, Wu J, Wu J, Zhang R, Liu B (2024)
Systematic evaluation of the induction of efficient neutralizing
antibodies by recombinant multicomponent subunit vaccines
against monkeypox virus. Vaccine 42(26):126384

Titanji BK, Hazra A, Zucker J (2024) Mpox clinical presentation,
diagnostic approaches, and treatment strategies: a review.
JAMA 332(19):1652-1662

Vakaniaki EH, Kacita C, Kinganda-Lusamaki E, O’Toole A,
Wawina-Bokalanga T, Mukadi-Bamuleka D, Amuri-Aziza
A, Malyamungu-Bubala N, Mweshi-Kumbana F, Mutimbwa-
Mambo L, Belesi-Siangoli F, Mujula Y, Parker E, Muswamba-
Kayembe PC, Nundu SS, Lushima RS, Makangara-Cigolo JC,
Mulopo-Mukanya N, Pukuta-Simbu E, Akil-Bandali P, Kavunga
H, Abdramane O, Brosius I, Bangwen E, Vercauteren K, Sam-
Agudu NA, Mills EJ, Tshiani-Mbaya O, Hoff NA, Rimoin AW,
Hensley LE, Kindrachuk J, Baxter C, de Oliveira T, Ayouba A,
Peeters M, Delaporte E, Ahuka-Mundeke S, Mohr EL, Sullivan
NJ, Muyembe-Tamfum JJ, Nachega JB, Rambaut A, Liesen-
borghs L, Mbala-Kingebeni P (2024) Sustained human outbreak
of a new MPXYV clade I lineage in eastern Democratic Republic
of the Congo. Nat Med 30(10):2791-2795

Van Dijck C, Hoff NA, Mbala-Kingebeni P, Low N, Cevik M, Rimoin
AW, Kindrachuk J, Liesenborghs L (2023) Emergence of mpox
in the post-smallpox era-a narrative review on mpox epidemiol-
ogy. Clin Microbiol Infect 29(12):1487-1492

Yang X, Cheng X, Wei H, Tu Z, Rong Z, Wang C, Wang S (2023)
Fluorescence-enhanced dual signal lateral flow immunoassay
for flexible and ultrasensitive detection of monkeypox virus. J
Nanobiotechnol 21(1):450

Yang Y, Niu S, Shen C, Yang L, Song S, Peng Y, Xu Y, Guo L, Shen
L, Liao Z, LiuJ, Zhang S, Cui Y, Chen J, Chen S, Huang T, Wang
F, Lu H, Liu Y (2024) Longitudinal viral shedding and antibody
response characteristics of men with acute infection of monkeypox
virus: a prospective cohort study. Nat Commun 15(1):4488

Ye L, Lei X, Xu X, Xu L, Kuang H, Xu C (2023) Gold-based
paper for antigen detection of monkeypox virus. Analyst
148(5):985-994

Yefet R, Friedel N, Tamir H, Polonsky K, Mor M, Cherry-Mimran
L, Taleb E, Hagin D, Sprecher E, Israely T, Freund NT (2023)
Monkeypox infection elicits strong antibody and B cell response
against A35R and H3L antigens. iScience 26(2):105957

Zeng J, Li Y, Jiang L, Luo L, Wang Y, Wang H, Han X, Zhao J, Gu
G, Fang M, Huang Q, Yan J (2023) Mpox multi-antigen mRNA
vaccine candidates by a simplified manufacturing strategy afford
efficient protection against lethal orthopoxvirus challenge.
Emerg Microbes Infect 12(1):2204151

ZhuJ, YuJ, Qin H, Chen X, Wu C, Hong X, Zhang Y, Zhang Z (2023)
Exploring the key genomic variation in monkeypox virus during
the 2022 outbreak. BMC Genom Data 24(1):67

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Monkeypox virus H3L protein as the target antigen for developing neutralizing antibody and serological assay
	Abstract 
	Key Points 
	Introduction
	Materials and methods
	Preparation of the recombinant MPXV H3L protein
	Generation of mouse mAb
	Western blot (WB) analysis
	Purification of mAb
	PRNT assay
	LFIA

	Results
	Immunization of MPXV H3L in BALBc mice
	Production of the H3L-specific mAbs
	Characterization of the binding epitopes of anti-H3L mAbs
	Anti-H3L mAbs cross-reacted with MPXV and VACV virions
	Detection of H3L protein and MPXV virion by LFIA
	Inhibition of MPXV infection by mAb 3-3F
	The antibody profiles of Mpox patient sera against different H3L domains

	Discussion
	Acknowledgements 
	References


