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ABSTRACT
The worldwide outbreak of the monkeypox virus (MPXV) has become a “Public Health Emergency of International
Concern” (PHEIC). Severe monkeypox virus infection can be fatal, however, effective therapeutic methods are yet to
be developed. Mice were immunized with A35R protein and A29L protein of MPXV, and the binding and neutralizing
activities of the immune sera against poxvirus-associated antigens and viruses were identified. A29L protein and
A35R protein-specific monoclonal antibodies (mAbs) were generated and their antiviral activities of these mAbs were
characterized in vitro and in vivo. Immunization with the MPXV A29L protein and A35R protein induced neutralizing
antibodies against the orthopoxvirus in mice. None of the mAbs screened in this study against A35R could effectively
neutralize the vaccinia virus (VACV), while three mAbs against A29L protein, 9F8, 3A1 and 2D1 were confirmed to
have strong broad binding and neutralizing activities against orthopoxvirus, among which 9F8 showed the best
neutralizing activity. 9F8, 3A1, and 2D1 recognized different epitopes on MPXV A29L protein, showing synergistic
antiviral activity in vitro against the VACV Tian Tan and WR strains; the best activity was observed when the three
antibodies were combined. In the vivo antiviral prophylactic and therapeutic experiments, 9F8 showed complete
protective activity, whereas 3A1 and 2D1 showed partial protective activity. Similarly, the three antibodies showed
synergistic antiviral protective activity against the two VACVs. In conclusion, three mAbs recognized different
epitopes on MPXV A29L protein were developed and showed synergistic effects against orthopoxvirus.
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Background

Orthopoxviruses include smallpox, cowpox, vaccinia
virus and MPXV. Severe orthopoxvirus epidemics,
such as the smallpox pandemic many years ago,
greatly harm human health; therefore, the MPXV out-
break of 2022 must be monitored. MPXV was first dis-
covered in monkeys in 1958 and in humans in 1970
[1], and since May 2022, cases of MPXV infection in
humans have been reported globally. The World
Health Organization (WHO) has declared the

MPXV epidemic a Public Health Emergency of Inter-
national Concern (PHEIC). As of May 09, 2023, 110
countries and regions have reported cases of MPXV,
bringing the total number of confirmed cases to
87,314, with 129 total deaths [2]. MPXV infection
seriously damages multiple organ systems of the
host, including the skin and mucosal barriers, lung,
lymphatic and gastrointestinal tract, the skin of the
host can be severely exfoliated, and airway inflam-
mation and bronchopneumonia resulting from infec-
tion can limit air intake and impact the ability to
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ingest water and food [3, 4]. Severe MPXV infections
can result in death, with mortality rates of 10.6% and
3.6% for clade I and II viruses, respectively [5].

Using effective therapeutic drugs can greatly
reduce the severity of illness and mortality caused
by viral infections, shorten the course of the disease,
and relieve pain in patients [6]. However, till date,
few therapeutic drugs have been developed against
MPXV infection; if the virus continues to spread
worldwide, the human population will be at great
risk. Therefore, effective drugs against MPXV infec-
tions must be urgently developed. Monoclonal anti-
body drugs can be employed for treating multiple
viral infections [7–9], during the novel coronavirus
pneumonia pandemic, some monoclonal antibody
drugs were approved for clinical use worldwide, sav-
ing lives. Immunization with multiple antigenic pro-
teins of the orthopoxvirus can induce antiviral-
neutralizing antibodies, such as the A33, A27, B5,
H3, D7, and L1 proteins of VACV [10–12]. Some
neutralizing mAbs against orthopoxviruses have
been developed, and representative mAbs have
shown high antiviral effects in vivo and in vitro
[11, 13–16]. The generation of neutralizing mAbs is
important for developing highly effective antiviral
drugs against orthopoxviruses.

At present, most neutralizing mAbs against ortho-
poxviruses are induced by VACV-associated antigens;
however, few studies have been conducted on neutra-
lizing antibodies directly induced by the MPXV anti-
gen. Whether the antigen proteins of MPXV can
induce neutralizing antibodies and how the antiviral
activity of neutralizing mAbs is directly induced by
MPXV antigens warrant further study. A29L protein
of MPXV is an intracellular mature virus (IMV) sur-
face envelope protein that is homologous to VACV
A27 protein and is widely conserved in the poxvirus
family. The A27 protein plays various roles in the
viral life cycle, including binding to cell surface
heparan sulfate, regulating membrane fusion, and
mediating IMV transport to form the extracellular
enveloped virus (EEV) [17, 18]. A35R protein of
MPXV is the envelope component of EEV and hom-
ologous to VACV A33 protein, which plays a crucial
role in transmitting viral particles between cells and
is an important target for vaccine development [19,
20]. Previously, our team developed a batch of mAbs
induced by antigens of MPXV [21]; in this study, we
aimed to investigate the levels and activities of anti-
viral neutralizing antibodies induced by MPXV
A29L and A35R proteins, to provide scientific clues
for developing MPXV -specific drugs and vaccines.

Methods

This study aimed to develop mAbs that neutralize
multiple orthopoxviruses induced by MPXV antigens.

All in vivo studies were performed under the Insti-
tutional Animal Care and Use Committee guidelines
and were approved by the Ethics Committee of the
Southern Medical University Animal Centre.

Mice, cells and viruses

Six to eight-week-old female BALB/c mice were pur-
chased from Shanghai Silaike Laboratory Animal
Co., Ltd. and used for all experiments. The animals
were maintained in individually ventilated cages and
closely monitored for survival and signs of illness
after the challenge. The guidelines for humane end-
points were strictly followed for all in vivo exper-
iments; animals that lost more than 25% of their
initial body weight were immediately euthanized by
CO2 asphyxiation and recorded as non-survivors. All
animals were randomly assigned to the treatment
groups using a randomization tool in Microsoft
Excel. BHK-21 cell lines were purchased from IMMO-
CELL (Xiamen, Fujian, China) and maintained in
Dulbecco Modified Eagle’s Medium (DMEM) sup-
plemented with 10% calf serum. VACV Tian Tan
and VACV Western Reserve (VACV-WR; ATCC
VR-119) were propagated and titrated in monolayer
cultures of BHK-21 cells.

Expression of recombinant MPXV proteins A29L
and A35R, Camelpox A27L and Taterapox A27L

The recombinant MPXV proteins A29L and A35R,
Camelpox A27L and Taterapox A27L were produced
using an Escherichia coli expression system. The
protein sequences of MPXV A29L protein and A35R
protein, Camelpox A27L protein and Taterapox
A27L protein were downloaded from the Genebank
and constructed on the PET-28a vector (MPXV
A29L protein Genebank No. YP_010377135.1;
MPXV A35R protein Genebank No.
YP_010377142.1; Camelpox A27L protein Genebank
No. ACV88141.1; Taterapox A27L protein Genebank
No. YP_717458.1). BL21 receptor cells (Beijing
Tsingke Biotech Co., Ltd; TSC-E01) containing the
recombinant vector were transformed and plates
were delineated, and single colonies were picked for
expanded culture. The expression was induced by add-
ing IPTG at a final concentration of 0.1-1 mM to the
expanded culture broth and incubated in a shaker at
37°C and 220 rpm for 3-5 h. Subsequently, the super-
natant was removed by centrifugation at 7830 rpm for
15 min, and the precipitate was solubilized by adding
an appropriate amount of 1*PBS, mixed well and cen-
trifuged at 7380 rpm for 10 min to remove the super-
natant. Resuspend the precipitate with lysis buffer, and
then use an ultrasonic cell disruptor to break the cells,
and repeat this operation until the bacterial solution is
slightly clarified and not sticky. The supernatant was
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removed and the protein was purified using His-
tagged protein agarose high-speed purification resin
(refer to its instructions). Transfer the purified protein
to a dialysis bag in pre-cooled 1*PBS dialysate and stir
gently at 4°C on a magnetic stirrer. The dialysate was
replaced at 2-4 h, 6-8 h and 10-14 h, respectively.
Finally, the dialyzed protein was concentrated to
1 mg/mL at 4°C with an ultrafiltration tube, samples
were analyzed by SDS-PAGE and stored at −80°C
until use.

Mouse immunization and monoclonal antibody
production

The immunization regimen is shown in Figure 1A.
Six-week-old female BALB/c mice were immunized
subcutaneously thrice, at 2-week intervals, with
MPXV A29L protein or A35R protein. Two weeks
after the final immunization, sera were collected and
evaluated. Three days later, the spleens of immunized
mice were taken in an ultra-clean table, ground in a
cell sieve, followed by the addition of 5 ml RPMI-
1640 medium, centrifuged at 1500 rpm for 5 min, con-
tinued to wash the cells with RPMI-1640 medium,
centrifuged again, repeated this operation 3 times,
and set aside. The collected SP2/0 cells were also
washed 3 times according to the above operation
and then set aside. Subsequently, mix the two, add
about 25 mL of RPMI-1640 medium containing 10%
serum, blow and mix well, centrifuge at 1500 rpm
for 5 min, and remove the supernatant. Add 1 mL of
pre-warmed PEG to the cells slowly, gently and repeat-
edly blow the cells for 1 min, then immediately add
20 mL of serum-free RPMI-1640 medium in a warm
bath at 37°C and mix well, then centrifuge at
1500 rpm for 5 min. Place in a 37°C incubator. Posi-
tive cells were repeatedly blown into a cell suspension
and added 20 uL to 200 uL of medium containing 15%
serum as the initial concentration, and diluted via lim-
iting dilution. The diluted cells were placed in a 37°C
cell culture incubator; after 5 days, the cell growth was
observed, and the monoclonal cell wells were picked
out, and the positive cell line was screened in ELISA
and continued to be cloned. After repeating the oper-
ation 3 times, the positive cell line was expanded and
cultured to establish a stable hybridoma-positive cell
line. The hybridoma cells prepared by the above
method were made into cell suspension, and the
cells were injected into the peritoneal cavity of mice
(which had been injected intraperitoneally with
0.5 mL of Fever incomplete adjuvant one week in
advance) with a syringe at 0.5 mL each, and the mice
were observed from 6 days after injection until their
abdomens were significantly enlarged, and the ascites
was aspirated with a 5 mL syringe, centrifuged at
6000 rpm for 10 min, and the supernatant was col-
lected and the precipitate was discarded. An equal

volume of saturated ammonium sulfate solution was
added to the ascites, and centrifuged at 12000rpm
for 10 min, the supernatant was removed, the precipi-
tate was dissolved with an appropriate amount of
1*PBS, centrifuged again, the supernatant was
removed, and the impurities were filtered through a
0.22 µm membrane, and finally the corresponding
antibody was purified by protein A agarose columns
(Bio-Rad).

Sequencing analysis

The variable gene regions of the antibodies were
sequenced as follows. Total RNA was extracted from
107 hybridoma cells using the FastPure Cell/Tissue
Total RNA Isolation Kit (Vazyme Biotech Co., Ltd;
RC112). The extracted RNA was subjected to a reverse
transcription reaction with the following primers: 5’-
CCGTTTGKATYTCCAGCTTGGTSCC-3’ for reverse
transcription of the light chain variable region gene
and 5’-CGGTGACCGWGGTBCCTT GRCCCCA-3’
for reverse transcription of the heavy chain variable
region gene using the Takara PrimeScript™ II 1st
Strand cDNA Synthesis Kit. The coding regions of the
H- and L-chains of 12G6 were amplified by PCR
with the following primers: 5’-ATGGACTCCAGGCT-
CAATTTAGTTTTCCT-3’ (H-chain-forward) and 5’-
CGGTGACCGWGGTBCCTTGR CCCCA-3’ (H-
chain-reverse); and 5’-ATGAAGTTGCCTGTTAGG
CTGTTGGTGCT-3’ (L-chain-forward) and 5’-CCG
TTTGKATYTCCAGCTTGGTSCC-3’ (L-chain-re-
verse) using the Takara TaqTM Version 2.0 plus dye
kit. The purified PCR products were then subcloned
into pMD 18-T Vector (TaKaRa, Dalian, China) and
sent to Shanghai Boya Company for sequencing. The
sequences of the antibody variable regions were verified
using BLAST alignment, and the corresponding amino
acid sequences were determined.

Construction of chimeric antibodies

The chimeric versions of 9F8 (C9F8), 3A1 (C3A1),
and 2D1 (C2D1) were constructed as follows.
Briefly, The variable regions of each antibody were
fused to the constant regions of human IgG1 HC or
kappa LC by overlap extension PCR. Each antibody
HC and LC was fused with signal peptides
(METDTLLLWVLLLWVPGSTGD) and inserted
into pTT5 at EcoR I/BamH I. Plasmid DNA was
amplified in DH5α (Beijing Tsingke Biotech Co.,
Ltd; TSC-C01) and purified using a TIANQuick
Midi Purification Kit (TIANGEN, China) The recom-
binant antibodies were expressed in Chinese hamster
ovary (CHO) cells through transient transfection
and purified from the culture media using MabSelect
XtraTM affinity chromatography (Amersham GE
Health).
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Figure 1. Immunization schedule and immunobiological analysis using the antigens of monkeypox A29L protein and
A35R protein. (A), Schedule of A29L protein and A35R protein immunization, serum collection, mAbs generation, and VACV chal-
lenge. (B), Homology analysis of monkeypox A29L protein and homologous antigens from other orthopoxviruses. (C), Analysis of
sera binding activity from A29L protein immunized mice. (D), Analysis of sera binding activity from A35R protein immunized mice.
(E), Neutralization titre analysis of sera from A29L protein and A35R protein immunized mice against IMV form of VACV (Tian tan)
strain. (F), Neutralization titre analysis of sera from A29L and A35R immunized mice against IMV form of VACV (WR) strain. (G),
Neutralization titre analysis of sera from A29L protein and A35R protein immunized mice against EEV form of VACV (Tian tan)
strain. (H), Neutralization titre analysis of sera from A29L protein and A35R protein immunized mice against EEV form of VACV
(WR) strain.
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ELISA

Microtiter plates (WANTAI BioPharm) were coated
overnight at 4°C with 5 μg/mL purified proteins or
viruses (50 μL per well). The plates were washed thrice
with PBS containing 0.1% v/v Tween-20 (PBST) and
blocked in PBS containing 2% w/v non-fat dry milk
(blocking solution) for 2 h at 37°C. The plates were
then washed with PBST. Serial dilutions of purified
antibodies or sera were added to the wells and incu-
bated at 37°C for 30 min. After three washes, 100 μL
of horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG antibody solution was added to each
well and incubated at 37°C for 30 min. After five
washes, 100 μL of tetramethylbenzidine (TMB) sub-
strate (WANTAI BioPharm) was added at room temp-
erature in the dark. After 15 min, the reaction was
stopped with a 2M H2SO4 solution, and the absor-
bance was measured at 450 nm. All samples were
run in triplicate. The relative affinity of antibody bind-
ing to purified viruses or proteins was determined by
measuring the concentration of antibody required to
achieve the EC50. Competition ELISAs were carried
out as described previously [22], with an additional
step involving preincubation of the antigen with an
unlabelled competitor antibody at a 10-fold molar
excess before adding the mAbs to the plate. The com-
petition level was calculated as the percentage inhi-
bition of the half-maximal binding concentration of
the test antibody, relative to the absorbance without
an added competitor.

Microneutralization assay

The neutralizing activity of the mAbs and sera was
determined using the MV or EV forms of the
VACV Tian tan or WR strain. Neutralization of
VACV EV was performed using a 10% baby rabbit
complement (Pelfreez). For EV neutralization, MV
was depleted with blocking mAbs at 20 mg/mL.
BHK-21 cells were maintained in DMEM sup-
plemented with 10% calf serum at 37°C, and 5%
CO2. On the day of the experiment, BHK-21 cells
in a 96-well plate were washed twice with phos-
phate-buffered saline (PBS) and incubated in
DMEM. Serial 2-fold dilutions of mAb or serum
were mixed with an equal volume of virus and incu-
bated for 2 h at 37°C. After incubation, 35 µL of the
mixture, containing 100 TCID50 (50% tissue culture
infectious dose) of the virus, was then added to the
BHK-21 cells and allowed to adsorb for 1 h. The
viral supernatant was removed and replaced with
antibiotic-supplemented DMEM. The mixture was
then added to cells and incubated at 37 °C. The cyto-
pathic effect was examined for 4 days post-infection.
Protection was defined as the complete absence of
cytopathic effect in an individual culture well was

defined as protection. The values of IC50 were calcu-
lated using Prism software (GraphPad).

Western blotting

A29L protein and its related polypeptides were separ-
ated using 12% SDS-PAGE separation and then trans-
ferred to 0.22-μm nitrocellulose membranes (GE
Healthcare). The polypeptides were synthesized by
GenScript Biotech Corporation and the terminal
group of each peptide is linked to the primary amine
on KLH by a crosslinker (crosslinker). The blotted
membranes were blocked with 5% skim milk in tris-
buffered saline and then incubated with the antibody
at 37°C for 60 min. After washing thrice with PBST,
the membranes were incubated with an HRP-conju-
gated goat anti-mouse antibody at 37°C for 60 min
and visualized using chemiluminescent HRP
substrates.

Tissue staining

Infected mice were euthanized, and their lungs were
removed, inflated, and fixed in 10% neutral buffered
formalin (VWR). Tissue sections (4–7 μm) from for-
malin-fixed paraffin-embedded lungs were stained
with H&E for histopathological evaluation.
Endogenous peroxidase activity was quenched by
incubation for 10 min in a 3% hydrogen peroxide
in PBS, followed by blocking for 10 min with 10%
normal rabbit serum. Sections were counterstained
with modified Harris hematoxylin, dehydrated, and
mounted using neutral balsam. The stained sections
were analyzed using a Nikon 80i microscope with
20× and 200× objectives and reviewed by a
pathologist.

Molecular docking

Five tertiary 3D structures of A29L protein were pre-
dicted by AlphaFold2 with standard parameters and
the model with the highest pLDDT score (77.1) was
chosen for subsequent docking [23]. Structures of
the Fv domains on 9F8, 2D1 and 3A1 were generated
by ABodyBuilder2 from the SAbPred antibody predic-
tion toolbox [24]. The protein–protein docking of
A29L protein with Fv domains of 9F8, 2D1 and 3A1
was carried out by online tools ZDOCK and ClusPro
2.0 [25–29]. The top ten predicted complexes by
ZDOCK and the top ten predicted complexes by Clu-
sPro 2.0 in balanced, electrostatic-favored, Hydro-
phobic-favored or VdW+ Elec mode were further
investigated manually with epitope mapping infor-
mation. The models that match best with epitope
mapping information of 9F8, 2D1 or 3A1 were chosen
for presentation. Figures were prepared in PyMOL
[30].
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Prophylactic and therapeutic efficacy studies in
mice

In a prophylactic setting, groups of six female BALB/
c mice aged 6–8 weeks were injected intraperitone-
ally (i.p.) with 200 μL of vehicle control or a dose
of 10 mg/kg of the indicated antibody. One day
later, the mice were deeply anesthetized with isoflur-
ane and oxygen and challenged intranasally (i.n.)
with 5*106 TCID50 of either, VACV the Tian Tan
or WR strains which were grown in BHK-21 cells
using standard viral culturing techniques. In the
therapeutic setting, mice received the antibody at
the indicated doses one day after infection. The
lungs of the mice were collected for virus titration
at four days after infection. Tissue samples were col-
lected for histopathological evaluation four days after
infection. The animals were observed daily for mor-
tality and morbidity, and their body weights were
measured for up to 21 days after infection. Animals
that lost more than 25% of their initial body weight
were euthanized according to animal ethics
protocols.

Results

To generate neutralizing mAbs against MPXV
directly, the mice were immunized subcutaneously
with MPXV A29L protein or A35R protein, the sera
were collected and evaluated, and mAbs were screened
(Figure 1A). To evaluate the response profile of anti-
bodies induced via immunization with MPXV anti-
gens, several antigen proteins from various
orthopoxvirus strains, such as the A27L of Camelpox
and IMV protein of Talerapox, were expressed and
purified, and the amino acid homology of the corre-
sponding proteins from different viruses, A29L
protein and A35R, were compared. The homologies
between the pairwise pairs of MPXV A29L, VACV
Tian Tan A27L, VACV WR A27L, Camelpox A27L,
and Talerapox IMV proteins were all above 93%
(Figure 1B and Figure S1A and S1A). The MPXV
A35R protein, VACV Tian Tan A33 protein, and
VACV WR A33 proteins also showed high amino
acid homology between pairwise pairs, all of which
were the pair homologies are above 93% (Figure S1B
and 1D). Sera from mice immunized with MPXV
A29L protein revealed good ELISA binding reactivity
to MPXV A29L protein, Camelpox A27L protein,
and Taterapox IMV protein (Figure 1C), immuniz-
ation with MPXV A35R protein also induces high
titres of MPXV-specific antibodies in mice (Figure
1D). MPXV A29L protein immune sera showed
good neutralizing activity against the IMV form of
the VACV Tiantan and WR strains but did not effec-
tively neutralize the EEV form of the VACV (Figure
1E-H). In the contrast, the, MPXV A35R immune

serum showed high neutralizing activity against the
EEV form of both VACV strains, but no neutralizing
activity against EEV viruses (Figure 1E-H). When the
mice immunized with MPXV A29L and A35R were
challenged with VACV Tian tan, their body weights
recovered more rapidly, indicating that immunization
with MPXV A29L and A35R could induce protective
immunity in vivo (Figure 2A).

ELISA screening for MPXV A29L and A35R
identified 7 MPXV A35 specific mAbs and 6
MPXV A29L specific mAbs (Figure 2B). The anti-
bodies were purified from mouse ascitic fluid (Figure
S2), the DNA sequences of the VH (variable region
of immunoglobulin heavy chain) and VL (variable
region of immunoglobulin light chain) regions of
the antibodies were obtained and compared with
the closest germline sequences using the VBASE2
database (www.vbase2.org/), and complementarity
determining region (CDR) sequences of six A29L
antigen-specific monoclonal antibodies were
observed (Figure 2C). To determine the activity of
MPXV-specific mAbs against orthopoxviruses, we
tested the activity of purified mAbs against antigens
of distinct orthopoxvirus strains. In the primary
binding test, MPXV-specific mAbs 3A1, 9F8, 2D1,
13B11, 8A2, and 12D7 reacted strongly with
MPXV A29L protein, with half-maximal effective
concentration (EC50) values of 109, 111, 55, 337,
72, and 859 ng/mL, respectively (Figure 3A). Com-
pounds 3A1, 9F8, 13B11, and 8A2 showed strong
binding activity to camelpox A27L protein, Tatera-
pox A27L protein, and IMV particles of the VACV
Tian Tan strain, showing a broad binding activity,
while 2D1 and 12D7 showed only weak binding to
these three antigens (Figure 3B-D). For the A35R
specific mAbs, 6G8, 9C6, 13F9, 2G5, 8G10, 14B3
and 16C10 reacted strongly with MPXV A35R and
EEV particles of the VACV Tian Tan strain, with
EC50 values ranging from 45 to 1332 ng/mL (Figure
3E and F).

Next, we identified the in vitro neutralization
activity of MPXV-specific mAbs against the two
VACV strains. A29L-13B11 and A29L-12D7 are
non-neutralizing antibodies against both the VACV
strains, A29L-3A1, and the A29L-8A2 neutralized
both VACV strains with weak activity. In contrast,
A29L-9F8 and A29L-2D1 showed strong neutraliz-
ation activities against the VACV Tian tan and WR
strains, with IC50 values of 225, 16, and 732 ng/mL
against the IMV form of VACV Tian tan strain,
respectively, and 426, 53, and 1062 ng/mL against
the IMV form of VACV WR strain, respectively
(Figure 3G and H). Most A35R specific monoclonal
antibodies were non-neutralizing antibodies, and
only A35R-6G8 showed weak neutralizing activity
against the VACV Tian tan strain and VACV WR
strains (Figure 3I and Figure S3). Since the three
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A29L specific mAbs, 9F8, 3A1 and 2D1, exhibited
strong neutralization activities against orthopox-
viruses, these three mAbs were selected for further
characterized further.

We first identified whether antibodies 3A1,9F8 and
2D1 recognized different epitopes on A29L using
competitive ELISA. The competitive rate of ELISA
binding between the three pairings was all below
50%, indicating that 3A1,9F8 and 2D1 recognized
different epitopes on A29L. The ELISA competition
rates of 3A1 to 3A1, 9F8, 2D1, and control IgG were
91%, 38%, 18%, and 14%, respectively (Figure 4A),
the ELISA competition rates of 9F8 to 9F8,3A1, 2D1
and Control IgG were 88%, 42%, 18%, and 13%,
respectively (Figure 4B), the ELISA competition rates
of 2D1 to 2D1,3A1, 9F8, and Control IgG were 90%,
20%, 22%, and 14%, respectively (Figure 4C) in con-
trast, Control IgG showed no competitive activity
against all antibodies (Figure 4D). To further

confirm the epitopes recognized by 9F8, 2D1, and
3A1, the MPXV A29L was divided into six polypep-
tides, P-1-P-6, which were synthesized and purified
(Figure S4A), western blotting assay was used to ident-
ify the reactivity of the three antibodies to the six
polypeptides. 9F8 showed positive reactivity with the
P-1 polypeptide and did not react with other
peptides, the sequence of P-1 polypeptide was
MDGTLFPGDDDLAIPATEFF (Figure S4B). 2D1
showed positive reactivity with P-2 and P-3 polypep-
tides and did not react to other peptides, the sequence
of P-2 polypeptide was TEFFSTKAAKNPETKREAIV-
KAYGDDNEETLKQ, and P3 polypeptide was
TLKQRLTNLEKKITNITTKF (Figure S4C). Con-
pound 3A1 showed positive reactivity with the P-2
polypeptide,but and did not react with the other pep-
tides (Figure S4D). Western blotting confirmed that
the epitopes recognized by 9F8, 3A1, and 2D1 were
different. To further identify the interactions between

Figure 2. In vivo protection of mice immunized with monkeypox-specific A29L protein or A35R protein and number of
mAbs generation from immunized mice. (A), Changes in body weight of mice immunized with monkeypox virus-specific
A29L protein or A35R protein after being challenged with vaccinia virus Tiantan strain. (B), Number of monkeypox-specific mono-
clonal antibodies screened from A35R protein and A29L protein immunized mice. (C), CDR sequences of six A29L protein -specific
monoclonal antibodies
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A29L and these antibodies, the Molecular docking
assay was further conducted. The structure of A29L
was predicted by AlphaFold2. The N-terminal of
A29L seems to be flexible while the C-terminal of
A29L folds into a long alpha helix, which is consistent
with the crystal structure of the Vaccinia virus A27
(PDB 3VOP), a protein showed homology to A29L
[18]. Molecular docking analysis showed that the
CDR1 and CDR3 on the heavy chain of 9F8 and
three CDRs on the light chain form a groove, which
perfectly accommodates the P1 section of A29L.
Three pairs of electrostatic interactions, Asp2-Arg31,
Asp9-Arg98, and Asp11-Lys58, are essential to bind-
ing A29L to 9F8. Hydrophobic interaction between
Leu5, Phe6 and CDR1 on a heavy chain further stabil-
izes the complex (Figure 5A, D and G). All the CDRs
of 2D1 except CDR2 on the light chain are involved in
the binding to A29L. Both P2 and P3 sections contrib-
uted to the binding. The hydrophobic interactions
between Tyr39, Leu47, Leu51, Leu54, and CDR3 on
heavy chain were crucial for A29L binding to 2D1.
Electrostatic interaction between Lys57 and Asp32
on CDR1 of the light chain also plays an important
role (Figure 5B, E and H). The antibody 3A1 binds
to A29L mainly through the P2 section of A29L. The
P2 region folds into a short helix flanked by two
loops. The buried area between A29L and 3A1 seems
less than that between A29L antigen-2D1 and A29L
antigen-9F8. Two negatively charged residues Asp40

and Asp41 form electrostatic interactions with
Arg103 on the CDR3. Residues Ile35, Val36, and
Tyr39 form hydrophobic interactions with aromatic
residues Phe32 and Tyr33 on CDR1 of the heavy
chain (Figure 5C, F and I). This result showed that
antibodies 3A1, 9F8, and 2D1 recognized different epi-
topes on A29L, but there was a few amino acids over-
laps among the epitopes between 3A1 and 9F8, 3A1
and 2D1, which to a certain extent explained the
reason why the three antibodies showed a certain
degree of competitive activity in competitive ELISA
experiments.

Antibodies that recognize different antigenic epi-
topes can exert synergistic antiviral effects [31], the
synergistic neutralization effects of these three anti-
bodies agaisnt VACV have been identified in vitro.
The neutralization IC50 values of 3A1, 9F8, 2D1,
3A1 + 9F8, 3A1 + 2D1, 9F8 + 2D1, 3A1 + 9F8 + 2D1
against VACV Tian tan strain were 292, 31, 757, 18,
136, 18, and 7 ng/mL(Figure 3E). The neutralization
IC50 values of 3A1, 9F8, 2D1, 3A1 + 9F8, 3A1 + 2D1,
9F8 + 2D1, 3A1 + 9F8 + 2D1 against the VACV WR
strain were 426, 53, 1062, 41, 34, 18, and 12 ng/mL,
respectively (Figure 3E).

To further explore the protective effects of 3A1,
9F8, 2D1, and the antibody cocktails against ortho-
poxvirus in vivo, we tested the protective effects of
each antibody in a mouse model. Two VACV
strains, Tian Tan and WR, were intranasally

Figure 3. Analysis of ELISA and microneutralization activities of monkeypox A29L protein and A35R protein specific
monoclonal antibodies. (A-D), ELISA activity of monkeypox A29L protein specific monoclonal antibodies against monkeypox
A29L protein (A), Camelpox A27L protein (B), Taterapox A27L protein (C) and IMV form protein of VACV Tian tan strain (D).
(E-F), ELISA activity of monkeypox A35R specific monoclonal antibodies against monkeypox A35R protein (E) and EEV form of
VACV Tian tan strain (F). (G-H), microneutralization activity of monkeypox A29L protein specific monoclonal antibodies against
IMV form of VACV Tian tan strain (G) and IMV form of VACA WR strain (H). (I), microneutralization activity of monkeypox A35R
specific monoclonal antibodies against EEV form of VACV Tian tan strain.
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administered to evaluate the prophylactic and thera-
peutic effects of different antibodies against viral
infections. For the prophylactic experiments, single
antibodies and antibody combinations (10 mg/kg)
injected 24 h before viral infection protected the
mice against the infections by both viruses (Figure
6). The mean body weight was higher or only
slightly lower in mice in all antibody-treated groups
compared to the original mean body weight (Figure
6A and B). Besease of the weak virulence of the
VACV Tian tan strain, all mice infected with this
strain survived, in contrast, when challenged with
VACV WR, all mice in the control antibody-treated
group died within 7 days, whereas only one mouse
in the 2D1 antibody-treated group died on day 8
after the infection, and all the other A29L anti-
body-treated mice survived (Figure 6C and D).

Prophylactic treatment with any of the antibodies
also reduced lung viral titres compared to control
animals, with 3A1 + 9F8 + 2D1-treated mice display-
ing the lowest lung viral titres (Figure 6E and F). In
the antiviral neutralization assay, A35R specific anti-
body 6G8 also showed weak antiviral neutralizing
activity. The prophylactic effect of 6G8 against
VACV strains was investigated, showing that 6G8
administration and not effectively protect against
the challenges of both VACV strains in mice (Figure
S5).

In the therapeutic assays, the antibodies were
injected 24 h after infection with each virus, and the
antibody cocktails showed better antiviral efficacy
(Figure 7). In terms of weight recovery, 2D1 and
3A1 protected mice from infection with VACV, Tian
tan, and WR viruses, resulting in moderate weight

Figure 4. Epitope competition analysis and synergetic antiviral effects of monkeypox A29L protein specific antibodies
3A1,9F8 and 2D1. (A), 3A1 epitope comparison with 9F8 and 2D1 using competition ELISA,with 3A1 as competitor. (B), 9F8 epi-
tope comparison with 3A1 and 2D1 using competition ELISA,with 2D1 as competitor. (C), 2D1 epitope comparison with 3A1 and
9F8 using competition ELISA, with 2D1 as competitor. (D), Negative antibody epitope comparison with 3A1, 9F8, and 2D1 using
competition ELISA. IgG was used as the competitor and as a non-neutralizing monoclonal antibody specific for A35R generated in
our laboratory. Statistical analysis was performed using the t-test. *p < 0.05, **p < 0.05, ***p < 0.001 versus the negative control
group. (E-F), Synergetic microneutralization ability of monkeypox A29L protein specific antibodies 3A1,9F8 and 2D1 against IMV
form of VACV Tian tan strain (E) and IMV form of VACA WR strain (F).

EMERGING MICROBES & INFECTIONS 9



loss, while all the other anti-A29L antibodies protected
the mice from infection and resulted in increased
weight or slight body weight loss at the end of the
study, mice treated with the combination of the
three antibodies recovered the fastest and gained the
most weight (Figure 7A and B). The 2D1 and 3A1
antibodies partially protected mice from the chal-
lenges with the VACV strains, whereas all other anti-
bodies were able to completely protected mice infected
with both VACV strains (Figure 7C and D). Moreover,

we found that mice treated therapeutically with a
single 10 mg/kg dose of any of the antibodies one
day after infection had lower lung viral titres than con-
trol animals, with the three antibody cocktails redu-
cing lung viral titres more than the three single
antibodies (Figure 7E and F). Consistent with the
lung viral titre data, hematoxylin, and eosin staining
results indicated that therapeutic treatment with
3A1 + 9F8 + 2D1, 3A1 + 9F8, and 9F8 + 2D1 signifi-
cantly decreased the lung damage caused by VACV

Figure 5.Model of A29L protein binding by 9F8, 2D1 and 3A1. The structures of A29L protein and the Fv domains of 9F8, 2D1 and
3A1 were predicted by AlphaFold2 and SabPred, respectively. The docked complexes were created by ZDOCK and ClusPro and
were further investigated manually with epitope mapping information. The result that matches best with epitope mapping infor-
mation was presented. (A-C), Overall architecture of A29L protein-9F8 (A), A29L protein-2D1 (B) and A29L protein-3A1 (C). The P1,
P2 and P3 sections of A29L protein are coloured in magenta, violet and light pink, respectively. The 2D1 heavy chain, light chain
and P4-P6 sections of A29L protein are coloured in blue, cyan and gray, respectively. The CDRs on both heavy chain and light chain
are coloured in green. (D-F), The interfaces of A29L protein-9F8 (D), A29L protein-2D1 (E) and A29L protein-3A1 (F). The Fv
domains of the antibodies are shown in surface representation with the heavy chain, light chain and CDRs coloured in blue,
cyan and green, respectively. The residues on the heavy chain and light chain that are involved in A29L protein binding are
labelled in white and orange. A29L protein is shown in cartoon and coloured in magenta. The residues involved in 9F8, 2D1
or 3A1 binding are shown in sticks. (G-I), The detailed interactions between A29L protein and CDRs on 9F8, 2D1 and 3A1. Residues
on A29L protein are shown in stick representation and coloured in magenta. Residues on 9F8, 2D1 or 3A1 are shown in stick rep-
resentation and coloured in green. The CDR domains which are unlikely to interact with A29L protein are not shown. Each residue
is labelled by its one-letter code.
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infection, compared to the control IgG–treated group
(Figure S6).

To further evaluate the potential clinical use of 9F8,
3A1, and 2D1, chimeric versions of these mAbs were
constructed, which contained the variable region of
the mouse antibody and the human IgG1 Fc region,
designated C9F8, C3A1, and C2D1, respectively. The
three chimeric mAbs were characterized via an in
vitro antiviral neutralization experiment. C3A1,
C9F8, and C2D1 showed strong neutralizing activity
against the VACV Tiantan strain and WR strains,
with the comparable IC50 values comparable to those
of the corresponding murine antibodies (Figure S7).

Discussion

Severe cases of MPXV infection can result in death
from exhaustion and fatigue [3],however, apart from
supportive treatment, no effective therapy has been
developed to manage MPXV infection in humans.
Therefore, new therapeutic drugs against MPXV
must be developed, mAb are promising drugs for
clinical application. Several orthopoxvirus-specific
mAbs have been developed, most of which are
directed against A35R-like antigens and few against
A29L protein-like antigens. Most of these mAbs are
induced by stimulation with VACV-related antigens,

Figure 6. Prophylactic effects of monkeypox A29L protein specific antibodies 3A1,9F8, 2D1, 3A1 + 9F8, 3A1 + 2D1, 9F8 +
2D1, 3A1 + 9F8 + 2D1 in mice. A-B, Body weight changes of BALB/C mice (n = 6 per group) infected with 5*106 TCID50 doses of
the VACV Tian tan strain (A) or VACA WR strain (B) 24 h before intraperitoneal administration with the indicated antibodies
(10 mg/kg). Weight curves represent the mean ± 95% confidence interval. c-d, Survival curves of BALB/C mice (n = 6 per
group) infected with 5*106 TCID50 doses of the VACV Tian tan strain (C) or VACA WR strain (D) 24 h before intraperitoneal admin-
istration with the indicated antibodies (10 mg/kg). E-F, Pulmonary virus titres of BALB/C mice (n = 5 per group) infected with 5*106

TCID50 doses of the VACV Tian tan strain (E) or VACA WR strain (F) 24 h before intraperitoneal administration with the indicated
antibodies (10 mg/kg). Black bars indicate mean values. For (E) and (F), the virus titres in the lungs of the mice treated with each
antibody prophylactically were determined on four days after infection, the t-test was used for comparisons between groups. ***p
< 0.001 versus the negative control group.
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and mAbs induced by direct exposure to antigens
from MPXV have not been reported till date. In this
study, the three anti-MPXV mAbs 9F8, 3A1, and
2D1 were directly induced by the MPXV antigen
and showed strong synergistic antiviral activities in
vivo and in vitro. We demonstrated that antibody
cocktails consisting of antibodies that recognize differ-
ent antigenic epitopes on the A29L of MPXV could be
effective prophylactic and therapeutic agents. Pre-
viously, antibody cocktails against different epitopes
have been developed into antiviral drugs against
important human infectious diseases [32, 33]. The
mAbs developed in this study could potentially be

used to treat of orthopoxyviral infections, including
MPXV infections.

The A33 protein is an important functional protein
in the life cycle of orthopoxviruses and has been impli-
cated in mediating cell-to-cell viral spread in an anti-
body-resistant manner [2, 34]. Immunization with
A33 can induce neutralizing antibodies against ortho-
poxvirus, and A33-specific neutralizing mAbs against
orthopoxvirus have been developed previously [14,
35]. In this study, the results also confirmed that
sera from the mice immunized with the MPXV
A35R protein could effectively neutralize the EEV
form of VACV. However, we failed to generate

Figure 7. Therapeutic effects of monkeypox A29L protein specific antibodies 3A1,9F8, 2D1, 3A1 + 9F8, 3A1 + 2D1, 9F8 +
2D1, 3A1 + 9F8 + 2D1 in mice. A-B, Body weight changes of BALB/C mice (n = 6 per group) infected with 5*106 TCID50 doses of
the VACV Tian tan strain (A) or VACA WR strain (B) 24 h after intraperitoneal administration with antibodies (10 mg/kg). Weight
curves represent mean ± 95% confidence interval. C-D, Survival curves of BALB/C mice (n = 6 per group) infected with 5*106

TCID50 doses of the VACV Tian tan strain (C) or VACA WR strain (D) 24 h after intraperitoneal administration with antibodies
(10 mg/kg). E-F, Pulmonary virus titres of BALB/C mice (n = 5 per group) infected with 5*106 TCID50 doses of the VACV Tian
tan strain (E) or VACA WR strain (F) 24 h after intraperitoneal administration with antibodies (10 mg/kg). Black bars indicate
mean values. For (E) and (F), virus titres in the lungs of mice treated with each antibody therapeutically were determined four
days after infection; t-test was used for comparisons between groups. *p < 0.05, **p < 0.05, ***p < 0.001 versus the negative con-
trol group.
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A35R-specific mAbs with strong antiviral neutraliz-
ation activity. The possible reason is that compared
with the previous published neutralizing mAbs against
A33 of orthopoxvirus, the non-neutralizing anti-A35R
mAbs cloned in this study should recognize distinct
epitopes, unfortunately, we have not been able to
obtain the published mAbs to conduct direct com-
parative experiments between them. Our team is cur-
rently developing more A35R mAbs, to generate
several A35R-specific mAbs with strong anti-ortho-
poxvirus neutralizing activity.

MPXV A29L specific antibodies 9F8 and 3A1 are
broadly neutralizing antibodies against orthopoxvirus,
and show strong reactivity to the antigens from
MPXV, VACV, camelpox virus, and taterapox. In
contrast, 2D1 showed a decent binding activity against
the antigen of MPXV antigen, but had a weak response
to VACV and other orthopoxviruses. As our team did
not obtain the authentic MPXV, a neutralization
experiment against the authentic MPXV was not con-
ducted in this study, which is also a limitation of this
study. In further studies, we will attempt to contact
our partners to carry out in vitro neutralization exper-
iments and in vivo antiviral protection experiments
using these antibodies against the authentic MPXV,
and a high neutralizing activity of 2D1 against auth-
entic MPXV is expected. Other antigenic proteins of
MPXV, such as B6R, M1R, E8L, and H3L, may also
induce antiviral-neutralizing antibodies in vivo [36–
38]. In subsequent studies, we will immunize mice
with these proteins, identify the neutralization activity
of mouse immune sera, and screen various types of
mAbs against orthopoxvirus. The mAbs cocktails
recognize that both the EEV and IMV forms of
MPXV may have better antiviral effects.

MPXV-specific antibodies may neutralize the virus
through certain mechanisms since multiple pathways
can be utilized to inhibit orthopoxvirus. Themechanism
underlying viral neutralization by the 9F8, 3A1, and 2D1
alone individually and synergistically and the avoidance
of viral escape of these mAbs should be investigated
further. Antigen–antibody complex crystallization and
cryo-electron microscopy technology will be used to
further identify the epitopes recognized by the antibodies
9F8, 3A1, and 2D1. In follow-up experiments, chimeric
antibody forms of 9F8, 3A1, and 2D1 will be further
humanized and characterized tomake themmore prom-
ising as novel drugs against orthopoxvirus. Due to the
synergistic antiviral activity possessed by 9F8, 3A1, and
2D1, these antibodies will be developed into various bis-
pecific and trispecific antibodies, the multi-specific form
of these antibodies may exert better antiviral effects.
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