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Summary
Background Mpox has spread to many countries around the world. While the existing live attenuated mpox vaccines
are effective, advances in 21st century technologies now enable the development of vaccines with more specific
antigens, clearer mechanisms, and more controllable side effects.

MethodsWe systematically evaluated the immunogenicity and protective efficacy of the A35R, M1R and B6R antigens
of the mpox virus (MPXV). With these findings, we designed three single-chain trivalent mRNA vaccines (AMAB-wt,
AMAB-C140S and AMB-C140S) by integrating the soluble regions of these antigens into single mRNA-encoded
polypeptides based on their protein structures. Then, the immunogenicity and protective efficacy of these single-
chain mRNA vaccines were evaluated in mice models against both VACV and MPXV.

Findings The three single-chain vaccines elicited neutralising antibodies that effectively neutralised both VACV and
MPXV. The single-chain vaccines or cocktail vaccine containing mRNAs encoding soluble antigen
(sA35R + sM1R + sB6R) exhibited 100% or 80% protection against a lethal dose of VACV challenge, while the
cocktail of full-length antigens (A35 + M1 + B6) and the live attenuated vaccine, VACV Tian Tan (VACV-VTT),
completely failed to protect mice. Moreover, the single-chain vaccines significantly reduced viral load in the lungs
and ovaries of MPXV-challenged mice.

Interpretation Compared with the cocktail vaccines, our single-chain designs demonstrated similar or superior
immunogenicity and protective efficacy. Importantly, the simplicity of the single-chain vaccines enhances both the
controllability and accessibility of mpox vaccines. We believe these single-chain vaccines qualify as the next-
generation mpox vaccines.
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Introduction
The causative agent for mpox, mpox virus (MPXV), is a
double-stranded DNA virus that belongs to the Poxvir-
idae family of the Orthopoxvirus genus. Since its initial
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discovery in 1958,1 MPXV has generally spread in West
and Central Africa.2–4 However, a new global mpox
outbreak started in the United Kingdom in May 2022,
and quickly spread to many countries worldwide.4,5
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Research in context

Evidence before this study
The three currently available mpox vaccines are live
attenuated vaccines based on the Vaccinia virus (VACV). Due
to the complexity of poxviruses, these vaccines pose potential
risks associated with the large number of VACV-encoded
immunosuppressive proteins. Among these, the modified
vaccinia Ankara (MVA) vaccine, known as JYNNEOS, is
considered the safer option because it is replication-deficient.
With 21st century technologies, mpox vaccines with more
specific antigens and clearer mechanisms can be developed,
offering higher effectiveness and more controllable side
effects. Since the global mpox outbreak in 2022, a new
generation of mpox vaccines has primarily focused on mRNA
vaccines which are typically composed of a cocktail of multiple
mRNAs that each encodes a single antigen. However, such a
cocktail approach is expected to increase the complexity and
cost of manufacturing vaccines.

Added value of this study
This study developed single-chain vaccine candidates by
integrating the soluble regions of the A35R, M1R and B6R
proteins of MPXV into a single chimeric peptide chain based

on their protein structures. In mouse models, these single-
chain vaccines elicited more balanced immune responses and
provided stronger protection against lethal doses of VACV
challenge compared to a cocktail of mRNAs encoding full-
length single antigens or the live attenuated vaccine, VACV
Tian Tan (VACV-VTT). Moreover, these single-chain vaccines
significantly reduced viral loads in multiple organs in mice
after MPXV challenge.

Implications of all the available evidence
The key features of an ideal vaccine include safety,
effectiveness, controllability, and accessibility. Our single-
chain vaccine design excels in controllability and accessibility
compared to cocktail vaccines. By integrating soluble regions
of antigens based on their structures, our vaccines
demonstrated similar or superior immunogenicity when
compared to cocktail vaccines or the live attenuated VACV-
VTT vaccine. Additionally, with only three antigens, our
vaccines offer a safety advantage over the last-century
attenuated vaccines expressing numerous immune-inhibiting
molecules. We believe these single-chain vaccines represent a
promising direction for the next-generation mpox vaccines.
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Mpox was first declared a Public Health Emergency of
International Concern (PHEIC) by the World Health
Organization (WHO) in July 2022, and this status was
lifted in May 2023. However, following a surge in cases
in Africa in 2024 and the emergence of a new subtype,
Clade Ib, the WHO declared mpox a PHEIC for the
second time on August 14, 2024. By August 2024, over
102,000 cases of mpox and 223 deaths had been re-
ported across 121 countries.

Vaccination is the most effective way of controlling
transmissible diseases. Currently, only three live atten-
uated vaccines, JYNNEOS, LC16, and ACAM2000, are
available for vaccination against MPXV infection. These
vaccines were developed based on live attenuated
Vaccinia virus (VACV). All three vaccines were initially
smallpox vaccines and were later approved as mpox
vaccines in the United States, the European Union,
Canada, and Japan. Like their parental pathogens, these
attenuated vaccines have genomes as long as 200 kbp
that encode up to 190 viral proteins,6 with the biological
functions of most viral proteins yet to be elucidated. As a
result, these whole-virus vaccines are accompanied by
the risk from a large number of VACV-encoded proteins
with immunosuppressive functions,7 which is particu-
larly dangerous to certain groups of vaccinees, such as
people with immuno-deficiency or other skin diseases.8,9

As a replication-deficient modified vaccinia Ankara
(MVA), JYNNEOS is safer than the replication-
competent VACV-based vaccines such as ACAM2000
and it has been shown to be safe for immunocompro-
mised patients.10 However, one study found that only
63% of recipients developed MPXV-neutralising anti-
bodies after receiving two doses of JYNNEOS,11 another
study showed only 52% of recipients born after 1980
had detectable neutralising antibodies against MPXV.12

The estimated vaccine effectiveness of JYNNEOS was
reported to be 35.8% after one dose and 66% after two
doses.13 With 21st century technologies such as mRNA-
LNP, the safety and effectiveness of mpox vaccines can
be substantially enhanced through the development of a
new generation of vaccines featuring specific antigens.
Given the spread of MPXV, it is prominent to rapidly
develop these targeted mpox vaccines.

To design such a vaccine, it is crucial to first pinpoint
the proper antigens that elicit potent humoral and
cellular immunogenicity. Notably, MPXV has two forms
of infectious virus particles, intracellular mature virus
(IMV) and extracellular enveloped virus (EEV).14 Previ-
ous studies have provided candidates for selecting
MPXV antigens, including MPXV M1R (corresponding
to VACV L1R, M1R/L1R) and A29L (corresponding to
VACV A27L, A29L/A27L) in IMV and A35R (corre-
sponding to VACV A33R, A35R/A33R) and B6R (cor-
responding to VACV B5R, B6R/B5R) in EEV. These
antigens can stimulate humoral immunity and have
demonstrated various degrees of protection against
poxvirus in mice.15,16 A study of human antibodies cross-
neutralising multiple poxviruses also demonstrates that
anti-A35R/A33R, anti-M1R/L1R, and anti-B6R/B5R
monoclonal antibodies (mAbs) are essential for pro-
tecting mice from poxvirus challenge.17 However, the
protective efficacy of vaccines composed of a single
www.thelancet.com Vol 109 November, 2024
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antigen is often insufficient. Exploration for the optimal
combination of poxvirus antigens has been conducted in
the past two decades. Compared with single antigens,
DNA or protein subunit vaccines composed of multiple
antigen mixtures did demonstrate improved protection
against poxviruses in mice or monkeys.18–21 In particular,
a cocktail of A35R/A33R, M1R/L1R and B6R/B5R pro-
teins provided complete protection to mice against
VACV challenge.20 Recently, several mpox mRNA vac-
cines have also adopted the multi-antigen strategy by
mixing multiple single-gene mRNAs,22–27 or by con-
necting multiple antigens in a single mRNA with
linkers.28,29 Nevertheless, mRNA cocktails would signif-
icantly increase the complexity and cost of
manufacturing mRNA vaccines.

In this work, we aimed to develop single-chain vac-
cine candidates that each encode all antigens in a single
polypeptide chain to maintain the simplicity of mRNA
vaccines to be more friendly for vaccine quality control
during manufacturing and significantly reduce the cost
of vaccines. After systematically evaluating the immu-
nogenicity and protective efficacy of MPXV A35R, M1R,
and B6R, we designed trivalent mRNA vaccines encod-
ing single-chain chimeric immunogens that integrate
these three antigens based on their structures. These
vaccines elicited potent neutralising antibodies against
VACV and MPXV, achieved complete protection of mice
challenged with lethal doses of the VACV Western
Reserve strain (VACV-WR), and significantly reduced
viral load in mice after MPXV challenge, which exhibi-
ted substantial advantage to the cocktail of three full-
length (wildtype) antigens or VACV Tian Tan strain
(VACV-VTT), a VACV-based live attenuated vaccine. We
believe these vaccines represent a new generation of
mpox mRNA vaccines and can contribute to the pre-
vention and control of MPXV spread worldwide.
Methods
Ethics
This study was carried out in strict accordance with the
recommendations described in the Guide for the Care
and Use of Laboratory Animals of the Institute of
Microbiology, Chinese Academy of Sciences (IMCAS)
Ethics Committee. All of the animal experiments were
reviewed and approved by the Committee on the Ethics
of Animal Experiments of IMCAS (approval number:
APIMCAS2022124). Animals at endpoints or lost over
20% weight were euthanised. No data points were
excluded because of animals being euthanised.

Plasmids, cells, and viruses
The sequence of mpox A35R, M1R, and B6R genes were
optimised, synthesized by GenScript, and inserted into
pUC57 plasmids with T7 promoter. The AMAB-wt,
AMAB-C140S, and AMB-C140S plasmids encoding
single-chain chimeric immunogens were constructed by
www.thelancet.com Vol 109 November, 2024
Golden Gate Assembly. Mouse Igκ signal peptide
sequence was used for all soluble antigens and single-
chain chimeric immunogens. HEK293T cells (ATCC
Cat# CRL-3216, RRID:CVCL_0063) and Vero cells
(ATCC Cat# CCL-81, RRID:CVCL_0059) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at
37 ◦C under general conditions. Regular tests were
conducted on these cells for mycoplasma contamination
using the MycoAlert Detection Kit (Lonza Bioscience).
VACV Western Reserve strain (VACV-WR) was a kind
gift from Prof. Min Fang from the Institute of Micro-
biology, Chinese Academy of Sciences. VACV Tian Tan
strain (VACV-VTT) was kindly provided by Prof. Wenjie
Tan (National Institute for Viral Disease Control and
Prevention, China CDC). MPXV clade IIb strain (WIBP-
MPXV-001) was previously isolated from an mpox pa-
tient by Wuhan Institute of Biological Products Co.,
Ltd.30 Viruses were propagated in Vero cells in DMEM
with 2% heat-inactivated fetal bovine serum (FBS), and
100 units/ml penicillin and streptomycin. After 48 h,
cells were harvested by centrifugation at 1000 × rpm for
5 min and resuspended in PBS. The cell suspension was
frozen and thawed completely three times to release
IMV particles.

mRNA in vitro transcription and 5′-capping
Plasmids were linearized by BamHI (NEB) and served
as templates for mRNA transcription using T7 High
yield RNA transcription Kit (Novoprotein). UTP was
replaced by 1-methylpseudourine-5′-triphosphate. 5′-
Capping was conducted using a Cap 1 capping system
(Novoprotein). mRNA was purified by precipitation with
LiCl at −20 ◦C overnight, centrifugation at 18,800 × g for
20 min at 4 ◦C, and resuspension with RNase-free wa-
ter. Purified mRNA was verified by agarose gel and
stored at −80 ◦C until use.

Lipid-nanoparticle encapsulation of mRNA
LNP encapsulation was conducted using the Nano-
assemblr Benchtop platform (Precision Nanosystems).
Ionizable cationic lipid, phosphatidylcholine, choles-
terol, and PEG-lipid were mixed at a ratio of
50:10:38.5:1.5 (mol/mol). LNP encapsulation was con-
ducted by mixing mRNA diluted in 50 mM Sodium
acetate (pH = 4.0) with lipids in ethanol in a microfluidic
system. The encapsulated mRNA was washed by
centrifugation to remove ethanol and the concentration
of encapsulated mRNA was measured by Quan-iT
Ribogreen RNA reagent (Thermo Fisher).

mRNA transfection and western blot
mRNA was transfected into HEK293T cells with
TransIT-mRNA (Mirus Bio). Basically, mRNA (3 μg)
was mixed with TransIT-mRNA reagent (6 μl) and
booster reagent (6 μl) and then incubated in 100 μl Opti-
MEM at room temperature. After 2 min, the mixture
3
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was transferred to HEK293T cells cultured in 1% FBS
DMEM in 6 well plates. Supernatant and cells were
harvested at 48 h post-transfection. The cell pellet was
resuspended in cell lysis buffer and stored at −20 ◦C
until use. For Western Blot, the supernatant was added
with 5 × SDS loading buffer with dithiothreitol, sepa-
rated by 10% SDS-phage and transferred to PVDF
membrane using a semi-dry apparatus (WIX Technol-
ogy). The membrane was blocked with 5% non-fat milk
diluted in PBS-T buffer, blotted with the serum of
AMAB-C140S vaccinated mouse (1:1000) for 1 h and
goat anti-mouse IgG-HRP secondary antibody (Easybio)
for 1 h. Finally, the membrane was developed using
Beyotime BeyoECL Plus (Beyotime Biotech). Western
Blot has validated the functionality of these antibodies.

In silico prediction of immunogen structure
The translated structures of AMAB-wt, AMAB-C140S,
and AMB-C140S were predicted by AlphaFold Colab
(V2.3.2, https://colab.research.google.com/github/deep
mind/alphafold/blob/main/notebooks/AlphaFold.ipynb)
under default parameters with num_recycles set to 3.
The resulting structures were visualised, aligned and
recoloured using PyMOL (2.5.4).

Immunisation, poxvirus challenge, and sample
collection protocols
All animal experiments were conducted using BALB/c
mice (female, 6–8 weeks) purchased from Beijing Vital
River Animal Technology Co., Ltd (licensed by Charles
River) and housed in an Animal Biosafety Level 2 facility
in IMCAS (20 ± 2 ◦C; 50 ± 10%; light, 7:00–19:00; dark,
19:00–7:00). All vaccines were immunised via i.m. injec-
tion in a total volume of 100 μl. For single-gene mRNA
vaccines, 2.5 μg was immunised individually or in cock-
tails (5 μg total for two-antigen and 7.5 μg total for three-
antigen cocktails). For single-chain mRNA vaccines,
7.5 μg were immunised. VACV-VTT was immunised
once (1 × 107 pfu) through tail scarification on day 0. Mice
of all groups were injected with two doses of mRNA
vaccine or empty LNP on day 0 and day 14. The VACV-
WR challenge was conducted on day 29 (7 LD50,
1.89 × 105 pfu) or day 39 (30 LD50, 8.1 × 105 pfu) via the
intranasal route. MPXV challenge was conducted on day
190 (2 × 107 pfu) via both intranasal (20 μl) and intra-
peritoneal (480 μl) routes. Mice were weighed daily for at
least 12 days post–challenge and euthanised after losing
over 20% of initial weight. The probability of survival was
documented 12 days post–challenge.

For evaluating humoral immunogenicity, blood
samples (n = 5) were collected at the indicated time
points. Then, sera were separated from blood samples
by centrifugation and stored at −80 ◦C until use. For
evaluating cellular immunogenicity, spleens (n = 5)
were collected after sacrificing mice on the indicated
time points. Then, spleens were homogenised with a
tissue grinder and filtered with a 40 μm cell strainer
(Corning). Red blood cells were lysed with red blood cell
lysis buffer (Solarbio Life Science). Splenocytes were
stained with AO/PI and counted using a cell counter
(Count star). Live splenocytes were then immediately
used for ELISpot assay.

For evaluating viral loads, mice lungs, spleens, or
ovaries were collected, weighed, added into 500 μl
serum-free RPMI 1640, and ground with tissue
homogeniser (NZK) at 4000 rpm for 60s (grind for 10s,
pause for 10s, repeat 6 times). Supernatants were iso-
lated by centrifugation and stored at −80 ◦C until use.

Antibody enzyme-linked immunosorbent assay
(ELISA)
Polystyrene 96-well flat bottom plates (Corning) were
coated with recombinant antigen proteins (0.2 μg/ml) in
100 μl 0.05 M Sodium Carbonate-Bicarbonate Buffer and
incubated at 4 ◦C overnight. The plates were further
incubated at 37 ◦C for 1 h with 5% non-fat milk. Serum
was subjected to a threefold serial dilution starting at 1:200
or 1:1000. Each well was added 100 μl diluted serum and
incubated at 37 ◦C for 1 h. Then, 100 μl of goat Anti-
mouse HRP IgG was added as the secondary antibody
(1:5000). The plates were developed by 100 μl TMB sub-
strate and incubated for 10 min, and then the reaction was
terminated by 100 μl 2 M H2S04. The absorbances at
450 nm and 630 nm were measured using a microplate
reader (PerkinElmer, USA). Absorbance values were
calculated by subtracting the absorbance at 630 nm from
that at 450 nm of the same well. Endpoint titers were
defined as the highest reciprocal dilution of serum to yield
an absorbance greater than 2.1-fold of the background
values. Antibody titer below the limit of detection was
determined as one-third of the detection limit.

Plaque assays
(1) For plaque reduction neutralisation test (PRNT)
evaluating serum neutralisation, a serum sample from
each mouse was subjected to a twofold serial dilution
started at 1:20 using DMEM and mixed with an equal
volume of DMEM (4% FBS) containing VACV-WR or
MPXV. The mixture was transferred into 12-well plates
and incubated for 1 h at 37 ◦C. (2) For viral load titration
with plaque assay, supernatants of ground organs
(lungs, ovaries, or spleens) were subjected to a tenfold
serial dilution starting at 1:10. Then, the serum-VACV
mixture or diluted supernatants of ground organs
were added on plated Vero cells and incubated for 1 h at
37 ◦C. After incubation, the inoculum was then
removed. The cells were washed once with PBS, added
1 ml DMEM mixed with 1% Carboxymethylcellulose,
cultured for 48 h, fixed with 4% Paraformaldehyde
(Solarbio Life science) for 2 h, and stained with 0.5%
crystal violet overnight. Plaques were captured and
calculated by ELISpot reader and BioSpot image analysis
software. Viral load (pfu/g) was calculated based on
plaque numbers and normalised with organ weight.
www.thelancet.com Vol 109 November, 2024
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Real-time quantitative PCR (qPCR) assay
Viral DNA in the supernatants of ground organs (lungs,
ovaries, or spleens) was extracted with QIAamp MinE-
lute Virus Spin Kit (Qiagen) as the template of qPCR.
Real-time quantitative PCR assays of VACV-WR were
conducted using primers and a probe targeting the E9L
gene: forward 5′-CGGCTAAGAGTTGCACATCCA-3’;
reverse 5′- CTCTGCTCCATTTAGTACCGATTCT-3’;
TaqMan® Minor Groove Binding (MGB) probe:
AGGACGTAGAATGATCTTGTA. The qPCR assays of
MPXV were conducted using previously established
methods targeting the F3L fragment of MPXV.30

Enzyme-linked immunospot (ELISpot) assay
Pre-coated mouse IFN-γ flat-bottom 96 well plates
(Dakewe Biotech) were activated by RPMI 1640 for
10 min. Fresh mouse splenocytes (3 × 105) were added
to the plates and re-stimulated with each peptide pool
(2 μg/ml for each peptide). Phytohemagglutinin (PMA)
was added to positive control wells. After 18 h, cells were
removed and plates were incubated by biotinylated IFN-
γ antibody, streptavidin-HRP conjugate antibody, and
substrate. The number of spots was measured by ELI-
Spot reader and ImmunoSpot image analysis software
(Immuno Capture 6.5.0).

Statistics
Five mice were included in each group for statistical
analysis, as previously established.31 For ELISA and
PRNT assays, data were presented as geometric
mean ± 95% confidence interval (CI). For ELISpot assay,
viral load titration, qPCR, and weight change, data were
presented as mean ± standard error of the mean (SEM).
Statistical analyses were conducted using the two-way
ANOVA with Tukey’s multiple comparisons test
(ELISA and ELISpot), two-way ANOVA with Dunnett’s
multiple comparisons test (Weight change), ordinary
one-way ANOVA with Dunnett’s multiple comparisons
test (Viral load titration and qPCR), Kruskal–Wallis test
with Dunnett’s multiple comparisons test (PRNT). All
graphs and statistical analyses were generated with
GraphPad Prism version 9.0 software.

Role of funders
The funders had no role in the experiment design, data
collection, data analysis, interpretation, manuscript
writing or any other aspect of this study.
Results
Systematic evaluation of MPXV antigens with
single-gene mRNA vaccines
First, we aimed to determine the essential antigens to be
included in an mpox vaccine to ensure optimal immu-
nogenicity and protective efficacy. Thus, single-gene
mRNA vaccines were constructed with the A35R,
M1R, or B6R gene of the MPXV_USA_2022_MA001
www.thelancet.com Vol 109 November, 2024
strain (GenBank: ON563414.3) and named A35R, M1R,
or B6R. The soluble region of each gene was also con-
structed and named sA35R, sM1R, and sB6R (Fig. S1).
These mRNA vaccines were prepared via a pipeline of
in vitro transcription, 5′-capping, and lipid nanoparticle
(LNP) encapsulation.32 Modified nucleoside N1-methyl-
pseudouridine was incorporated into the mRNAs dur-
ing in vitro transcription.

Next, to evaluate the immunogenicity and protective
efficacy of the A35R, M1R, and B6R antigens, we
vaccinated mice with each of the six single-gene mRNA
vaccines, the cocktails of two (A35R + M1R or
sA35R + sM1R) or three single-gene mRNA vaccines
(full length: A35R + M1R + B6R or soluble region:
sA35R + sM1R + sB6R) (Fig. 1a). Using enzyme-linked
immunosorbent assay (ELISA), we examined the
endpoint titers of IgG in sera from all groups specific to
each antigen. We found that by day 27, only the groups
vaccinated with A35R, sM1R, or sB6R elicited antibodies
specific to the vaccinated antigen(s), but not sA35R,
M1R, or B6R (Fig. 1b and c). Consequently, the cocktail
of three single-gene mRNA vaccines with soluble re-
gions (sA35R + sM1R + sB6R) elicited the most broad-
spectrum antibodies that bind to both sM1R and
sB6R. In comparison, the antibodies elicited by the
cocktail of two single-gene vaccines could only bind to
sA35R or sM1R (Fig. 1b and c).

Moreover, using the plaque reduction neutralisation
test (PRNT), we also examined the neutralising anti-
bodies in each group against IMV of VACV. The 50%
plaque reduction neutralisation titer demonstrated that
each group vaccinated with sM1R elicited neutralising
antibodies against IMV of VACV (Fig. 1d), consistent
with the location of M1R in IMV.

In addition to humoral immunogenicity, the cellular
immunogenicity of the three antigens was also exam-
ined using an enzyme-linked immunospot (ELISpot)
assay. Splenocytes from each group were re-stimulated
with each of the overlapping peptide pools of the three
different proteins (A35R, M1R, and B6R), followed by
an examination of the resulting cellular responses.
ELISpot assays demonstrated that each single-gene
mRNA vaccine and vaccine cocktail elicited robust
intracellular IFN-γ after re-stimulation with a peptide
pool of the cognate antigen. Notably, although sA35R
was unable to elicit an A35R-specific binding antibody,
it still elicited a robust cellular response (Fig. 1e).

Finally, the protective efficacy of the single-gene
mRNA vaccines and vaccine cocktails were evaluated
by the probability of survival and weight change of each
group of mice after a lethal dose VACV-WR challenge (7
LD50, 1.89 × 105 pfu). As indicated in Fig. 1, for each
antigen in the single-gene mRNA vaccine groups, the
ones with stronger antibody-eliciting immunities dis-
played better protection. Specifically, the A35R group
that elicited better antigen-specific antibodies displayed
100% protection with ∼10% weight loss three days post–
5
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challenge (Fig. 1f and g). In contrast, the sA35R mRNA
that stimulated undetectable antibodies by ELISA pro-
vided no protection, and all challenged mice died within
five days (Fig. 1f). Similarly, the mRNA vaccine with
sM1R, but not M1R, stimulated specific antibodies and
provided 80% protection against the lethal challenge
(Fig. 1f). Notably, the B6R mRNA elicited no detectable
antigen-specific antibody but stimulated a specific T cell
response (Fig. 1e). The vaccination of B6R partially
protected mice against VACV, with 60% survival, indi-
cating that the protection was likely due to cellular im-
munity. As a minimal set that covers both IMV and EEV
antigens of MPXV, the A35R + M1R cocktail provided
80% protection. When mixed with A35R, the three-
antigen cocktail, A35R + M1R + B6R, provided 100%
protection. Therefore, we next attempted to design
single-chain chimeric immunogens with the three pro-
teins as mpox vaccines to stimulate both humoral and
cellular immunities.

Structure-based design and in vitro expression of
single-chain MPXV immunogens
Considering the protective effect of the antigen-specific
antibodies, we employed (i) the soluble version of the
three antigens (sA35R, sM1R, and sB6R) instead of the
full-length versions. (ii) Because sA35R alone was un-
able to elicit A35R-specific antibodies, we designed two
copies of sA35R in the immunogen to boost A35R-
specific immunogenicity by mimicking the natural
dimeric structure of A35R.33 (iii) Based on AlphaFold2
prediction and our previously developed structure-based
vaccine design strategy, we integrated sM1R and sB6R
into the sA35R dimer.34 (iv) The soluble B6R contained
an odd number of cysteines, which could form inter-
chain disulfide bonds that could lead to large clusters of
protein. Thus, we introduced the C140S mutation to
remove the free cysteine. With these principles, we
designed three mpox mRNA vaccines, AMAB-wt,
AMAB-C140S, and AMB-C140S, with single-chain
chimeric immunogens containing sA35R, sM1R, and
sB6R (Fig. 2a).

Using AlphaFold2, we predicted the translated
structures of these three single-chain vaccines. The re-
sults revealed that the known binding epitopes for
neutralising antibodies in these immunogens were
effectively exposed, such as A27D7 in A33R/A35R and
7D11 in L1R/M1R (Fig. S2). Moreover, the two copies of
sA35R in AMAB-wt and AMAB-C140S formed a
dimeric structure that resembles the corresponding
natural structure of the previously reported A33R dimer
in VACV,33 which was also consistent with the A35R
error of the mean). (f and g) Probability of survival (f) and percentages of
(s) or LNP. Percentages in the legend indicate the probability of survival 12
All ELISA and PRNT assays were repeated twice.
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dimer in the Cryo-EM structure of our recently pub-
lished mpox protein subunit vaccine that shares the
same dimeric A35R design.31 These predictions indicate
that our single-chain chimeric immunogens are likely to
elicit IgGs specific to the three antigens (sA35R, sM1R,
and sB6R).

Then, the 5′-capped mRNAs of these vaccines were
transfected into HEK293T cells, and the in vitro
expression of single-chain chimeric immunogens was
examined by Western Blot. The results showed these
immunogens expressed as a single band at their theo-
retical sizes (Fig. 2b).

Evaluation of the immunogenicity of mpox
vaccines with single-chain chimeric immunogens
Next, we evaluated the immunogenicity of the AMAB-
wt, AMAB-C140S, and AMB-C140S vaccines, with
VACV-VTT as a control for VACV-based live attenuated
vaccine. The endpoint titers of IgG antibodies specific to
sA35R, sM1R, and sB6R in all vaccinated groups were
examined by ELISA. We found that, by day 27, all three
single-chain vaccines elicited high levels of IgG specific
to sA35R, sM1R, and sB6R (Fig. 2c), which was
consistent with the prediction by AlphaFold2. Notably,
both AMAB vaccines (AMAB-wt and AMAB-C140S)
elicited significantly higher levels of A35R-specific IgG
compared to that elicited by AMB-C140S and VACV-
VTT. In comparison, the level of A35R-specific IgG
elicited by AMB-C140S was not significantly higher than
that elicited by VACV-VTT. These data indicated the
dimeric sA35R design successfully boosted the immu-
nogenicity of single-chain vaccines (Fig. 2c).

Moreover, using the serum samples collected on day
27, we also examined the neutralising antibodies against
VACV-WR as well as MPXV. We observed that potent
neutralising antibodies against IMV of VACV-WR and
MPXV were elicited by all three single-chain mpox
vaccines and the cocktail of sA35R + sM1R + sB6R, but
not by the A35R + M1R + B6R cocktail (Fig. 1b, Fig. 2d
and e). Notably, compared with AMAB-C140S, VACV-
VTT was significantly less effective in eliciting neutral-
ising antibodies against both VACV and MPXV (Fig. 2d
and e).

In addition, we also evaluated the cellular immune
responses of the mice vaccinated with these vaccines.
The ELISpot assay revealed robust cellular immune re-
sponses after re-stimulation by the A35R, M1R, or B6R
peptide pool in groups vaccinated with the AMAB-wt,
AMAB-C140S, and AMB-C140S mRNA vaccines, con-
firming the cellular immunogenicity of these single-
chain vaccines (Fig. 2f). Notably, for all three vaccines,
weight change (g) of mice vaccinated with single-gene mRNA vaccine
days post–challenge. Weight change data are shown as means ± SEM.
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the cellular immune responses were significantly
stronger after re-stimulation by the A35R peptide pool
compared to the other two peptide pools, suggesting
that sA35R may contain potent epitopes for T cell re-
sponses worthy of further investigation (Fig. 2f). Inter-
estingly, with VACV-VTT vaccination, similar levels of
cellular immune responses were stimulated by the
A35R and B6R peptide pool, but the M1R peptide pool
failed to stimulate any cellular immune response.

Evaluation of the protective efficacy of mpox
vaccines with single-chain chimeric immunogens
Finally, we evaluated the protective efficacy of the three
mpox vaccines by challenging mice with poxviruses
including VACV-WR or MPXV. With the groups of mice
intranasally challenged with VACV-WR (7 LD50), we
found that the group of mice injected with empty LNPs
died within four days, while all three single-chain vac-
cines achieved 100% protection of mice with minimal
post–challenge weight loss (Fig. 3a and b), which
verified the protective efficacy of the AMAB-wt, AMAB-
C140S, and AMB-C140S mpox mRNA vaccines. More-
over, we further examined the protective efficacy of
these trivalent mpox vaccines against higher titers of
VACV-WR. Compared to previous vaccinations, the
dosage of intranasal challenges was increased to 30 LD50

of VACV-WR (∼8.1 × 105 pfu), and additional groups
were vaccinated using the A35R + M1R + B6R cocktail,
sA35R + sM1R + sB6R cocktail (2.5 μg/mouse for each
antigen) or VACV-VTT as controls (Fig. 3c). The hu-
moral immunogenicity elicited by the three trivalent
mpox vaccines was also verified by ELISA and VACV
neutralisation assays (Fig. S3).

In contrast to 7 LD50 of VACV-WR, the 30 LD50

challenge led to a >20% weight loss and the consequent
euthanisation of all the mice in the A35R + M1R + B6R
group within three days, as well as the death of all mice
vaccinated with VACV-VTT within four days (Fig. 3d and
e). In comparison, the AMAB-C140S and AMB-C140S
single-chain vaccines and the sA35R + sM1R + sB6R
cocktail provided 100% protection, and mice vaccinated
with AMAB-wt were 80% protected (Fig. 3d and e). Using
the lungs of these mice, we also examined the viral loads
three days post the VACV-WR (30 LD50) challenge
(Fig. 3f and g). With both plaque assay and real-time
quantitative PCR (qPCR) assays,35 the mice vaccinated
with the A35R + M1R + B6R cocktail displayed higher
viral loads than those in the other vaccinated groups,
which could explain why these mice succumbed to 30
LD50 of VACV-WR (Fig. 3f and g).

We then evaluated the protective efficacy of the
single-chain vaccines against MPXV. Notably, these
mice were first monitored for long-term changes in
antibody levels by collecting serum samples on days 28,
60, 98 and 166 (Fig. 4a). ELISA results showed that, by
day 166, the titers of IgGs specific to the A35R, M1R, or
B6R antigens had not significantly decreased in
www.thelancet.com Vol 109 November, 2024
comparison to those on day 28 (Fig. 4b). On day 190,
these mice were challenged by MPXV (2 × 107 pfu) via
both the intranasal and intraperitoneal routes as previ-
ously described (Fig. 4a).30 Then, the mice were weighed
daily and euthanised four days after the challenge.

We found that the LNP group exhibited >5% weight
loss after the MPXV challenge, while the groups vacci-
nated with single-chain vaccines or
sA35R + sM1R + sB6R cocktail did not (Fig. 4c). The
A35R + M1R + B6R group was the only vaccinated
group that showed some weight loss, but not as severe
as the LNP group (Fig. 4c). Using qPCR assays, we
evaluated the viral loads in the lungs, ovaries, and
spleens collected four days post–challenge. We discov-
ered that the MPXV copies in the lungs and ovaries of
mice from vaccinated groups decreased dramatically
compared with mice of the LNP group. Specifically, the
fold-decrease amounted to 2–3 orders of magnitude in
the lungs, 4–5 orders of magnitude in the ovaries, and
1–2 orders of magnitude in the spleens (Fig. 4d).
Notably, the viral load in the lungs of the
A35R + M1R + B6R group was higher than the other
vaccinated groups (Fig. 4d), probably due to the advan-
tage of single-chain vaccines over mRNA cocktails of
full-length antigens.

Together, these data verified the protective efficacy of
single-chain mpox vaccines against the challenge of both
VACV-WR and MPXV, and demonstrated the superior
protective efficacy of single-chain mRNA vaccine to the
cocktail of full-length antigens.
Discussion
The key features of a vaccine include safety, effective-
ness, controllability, and accessibility. Hence, an ideal
vaccine should possess not only high safety and effec-
tiveness in inducing immune responses but also
simplicity in its design and production. This is crucial to
enhance the feasibility of quality control, reduce
manufacturing costs, and ultimately improve the
controllability and accessibility of the vaccine. In recent
studies, several mpox mRNA vaccines have been re-
ported, employing antigens from a repertoire of well-
defined poxvirus antigens including A35R/A33R,
M1R/L1R, B6R/B5R, E8L/D8L, A29L/A27L, or
H3L.22–26,28,36,37 To include multiple antigens in a single
vaccine, most of these vaccines took the approach of
making a cocktail vaccine comprised of multiple single-
gene mRNA vaccines.22–26,36 Such an approach was
straightforward to design, but it would significantly in-
crease the complexity and cost of manufacturing vac-
cines, which consequently compromises the vaccines’
controllability and accessibility.

Previously, our group developed a structure-based
design strategy for vaccines and macromolecular drugs
that can effectively integrate multiple antigens as a stable
protein. With this strategy, we have developed multiple
9
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COVID-19 vaccines, antibodies and peptides, including
the widely used ZF2001 vaccine.32,34,38–42 In this study, we
chose the A35R, M1R, and B6R antigens to design single-
chain chimeric immunogens for the following reasons:
(i) The VACV orthologs of these antigens (A33R, L1R,
and B5R) are essential transmembrane proteins on the
surface of the IMV or EEV of VACV. Specifically, A35R/
A33R and B6R/B5R are EEV-specific glycoproteins that
play important roles in the proper formation and cell-to-
cell spread of infectious EEV,33,43 while the IMV-specific
M1R/L1R is indispensable for the maturation of
VACV.44 (ii) A previous study of VACV vaccines
demonstrated that the cocktail of soluble A35R/A33R,
M1R/L1R, and B6R/B5R proteins was 100% protective to
VACV challenge in mice, while the cocktail of soluble
A35R/A33R and M1R/L1R was approximately 93% pro-
tective.20 (iii) A previous report revealed that 98% of hu-
man neutralising mAbs cross-protective against MPXV,
VACV, Variola virus (VARV), and Cowpox virus (CPXV)
recognise one of the six proteins: A35R/A33R, M1R/L1R,
B6R/B5R, E8L/D8L, A29L/A27L or H3L. Removing anti-
A35R/A33R, anti-M1R/L1R, or anti-B6R/B5R mAbs
hampered the mAb cocktail’s protection against poxvirus
infection, while mAbs targeting the other three antigens
were dispensable in comparison.17

Using the same structure-based vaccine design
strategy as our previous COVID-19 vaccines,34 we
designed three single-chain mpox vaccines, AMAB-wt,
AMAB-C140S, and AMB-C140S, by integrating the
M1R and B6R into an A35R dimer. With the structure-
based design, we incorporated two sA35R domains in
AMAB-wt and AMAB-C140S vaccines to mimic the
natural dimeric structure of sA35R to provide the
conformational epitopes for antibodies like the A27D7
mAb,33 and further inserted sM1R and sB6R into the
sA35R dimer with AlphaFold2 prediction. We also
introduced a C140S point mutation to remove the free
cystine in sB6R, which could reduce the possibility of
forming large clusters by disulfate bonds. Together, as
predicted by AlphaFold2, these designs integrated
multiple antigens in a single peptide chain while
maintaining the natural antibody epitopes, which greatly
simplified the manufacturing process and reduced the
cost of production. With these single-chain chimeric
immunogen designs, our trivalent mpox mRNA vac-
cines achieved effective neutralisation against both
MPXV and VACV-WR. Moreover, these single-chain
vaccines completely protected mice against the chal-
lenge of a lethal dose of VACV-WR and significantly
reduced the viral loads after the challenge of MPXV or
VACV-WR.
collected 28-, 60-, 98- and 166-days post first dose. Data are shown as
with mpox mRNA vaccine challenged with MPXV. All weight change data
the two-way ANOVA with Dunnett’s multiple comparisons test (*, p < 0
examined by qPCR assay. Data are shown as means ± SEM. Statistical s
Dunnett’s multiple comparisons test (*, p < 0.05; **, p < 0.01; ***, p <
Compared to the cocktail of multiple full-length an-
tigen single-gene mRNAs or VACV-based live attenu-
ated vaccine, our single-chain vaccines provided more
potent and balanced immunogenicity, superior protec-
tive efficacy as well as improved controllability. (i) A35R-
specific IgGs were elicited by the sA35R integrated in
AMAB-wt, AMAB-C140S or AMB-C140S single-chain
vaccine, but could not be elicited by the sA35R single-
gene mRNA vaccine. Importantly, with a second
sA35R incorporated into the single-chain chimeric
immunogen, the level of A35R-specific IgG became
significantly higher than that elicited by AMB-C140S or
VACV-VTT. (ii) M1R-specific and B6R-specific IgGs
could only be effectively elicited by sM1R and sB6R
instead of the full-length M1R and B6R, respectively.
This observation was consistent with a recent report that
B6R or M1R antibodies were hardly elicited by an mpox
mRNA vaccine that linked the encoding sequence of
full-length A35R, M1R, B6R, A29L, and E8 with 2A
linkers.28 (iii) The cocktail of three full-length antigens
(A35R + M1R + B6R) and VACV-VTT failed to elicit
antibodies capable of neutralising the IMV of MPXV or
VACV-WR, unlike the single-chain vaccines that
exhibited this capability, which may be associated with
their weaker protective efficacy against the two poxvi-
ruses. (iv) The A35R + M1R + B6R cocktail vaccine and
VACV-VTT completely failed to protect mice challenged
by a higher dose (30 LD50) of VACV-WR, while the three
single-chain mRNA vaccines retained 100% or 80%
protection. (v) The viral load in the lungs of the
A35R + M1R + B6R vaccinated mice was higher than the
other vaccinated groups, which may explain the more
severe weight loss in the A35R + M1R + B6R group.
These data demonstrated the superior protective efficacy
of single-chain chimeric immunogens to the cocktail of
full-length antigens and VACV-based live attenuated
vaccine. Nevertheless, the B6R-specific IgG levels were
not significantly affected among the AMAB-wt, AMAB-
C140S, or AMB-C140S groups. More structural studies
are needed to reveal the potential mechanism of the
C140S mutation.

Interestingly, the sA35R + sM1R + sB6R cocktail
vaccine, which coincidentally shares similar amino acid
residues as the previously published BNT166c vaccine,26

exhibited slightly higher, albeit not statistically signifi-
cant, immunogenicity and protective efficacy compared
with the single-chain vaccines AMAB-C140S. The
A35R + M1R + B6R cocktail was much inferior in
comparison. Such a sharp difference in the immuno-
genicity and protective efficacy between the
sA35R + sM1R + sB6R and A35R + M1R + B6R cocktail
GMT ± 95% CI. (c) Percentages of weight change of mice vaccinated
are shown as means ± SEM. Statistical significances were calculated by
.05; **, p < 0.01). (d) Viral load in lungs, ovaries and spleens were
ignificances were calculated by the ordinary one-way ANOVA with
0.001).
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vaccines underscores the critical role of antigen design,
warranting further investigation. Nevertheless, the
single-chain vaccines maintain an advantage of main-
taining over the sA35R + sM1R + sB6R cocktail vaccine
in terms of simplicity. By encoding all three antigens
within a single mRNA, the single-chain vaccines facili-
tate easier quality control during manufacturing and can
substantially reduce production costs.

Moreover, our single-chain vaccines exhibited an
advantage in antibody persistence when monitoring
changes in antibody levels. Both our AMAB-wt and
AMAB-C140S vaccines maintained A35R-specific serum
antibodies at similar levels from day 28 through day 166.
In contrast, a recently reported mpox mRNA vaccine,
featuring simpler chimeric immunogens, elicited A35R-
specific antibodies in mice that continuously decreased
within 5 months after the first dose.37 The persistency of
A35R-specific antibodies in the different constructions
deserves further study.

Our study has some limitations. Although we have
tested the neutralising activities of the single-chain
mRNA vaccines-immunised sera against IMV of VACV-
WR and MPXV in vitro and evaluated the protective ef-
ficacy against the VACV-WR and MPXV in mice, neu-
tralisation test against EEV, which is the other form of
infectious poxvirus particles, should be performed in the
future study to evaluate the roles that EEV antigens
(A35R/A33R and B6R/B5R) played in preventing
poxvirus infections. Furthermore, additional research is
required to investigate the immunogenic properties of
single-chain vaccines and their effectiveness in protecting
against MPXV infection in non-human primate models.

In conclusion, our study evaluated the immunoge-
nicity and protective efficacy of the MPXV A35R, M1R,
and B6R as single-gene mRNA vaccines and mRNA
cocktails. Based on these evaluations, we designed three
single-chain mpox vaccines (AMAB-wt, AMAB-C140S,
and AMB-C140S) that, with a single polypeptide chain,
provide complete protection for mice challenged with a
lethal dose of VACV and significantly reduced the viral
loads in mice after MPXV challenge. We believe that
these single-chain vaccines, with better controllability
and accessibility, qualify as potential candidates for
future mpox vaccines.
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