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Abstract 

The outbreak of mpox since 2022 has driven the development of mpox virus  

(MPXV)-specific, subunit-based, next-generation vaccines, instead of the currently 

used live-attenuated vaccinia virus (VACV) vaccines. Here, we describe a self- 

assembling protein nanoparticle against MPXV using lumazine synthase to present 

viral surface proteins. Multivalent nanoparticles elicited broader and stronger immune 

responses against MPXV and provided superior heterologous protection in rodent 

models against lethal VACV challenges compared to monovalent formulations. The 

three antigens with the best protective efficacy (intracellular mature virus antigens M1 

and E8, and extracellular enveloped virus antigen B6) were further combined as the 

trivalent cocktail or mosaic nanoparticle. The trivalent nanoparticles elicited higher 

humoral responses compared to the modified vaccinia virus Ankara, and were protec-

tive against lethal VACV challenge in mice, with the protection correlation revealed. 

These findings highlight the potential of multivalent nanoparticle as vaccines against 

MPXV and other orthopoxviruses.

Author summary

The global mpox outbreak in 2022 highlighted the urgent need for safer and 
more effective alternatives to traditional live-attenuated smallpox vaccines. In 
response, we engineered a novel vaccine employing self-assembling nanoparti-
cles to display three essential mpox viral proteins-M1, E8, and B6. This trivalent 
nanoparticle vaccine elicited significantly stronger and broader immune respons-
es in animal models. Importantly, mice immunized with our vaccine achieved 
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complete protection against lethal challenges with related orthopoxviruses, sur-
passing both individual protein vaccines and traditional live-attenuated smallpox 
vaccines. By eliminating the safety concerns associated with live-virus vaccines 
and delivering robust, multi-target immune responses, our approach represents 
a promising advancement in vaccine development. These findings lay a critical 
foundation for safer, highly effective vaccines against mpox virus and other or-
thopoxviruses, offering valuable preparedness for future outbreaks.

Introduction

Mpox is a zoonotic viral disease caused by the mpox virus (MPXV), showing clinical 
symptoms resembling smallpox [1], such as fever, lymphadenopathy, and rash [2]. 
Since May 2022, mpox outbreaks have resulted in 99,176 confirmed cases and 208 
deaths across 116 countries (who.int) [3–5], prompting the World Health Organization 
(WHO) to declare it a Public Health Emergency of International Concern (PHEIC) 
in July 2022 [6]. Although the PHEIC was lifted following a decline in cases [7], a 
resurgence of mpox infections in the Democratic Republic of Congo (DRC) in 2023 
underscored ongoing challenges. Notably, while the 2022 epidemic was dominated 
by the less virulent clade II strain, the more lethal clade I strain, with a mortality rate 
exceeding 10%, emerged in the DRC in 2023 and spread to neighboring countries by 
2024 [8,9], leading the WHO to declare a second global health emergency [10,11]. 
As of 31 December 2024, the African had 23,489 confirmed cases, while the global 
total of 12,4753 infected people cover 128 countries had been reported by WHO [12]. 
These outbreaks highlight the critical need for targeted vaccination strategies, partic-
ularly to control clade Ib strains with the pandemic potential.

MPXV belongs to the orthopoxviruses genus, which includes variola virus, the 
causative agent of smallpox, and vaccinia virus (VACV) [1]. Orthopoxviruses have 
double-stranded DNA genomes with high antigen similarity, enabling cross- 
protection among them [13,14]. The eradication of smallpox was achieved by lever-
aging this cross-protection through global immunization with VACV as a live vaccine 
[15]. Although no antiviral drug has been approved specifically for mpox, several 
smallpox-licensed drugs including-tecovirimat, brincidofovir and cidofovir-have been 
used as Pre-Exposure Prophylaxis, off-label, and under Emergency Use Authoriza-
tion during recent mpox outbreaks [16]. Consequently, an effective vaccine should be 
the primary preventive measure for potential mpox outbreak. So far, the U.S. Food 
and Drug Administration (FDA) has conditionally approved three smallpox live atten-
uated vaccines-JYNNEOS [17,18], LC16 and OrthopoxVac-for vaccination against 
MPXV [19]. JYNNEOS is a modified vaccinia virus-based live, non-replicating vac-
cine (MVA-BN), and its effectiveness against diagnosed mpox in individuals receiv-
ing a complete two-dose regimen was estimated at 66% during the 2022 outbreaks 
[20,21]. LC16 is approved for pediatric use [22,23], while OrthopoxVac has shown 
limited protective efficacy [24]. Despite of these options, the development of vaccines 
directly targeting MPXV remains critical.
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MPXV, like other orthopoxviruses, has two distinct infectious forms, the intracellular mature virion (IMV) and extracel-
lular enveloped virion (EEV) [25,26]. Each viral form has distinct surface antigens that facilitate the attachment of IMVs 
to cells (A29, E8 and H3), viral assembly and entry (M1), and viral transmission of EEVs (A35 and B6) [27–30]. While 
immune responses elicited by a single antigen can provide some protection from infection, study involving vaccines and 
monoclonal antibody prophylaxis in animals has shown the benefit of combining antibodies to multiple EEV and IMV anti-
gens [27,28,31–36]. Notably, nanoparticle vaccine platforms have emerged as a promising strategy for presenting multiple 
antigns [37], as demonstrated in vaccines for Covid-19 [38], influenza [39], and hepatitis B [40]. These platforms effec-
tively enhance immune responses by priming antigen-presenting cells like dendritic cells and macrophages in the lymph 
nodes of the host, leading to enhanced B cell responses and improved broad and long-term immunity [38–42].

Here, we describe the development of a multivalent nanoparticle vaccine targeting MPXV using a 60-mer lumazine syn-
thase (LuS) protein covalently linked with IMV and EEV antigens via a SpyTag/SpyCatcher (ST/SC) system which facili-
tate conjugation of target antigens to nanoparticle under physiological conditions [42,43]. Compared to monovalent ones, 
multivalent nanoparticles demonstrated better cross-protection against a genetically related VACV challenge in mice, with 
significantly higher immunogenicity. Furthermore, our trivalent nanoparticle vaccines- containing three antigens (IMV pro-
teins M1 and E8, EEV protein B6) demonstrated robust immunogenicity and significant cross-protection against VACV in 
mice. These findings advance our understanding of neutralizing antibody titers correlation with orthopoxviruses viral loads 
in mice tissues and offer a promising approach for further mpox vaccine development.

Results

Generation and characterization of MPXV nanoparticle

We selected five surface proteins from MPXV clade I (Zaire-96 strain, accession no. AF380138.1) known to elicit neutraliz-
ing antibodies as the immunogens, three from IMV (M1, E8 and H3) and two from EEV (A35 and B6) [32,35,44,45] which 
share high amino acid identity with VACV antigens (98.4%, 91.7%, 94.8%, 97%, and 98.1% amino acid identity,S1 Fig). 
The ectodomain of these five MPXV proteins, expressed in Expi293F cells, were presented by a 60-mer, self- 
assembling lumazine (LuS) nanoparticle, expressed in E.coli, via the ST/SC covalent coupling (Fig 1A). Monovalent 
nanoparticles M1-LuS, E8-LuS, H3-LuS, B6-LuS, and A35-LuS were produced separately and combined as pentavalent 
cocktail (namely cocktail-5). Mosaic pentavalent nanoparticle (namely mosaic-5) was produced by displaying these five 
SpyTagged antigens on a LuS simultaneously (Fig 1A). The individual SpyTagged antigens, and the protein sizes before 
and after ST/SC coupling were confirmed by analytical gel filtration and gel electrophoresis (S2 Fig). The antigen- 
decorated nanoparticles were further confirmed by negative staining electron microscopy (Fig 1B). Furthermore, we used 
specific mAbs to detect each antigen presented on the mosaic nanoparticle using a biolayer interferometry assay (BLI), 
and confirmed the display of all five antigens (S3 Fig). These results suggested successful presentation of MPXV antigens 
on the LuS particle surface.

Immunogenicity of MPXV nanoparticle vaccines in mice

To assess the immunogenicity of MPXV nanoparticle vaccine candidates, BALB/c mice were immunized subcutaneously 
(s.c.) with two doses of 2 µg per dose of monovalent nanoparticles, cocktail-5 and mosaic-5, three weeks apart, adju-
vanted with AddaVax (a squalene-based oil-in-water adjuvant) (Fig 2A). Empty nanoparticle (LuS) plus adjuvant was given 
as the sham control.

For humoral response, serum samples were collected at 19- and 35-days post-vaccination (dpv) and specific IgG anti-
body titers were quantified by ELISA. Both cocktail-5 and mosaic-5 vaccines induced robust antibody responses to each 
antigen, although not superior to those of the monovalent nanoparticles (Fig 2B-2F). Serum samples after boosting were 
further tested for their neutralizing activities against the genetically related poxvirus VACV in both IMV and EEV forms by 
the 50% plaque reduction neutralization test (PRNT

50
). For IMV neutralization, IMV antigen nanoparticles M1-LuS and 
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E8-LuS induced substantial neutralizing antibodies, with geometric mean titers (GMTs) 4155 and 884, respectively (Fig 
2G). Cocktail-5 and mosaic-5 elicited substantial GMTs of 1093 and 1027, respectively (Fig 2G). In contrast, other IMV 
antigen nanoparticle H3-LuS and EEV antigen nanoparticles B6-LuS and A35-LuS induced poorly neutralizing antibodies 
against VACV IMVs (GMTs between 50–78) (Fig 2G). For EEV neutralization, B6-LuS and A35-LuS induced substantial 
neutralizing antibodies (GMTs 226 and 94, respectively). Notably, cocktail-5 and mosaic-5 induced significantly higher 
(P < 0.01) neutralizing antibodies compared to B6-LuS and A35-LuS (GMTs 1795 and 1119, respectively) (Fig 2H). In con-
trast, sera from all IMV monovalent antigen groups (M1-, E8-, and H3-LuS) poorly neutralize VACV EEV with their titers 
below or close to the lower detection limit.

For cellular response analysis, mice were sacrificed at 35 dpv. Their splenocytes were harvested and re-stimulated 
with an overlapping peptide pool of the autologous antigens for each monovalent vaccine group and the mixture of these 
five pools for cocktail-5, and mosaic-5. Cytokine production was examined by ELISpot assay. We found that M1-LuS and 
E8-LuS, cocktail-5, and mosaic-5 elicited relatively high levels of response to secret both Th1 (IFNγ and IL-2) and Th2 (IL-
4) cytokines (Fig 2I). B6-LuS induced moderate cellular responses. In contrast, both H3L-LuS and A35-LuS were poorly 
immunogenic to elicit the production of Th1 cytokines (IFNγ and IL-2) (Fig 2I).

Protection efficacy of MPXV nanoparticle vaccines in mice against VACV challenge

Next, we evaluated the protective efficacy of these MPXV nanoparticle vaccines in mice using the well-established 
challenge model against the genetically related poxvirus VACV [46]. Mice were challenged with a lethal dose (30 LD

50
) 

of VACV (Western Reserve strain, WR) via the intranasal route at 37 dpv (Fig 2A) [46]. The body weight and survival of 
each mouse were recorded daily for 14 days post-infection (dpi). Tissues were collected at 5 dpi. As expected, all mice 

Fig 1.  Design and characterization of MPXV nanoparticle vaccines. (A) Schematic diagram illustrating the construct design and production of the 
SpyTag-antigens including M1, E8, H3, B6, A35, and SpyCatcher-LuS. (B) Negative-staining electron microscopy of each antigen-LuS and mosaic-5 
nanoparticles, and observed under Tecnai Spirit microscope 120 kV (scale bar = 50 nm).

https://doi.org/10.1371/journal.ppat.1013389.g001

https://doi.org/10.1371/journal.ppat.1013389.g001
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Fig 2.  MPXV nanoparticle vaccines elicit humoral and cellular immune responses. (A) Vaccination scheme for mice immunization. Mice (n = 12) 
of each group were immunized subcutaneously (s.c) with two doses (2 μg/dose) of MPXV nanoparticle vaccines (M1-LuS, E8-LuS, H3-LuS, B6-LuS, 
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receiving the sham vaccine (LuS) succumbed (≥ 25% weight loss) to the VACV challenge between 4 and 5 dpi (Fig 3A), 
with severe weight loss starting from 1 dpi (Fig 3B). Consistent with the trend shown in the immunogenicity data, mice 
receiving the poorly immunogenic nanoparticle H3-LuS has similar decreased survival as the sham group with a slightly 
delayed weight loss. In contrast, mice receiving E8-LuS and A35-LuS were partially protected from death with the survival 
rate of 83.3% and 50%, respectively, but suffered from severe weight loss. Impressively, nanoparticles displaying IMV 
antigen M1 or EEV antigen B6, or multivalent particle cocktail-5 and mosaic-5 provide 100% protection from death, with 
less weight loss (Fig 3A and 3B).

To validate the protection efficacy against virus infection in vivo, virus burden was measured in target tissues includ-
ing nasal turbinate and lung (Fig 3C and 3D). The mice with sham vaccination showed high loads of VACV in the nasal 
turbinate [average 3.4 × 106 plaque forming units (PFU) per gram] and lung (average 1.1 × 107 PFU per gram) (Fig 3C and 
3D). All monovalent nanoparticles, except H3-LuS, reduced viral loads in both tissues (reduction of 0.5-3.5 order of mag-
nitudes). Impressively, cocktail-5 and mosaic-5 showed the best protection with almost undetectable virus in both tested 
tissues (Fig 3C and 3D). These findings demonstrate nanoparticles presenting both IMV and EEV antigens are protective, 
and the multivalent antigens can achieve better efficacy compared to the monovalent ones.

The diversity in sample size and outcome variability across the different vaccine formulations enabled a comprehen-
sive analysis of immune correlates. Pearson rank correlation was utilized to identify immune correlates of protection. The 
neutralizing antibody titers [log

2
(PRNT

50
)] to both IMV and EEV of VACV showed an inverse correlation with viral loads 

[log
10

(PFU)] in both nasal turbinates and lungs (Fig 3E-3H). In general, neutralizing antibody titers against EEV showed a 
stronger correlation than those against IMV in both nasal turbinates (r = −0.8242, P < 0.0001, and r = −0.6199, P < 0.0001, 
respectively) and lungs (r = −0.8282, P < 0.0001, and r = −0.6193, P < 0.0001, respectively).

Immunogenicity of updated MPXV nanoparticle vaccines

To minimize the antigen usage for a simpler vaccine manufacturing, the three antigens with the best immunogenicity and 
protection (IMV antigens M1 and E8, EEV antigen B6) were selected as the trivalent cocktail and mosaic LuS nanoparti-
cles, namely cocktail-3 and mosaic-3, respectively, with the co-display of each antigen in the mosaic nanoparticles verified 
(S4 Fig). We next evaluated the immunogenicity of these new nanoparticle vaccines in BALB/c mice, according to the 
same immunization approach and regimen shown in Fig 2A. Two doses of 107 PFUs MVA, the approved live-attenuated 
orthopoxviral vaccine, and monovalent M1, E8 and B6 nanoparticles were given as the controls. LuS was given as the 
negative control. As a result, both cocktail-3 and mosaic-3 elicited high serologic binding antibodies to those autologous 
antigens, with the titers comparable to those induced by the monovalent nanoparticles (Fig 4A-4C). In contrast, antibod-
ies cross-reactive to M1, E8, and B6 elicited by MVA vaccination were significantly lower (Fig 4A-4C). We next measured 
the GMTs of serum neutralizing antibodies against VACV IMVs and EEVs by PRNT

50
. For IMV neutralization, the two 

IMV antigen-based monovalent nanoparticles (M1-LuS and E8-LuS) and trivalent nanoparticles (cocktail-3 and mosaic-3) 
induced high neutralizing antibodies, with the GMTs of 3255, 366, 1412, and 1459 (Fig 4D), respectively. In contrast, MVA 
induced significantly lower neutralizing antibodies in mice, with a GMT of 52 (Fig 4D). For EEV neutralization, the EEV 

A35-LuS, cocktail-5 or mosaic-5) or with empty particles LuS at a 21-day interval, and were challenged with VACV-WR at 37 dpv. Mouse icon adapted 
from an OpenClipart public-domain image (SVG ID 22277). (B-F) Anti-specific IgG titers for MPXV antigens, including M1 (B), E8 (C), H3 (D), B6 (E), 
and A35 (F) were measured by ELISA in sera collected from mice (n = 6) at 19 and 35 dpv. (G-H) Neutralizing activities of sera (n = 6) against IMV (G) 
and EEV (H) were determined by plaque reduction neutralization (PRNT) assay against VACV-WR infection, and the 50% plaque reduction neutraliza-
tion (PRNT

50
) was calculated. The data of (B-H) are geometric mean titer (GMT) with a 95% confidence interval (CI). (I) Cellular immune response of 

mice (n = 6) after vaccination with two doses of vaccine (2 μg/dose) was measured by ELISpot assay with 2.5 × 10⁵ splenocytes per well. Secretion levels 
of IFNγ, IL-2, and IL-4 by splenocytes after stimulation with overlapping peptide pools or a mixture of MPXV antigens M1, E8, H3, B6, and A35 were 
detected to evaluate cellular immune responses. The data of (I) means ± SEM. P values were determined with one-way ANOVA with multiple compari-
sons test. (ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). The horizontal dashed line indicates the lower limit of detection (LLOD).

https://doi.org/10.1371/journal.ppat.1013389.g002

https://doi.org/10.1371/journal.ppat.1013389.g002
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Fig 3.  Polyvalent MPXV nanoparticle vaccines confer complete protection against VACV-WR and the neutralizing antibody titer correlates with 
protection. Survival curve (A) and body weight changes (B) in mice (n = 6) were monitored within 14 days after infection i.n. with 8.1 × 105 CFU of VACV. 
Survival analysis was performed using Kaplan-Meier analysis with Log-rank test, showing significant differences between each vaccine group and sham 
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antigen-based monovalent nanoparticles (B6-LuS) and trivalent nanoparticles (cocktail-3 and mosaic-3), and MVA all elic-
ited substantial neutralizing antibodies, with the GMTs of 430, 2074, 2459, and 1465 (Fig 4E), respectively.

We also assessed the cellular immune responses in mice at 35 dpv using ELISpot assay. Splenocytes were re- 
stimulated with peptide pools covering autologous antigens (M1, E8, and B6) for each monovalent vaccine group and the 
mixture of these three pools for cocktail-3, mosaic-3, and MVA groups. The results showed that all these vaccines induced 
substantial secretion of both Th1 (IFNγ and IL-2) and Th2 (IL-4) cytokines from splenocytes (Fig 4F). Interestingly,  
cocktail-3 vaccination induced comparable levels of IFNγ, but significantly higher (P < 0.001) secretion of IL-2, in compar-
ison to MVA vaccination (Fig 4F). These findings demonstrated both cocktail-3 and mosaic-3 can induce robust humoral 
and cellular responses to MPXV, which is comparable, if not higher, to the currently used attenuated VACV vaccine MVA.

Protective efficacy of trivalent MPXV nanoparticle vaccines

The mice were challenged with a 30 LD
50

 dose of VACV-WR, and assessed for the protective efficacy of MPXV nanopar-
ticle vaccines compared to MVA. The results showed that all mice in the LuS control group succumbed to the VACV 
challenge within 5 dpi (Fig 5A). In contrast, 83.3% of mice received E8-LuS survived, but with severe weight loss (Fig 5A 
and 5B). All mice receiving M1-LuS, B6-LuS, trivalent nanoparticles (cocktail-3 and mosaic-3), and MVA achieved 100% 
protection. Notably, mice in cocktail-3 and mosaic-3 groups showed significantly less weight loss compared to those 
receiving either monovalent nanoparticle (except M1) or MVA (Fig 5B) at 2 dpi (P < 0.001), suggesting the benefit of com-
bining multivalent antigens for protection.

To validate the protection efficacy of vaccines against virus infection in vivo, we measured viral loads in respiratory tis-
sues. As expected, all mice receiving LuS control were detected with high virus loads in the nasal turbinate (1.4 × 107 PFU/g) 
and lung (7.6 × 107 PFU/g) (Fig 5C and 5D). Compared to the LuS control group, the viral loads in the nasal turbinate were 
reduced by ~2 orders of magnitude in the E8-LuS (average 2.6 × 105 PFU/g) and B6-LuS (average 2.5 × 105 PFU/g) groups, 
and by ~3 orders of magnitude in the M1-LuS group (average: 4.4 × 104 PFU/g) (Fig 5C). In contrast, in mice receiving  
cocktail-3, mosaic-3, or MVA, virus titers were reduced by ~4 orders (cocktail-3, average: 1909 PFU/g; mosaic-3, average: 
638 PFU/g; MVA, average: 529 PFU/g). In regards to viral loads in the lung, vaccination with E8-LuS, M1-LuS, or B6-LuS 
conferred a ~ 2–4 orders of magnitude in virus reduction (average: 1.3 × 106 PFU/g in E8-LuS group; 5.1 × 104 PFU/g in 
M1-LuS group; 1.2 × 103 PFU/g in B6-LuS group). Remarkably, trivalent nanoparticles (cocktail-3 and mosaic-3) and MVA 
conferred complete protection in the lung with undetectable viral loads (Fig 5D). These results confirmed the superior protec-
tive efficacy of the cocktail-3 and mosaic-3 nanoparticle vaccines compared to monovalent vaccines.

The Pearson rank correlation on immune protection following vaccination showed the strong inverse correlation 
between the neutralizing antibody titers [log

2
(PRNT

50
)] of VACV and viral loads [log

10
(PFU)] in both nasal turbinate tissue 

and lung (Fig 5E-5H). Again, neutralizing antibody titers to EEV showed a stronger correlation than that to IMV in both 
nasal turbinate (r = −0.8557, P < 0.0001 and r = −0.7166, P < 0.0001, respectively) and lung tissues (r = −0.9448, P < 0.0001 
and r = −0.7181, P < 0.0001, respectively).

Immunogenicity and protective efficacy of a single-dose nanoparticle vaccination in female and male mice

To test whether a single-dose vaccination of mpox nanoparticle is immunogenic and protective, and whether there is dif-
ference between different mice gender, we vaccinated both female and male mice a single dose of masaic-3, adjuvanted 

group (ns, P > 0.05; *, P < 0.05; **, P < 0.01). The live virus load in the nasal turbinate tissue (C) and lung (D) of mice were examined by PRNT assay at 5 
dpi. Data are shown as means ± SEM. Statistical significances were calculated by Dunn’s multiple comparison test (ns, P > 0.05 *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001). (E-H) Correlation between neutralizing antibody titers to IMV of VACV and viral loads in nasal turbinate (E) and lung (G) 
tissues, between neutralizing antibody titers to EEV of VACV and viral loads in nasal turbinate (F) and lung (H) tissues. The correlations were assessed 
by Pearson rank-correlation tests. r and p values and a regression line of best fit are shown. Shaded area depicts the 95% CI.

https://doi.org/10.1371/journal.ppat.1013389.g003

https://doi.org/10.1371/journal.ppat.1013389.g003
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Fig 4.  Trivalent MPXV nanoparticle vaccines induce superior immune response compared with monovalent vaccines and MVA. Mice of each 
group (n = 12) were immunized with monovalent vaccines (M1-LuS, E8-LuS and B6-LuS), trivalent vaccines (cocktail-3 and mosaic-3), LuS nanoparticles 
(2 μg/dose) or MVA (107 PFU) according to the same schedule as in Fig 2A. (A-C) Antigen-specific IgG titers for MPXV antigens, including M1 (A), E8 
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(B), and B6 (C) were measured by ELISA in sera collected from mice (n = 6) at 19 and 35 dpv. (D-E) Neutralizing activities of sera (n = 6) against IMV (D) 
and EEV (E) were determined by PRNT

50
 assay against VACV infection. The data of (A-E) are GMT with a 95% CI. (F) The cellular immune response 

of mice (n = 6) after vaccination with two doses of each vaccine was measured by ELISpot assay with 5 × 10⁵ splenocytes per well. IFNγ, IL-2 and IL-4 
secretion of splenocytes after stimulation with MPXV antigens M1, E8, and B6 overlapping peptide pools or mixture were detected to evaluate cellular 
immune responses. Data are group mean values ± SEM. P values were determined with one-way ANOVA with multiple comparison test (ns, P > 0.05; *, 
P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

https://doi.org/10.1371/journal.ppat.1013389.g004

with AddaVax. LuS alone was given as sham control. Male and female mice were elicited with comparable humoral 
responses by 19 dpv (Fig 6A - 6D), with VACV IMV neutralization GMTs of 250 in female group and 117 in male group 
(p > 0.05, Fig 6E) and EEV neutralization GMTs of 162 vs 135, respectively (p > 0.05, Fig 6F). Mice were challenged intra-
nasally with VACV-WR. Both sex groups died between 5–6 dpi with no difference of weight lost (Fig 6G and 6H) and of 
viral loads in nasal turbinate and lung (Fig 6I and 6J, p > 0.05). However, mosaic-3 group showed ∼1–2-log

10
 reductions of 

viral loads in nasal turbinate (mean reduction: 2.08, log
10

 PFU/g in females [p < 0.01] vs. 1.23 log
10

 in males [p < 0.05]) (Fig 
6I) and lung (mean reduction: 1.51 log

10
 vs. 1.35 log

10
; p < 0.01) (Fig 6J) compared to LuS group. These results suggested 

that a single-dose of nanoparticle mpox vaccine elicited comparable antibody response between female and male mice, 
however, its protection is insufficient.

Discussion

In recent years, emerging and re-emerging infectious diseases have continued to cause global health emergency [47,48]. 
Vaccines and monoclonal antibodies are the new cornerstones to control infectious diseases [49,50]. Since the end of 
2023, a new clade Ib of the MPXV has emerged in Africa (S5 Fig), exhibiting a higher mortality rate than the MPXV clade 
II strain that caused an epidemic in 2022 [11]. The resurgence prompted WHO to declare a global health emergency 
on August 15, 2024 [10]. In response to the escalating crisis, we developed a nanoparticle-based MPXV vaccine using 
protective antigens from the Clade I strain (MPXV-Zeire-96). Our findings demonstrated that these nanoparticle vaccines 
induced robust humoral and cellular immune responses. Multivalent nanoparticles containing IMV and EEV antigens 
showed cross-protection against a lethal VACV challenge in mice, underscoring the potential of nanoparticles to be used 
in orthopoxviruses vaccine development.

The enhanced immune responses observed likely originate from several advantages of nanoparticle vaccines over tra-
ditional protein subunit vaccines. Firstly, the high-copy multivalent display of MPXV antigens on self-assembled nanoparti-
cles LuS [42,51], ensuring dense antigen presentation [52]. Secondly, this structure and size of nanoparticles can improve 
B cell receptor cross-linking and persistence in the germinal center, which not only enhances the immune response of B 
cells but also facilitate the production of high-affinity antibodies, leading to a strong and long-lasting antibody response 
[37,51,53–58]. Thirdly, nanoparticles facilitate efficient uptake and processing by dendritic cells (DCs), enhancing antigen 
presentation and T-cell activation [40]. Resident DCs play a crucial role in T follicular helper cell (Tfh) induction and are 
strategically positioned to elicit rapid T cell responses to particulate antigen immunization [59]. The increase in IFNγ, IL-2, 
and IL-4-secreting T cells and robust immune response in mice vaccinated with MPXV multivalent nanoparticle vaccines 
highlights the ability of these vaccines to stimulate strong and balanced cellular immune responses (Figs 2I and 4G), 
essential for viral clearance.

IMV proteins M1, A29, E8, and H3, as well as EEV proteins A35 and B6, were selected as antigens based on their 
proven efficacy in previous studies on immunity against VARV, VACV, and MPXV [32,44,46,60–66]. Antibodies targeting 
these antigens have demonstrated varying levels of protection in animal studies using monoclonal and/or polyclonal anti-
body prophylaxis [28,32,63,67–69]. Recent research on multi-MPXV mRNA vaccines, such as a hexavalent mRNA [70], 
a pentavalent MPXVac-97 mRNA [45], and quadrivalent BNT166 [60] and mRNA-1769 [71], has demonstrated the immu-
nogenicity and potential cross-protection provided by this combination of antigens. Moreover, the new development of a 

https://doi.org/10.1371/journal.ppat.1013389.g004
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Fig 5.  Trivalent nanoparticle vaccines and MVA confer complete protection against VACV-WR challenge. As the approach in Fig 3, the survival 
(A) and body weight change (B) of mice (n = 6 each group) were monitored within 14 dpi. Survival analysis was performed using Kaplan-Meier analysis 
with Log-rank test, showing significant differences between each vaccine group and sham group (ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001). P 
values of the body weight changes at 2 dpi (B) were determined with one-way ANOVA with Turkey’s multiple comparison test (ns, P > 0.05; *, P < 0.05; **, 
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bivalent mRNA vaccine [35] and DAM subunit [46] has underscored the immunogenicity and protective efficacy of anti-
gens M1 and A35. In our nanoparticle platform, M1, E8, and B6 elicited stronger specific binding and neutralizing antibod-
ies, as well as enhanced cellular immune responses, compared to the less effective H3 and A35 antigens. VACV protein 
D8 (homologous to E8 of MPXV) induces strong protective antibody responses in vivo and enhances the efficacy of a mul-
tivalent poxvirus DNA vaccine [65,68]. Two neutralizing antibodies (nAbs) targeting MPXV B6 showed effective protection 
against VACV [72]. In accordance, trivalent nanoparticles (cocktail-3 and mosaic-3) exhibited superior protective efficacy 
and enhanced virus clearance in respiratory tissues compared to their autologous monovalent nanoparticles. Importantly, 
Importantly, the three antigens from Clade I—M1, E8, and B6—are completely conserved in the recently emerged Clade 
1b (S6 Fig). This conservation suggests that cocktail-3 and mosaic-3 have the potential to effectively target the current 
Clade 1b strain of mpox

Notably, our study systematically analyzed the immune correlates of protection against MPXV and identified neutral-
izing antibodies as a key determinant for immune protection. Particularly, neutralizing antibodies against EEV and IMV 
showed an inverse relationship with protection, with EEV antibodies demonstrating a stronger association. These find-
ings on antibody protection in MPXV vaccines provide valuable insights for future research on orthopoxvirus vaccine 
development.

In this study, we systematically compared the immune protection of nanoparticle candidate vaccines with the MVA. 
The trivalent nanoparticles vaccines cocktail-3 and mosaic-3 demonstrated robust protection in mice, comparable to the 
MVA vaccine. Interestingly, although vaccines elicited comparable neutralization antibodies of EEV and cellular immune 
response, cocktail-3 and mosaic-3 exhibited stronger neutralizing against IMV. Although we showed EEV-neutralizing 
antibodies are more closely associated with immune protection, the challenge studies revealed comparable protection 
between trivalent nanoparticles and MVA, and even outperformed it in terms of mitigating weight loss. Similarly, the 
tetravalent mRNA vaccine (mRNA-1769) also demonstrated equivalent protection to MVA-based immunity in preventing 
death after a lethal viral challenge, and it offered superior protection in terms of viral load reduction, weight loss mitigation, 
and lesion control compared to MVA-based immunity [71]. These findings highlight the potential of nanoparticle-based 
subunit vaccines in mitigating orthopoxvirus outbreaks.

Given men who have sex with man are the major source of mpox virus transmission, we also evaluated the vaccine 
immunogenicity in male animals. We showed that mosaic-3 nanoparticle elicited comparable neutralizing antibodies 
between male and female mice, suggesting comparable protective efficacy in between both mice genders. Besides, a 
single-dose vaccination is insufficient to prevent mortality induced by mpox virus infection, although substantial reduction 
of viral loads was observed in nasal turbinate and lung. Our results suggest a prime-boost regimen remains required to 
achieve full protection.

Subunit vaccines, such as those based on nanoparticles, generally have a good safety profile. A LuS-based vaccine 
candidates have been evaluated in clinical trials for against HIV [73] (NCT03547245). Taking this into account, cocktail-3 
and mosaic-3 offer a promising alternative to the live vaccinia virus-based MVA vaccine, with safety and applicability been 
suitable for a broad range of individuals.

This study has several limitations. Due to the unavailability of BSL-3 facilities, we used VACV instead of live MPXV in 
neutralization and challenge assay of this proof-of-concept study. These approaches lay the foundation for MPXV stud-
ies in the future. Besides, the mice were challenged with virus via i.n. route. Given skin is another important avenue for 

P < 0.01; ***, P < 0.001; ****, P < 0.0001). The tissue virus loads in the nasal turbinate (C) and lung (D) were examined by PRNT
50

 assay. Data are shown 
as means ± SEM. Statistical significances were calculated by one-way ANOVA with Dunn’s multiple comparison test (ns, P > 0.05; *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001). (E-H) Correlation between neutralizing antibody titers to IMV of VACV and viral loads in nasal turbinate (E) and lung (G) 
tissues, between neutralizing antibody titers to EEV of VACV and viral loads in nasal turbinate (F) and lung (H) tissues of mice (n = 6). The correlations 
were assessed by Pearson rank-correlation tests. r and p values and a regression line of best fit are shown. Shaded area depicts the 95% CI.

https://doi.org/10.1371/journal.ppat.1013389.g005

https://doi.org/10.1371/journal.ppat.1013389.g005
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Fig 6.  The comparison of immune responses between male and female mice and protection efficacy by single-dose vaccination. (A)  
Single-dose vaccination scheme for female and male mice (n = 10 each group) immunization. Mice of each group were immunized subcutaneously (s.c) 
with 2 μg dose of MPXV nanoparticle vaccines (mosaic-3) or with empty particles LuS and were challenged with VACV-WR at 21 dpv. Mouse icon is the 
seam as in Fig 2A. (B-D) Anti-specific IgG titers for MPXV antigens, including M1 (B), E8 (C), and B6 (D) were measured by ELISA in sera collected from 
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transmission of both VACV and MPXV, a challenge route via skin would be required to test the vaccine efficacy in more 
advanced animal models, e.g., rabbit or macaques. Moreover, although mosaic manufacture is simpler compared to cock-
tail, ensuring the equal display of multi-antigens on the surface of nanoparticles remains challenge in quality control.

Materials and methods

Ethics statement

This study was carried out in accordance with the recommendations described in the Guidelines for the Care and Use of 
Laboratory Animals of the Institute of Microbiology, Chinese Academy of Sciences (IMCAS) Ethics Committee. All animal 
experiments were reviewed and approved by the Committee on the Ethics of Animal Experiments of the Institute of Micro-
biology, Chinese Academy of Sciences.

Cells and viruses

Human embryonic kidney (HEK) Expi293F cells (Sino Biological) were cultured at 37°C in SMM 293-TII expression medium 
with 5% CO

2
. Vero cells (ATCC, CCL81), Hela cells (ATCC, CCL2.2), and BHK-21 cells (ATCC, CCL10) were cultured at 37°C 

in Dulbecco’s Modified Eagle medium (DMEM) (Gibco, C11995500BT) with 10% fetal bovine serum (FBS) (Gibco, 10437–
028). The VACV Western Reserve (WR) was kindly provided by Prof. Min Fang from IMCAS and propagated in Vero cells. 
MVA (modified vaccinia virus Ankara, ATCC # VR-1508) was purchased from ATCC and amplified in BHK-21 cells.

IMV and EEV of VACV-WR and MVA preparations

The VACV stocks were prepared according to the manufacture of the previously report [74]. All viruses were manipulated 
under BSL-2 conditions. VACV-WR was propagated in Vero cells using culture media (DMEM with 2% FBS, and 100 
units/mL penicillin and streptomycin) as previously described [46]. After 48 hours, the cells were harvested by centrifu-
gation at 1800 × g for 5 minutes and resuspended in culture media. The cell suspension was subjected to three complete 
froze-thaw to release VACV IMV particles. MVA was propagated in BHK-21 cells in DMEM with 2.5% FBS. After 72 hours, 
the cells were harvested and treated with the seam method allowing for release MVA particles.

As previously described [67,72], VACV EEVs were produced from HeLa cell monolayers in culture media. The cells 
were infected with VACV-WR at an MOI of 0.5 and the medium containing EEV was harvested after 48 hours. The super-
natant was centrifuged to remove cells, then stored at 4°C and used within 2 weeks. The EEV titer was determined using 
an IMV-neutralizing anti-L1 antibody (7D11) [66] on Vero cells (~2 × 105 PFU/mL). FBS used in all experiments was inacti-
vated heat at 56°C for 30 min before use.

Transient expression of SpyTag-antigens and SpyCatcher-LuS

The SpyTag-antigen constructs used for MPXV antigens include the mouse IgGκ signal peptide sequence, SpyTag pep-
tide (16 amino acids), linker (GSG)

3
 spacer, and codon-optimized the ectodomain of M1 (amino acid 2–183), E8 (amino 

acid 2–275), H3 (amino acid 2–282), B6 (amino acid 20–279) and A35 (amino acid 58–181) gene sequences, respec-
tively, from MPXV (GenBank: AF_380138.1) fused to C-terminal hexahistidine tag (HHHHHH) into pCAGGS vector for 

mice (n = 5) at 19 dpv. Neutralizing activity of sera (n = 5) against IMV (E) and EEV (F) were determined by PRNT assay against VACV-WR infection, and 
the PRNT

50
 was calculated. The data of (B-F) are GMT with a 95% CI. P values of (B-F) were determined with unpaired t-test. (ns, P > 0.05; *, P < 0.05; 

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001). The horizontal dashed line indicates the LLOD. The survival (G) and body weight change (H) of mice (n = 5) 
were monitored within 14 dpi or until losing over 25% of their initial weight. Survival analysis was performed using Kaplan-Meier analysis with Log-rank 
test. Mosaic-3-female vs LuS-female: P > 0.05 (ns), and Mosaic-3-male vs LuS-male: P > 0.05 (ns). The live virus load in the nasal turbinate tissue (G) 
and lung (H) of mice (n = 5) were examined by PRNT assay at 5 dpi. The data of (I) and (J) are shown as means ± SEM. Statistical significances of (I-J) 
were calculated by Mann-Whitney test (ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

https://doi.org/10.1371/journal.ppat.1013389.g006

https://doi.org/10.1371/journal.ppat.1013389.g006
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transient expression using HEK293F cell lines. The SpyTag-antigens were produced in 800mL HEK293F cells grown in 
suspension using HEK293F cell complete medium (Sino Biological Inc.) at 37°C in a humidified 5% CO2 incubator rotat-
ing at 130 revolutions per minute (rpm) The supernatants were harvested, and proteins were purified from clarified super-
natants using a HisTrap HP 5mL column (GE Healthcare), exchange buffer, concentrated and purified via gel filtration 
chromatography with HiLoad 16/600 Superdex 200 pg (GE Healthcare).

The Spy/Catcher 003-LuS expression construct consists of Spy/Catcher, linker (GSG)
3
 spacer, LuS sequence, linker 

(GSG)
3
, and a C-terminal hexahistidine tag (HHHHHH) into E. Coli. expression vector pET21a [42]. E. Coli strain BL21 

was transformed and cultured in LB medium supplemented 100 μg/ml ampicillin for 8 hours at 37°C. For recombinant 
protein expression, the medium was supplemented with IPTG to a final concentration of 1 mM and shaken at 150 rpm 
for 3 hours at 37°C. Cells were harvested and resuspended in PBS containing 1% Triton X‐100, followed by lysis through 
sonication. The supernatant was collected from cell lysates by centrifugation at 16,200 g for 30 min at 4°C and through 
sterile syringe filters. The filter was purified by Ni affinity chromatography with a HisTrap HP 5mL column (GE Healthcare), 
exchange buffer, and concentrated as LuS-SC nanoparticles. The eluted nanoparticles were purified via size exclusion 
chromatography (SEC) with Superose 6 column (GE Healthcare) in 10 mM PBS buffer (pH 7.2). Fractions corresponding 
to nanoparticles were concentrated and stored at -80°C. Protein purity of these protein was assessed using SDS-PAGE.

EM characterization of nanoparticles

Negative staining electron microscopy was employed for the characterization of nanoparticles. Specifically, 10 μl of puri-
fied nanoparticles at a concentration of 0.1 mg/mL were applied to freshly glow-discharged 300-mesh copper grids and 
incubated for 1 minute. The grids were then washed twice with 10 mM PBS (pH 7.2), stained with 2% (w/v) uranyl acetate, 
and air-dry. Imaging of the negatively stained grids was conducted using a Tecnai Spirit microscope 120 kV (120 kV TEM).

Mouse experiments

SPF female BALB/c mice (6–8 weeks old) were procured from Beijing Vital River Animal Technology Co., Ltd and housed 
in an Animal Biosafety Level 2 facility at IMCAS. LuS (empty particles), M1-LuS, E8-LuS, H3-LuS, B6-LuS, A35-LuS, 
cocktail-5 and mosaic-5 were emulsified with AddaVax adjuvant (InvivoGen, USA) to serve as candidate vaccines. All 
vaccines were administered via subcutaneous (s.c) route in each group of mice with two doses of 2 μg, 21 days apart. 
The VACV-WR challenge was conducted at 37 dpv (30 × LD

50
, 8.1 × 105 PFU) via the intranasal route (i.n.). Mouse was 

weighed daily for 14 dpi and euthanized after losing over 25% of their initial weight.
To evaluate humoral immunogenicity, blood samples (n = 6) were collected at 19 and 35 dpv. Serum was separated 

from blood samples by centrifugation and stored at -80 °C until testing.
To evaluate cellular immunogenicity, spleens (n = 6) were collected at 35 dpv after sacrificing mice. The spleens were 

homogenized using a tissue grinder and filtered through a 40 μm cell strainer (Corning). Red blood cells were lysed with a 
red blood cell lysis buffer (Solarbio Life Science). Splenocytes were stained with acridine orange/propidium iodide (AO/PI) 
and counted using a cell counter (Count star). Live splenocytes were then immediately used for the ELISpot assay.

For the collection of nasal turbinate tissue and lung tissues, the mice (n = 6) were euthanized and necropsied at 5 
dpi. Tissue samples were prepared for virus titer determination. The tissues were weighed, placed in 500 μl of serum-
free RPMI 1640, homogenized and centrifugated at 212 g for 10 minutes. The supernatants were serially diluted tenfold 
(started at 1:10) and inoculated onto Vero cells in 12-well plates [46]. After 1 hour of incubation the medium was removed, 
the wells were washed once with PBS, and then overlaid with culture media containing 1% carboxymethylcellulose. The 
plates were incubated for 2 days and then plaques were visualized by crystal violet staining. Viral load was calculated 
based on plaque numbers and expressed as PFU per gram of tissue. If no infection was observed, an arbitrary titer value 
(100 PFU/g) of the lower limit of detection was reported based on the specific assay conditions.
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To determine whether vaccine efficacy was influenced by sex, an additional cohort of male BALB/c mice (7 weeks old, 
n = 10) was vaccinated in parallel with females under identical conditions (single 2 µg dose). Sera were collected on 19 
dpv for antigen-specific IgG ELISA and VACV neutralization tests. On 21 dpv, mice were challenged i.n. with 30 × LD₅₀ 
VACV-WR; nasal turbinates and lungs were harvested at 5 dpi for PFU quantification as above, and weighted daily 
within14 dpi or until losing over 25% of their initial weight.

Enzyme-linked immunosorbent assay (ELISA)

The binding properties of sera to each antigen were determined by ELISA as previously described [60], with some 
modifications. Briefly, 96-well plates were coated over-night with 3 μg/ml of M1, E8, H3, B6, and A35 protein, 
respectively, in 0.05 M carbonate-bicarbonate buffer (pH 9.6) and blocked in 5% skim milk in PBS. Serum samples 
from mice were serially diluted and added to each well. The plates were incubated for 2 hours and then washed. 
The plates were incubated with goat anti-mouse IgG-HRP antibody for 1.5 hours and then washed. The plates 
subsequently developed with 3,3’,5,5’-tetramethylbenzidine (TMB) substrate. Reactions were stopped with 2 M 
hydrochloric acid, and the absorbance was measured at 450 nm using a microplate reader (PerkinElmer, USA). 
The endpoint titers were defined as the highest reciprocal dilution of serum to give an absorbance greater than 
2.5-fold of the background values. Antibody titer below the limit of detection was determined as half the limit of 
detection.

Plaque reduction neutralization test (PRNT) assay

For serum neutralization, prepare IMVs contained in DMEM (4% FBS) or EEVs containing an additional 100 μg/ml of 
mAb 7D11 and 20% rabbit complement (Cedariane, Canada) with ~150 PFU, as described in previous studies [46,72]. 
Serum samples were serially diluted two-fold starting at 1:20 using DMEM and mixed with an equal volume of IMVs or 
EEVs and incubated for 2 h at 37°C. The mixture was transferred into a 12-well plate containing a confluent monolayer 
of Vero cells. After 1 hour of incubation at 37°C in a 5% CO

2
 atmosphere. The cells were washed once with PBS, over-

laid with culture media containing 1% Carboxymethylcellulose and 100 U/ml penicillin and 100 μg/ml streptomycin. The 
plates were incubated for 48 hours and then fixed with 4% Paraformaldehyde (Solarbio Life science) for 2 hours, and 
stained with 0.5% crystal violet overnight. Plaques were captured and calculated by ELISpot reader and BioSpot image 
analysis software. The PRNT

50
 was calculated using Prism (GraphPad) through the log(inhibitor) versus normalized 

response with variable slope.

ELISpot assays

Following the manufacturer’s instructions, ELISpot assays based on IFNγ, IL-2, and IL-4 were performed using 
mouse IFNγ, IL-2, and IL-4 ELISpot kits (Mabtech). Briefly, spleens from mice were collected at 35 days after the 
prime vaccination. MultiScreen HTS IP Filter Plates (Millipore Sigma #MSIPS4W10) were precoated overnight at 
4°C with anti-mouse IFNγ, IL-2, or IL-4 antibody. The plates were then washed twice and blocked for 1 hour with 
RPMI 1640 medium at room temperature. 1–5 × 10⁵ cells/well splenocytes were plated and re-stimulated with each 
peptide pool (2 μg/ml for each peptide). After a 40 hours incubation at 37°C, the cells were removed, and the plates 
were sequentially processed with biotinylated detection antibody, streptavidin-ALP conjugate, and substrate. The 
number of spots was quantified using an automatic ELISpot reader and image analysis software (Immuno Cap-
ture 6.5.0). In the IFNγ ELISpot assay, the high density of spots in some wells exceeded the detection limit of the 
automated reader, leading to potential inaccuracies in spot enumeration. To ensure consistent and reliable quan-
tification, a maximum spot count of 1000 was custom-defined for wells with spot densities beyond the machine’s 
recognition capability.
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Biolayer interferometry assay (BLI)

The protein binding kinetics assay was performed using on an Octet RED 96 biosensor using either an anti-mouse IgG 
Fc capture (AMC) or a ProA biosensor. The AMC biosensor was coated with the VACV L1 (corresponding MPXV homolo-
gous antigen M1) neutralizing mAb 7D11, and ProA biosensors were coated with E8 specific mAb 8A11, H3 specific mAb 
13A3, B6 specific mAb 22F, or A35 specific mAb 10H6. Except 7D11, other mAbs were kindly provided by Dr. Li Yan from 
IMCAS. Antibodies were diluted in PBST buffer to a final concentration of 5 µg/mL, captured on the biosensor’s surface 
within 180 seconds, and reached baseline levels. The biosensor underwent an association step with 200 nM MPXV 
antigen for 900 seconds, followed by a dissociation phase lasting for 200 seconds. Raw data were processed to eliminate 
baseline interference using Octet Data Analysis 7.0 software from Pall Forte Bio and then exported to GraphPad Prism 
9.0 for curve fitting of the association using global linear regression analysis.

Statistical analysis

For the ELISA and PRNT assays, data were presented as geometric means with 95% confidence interval (CI). The statis-
tics for the ELISpot assay, weight changes, and virus loads of respiratory tissues were presented as mean ± standard error 
of the mean. For the survival curve, statistical analysis was performed using Kaplan-Meier with the log-rank test. Other 
statistical analyses were performed using one-way ANOVA with multiple-comparison tests or t-test. Correlation analy-
sis was performed using Pearson rank correlation tests. P < 0.05 was considered statistically significant. All graphs and 
statistical analyses were generated using GraphPad version 9.0 software. The applied analytical methods and statistical 
significance are indicated in the corresponding legends.

Supporting information

S1 Fig.  Homology alignment analysis of the antigenic sequences of MPXV and VACV. (A-E) Shown are sequence 
alignments of mpox clade I virus (MPXV-Zaire-96) strain proteins against orthologous proteins from vaccinia virus strain 
WR (VACV-WR) wild type for M1 to L1 (A), E8 to D8 (B), H3 to H3 (C), B6 to B5 (D), and A35 to A33 (E). And Amino acid 
identity is 98.4% for M1/L1, 94.07% for E8/D8, 93.83% for H3/H3, 96.53% for B6/B5, and 93.5% for A33/A35.
(TIF)

S2 Fig.  Characterization and confirmation of MPXV nanoparticle vaccines by analytical gel filtration and gel elec-
trophoresis. Size-exclusion chromatography trace for LuS shown via dotted black line, M1-LuS (A), E8-LuS (B), H3-LuS 
(C), B6-LuS (D), A35-LuS (E) and mosaic-5 (F) shown via solid color lines, and single antigen purified by HiLoad 16/600 
Superdex 200 pg shown via corresponding color dotted line as control. Each antigen-LuS nanoparticle exhibited peak for-
ward shifts of retention. The reducing SDS-PAGE analysis for the purified antigens, LuS, M1-LuS (A), E8-LuS (B), H3-LuS 
(C), B6-LuS (D), A35-LuS (E) nanoparticles, and each individual antigen.
(TIF)

S3 Fig.  Confirmation of MPXV antigens presented on mosaic-5 nanoparticles using BLI. Nanoparticle immunogens 
and each antigen were associated with VACV L1-specific neutralizing mAb 7D11 for corresponding MPXV homologous 
antigen M1 (A) captured on AMC biosensors, and with E8 specific mAb 8A11 (B), H3 specific mAb 13A3 (C), B6 specific 
mAb 22F9 (D), and A35 specific mAb 10H6 (E) captured on ProA biosensors for 900 s, respectively.
(TIF)

S4 Fig.  Characteristics of the MPXV mosaic-3 nanoparticle. Analytical gel filtration profiles (A), SDS-PAGE analysis 
(B), and Negative-staining Ems (C) of mosaic were shown. Size-exclusion chromatography trace for LuS shown via dotted 
black line, mosaic-3 shown via solid color lines. And mosaic-3 nanoparticle exhibited peak forward shifts of retention.
(TIF)

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013389.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013389.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013389.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013389.s004
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S5 Fig.  Phylogenetic tree of Monkeypox virus (MPXV) isolates from 2022 to 2024. The phylogenetic tree illustrates 
the evolutionary relationships among various MPXV isolates collected between 2022 and 2024. The tree including 118 
sequences from different geographical locations, primarily Nigeria, South Africa, Cameroon, Egypt, Sudan, and the Dem-
ocratic Republic of the Congo downloaded and analysis by National Center for Biotechnology Information (NCBI). The 
isolates are grouped into two main clades: Clade II (Black), corresponding to the period from May 2022 to May 2023, and 
Clade Ib (Red), representing the interval from October 2023 to January 2024. This classification reflects distinct evolution-
ary lineages.
(TIF)

S6 Fig.  Conservative analysis of M1, E8, and B6 between MPXV Clade I and Clade 1b strains. (A-C) Shown 
are sequence alignments between Clade I strain (MPXV-Zaire-96, accession AF380138) and Clade Ib strain (MPXV-
DRC-2024, accession PP601224) for M1 (A), E8 (B) and B6 (C). The amino acid identities of three proteins are com-
pletely conserved.
(TIF)
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