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Mpox multiprotein virus-like nanoparticle
vaccine induces neutralizing and protective
antibodies in mice and non-human primates

Ahmed A. Belghith1, Catherine A. Cotter1, Maxinne A. Ignacio1, Patricia L. Earl1,
Rory A. Hills2,3, Mark R. Howarth 3, Debra S. Yee 1, Jason M. Brenchley1 &
Bernard Moss 1

The upsurge ofmpox in Africa and the recent global outbreak have stimulated
the development of new vaccines and therapeutics. We describe the con-
struction of virus-like particle (VLP) vaccines in whichmodifiedM1, A35 and B6
proteins frommonkeypox virus (MPXV) clade Ia are conjugated individually or
together to a scaffold that accommodates up to 60 ligands using the SpyTag/
SpyCatcher nanoparticle system. Immunisation of female mice with VLPs
induces higher anti-MPXV and anti-vaccinia virus (VACV) neutralizing anti-
bodies than their soluble protein (SP) counterparts or modified VACV Ankara
(MVA). Vaccination with individual single protein VLPs provides partial pro-
tection against lethal respiratory infections with VACV or MPXV clade IIa,
whereas combinations or a chimeric VLP with all three antigens provide
complete protection that is superior to SPs. Additionally, the VLP vaccine
reduces the replication and spread of the virus at intranasal and intrarectal
sites of inoculation. VLPs induce higher neutralizing activity than the Jynneos
vaccine in rhesus macaques, and the VLP-induced antiserum provides better
protection against MPXV and VACV than the Jynneos-induced antiserumwhen
passively transferred to female mice. These data demonstrate that an mpox
VLP vaccine derived from three MPXV clade Ia proteins protects against clade
IIa MPXV and VACV, indicating cross-reactivity for orthopoxviruses.

The upsurge of human mpox in Africa and the recent global outbreak
emphasize the need to better understand the disease and improve
methods for its prevention and control1. Mpox clinically resembles
smallpox but is less severe and less transmissible2,3. The human disease
is caused bymonkeypox virus (MPXV), amember of theOrthopoxvirus
genus of the Chordopoxvirinae subfamily that includes variola virus,
the causative agent of smallpox, as well as vaccinia virus (VACV) used
for vaccines4. Mpox is a zoonosis believed to be transmitted from
rodents to humans, but human-to-human spread occurs and has been
increasing5,6. Two MPXV clades, each with two subclades, are distin-
guishable by genome sequencing and are associated with different

endemic regions, symptoms, and transmission7–9. Subclade Ia, ende-
mic in central Africa, particularly in the Democratic Republic of the
Congo (DRC), causes the highest incidence of severe disease; children
are most frequently infected, and human spread occurs within
families10,11. Subclade Ib, recently identified in the DRC, exhibits sus-
tained human transmission linked to sexual activity12. Subclade IIa
appears to be restricted to animals in Ghana except for a self-limited
human outbreak that occurred without mortality in the USA in 2003
due to the importation of infected rodents7. Subclade IIb, endemic in
Nigeria, is responsible for the 2022 global outbreak in which there was
sustained human transmission associated with sexual activity, and
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mild disease13,14. The nucleotide sequence difference between clade I
and clade II genomes is ~4–5%, whereas the differences within the two
subclade I strains and the two subclade II strains are much less. How-
ever, the genetic basis for differences in virulence and transmission is
unknown1. Because the essential orthopoxvirus genes are highly con-
served, attenuated strains of VACV can serve as vaccines for both
mpox and smallpox15. Jynneos, comprised of the live replication
defective modified VACV Ankara (MVA), was licensed for the preven-
tion of smallpox and mpox based on animal experiments, as well as
safety and immunogenicity in clinical trials16. The global outbreak of
mpox made it possible to ascertain the effectiveness of Jynneos for
MPXV subclade IIb in humans. One vaccination with Jynneos provided
36–75% effectiveness in preventing mpox, while two vaccinations with
Jynneos were 66–89% effective17–19, though anti-MPXV neutralizing
antibody was low and short-lived20–23. The incomplete protection and
lowneutralization ofMPXV, togetherwith the limited availability of the
vaccine, indicate a need to develop enhancedmpox vaccines using the
latest technologies. Thus, several papers have reported animal
experiments with candidate mpox mRNA vaccines that produce
secreted or cell membrane-associated antigens24–30. Here we describe
the construction of virus-like particle (VLP) mpox vaccines and the
protective immune responses elicited by them inmice and non-human
primates (NHPs).

The enhanced immunogenicity achieved by presentation of a
repetitive array of immunogens on VLPs was shown for hepatitis B31

and subsequently for human papillomavirus32, hepatitis E virus33, and
other systems34,35. For the present study, we used the SpyTag/Spy-
Catcher nanoparticle (NP) system, which enables the covalent linkage
of multiple copies of the same or different antigens to a scaffold in
vitro and facilitates modular multivalent display on VLPs36–38. Candi-
date malaria39, multivalent influenza virus40–42 and multivalent
coronavirus43–47 VLPs produced using this technology elicit strong
immune responses.

A crucial question regarding recombinant vaccines, particularly
for complex viruses, is the choice of immunogen(s). Orthopoxviruses
exist as two infectious forms: the mature virion (MV) and the envel-
oped virion (EV), which have different outer proteins4. Previous studies
with VACV soluble proteins (SPs) indicated that the best protection in
animal models occurred with a combination of the MV L1 (OPG 95)
protein required for cell entry, and either or bothA33 (OPG 162) andB5
(OPG 190) EV proteins required for virus spread48. Following this
strategy, we constructed VLPs containing the individual MPXV clade Ia
homologs of L1, A33, and B5, as well as a chimeric VLP containing all
three proteins. VLPs inoculated intramuscularly (IM) with adjuvant
induced higher VACV and MPXV neutralizing antibodies than the SPs
orMVA and reduced virus replication and spread following potentially
lethal intranasal (IN) and sublethal intrarectal (IR) infections of mice.
Furthermore, NHPs immunized subcutaneously with VLPs developed
neutralizing antibodies that passively protected mice against VACV
and MPXV subclade IIa infections. These data suggest that VLPs con-
structed with subclade Ia MPXV M1, A35, and B6 have the potential to
serve as alternatives to live attenuated VACV for mpox vaccination.

Results
Construction and characterization of MPXV protein VLPs
We chose subclade Ia MPXV proteins because the virus causes severe
disease, is increasing in incidence, has the potential for global spread,
and has been well studied in animal models. M1, A35 and B6 of MPXV-
ZAI-1979-005 (L1, A33 and B5 VACV homologs, respectively) were
modified for the construction of theVLPs asdiagrammed in Fig. 1a. The
open reading frame (ORF) sequences were codon-optimized for
expression in mammalian cells, the transmembrane (TM) domains
deleted, and signal peptides added to enable secretion to facilitate
purification. In contrast to A35 and B6, M1 does not traffic through the
endoplasmic reticulum during a virus infection, and therefore, the

putative N-glycosylation sites of M1 were mutated to prevent such
unnatural modifications. A six-histidine tag and a SpyTag were added
to eachORF to enablepurificationand coupling to the SpyCatcher003-
mi3 (referred to as SC-mi3) scaffold, respectively. EachmodifiedMPXV
ORF was inserted into a plasmid mammalian expression vector and
transfected into cells. After incubation, the clarified medium was
incubatedwith Ni-NTA beads, whichwere thenwashed, and the bound
proteins elutedwith imidazole, coupled to SC-mi3, and further purified
by size exclusion chromatography. SC-mi3 forms stable 60-subunit
nanocages, allowingmultimerizationof antigens through spontaneous
isopeptide bond formation in vitro between SpyTag and the SC-mi3
moiety49.We constructedmonovalent VLPs containingmultiple copies
of M1, A35, or B6, as well as a chimeric multivalent VLP containing all
three antigens.

The purified proteins, prior to coupling, migrated on SDS-
polyacrylamide gel electrophoresis as single major bands of the
expectedmass under reducing conditions (Fig. 1b). A slowlymigrating
A35 band was detected under non-reducing conditions because Cys62
adjacent to the TM domain (Fig. 1a) was preserved so that a disulfide
bond would be formed to stabilize native homodimers, which could
double the amount of A35 in VLPs and possibly enhance immuno-
genicity. Based on an initial experimentwithM1, a 1:5molar ratio of SC-
mi3 monomer to MPXV protein was selected for efficient conjugation
(Fig. 1c). The VLPs were purified from unconjugated protein by size
exclusion chromatography. Polyacrylamide gel analysis of SDS-
dissociated purified VLPs to be used for immunizations demon-
strated major SC-mi3-conjugated proteins of expected size (Fig. 1d).

Immunogenicity of MPXV VLPs and protection in a lethal VACV
challenge model
We anticipated that the antibodies induced by the VLPs would be
cross-reactive with VACV proteins, as there are only 5, 6, and 8 amino
acid differences for MPXV M1, A35, and B6 compared to their VACV
homologs L1, A33, and B5, respectively. This cross-activity allowed us
to take advantage of mouse models established for VACV50, enabling
experiments to be performed with common inbred mice at a lower
biosafety level than with MPXV. BALB/c mice were primed and then
boosted twice at 3-week intervals with individual monovalent VLPs,
combinations of the monovalent VLPs, the chimeric multivalent VLP
containing all three proteins, a combination of all three SPs, or
unconjugated SC-mi3 as a negative control. There were 2- to 3-times
more antigens in the SPs than in the VLPs as the antigens of the latter
were fused to SC-mi3, and the sameweights of SPs and VLPswere used
for immunizations. In each case, the samples weremixedwith an equal
volume of AddaVax adjuvant prior to injection. As a positive control,
mice were immunized with MVA. Serum was obtained for analysis at 3
weeks after each immunization. Similar titers of binding antibodies to
VACVL1were detected inpooled serumobtained frommice at 3weeks
after priming with the M1 VLP alone or M1 VLPs in combination with
other VLPs, and the titers increased after each boost (Fig. 2a). Anti-
bodies to L1 were below detection after the prime with SPs but
increased after the boosts, thoughnot to the levels achievedwith VLPs,
even though the SPs contained more antigen. The level of antibody to
L1 induced by the VLPs was one to two logs higher than that produced
byMVA (Fig. 2a). Similar patternswith the highest values achievedwith
VLPs were obtained when analyzing binding antibodies to VACV A33
(Fig. 2b) and VACV B5 (Fig. 2c). The chimeric VLP, containing all three
proteins, elicited binding antibodies similar to the combination of
monovalent VLPs. Although the binding antibody titers to L1, A33, and
B5 induced by MVA were more than a log lower than the titers in sera
from mice immunized with VLPs, it should be mentioned that MVA
induces antibodies to many additional proteins51.

Next, we determined anti-VACV neutralization titers of serum
from individual mice. Of the three protein components, only anti-M1
neutralizes MVs, as A35 and B6 are components of the EV membrane.
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The 50% neutralization titers (NT50s) were determined by flow cyto-
metry using a previously described assay52 in which neutralizing anti-
body inhibits infection of cells by a recombinant VACV expressing
green fluorescent protein (GFP). After the prime immunization the
difference in neutralization between the sera from mice that received
the combination of VLPs and the sera from mice that received the
combination of SPs or MVAwas highly significant, whereas there were
smaller differences from those that received either individual VLPs or
the chimeric VLP (Fig. 2d). The serum titers increased after the first
boost but mostly plateaued after the second. The NT50 values deter-
mined for sera of mice immunized with the combination of VLPs
remained higher than the SPs after each boost, but the difference
diminished. In contrast, the difference between the VLPs andMVAwas
highly significant even after the second boost.

As antibodies to A35 and B6 do not neutralize MVs, a virus spread
comet assay was used to determine the inhibitory activity of serum
following immunization with those EV protein VLPs. In this assay,
immune serum is added to the liquid overlay after cells are infected
with the IHD-J strain of VACV, which produces large numbers of EVs.
Two days later, the cell monolayers are stained with crystal violet, and
satellite plaques appear as non-staining comets due to the cytopathic
effects of VACV. Pooled serum from mice immunized with B6 or
A35 + B6 greatly reduced the size of comets compared to the control
serum obtained from mice that received the unconjugated SC-mi3,
whereas the anti-A35 serum exhibited less inhibition (Fig. 2e).

To evaluate cross-protection by the MPXV VLPs and homologous
protection by MVA, immunized BALB/c mice were challenged with a
106 plaque-forming units (PFU) (~10× the 50% lethal dose) of VACV
strain Western Reserve (WR), and weight loss and survival were
determined. According to our animal protocol, a reduction to 70% of
the starting weight automatically triggers euthanasia. Control mice
that received only the unconjugated SC-mi3 rapidly lost weight and
succumbed, whereas all immunized mice survived although with
varying weight loss (Fig. 2f). Mice immunized only once with the
combination of three VLPs lost more weight than those boosted once
or twice (p <0.0001) calculated for combined days 5, 6 and 7 by one-
way ANOVA with multiple comparisons, whereas there was no sig-
nificant difference between one and two boosts. Also, mice boosted
with the three SPs lost slightly more weight from days 5–8 than those
boosted with the three VLPs but the difference did not reach statistical
significance. Although the neutralization titers induced by MVA were
consistently lower than those induced by the VLPs, the mice were still
protected against weight loss (Fig. 2f).

To assess the contributions of the individual antigens, the out-
comes for mice that received three immunizations with single mono-
valent VLPs or pairs of monovalent VLPs were determined as part of
the above experiment but plotted separately for clarity (Fig. 2g). All
mice survived except for one mouse that received only the A35 VLP.
However, mice immunized with the individual M1, A35 or B6 VLPs or
with A35 plus B6 VLPs lost appreciable weight, whereas mice that

Fig. 1 | Construction of MPXV protein VLPs. a MPXV clade Ia M1, B6, and A35
proteins were modified for secretion and conjugated to a SpyCatcher scaffold (SC-
mi3) with 60 attachment sites.b SecretedM1, A35, and B6proteins fused to SpyTag
were purified from the medium of transfected cells by Ni-NTA chromatography.
Purified proteins were treated with SDS with (left) or without (right) a reducing
agent and analyzed by SDS polyacrylamide gel electrophoresis. A Western blot
probed with an antibody to histidine tag, representative of five independent pur-
ification experiments, is shown. The left lane labeledM showsmarker proteins with

their mass indicated in kDa. c Conjugation of M1 protein to SC-mi3. Purified Spy-
Tagged M1 was conjugated to 2 µM SC-mi3 at indicated ratios and analyzed by SDS
gel electrophoresis. A Coomassie blue-stained gel is shown. Marker proteins (M) at
left, ratios of SC-mi3 toM1at top, positions of SC-mi3-M1conjugate, SC-mi3, andM1
on right. Similar conjugation results with 5:1 ratios were obtained in five separate
experiments withM1, A35 and B6. dCoomassie blue-stained SDS gel analysis of SC-
mi3 conjugates derived from purified VLPs used for immunization of mice. Similar
results were obtained for five separate purifications.
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received M1 plus A35 or M1 plus B6 VLPs lost significantly less weight,
(p < 0.0001) calculated for the sum of days 5, 6, and 7 calculated by
one-way ANOVA with multiple comparisons, than each of the other
groups but were not significantly different from each other. The
finding that the most protective vaccines contained at least one MV
VLP and one EV VLP was consistent with prior studies with SPs48 and
could provide the minimal components of a recombinant vaccine.

Immunogenicity of MPXV VLPs and protection in a lethal MPXV
challenge model
The Castaneous/EiJ (CAST) wild-derived inbred mouse strain is sus-
ceptible to lethal infection with MPXV subclades Ia and IIa, whereas
common genetically related inbred mouse strains are more
resistant53,54. CAST mice were primed and boosted with M1 VLP,
M1 +A35 + B6 VLPs, or MVA at 3-week intervals, and serum was
obtained prior to each immunization (Fig. 3a). The anti-VACV (Fig. 3b)
and anti-MPXV clade Ia (Fig. 3c) neutralization titers of mice immu-
nizedwith the combination of VLPs were similar to those attainedwith
M1 VLP alone and significantly higher than those attained with MVA.

Next, we compared the protection afforded by the MPXV clade Ia
protein VLPs and MVA to challenge with a subclade IIa MPXV. Fol-
lowing the challenge, the control CAST mice that received unconju-
gated SC-mi3 rapidly lost weight and succumbed to the infection,
whereas mice that were immunized with the combination of all three
VLPs or MVA lost no weight and survived (Fig. 3d, e). However, mice
immunized with individual VLPs lost considerable weight, and some of
these mice succumbed to the infection. Thus, the combination of M1,
A35, and B6 VLPs, like MVA immunization, is protective against both
VACV and MPXV subclade IIa in a lethal mouse model.

VLP and MVA vaccines reduce virus replication at the IN site of
inoculation and prevent spread
The ability of the vaccines to reduce infection at the site of inoculation
and prevent spread to the chest and abdomen was determined using
WRvFire, a recombinant VACV that retains virulence and expresses
firefly luciferase, enabling non-invasive live imaging of individual ani-
mals on successive days55,56. BALB/c mice were immunized twice at
three-week intervals with control SC-mi3, the mixture of three VLPs,

Fig. 2 | Vaccine-induced antibodies and protection against a lethal VACV
challenge. a–c Binding antibodies detected by ELISA. BALB/c mice (n = 5 per
group) were immunized IM three times at 3-week intervals with 2 µg of individual
VLPs or combinations (+) containing 2 µg of each VLP, 6 µg of chimeric VLP (M1/
A35/B6), 2 µg of unconjugated SC-mi3; 2 µg of each of the three SPs, or 107 PFU of
MVA. Sera from each group were pooled and endpoint binding titers to VACV
determined in duplicate for L1, the homologofM1 (a), A33, the homologof A35 (b),
and B5, the homolog of B6 (c). d Anti-VACV neutralization titers of serum from
individualmiceweredetermined induplicate andplotted asNT50geometricmean.
Error bars—SEM, LOD limit of detection. Neutralization titers elicited by M1 VLPs
alone or in combinationwith other VLPswere similar, and significances determined

by one-way ANOVA with multiple comparisons test are shown only for the three
VLP combinations relative to unconjugated SC-mi3, SPs, and MVA. e Inhibition of
VACV spread by pooled A35 VLP, B6 VLP, A35 +B6 VLPs or SC-mi3 immune sera
added 1 h after infection of cells and stained with crystal violet two days later.
f Weight loss and survival of BALB/c mice (n = 5 per group) challenged IN with 106

PFU of VACV WR at 3-weeks after 1 (X1), 2 (X2) or 3 (X3) immunizations with
chimeric VLP, a combination of the three monovalent VLPs, a combination of the
three SPs, SC-mi3 or MVA. Bars represent SD. g As in (f), except the animals were
immunized three times with individual monovalent VLPs or combinations of two
individual monovalent VLPs. Source data are provided as a Source Data file.
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themixture of three SPs, or MVA, and one group was challenged three
weeks after the first immunization with WRvFire, and another group
3 weeks after the second immunization. The challenge results with
WRvFirewere similar to those already shown forWR. Controlmice that
received one or two injections of unconjugated SC-mi3 rapidly lost
weight and did not survive following IN inoculation with VACV
WRvFire (Fig. 4a). All mice receiving one or two immunizations with
the combination of three SPs lost weight, though all but one mouse
recovered. Mice receiving one immunization with the combination of
three VLPs also lost weight but survived and those receiving a VLP or
MVA boost lost little or no weight (Fig. 4a). Statistical analysis calcu-
lated by one-way ANOVA with multiple comparisons for weights on
days 5–7 indicated significantly better protection after the boosts
compared to a single vaccinations for both SPs and VLPs (p < 0.0001).
Although mice immunized with VLPs lost less weight and recovered
more rapidly than mice immunized with SPs, the differences were not
significant for the sum of days 5–7.

Themice of Fig. 4a were injectedwith luciferin on successive days
after challenge, and bioluminescence (BLI) was visualized. The same
camera settings, chosen to prevent image saturation, were used for all
mice. As luciferase has a half-life of about 2 h in animal cells57, BLI
correlates with active virus replication. Luker and Luker58 described a
significant correlation between BLI and plaque-forming units using a
recombinant VACV. A caveat, is that detection is more efficient from
superficial tissues than deep issues because of light quenching58. For
this reason, comparisons are made between the same regions of dif-
ferent mice rather than between different areas of a mouse. Mice that
had received unconjugated SC-mi3 exhibited BLI in the head and chest
on day 3 that spread to the abdomen by day 6, followed by death
(Fig. 4b). Mice immunized once with the SPs also exhibited intense BLI
in the headand some in thebody thatwas cleared for all but onebyday
8. However, a second immunization with SPs reduced BLI in the head
and prevented spread to the body. One immunization with the VLPs
prevented spread to the body, and a second immunization also greatly

Fig. 3 | Vaccine-induced antibodies and protection of CAST mice against a
lethal MPXV challenge. a CAST mice (n = 10) per group, combined from two
experiments, were immunized IM three times at 3-week intervals and bled prior to
each immunization. Mice were challenged IN with 104 PFU of clade IIa MPXV at
3 weeks after the third immunization. b Anti-VACV and c anti-MPXV neutralization
titers were determined in duplicate in individual mice prior to immunization (Pre-
bleed) or at 3 weeks after receiving 1 (Prime), 2 (Boost), or 3 (2nd Boost) IM
immunizations with 2 µg of M1 VLP; a combination of 2 µg each of M1 + A35 + B6

VLPs; or 107 PFU of MVA. Bars are geometric means. Significance was determined
with one-way ANOVA and a multiple comparison test. dWeight loss and e survival
of individual CAST mice challenged IN with 106 PFU of MPXV clade IIa at 3 weeks
after third immunization with indicated VLPs, SPs, MVA, or control unconjugated
SC-mi3. Due to accidental loss, there were 9 immunized mice in the A35 VLP, B6
VLP, and MVA; 8 in the M1 + A35 + B6 VLPs; 7 in the M1 VLPs; and 6 in the SC-mi3
groups. Bars are SD. Source data are provided as a Source Data file. Created in
BioRender. Moss (2025) https://BioRender.com/xkyulng.
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reduced BLI in the head. BLI in the head and bodies was below
detection in mice that received MVA.

The BLI data were quantified by measuring photons of light
emitted per unit of time from a defined area (photon flux). The
photon flux was determined separately for the head and body
regions of individual mice. In the control mice receiving unconju-
gated SC-mi3, photon flux of the heads including the site of VACV
inoculation, were detected on day 1 and increased on days 3 and 6
(Fig. 4c). Compared to the control mice on day 6, the photon flux
decreased after the second immunization with SPs but did not reach
the 95% significance level (Fig. 4c). However, the photon flux was
reduced after the first immunization with VLPs and reached sig-
nificance compared to the controls after the second immunization.
After one or two immunizations with MVA, the photon flux was sig-
nificantly reduced (Fig. 4c).

Photon flux in the bodies paralleled that in the heads of control
and immunized mice (Fig. 4d). In the control mice receiving uncon-
jugated SC-mi3, photon flux in the body was slightly above baseline on
day 1 and increased greatly on days 3 and 6 prior to death. Compared
to the control mice on day 6, photon flux was decreased after the first
immunizationwith SPs andVLPs and reached95% significanceafter the
second immunization, and was significantly reduced after one or two
immunizations with MVA. Overall, VACV was cleared most rapidly in
mice immunized with MVA, followed by VLPs and SPs.

VLP vaccine inhibits virus replication at the IR site of inoculation
Transmission of MPXV during the 2022 global outbreak involved
sexual activity between men with IR infections and mucosal spread,
and there is also evidence for increased sexual transmission of the
more pathogenic clade I MPXV strains12,59. For these reasons, we
determined the ability of the VLP vaccine administered IM to inhibit
virus replication at the IR site of inoculation. Immunized mice were
inoculated IR with WRvFire and imaged from days 3–11. The controls

that received unconjugated SC-mi3 exhibited intense BLI in the rectal
area from days 3–5 with some abdominal spread that was resolved
between days 7 and 11 (Fig. 5a). Reduced BLI was detected inmice that
received one immunization with the combination of SPs and no BLI
was detected in mice that received two. Only one of five mice immu-
nized oncewith the combination of VLPs had detectable BLI, and none
wasdetected inmice that received two immunizationswith theVLPs or
one or two with MVA. Photon flux measurements confirmed the
impressions of the images (Fig. 5b). Significance was determined by
comparing the combined photon flux data of the two control SC-mi3-
immunized groups for days 3–5 with the combined 3–5 days data of
each of the immunized groups. All of the groups, except for mice
receiving a single immunization with SPs, had significantly lower
photon flux than the controls. These data demonstrated that the
vaccines administered IM could inhibit replication and spread from IR,
as well as IN inoculation sites, and that VLPs are superior to SPs.

Neutralizing and VACV protective antibodies induced by
immunization of rhesus macaques
Thenext series of experiments had several objectives. First, therewas a
comparison of neutralizing antibody titers induced in NHPs by the
VLPs and the Jynneos vaccine. Second, it was determined whether
serum antibodies alone could provide protection against VACV and
MPXV challenge. Third, was whether the serum antibodies need to be
administered before challenge or whether they could be added after-
wards to reduce infection (Fig. 6a).

For vaccination of rhesus macaques, we used the human dose of
Jynneos (formulated to contain 0.5 × 108 to 3.95 × 108 infectious units)
in 0.5ml administered subcutaneously (~10× the mouse dose of MVA).
For the three VLPs, we combined 10 µg of each so that the combination
was 30 µg (5× the mouse dose) mixed with AddaVax and administered
subcutaneously instead of IM. The anti-VACV neutralization titers in
serum from the three animals in each group were above the

Fig. 4 | Reduction of VACV replication at the IN site of inoculation and spread.
a BALB/c mice (n = 4 per group) received 1 (1×) or 2 (2×) IM immunizations with a
mixture of M1, A35, and B6 VLPs or SPs, MVA, or SC-mi3 control and challenged
3weeks later INwith 106 PFUofWRvFire.Weight loss and survivalwere determined.
Bars represent SD. b Mice in (a) were imaged following IP injection of luciferin on
indicated days. BLI is depicted by a pseudocolor scale with intensity increasing
from blue to red. c, d Photon flux measurements of mice from (a). Regions of

interest were drawn to distinguish luminescence from the head (c) and from the
body (chest and abdomen) (d). Total photon flux is plotted as photon/s/cm2/sr.
Symbols: †, death due to infection; *, anesthesia death. Significance between con-
trol SC-mi3 (combined 1× and 2×) and vaccine-immunizedmice determined for day
6 by the Kruskal–Wallis/Dunn’smultiple comparison test. Source data are provided
as a Source Data file.
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pre-immunization values after the prime and increased substantially
with each boost (Fig. 6b). After the second and third boosts, the mean
NT50s for the sera of the monkeys vaccinated with Jynneos or VLPs
were significantly higher than the pre-immune sera, and the titer of the
VLP serum was about twice that of the Jynneos serum.

In part (1) of this experiment (Fig. 6a), 0.5ml of pooled serum
from macaques immunized with Jynneos or VLPs was injected
intraperitoneally (IP) into BALB/c mice one day before IN infection
with WRvFire. The anti-VACV NT50 titers determined by bleeding
mice one day after receiving serum were ~200 and ~400 for the mice
receiving Jynneos and VLP serum, respectively, consistent with the
difference shown in Fig. 6b. Following IN challenge with 105 PFU of
WRvFire, the control mice that received preimmune serum all lost
weight and succumbed to the infection (Fig. 6c). The mice that
received anti-VLP serum lost weight but all recovered, whereas 2 of 5
mice challenged after receiving anti-Jynneos serum lost more weight

and succumbed. Live animal imaging of BALB/c mice that received
pre-immune serum and were challenged with WRvFire exhibited BLI
in the heads on day 2 that spread to the bodies by day 4 and
increased in intensity by day 7 before succumbing to the infection
(Fig. 6d). Mice that received anti-VLP serumhad lower BLI in the head
and minimal in the bodies that was cleared by day 11. The BLI of mice
receiving anti-Jynneos serum was intermediate between those that
received pre-immune and anti-VLP serum, but those that survived
also cleared the infection. These results were confirmed by photon
flux measurements: in the heads on day 7, the difference between
controls and the mice was significant for those receiving anti-VLP
serum but not anti-Jynneos serum; in the bodies on day 7, the sig-
nificance was greater between the controls and the mice receiving
anti-VLP serum than anti-Jynneos serum (Fig. 6e).

In part (2) of this experiment, themice were first infected, and the
serum was injected one day later after establishment of the infection.

Fig. 5 | Reduction of VACV replication at the IR site of inoculation and spread.
a BALB/c mice (n = 4 per group) received two IM immunizations with SC-mi3
control, mixture of three SPs, mixture of three VLPs, or MVA, and were challenged
3weeks later with 106 PFU ofWRvFire IR. Imaging of individualmicewas performed
on days between 3 and 11, with intensity of BLI increasing from blue to red. b A

region of interest was drawn around the rectum to determine luminescence from
that area. Total photon flux is plotted as photon/s/cm2/sr. Significance determined
for comparison of the combined control SC-mi3 1× and 2× on days 3–5 vs each
immunized group on combined days 3–5 by Kruskal–Wallis/Dunn’s multiple com-
parison test. Source data is provided as a Source Data file.
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Fig. 6 | Inductionof anti-VACVneutralizing andprotective antibodies in rhesus
macaques. a Rhesus macaque (n = 3 per group) received a total of 30 µg of a
mixture of the threemonovalent VLPs or 0.5ml of Jynneos vaccine subcutaneously
at 3-week intervals. BALB/cmice were injected IP with pooled serumobtained after
the third immunization either (1) one day before or (2) one day after IN challenge
with WRvFire. b Anti-VACV neutralizing titers were determined in duplicate for
serum of individual macaques obtained prior to immunizations (Preimmune) or 3
weeks after each immunization. Bars indicate geometric means. Significance
between preimmune and immune sera was determined by Kruskal–Wallis/Dunn’s
multiple comparison test. c BALB/c mice (n = 5 per group) were injected IP with
0.5ml of pooled preimmune serum or serum pooled from animals following boost
3 with Jynneos or VLPs. Weight loss and survival were determined following the IN

challenge of BALB/c mice with 105 PFU of WRvFire as in scheme (1) of (a). Bars
represent SD. d BLI of BALB/c mice that were passively immunized one day before
challenge, as in (c). †, death. e Total photon flux from same mice imaged in (d).
Regions of interest were drawn to distinguish luminescence emanating from the
head or from the body (chest and abdomen). Total photon flux is plotted as pho-
ton/s/cm2/sr. Significance between the preimmune and immune values was deter-
mined on day 7 by Kruskal–Wallis/Dunn’s multiple comparison test. f Like (c)
except that serumwas injected one day aftermicewere challengedwithWRvFire as
depicted in scheme (2) of (a). g Like (d) except that mice from (f) that received
serum one day after infection were imaged. h Like (e) except that photon flux was
determined in mice from (g). Source data is provided as a Source Data file. Created
in BioRender (2025) https://BioRender.com/sv7gwy2.
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Again, mice that received control preimmune serum died, while mice
that received anti-VLP serum lost weight but all recovered (Fig. 6f). In
contrast, 3 of 5 mice that had received anti-Jynneos serum died. The
imaging data obtained with mice that received serum one day after
challenge was qualitatively similar to that obtained for mice that
received serum one day before (Fig. 6g). However, the photon flux in
theheads andbodies ofmice receiving preimmune serumandanti-VLP
serum was statistically significant, whereas the difference between
mice receiving preimmune serum and anti-Jynneos serum was not
(Fig. 6h). Thus, the anti-VLP serum was protective when admi-
nistered 1 day before or 1 day after a VACV challenge, whereas the
anti-Jynneos serum was less protective consistent with the lower
neutralization titer.

Neutralizing and MPXV protective antibodies induced by
immunization of rhesus macaques
The anti-Jynneos and anti-VLP macaque serum used in the previous
experiment was also tested for neutralization of the homologous
MPXV clade Ia (Fig. 7a). The MPXV serum titers induced by VLPs were
significantly higher than the preimmune titers after the second and
third boosts, whereas the titers induced by Jynneos only reached

significance after the third boost and were lower than those of anti-
VLP serum.

To evaluate protection against MPXV, CAST mice received 0.5ml
of pre-immune or anti-Jynneos or anti-VLP serum one day prior to
challenge with 105 PFU of MPXV clade IIa. The control mice, as well as
the mice injected with anti-Jynneos serum, rapidly lost weight and
died, whereas 4 of the 6 mice injected with anti-VLP serum recovered,
consistent with the higher neutralizing antibody titer of the former
(Fig. 7c). Thus, the serum from macaques immunized with VLPs con-
structed with clade Ia MPXV proteins provided cross-protection to
challenge with VACV or clade IIa MPXV.

Discussion
The Jynneos vaccine used during the recent mpox outbreak is
comprised of the highly attenuated non-replicating MVA strain of
VACV, and is used at a high dose that is difficult to manufacture in
bulk60,61. Early attempts to produce a safe and effective inactivated
VACV vaccine were unsuccessful: despite the production of high
levels of neutralizing antibodies, mice developed severe disease
upon VACV challenge62 even when attempts were made to include
EVs63. Here we describe the construction of VLPs that are decorated

Fig. 7 | Inductionof anti-MPXVneutralizing andprotective antibodies in rhesus
macaques. a The pooled serum from rhesus macaques immunized in Fig. 6 with a
total of 30 µg of a mixture of the three monovalent VLPs or 0.5ml of Jynneos
vaccine subcutaneously at 3-week intervals was injected into CAST mice one day
before challenge with 104 PFU of MPXV clade IIa. b Anti-MPXV neutralizing titers
were determined in duplicate for serum of individual macaques obtained prior to
immunizations (Preimmune) or 3 weeks after each immunization with Jynneos or

VLPs. Bars indicate geometric means. Significance between preimmune and
immune sera determined by Kruskal-Wallis/Dunn’s multiple comparison test.
c CAST mice (n = 6 per group) were injected IP with 0.5ml of pooled preimmune
serum or serum pooled from animals following boost 3 with Jynneos or VLPs.
Weight loss and survival were determined following the IN challenge of CASTmice
with 105 PFU of MPXV. Bars represent SD. Source data is provided as a Source Data
file. Created in BioRender. Moss (2025) https://BioRender.com/u3e5g0y.
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with both MV and EV proteins and provide good protection in ani-
mal models.

We used a SpyCatcher scaffold with 60-antigen coupling sites
for display of the MPXV clade Ia M1 MV protein and A35 and B6 EV
proteins in individual or chimeric VLPs. At equivalent protein con-
centrations with AddaVax adjuvant, the chimeric VLP induced similar
levels of binding and neutralizing antibodies as the combination of
individual VLPs. In contrast to the VLPs, antibodies were undetect-
able after the prime with SPs and did not reach equivalent levels after
boosting, even though the SPs contained 2- to 3-times more antigen
than the VLPs. The more rapid immune response achieved with the
VLPs compared to SPs would be particularly important for containing
outbreaks. Additionally, the anti-B6 and anti-A35 antibodies induced
by the VLPs reduced the spread of extracellular virus in an
in vitro assay.

Protection was first tested in a well-characterized mouse IN
infection model50 using a challenge dose of VACV strain WR that was
10× the 50% lethal dose. A single immunization with the VLP vaccine
completely protected against death, although transient weight loss
occurred; weight losswasminimal after one or two boost vaccinations.
By immunizing mice with VLPs containing single proteins, we con-
firmed that M1, A35, and B6 each contributed to protection, justifying
their presence in the combined vaccine. CAST mice were used to
determine protection against MPXV, as the classic inbred mouse
strains are more resistant53. CAST mice are immunologically compe-
tent and make strong antibody and T-cell responses but have low NK
cell activity, which contributes to their susceptibility to MPXV and
other orthopoxviruses64. As with BALB/cmice, the highest neutralizing
antibody titers were achieved with the VLPs, and the combination of
the three protected against weight loss and death following IN infec-
tion with a subclade IIa MPXV. Thus, subclade Ia MPXV protein VLPs
induced antibodies that neutralized both MPXV subclade Ia and VACV
and cross-protected mice against both VACV and subclade IIa MPXV
challenges.

To evaluate effects on virus replication, we used WRvFire, a
recombinant VACV that expresses firefly luciferase, allowing live ani-
mal imaging of infection. The light emitted is directly proportional to
the number of enzyme molecules and because luciferase has a short
half-life, BLI is a measure of active virus infection58. In unvaccinated
mice inoculated IN with WRvFire, BLI in the head and chest was
detected by day 3 and spread to abdominal organs by day 6. In con-
trast, mice vaccinated with VLPs had transient BLI in the head that did
not spread to the chest or abdomen, whereas there was greater BLI in
mice vaccinated with SPs. Although we did not measure the effects of
vaccination on transmission, it is likely that reduced levels of virus at
the site of inoculation would mitigate transmission. As human-to-
humanMPXV transmission can occur by close contact and wasmainly
spread by men who have sex with men during the recent global
outbreak65, we demonstrated that the VLP vaccine alsoprevented an IR
infection with WRvFire. Thus, IM administration of VLPs protects
against multiple routes of infection.

Lastly, we compared the immunogenicity of a 30 µg dose of the
VLP vaccine with the human dose of Jynneos in a macaque model. As
with mice, the VLPs induced higher anti-VACV and anti-MPXV neu-
tralizing antibodies than MVA. As a facility suitable for challenging the
macaques with MPXV was unavailable, we tested the antisera by pas-
sive transfer in mice. Prior studies demonstrated the functionality of
primate IgG in mice66 and passive transfer of monkey or human
immune serum was shown to protect mice against bacterial and viral
infections67–69. In our study, all mice challenged with VACV one day
after or one day before receiving macaque anti-VLP serum survived,
whereas anti-Jynneos serum, which had a lower neutralizing titer,
provided only partial protection. Moreover, only the mice that
received macaque anti-VLP serum survived an MPXV challenge.
However, following active immunization of mice, the MVA and

VLP vaccines were similarly protective despite the lower neu-
tralizing activity of the anti-MVA serum, suggesting that non-
neutralizing antibodies or T cells might contribute to protection
by MVA in mice.

In conclusion, we showed that a VLP vaccine containing three
MPXV clade Ia antigens induces higher neutralizing antibodies and
better cross-protection against a virulent strain of VACV and a sub-
clade IIa MPXV than the same SP antigens in mouse models. In
addition, the VLP vaccine induced higher neutralizing and protective
antibodies than the current Jynneos vaccine in NHPs. Using similar
MPXV antigens, mRNA vaccines24 and the current VLP vaccine
induced comparable levels of neutralizing antibodies and provided
protection in animal models. Further studies are needed to deter-
mine whether the repetitive array of antigens on VLPs confers addi-
tional benefits.

Methods
Study design
The study was undertaken to evaluate the immunogenicity and pro-
tective efficacy of VLP vaccine candidates containing 1–3 highly con-
served MPXV subclade Ia proteins (M1, A35, B6) in murine challenge
models. Binding antibodies to the VACV homologs of the individual
protein components and neutralizing activities to VACV strainWR and
MPXV subclade Ia were determined. The immunized mice were chal-
lenged with VACV strain WR or MPXV subclade IIa by respiratory or
mucosal routes. The primary endpoints of weight loss and survival
were determined by blinded investigators. Luciferase-expressing
VACV was used to monitor infection at the site of inoculation and
virus spread to the body. Contributions of the individual protein
components of the vaccine to protection were determined, and com-
parisons were made to both SPs and to the MVA vaccine. The neu-
tralizing antibody responses of NHPs to the VLPs and the licensed
Jynneos vaccine were compared, and their protective efficacy was
determined by passive transfer of serum to mice that were challenged
with VACV strainWR orMPXV clade IIa. Animal sample sizes and VACV
and MPXV challenge doses were determined by pilot experiments.
Animals were randomly assigned to each group. Each experiment
included both negative controls andMVAas a positive control. Sizes of
groups and technical/biological replicates are indicated in the figure
legends.

Biosafety
Procedureswith infectiousVACVwere carriedout at Biosafety Level 2
and with MPXV clades Ia and IIa in a select agent Biosafety Level 3
laboratory by trained and vaccinated investigators using protocols
approved by the NIH Institutional Biosafety Committee. Sample
inactivation and removal were performed according to standard
operating protocols approved by the local Institutional Biosafety
Committee.

Mice
Female 5- to 6-weeks old BALB/cAnNTac and CAST/EiJ mice were
purchased from Taconic Biosciences (Germantown, NY) and Jackson
Laboratories (Bar Harbor, ME), respectively, and 3–5 mice were
maintained in small, ventilated microisolator cages. Male mice were
not used as they would need to be housed in separate cages, which
were not available, to prevent aggressive behavior. Experiments and
procedures (animal study protocol LVD-29E) were approved by the
National Institute of Allergy and Infectious Diseases (NIAID) Animal
Care and Use Committee according to standards set forth in the NIH
guidelines, Animal Welfare Act, and US Federal Law. Euthanasia was
carried out when weight loss reached 30% using carbon dioxide
inhalation followed by cervical dislocation in accordance with the
American Veterinary Medical Association (AVMA) guidelines (2013
Report of the AVMA panel on euthanasia).
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NHPs
Rhesusmacaqueswere housed and cared for at theNIHAnimalCenter,
under the supervision of the Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited Divi-
sion of Veterinary Resources, and as recommended by the Office of
Animal Care and Use Nonhuman Primate Management Plan. Husban-
dry and care met the standards set forth by the Animal Welfare Act,
Animal Welfare Regulations, as well as The Guide for the Care and Use
of Laboratory Animals (8th Edition), as detailed previously in ref. 70.
The NIAID Division of Intramural Research Animal Care and Use Pro-
gram, as part of the NIH Intramural Research Program, approved all
experimental procedures (animal study protocol LVD 26).

Viruses
VACV WR (ATCC), VACV WRvFire71, clade IIa MPXV-USA-2003-04453,
VACV WR-GFP52, clade Ia MPXV Z-1979-GFP24, MVA72 (seed virus for
ACAM3000 GenBank: AY603355.1), VACV-IHDJ73 were previously
described and grown in BS-C-1 cells (CCL-26, ATCC).

Expression and purification of proteins
pET28a-SpyCatcher003-mi3 (GenBank MT945417, AddGene 159995)
and its expression and purification from Escherichia coliwere previously
described in ref. 49. M1, A35, and B6 protein sequences were derived
from MPXV-ZAI-1979-005 and chemically synthesized by Twist Bios-
ciences (South San Francisco, CA) withmammalian codon optimization,
N-glycosylation site mutations, deletion of the TM domain, addition of
the influenza H7 strain hemagglutinin signal peptide, and additions of
6-histidines and a SpyTag. The DNAwas inserted between the XbaI-NheI
restriction enzyme sites of pcDNA3.1. Plasmids were transfected with
ExpiFectamine293 into Expi293F cells (ThermoFisher, Waltham, MA)
following the manufacturer’s protocol. The medium was collected
5 days after transfection and centrifuged at 4 °C for 15min at 3000×g to
pellet cells and debris. Typical protein yields were 5–7mg per 25ml.
Clarified supernatants were adjusted to contain 5mM imidazole and
incubated with Ni-NTA affinity agarose (Qiagen, Germantown, MD) for
2 h at 4 °C with gentle agitation. Themixture was poured into an Econo-
Column (BioRad, Hercules, CA), and 2 × 12 column bed volumes of wash
buffer (20mM imidazole, 300mM NaCl, and 20mM Tris/HCl, pH 7.5)
were applied, followed by 12 column-bed volumes of 200mM and
500mM imidazole. Fractions were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis, stained with Coomassie blue, blot-
ted, and probed with mouse anti-histidine antibody (clone AD 1.1.10,
BIO-RAD) and visualized with HRP-conjugated goat anti-mouse IgG
(Catalog # 31430, ThermoFisher). Fractions containing the proteins of
interest were pooled, concentrated, and buffer exchanged into
phosphate-buffered saline (PBS) (Quality Biological, Gaithersburg, MD)
using Vivaspin-20 30 kDa tubes (Cytiva, Marlborough, MA) and then
passed through a 0.22 µm filter. Protein concentrations were deter-
mined using a Qubit broad-range protein assay kit (ThermoFisher).

Conjugation of proteins and purification of VLPs
SpyTagged proteins were conjugated at 4 °C for 16 h at a 5-fold molar
excess to 2 µM SpyCatcher003-mi3 in PBS (pH 8.0). Aggregates were
removed by centrifugation at 16,900×g for 30min at 4 °C, and the
supernatant was concentrated with Vivaspin-20 100 kDa tubes to
0.5ml and then centrifuged at 3000×g for 30min to remove aggre-
gates. Supernatants containing particles were purified by size exclu-
sion chromatography on a 10/300 GL column of Superdex 200
equilibrated with PBS using an ÄKTA Pure 25 (GE Life Sciences, Marl-
borough, MA) with a 0.25ml/min flow rate.

Immunization of mice
Mice received 2 µg of an individual VLP or SP, mixtures containing 2 µg
of each VLP or SP, 6 µg of the chimeric VLP, or 2 µg or 6 µg of uncon-
jugated SC-mi3 in PBS emulsified with an equal volume of AddaVax

adjuvant (InvivoGen, San Diego, CA). In each case, the amount of
protein injected is the quantity determined using the Qubit assay kit,
without taking into account the proportions of antigen and SC-mi3.
The proteins were injected IM in a total volume of 50 µl. MVA (107 PFU)
in 50 µl of PBSwith 0.5% (w/v) bovine serumalbuminwas administered
IM. Mice were boosted at 3-week intervals and bled prior to each
immunization to obtain serum.

Binding and neutralization assays
Purified baculovirus-produced VACV soluble LI, A33, and B5 proteins48,
a kind gift of Gary Cohen (University of Pennsylvania), were used for
ELISA. 50ng of protein was adsorbed overnight to each well of a 96-
well high-binding plate (ThermoFisher). The wells werewashedwith 1×
buffer (prepared from 10×buffer: 270 gNaCl and 30ml Tween-20 in 3 l
H2O), blocked for 2 h at room room temperature with 100 µl of 0.2ml
Tween-20 and 5 g nonfat dry milk in 100ml PBS, washed again, and
incubated with 2-fold dilutions of serum for 1 h. After washing, plates
were incubated with horseradish peroxidase-conjugated goat anti-
mouse IgG at a 1:2000 dilution (Thermo Fisher). Blue BM substrate
(Millipore-Sigma, St. Louis, MO) was then added to each well. Spec-
trophotometric measurements were made at A370 and A492 using a
Synergy H1 plate reader with Gen5 analysis software (Agilent Tech-
nologies, Santa Clara, CA). Final end point titers (1/n) for each sample
were determined as four-fold above the average optical density of
those wells not containing primary antibody. Neutralization assays
were carried out as described previously using VACV WR-GFP and
MPXV Z-1979-GFP in a 96-well plate flow cytometric assay24,52. NT50
values were calculated by non-linear regression with GraphPad Prism
(Reston, VA). The limit of detection (LOD) was determined by taking
1.96 standard deviation of the mean titer of the control samples.

Comet spread assay
Antibody inhibition of EV spread was determined essentially as
described in ref. 74. BS-C-1monolayers in 12-well plateswere incubated
with 30 PFU of VACV-IHDJ for 1 h at 37 °C in Eagle’s minimum essential
medium (MEM) (Quality Biological) supplementedwith 2% fetal bovine
serum. After 1 h, the medium was aspirated, and the monolayers were
washed with freshmedium to remove free virus. Cell monolayers were
then overlaid with 1:50 diluted, heat-inactivated pooled immune
mouse serum, incubated at 37 °C for 48 h at a slight tilt, and then fixed
and stained with crystal violet.

VACV and MPXV infection of immunized mice
VACV WR and VACV WRvFire71 were purified by sucrose gradient
sedimentation, and 105 or 106 PFU, as indicated in the figure legends,
were inoculated IN into 20 µl of PBS with 0.05% (w/v) bovine serum
into one nostril. For IR infection, 106 PFU ofWRvFire was administered
IR in a volume of 15 µl by inserting a pipette tip attached to a syringe
into the rectum. The animals were held upside down for 2min to
prevent leakage of the material. Purified MPXV USA-2003 was admi-
nistered IN at a dose of 104 PFU as described for WRvFire.

BLI and photon flux
Mice lightly anesthetized with isoflurane were injected IP with Xeno-
light D-luciferin substrate (150μg/g body weight) before imaging with
an IVIS Lumina LT series III system (Perkin Elmer, Waltham, MA) as
described in ref. 55. Living Image Software (Perkin Elmer) was used for
image acquisition and analysis. Photon flux wasmeasured by outlining
the head and body separately as regions of interest and quantifying
light emission in photons per second per square centimeter per
steradian.

Immunization of rhesus macaques
Two male and one female rhesus macaques weighing 11.4 kg, 13.7 kg,
and 9.4 kg, respectively, were immunized subcutaneously with 0.5ml
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of vaccine comprised of 10 µg of each of the three VLPs in PBS emul-
sified with an equal volume of AddaVax adjuvant and boosted at
3-week intervals. Three males weighing 10.5 kg, 12.8 kg, and 12.8 kg
were immunized subcutaneously with 0.5ml of Jynneos vaccine and
boosted at 3-week intervals.

Passive serum transfer
Heat-inactivated macaque serum obtained prior to immunization or
after priming and boosting three times with VLPs or with Jynneos were
separately pooled and 0.5ml was injected IP into BALB/c mice, which
were bled one day later to determine neutralizing antibodies, and
challenged with 105 PFU of WRvFire either 1 day before or 1 day
after serum transfer. CAST mice also received 0.5 ml of pooled
serum and were challenged with 105 PFU of clade IIa MPXV-USA-
2003-04. Mice were observed, weighed, and imaged over a
2-week period.

Data analysis
Significance of survival and photon flux was determined by one-way
ANOVA and Kruskal–Wallis/Dunn’s multiple comparison tests using
GraphPad Prism v10.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with the paper, and additional information
and unique materials are available upon request. MPXV Z-1979-GFP
was deposited in BEI Resources and is available upon request. Source
data are provided with this paper.
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