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SUMMARY
In 2022, mpox virus (MPXV) spread worldwide, causing 99,581 mpox cases in 121 countries. Modified
vaccinia Ankara (MVA) vaccine use reduced disease in at-risk populations but failed to deliver complete pro-
tection. Lag in manufacturing and distribution of MVA resulted in additional MPXV spread, with 12,000 re-
ported cases in 2023 and an additional outbreak in Central Africa of clade I virus. These outbreaks highlight
the threat of zoonotic spillover by Orthopoxviruses. mRNA-1769, an mRNA-lipid nanoparticle (LNP) vaccine
expressing MPXV surface proteins, was tested in a lethal MPXV primate model. Similar to MVA, mRNA-1769
conferred protection against challenge and further mitigated symptoms and disease duration. Antibody
profiling revealed a collaborative role between neutralizing and Fc-functional extracellular virion (EV)-specific
antibodies in viral restriction and ospinophagocytic and cytotoxic antibody functions in protection against
lesions. mRNA-1769 enhanced viral control and disease attenuation compared with MVA, highlighting the
potential for mRNA vaccines to mitigate future pandemic threats.
INTRODUCTION

Mpox virus (MPXV) is a zoonotic virus from the genus Orthopox-

virus, which also includes variola virus (VARV), the causative

agent of smallpox disease estimated to have had a 30%mortal-

ity rate prior to its eradication in 1980.1 The first human infection

with MPXV was identified in 1970 in the Democratic Republic of

Congo (DRC),2 and this virus species can be divided into two

clades: a virulent clade I strain causing approximately 10%

lethality and a second clade II strain associated with roughly

<1%–3%mortality depending on the outbreak and strain.3 Since

its discovery, MPXV has been linked to repeated small-scale

endemic outbreaks in Western and Central Africa. However,

these outbreaks have increased in frequency over the past de-

cades, likely in the wake of declining population-level immunity
5540 Cell 187, 5540–5553, October 3, 2024 ª 2024 The Author(s). Pu
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to smallpox.4 Moreover, in the summer of 2022, a clade II strain

of MPXV spilled out of traditional endemic regions and spread

globally, causing over 90,000mpox cases and 170 deaths.5 Miti-

gation of viral spread occurred primarily through social counter-

measures such as education and community engagement to

mitigate spread as well as the use of therapeutic drugs (e.g., te-

covirimat) and a contemporary modified vaccinia Ankara (MVA)-

based vaccine (JYNNEOS), which offered 35% to 75% protec-

tion after a single dose and 66% to 85% protection after two

doses in real-world studies.6–9 Additionally, an outbreak of

clade I virus began in the DRC in 2023 and has spread through

Central Africa, causing substantial mortality, with more than

500 deaths reported in August 2024 at a fatality rate of around

2.9%.10 Despite the effectiveness of the JYNNEOS vaccine

against mpox, issues in supply,11 unfavorable reactogenicity,11
blished by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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incomplete immunity,11 and uncertainty of cross-protection to

more virulent strains provide critical motivation for the develop-

ment of a potential new vaccine modality for improved vaccines

to cover these gaps.8,11

Among the emerging vaccine platforms, mRNA vaccines

offer unprecedented flexibility, speed, and immunogenicity.12,13

Yet, whether an mRNA vaccine could offer comparable immune

protection to a whole attenuated poxviral vaccine vector re-

mained unclear. Four well-defined Orthopoxvirus protein tar-

gets were defined following deep immune profiling of protective

vaccinia virus (VACV)-induced immune responses.14,15 Two

of the selected antigens are present on extracellular virions

(EVs) and two are found on the mature virion (MV) surface, all

of which are involved in viral attachment and infection and

have been demonstrated to confer protection when delivered

as protein or DNA vaccines to murine, rabbit, and macaque

models.14,15 While limited protection was achieved by individ-

ual antigens, the combination of the four antigens, A29, A35,

B6, and M1, provided optimal protection16,17 and protected

nonhuman primates (NHPs) against intravenous (IV) MPXV

challenge.18 Moreover, monoclonal antibodies to these targets

provided protection in mice, and depletion of B cells, but not

CD4+ or CD8+ T cells, abrogated protection, highlighting the

key role of humoral immune response to protection.18,19 Along

these lines, mRNA vaccination with the same four key MPXV

EV/MV antigens resulted in protection against heterologous

VACV infection, linked to robust neutralizing and Fc-effector

functions.20 However, whether an mRNA vaccine could provide

protection against a lethal MPXV virus as well as attenuate dis-

ease remained unclear.

Here, we utilized a stringent clade I MPXV Zaire 1979 (Z79)

MPXV NHP challenge model to assess the protective efficacy

of an mRNA-lipid nanoparticle (LNP) vaccine, mRNA-1769, ex-

pressing optimized versions of the four MPXV antigens of inter-

est (A29, A35, B6, and M1) compared with MVA.20,21 Clinically

relevant doses were utilized for the administration of both the

mRNA and MVA vaccines. While both MVA and mRNA-1769

conferred complete protection following lethal MPXV challenge,

mRNA-immunized animals experienced 10-fold fewer lesions,

reduced duration of disease, and substantial mitigation of circu-

lating and mucosal viremia in the mRNA cohort. Deep immuno-

logical profiling of the humoral response through classical

binding and neutralization assays as well as systems serology

approaches revealedmore robust MPXV neutralizing responses,

broadly reactive heterologous neutralizing titers, and greater

functional humoral immune responses against the four MPXV
Figure 1. mRNA vaccination induces superior protection from lethal M

(A) Illustration of the differences in vaccines used for this study. Modified vaccinia

molecules that each express an Orthopoxvirus surface protein. PDB models 3VO

(B) Study design of NHP immunization and challenge periods in weeks (W), im

intravenously (n = 6/group).

(C) Survival percentages of each group during the challenge period (n = 5–6/gro

(D) Number of MPXV lesions per animal is shown for each group as the average

(E) Duration of mpox disease is shown for each individual animal during the chal

euthanasia is noted with a skull symbol.

(F) Genome counts (estimated plaque-forming units [PFUs]) per mL of whole blood

plaque assay from samples acquired during the challenge period. The average ±

See also Figure S1.
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antigens in mRNA-1769 immunized animals compared with

MVA-immunized NHPs. Additionally, immune correlates ana-

lyses highlighted the critical coordination between both neutral-

izing and Fc-effector functions against both EV and MV targets,

EV-Fc target-specific functions and neutralization as key corre-

lates of antiviral control, and EV target-antigen-specific opsono-

phagocytic activity and neutrophil/natural killer (NK) cell-tar-

geted functions to the MV as key determinants of lesional

control. These findings suggest that an mRNA-LNP vaccine ex-

pressing four key MPXV proteins induces a robust functional hu-

moral response that protects against a lethal MPXV challenge

similarly to MVA immunization but confers superior protection

against disease, implying that there is room for improvement in

the contemporary vaccine arsenal aimed at protecting from

emerging Orthopoxviral threats.

RESULTS

Efficacy of mRNA-based and MVA vaccines in a lethal
NHP mpox virus infection model
The rapid deployment of the MVA-based vaccine (JYNNEOS)

during the unprecedented 2022 global mpox outbreak provided

rapid protection to at-risk populations.7,22 While the vaccine

reduced spread and lessened the burden of disease, vaccine

production and incomplete protective immunity11 highlighted

the potential need for next-generation vaccine development.

Unlike the replication-deficient JYNNEOS vaccine, which ex-

presses all viral antigens, protein- and nucleic-acid-based vac-

cines focus on a subset of viral surface antigens expressed on

the MV and the EV that are highly conserved across all old-world

Orthopoxviruses.23 Importantly, the combination of four specific

antigens was essential to achieve full protection,24 and mRNA-

based expression of these four antigens (MV:, A29 and M1;

EV, B6 and A35; Figure 1A) resulted in near sterilizing protection

against a heterologous lethal VACV challenge.20 However,

whether this vaccine could confer protection against a lethal

MPXV challenge in a primate model and modify disease

compared with MVA remained incompletely defined.

The protective efficacy and disease-modulating activity of an

mRNA-LNP MPXV vaccine, mRNA-1769, was therefore tested

compared with a live attenuated Orthopoxvirus vaccine (MVA)

in cynomolgus macaques following a lethal challenge with

MPXV clade I Z79. Animals were randomized into 3 groups of

6 animals each and immunized with 150 mg of mRNA-1769,

100 M plaque-forming units (PFUs) of MVA or were administered

a saline control (PBS) in a prime boost fashion with 4 weeks
PXV challenge in an NHP model

Ankara (MVA) is a live attenuated virus, while mRNA-1769 contains four mRNA

P, 1YPY, and 3K7B were used to represent the antigens of interest.

munizations were performed intramuscularly, and challenge was performed

up).

± standard error of the mean ([SEM]; n = 5–6/group).

lenge period, with the day of lesion appearance and resolution noted. Date of

were collected by quantitative PCR, and PFU of throat swabswas assessed by

SEM is reported for each group (n = 5–6/group).
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between immunizations (Figure 1B). Given that the mucosal

challenge route exhibits a delayed progression to lesional severe

disease and provides a lower bar of protection, here we elected

to perform an IV challenge that mimics similar viral burst dy-

namics as those observed in humans.25,26 Moreover, the more

faithful disease pathology observed with IV challenge enabled

a more rigorous ability to compare protection afforded by

mRNA in contrast to MVA for the first time. Thus, serum was

collected from animals every 2 weeks prior to IV challenge with

50 M PFUs of MPXV Z79. Animals were observed daily for signs

of disease progression and lesion counts. Throat swabs and

whole blood were taken every other day during the period of

infection. Animals reaching predetermined viability criteria prior

to the end of the study were humanely euthanized. One animal

in the mRNA-immunized group did not recover from an anes-

thesia event prior to challenge and was not included in the chal-

lenge portion of the study.

Animals receiving MVA and mRNA-1679 were completely

protected from lethality of MPXV Z79 infection, while five out

of six NHPs in the PBS group succumbed to infection (Fig-

ure 1C). Body weight was tracked from the time of challenge,

marked by significant weight loss in the PBS group, mainte-

nance of weight in the MVA-immunized animals, and increasing

weight in the mRNA arm (Figure S1A). MPXV lesion numbers

were used as a critical metric of disease burden and morbidity,

increasing substantially in the PBS group during the course of

infection with a peak average lesion count of 1,448 (Figure 1D).

MVA-immunized animals experienced reduced lesion counts

relative control animals with an average maximum lesion count

of 607 for the group. By contrast, mRNA-immunized animals

showed the fewest lesions per NHP across the duration of

infection with a peak average lesion count of 54. Given that

the World Health Organization (WHO) classifies severe disease

as greater than 100 lesions and grave disease as greater than

250 lesions per individual, all PBS control animals experience

grave disease, and four out of six animals in the MVA group

displayed grave disease, with all other animals exhibiting se-

vere disease (Figure S1C). By contrast, all animals in the

mRNA-immunized group did not reach the criteria for severe

disease.

The duration of disease was also measured as a function of

lesion onset to resolution and charted for each individual animal

(Figure 1E). The duration of diseasewas reduced by over 10 days

when comparing MVA-immunized animals to those receiving the

mRNA vaccine (Figure S1B). Additionally, viral burden during the

course of infection was determined via the assessment of plaque

assay of throat swabs for direct infectious virus measurement
Figure 2. Immunization with MPXV antigen-encoding mRNA-LNP vacc

(A) IgG binding titers against antigens derived from MPXV, VACV, or VARV were

rescence intensity per sample ran in duplicate. Crossbars represent the geomet

(B and C) Fifty percent neutralization titers are shown for each individual animal ran

and CPXV strains expressing GFP, the reduction in the number of GFP fluorescent

was performed in the presence of an anti-MV monoclonal antibody to assess o

6/group).

(D) A heatmap of all antibody binding and neutralization data is shown for each indi

pre-immunization responses for each analyte. Statistical testing was performed

(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

See also Figure S2.
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(Figure 1F) and whole blood viremia by quantitative polymerase

chain reaction (qPCR; see Figure S1D). Control animals showed

substantial viral burden with a peak viral load at day 11 post

infection in blood viremia with reduced viral loads in the surviving

animals until the end of the study period. MVA-immunized ani-

mals exhibited reduced viral loads in blood viremia and infec-

tious virus in the throat compared with PBS-treated animals;

however, viral loads in MVA-immunized animals increased until

day 7 post infection after which viral loads in the blood and the

throat declined until 3 weeks post infection. NHPs receiving

mRNA-1769 vaccine exhibited superior control of infection in

both the blood and the throat with a slight rebound on day 11

in the blood and day 13 in the throat before rapid control.

Thus, collectively, while both MVA and mRNA-1769 provided

robust protection against lethal MPXV challenge, mRNA-

1769 provided superior protection against weight loss, lesion

numbers, lesion duration, and viral replication in the throat and

the blood.

Distinct binding and neutralizing antibody responses
across vaccine modalities
To begin to define immunologic differences across the two vac-

cine platforms that could explain differences in disease burden,

we next profiled the humoral immune response across the ani-

mal groups at peak immunogenicity 2 weeks after the boost.

Binding antibodies were first analyzed to antigens representative

of those included in mRNA-1769 derived from the contemporary

2022 strain of MPXV clade II, MVA, or the India 1967 strain of

VARV (Figures 2A, S2A, and S2B). For all antigens tested, anti-

body responses were significantly higher in the mRNA group

than the MVA and PBS groups. Two NHPs in the MVA group eli-

cited detectable antibody responses against both MPXV B6 and

VACV B5. MVA-immunized animals did elicit anti-VARV antigen

responses for A33, B5, and L1 that were above the background

set by control immunized animals. Additionally, antibody re-

sponses against a lysed whole-virus preparation of MVA were

tested by enzyme-linked immunosorbent assay (ELISA) to deter-

mine the overall virion binding titers (Figures S2C and S2D).

Despite the exposure of MVA-immunized animals to the whole

matched virus, binding titers remained significantly highest in

mRNA-1769 immunized animals to lysed whole-virus.

To further assay the functional potential of vaccine-induced

antibodies, we next performed neutralizing antibody assays

utilizing serum immediately prior to challenge (Figure 2B).

Plaque reduction neutralization tests (PRNTs) were performed

against MPXV strains clade I Z79 and clade II USA 2003

(Figures 2B, left, and S2E) and the VACV strain Western Reserve
ine drives a robust and broad humoral response

assessed at day 40 post-prime. Data are shown as the average median fluo-

ric mean of the group ± geometric standard deviation (n = 6/group).

in singlet or duplicate using the plaque reduction neutralization test. For VACV

cells was utilized rather than reduction in viral plaques. VACV EV neutralization

nly EV-specific responses. Bars represent the average ± SD per group (n =

vidual animal. Values were background corrected by subtracting the average of

using a one-way ANOVA with Tukey’s correction for multiple comparisons
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(WR; Figure 2B, middle), which was also tested as a high-

throughput green fluorescence protein (GFP)-expressing VACV

to compare to the traditional PRNT assay. A PRNT assay per-

formed in the presence of complement and monoclonal anti-

bodies to remove MV was also performed to assess the contri-

bution of EV-specific antibody responses to neutralization

(Figure 2B, right). mRNA-immunized NHPs elicited robust

neutralizing titers, which were significantly higher than those eli-

cited byMVA or PBS inoculation for any virus tested. MVA immu-

nization did not elicit neutralizing antibody responses to either

MPXV tested, except for one animal, which was slightly above

the limit of detection. Similar results were seen for the PRNT

assay with VACV WR, though the GFP-expressing version of

this virus did detect VACV-neutralizing responses above back-

ground but not statistically significantly greater than the PBS-

immunized response. EV-specific neutralizing responses were

seen after MVA immunization in half of the immunized animals,

but the overall group did not differ significantly from the PBS

group. By contrast, all mRNA-immunized animals induced

robust EV-specific neutralizing antibody responses. Kinetics of

neutralizing responses demonstrate a moderate neutralizing

response after prime with a substantial increase in titers upon

boost with mRNA-1769 (Figures S2E–S2G). Additionally,

neutralization tests were performed against additional Ortho-

poxvirus strains to test the breadth of the vaccine-induced im-

mune response (Figure 2C). Rabbitpox, camelpox, and ectrome-

lia viruses were utilized in PRNTs. In addition, a GFP-expressing

cowpox virus strain was utilized in a microneutralization assay.

Robust neutralizing responses were observed against each het-

erologous viral strain in animals immunized with mRNA-1769,

while those immunized with MVA did not show a statistically sig-

nificant increase in titers compared with the PBS-immunized

NHP for any virus. Moreover, integration of all antibodymeasure-

ments highlighted a clear gradient of Orthopoxvirus-specific im-

munity across the 3 groups of animals, with intermediate levels of

antibodies largely targeting VACV antigens among MVA-immu-

nized animals and cross-reactive binding titers and neutralizing

antibody responses among mRNA-immunized macaques (Fig-

ure 2D). These data point to the induction of robust, broadly

cross-reactive humoral immune responses in mRNA-1769-

immunized animals that may explain differential antiviral control

across the groups and the potential to protect across a wide

range of Orthopoxviruses.
Figure 3. Fc-functional antibody activities are driven by mRNA immun

(A) Antibody-dependent complement deposition (ADCD) assay responses are sho

duplicates for each individual animal. The crossbar represents the median of e

representing the average of each group ± range of responses (n = 6/group).

(B and C) Antibody-dependent cellular phagocytosis (ADCP) and neutrophil phag

dot representing the average of each group ± range of responses (n = 6/group).

(D) Antibody-dependent natural killer activation (ADNK) assay data are reported a

the relevant antigen. Responses are shown as the average of duplicates for each

6/group). Statistical testing was performed using a one-way ANOVA with Kruskal

and ****p < 0.0001).

(E) Heatmap of systems serology data was collected in a multiplexed Luminex a

average of duplicate median fluorescence intensity values is reported for each c

(F) Principal-component analysis (PCA) was performed using neutralization and s

See also Figure S3.
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Antibody Fc-effector profiles differ across vaccine
modalities
Beyond the role of neutralizing antibodies in antiviral protection

against poxviruses, additional antibody functions, including anti-

body-mediated complement activation,27 have been implicated

in protection. Thus, despite the low-level neutralization induced

by MVA, we next profiled humoral immune responses across

all 3 groups at peak immunogenicity using systems serology

(Figures 3A–3D). NK cell activation (ADNK) was observed across

the mRNA-immunized animals, although limited to no ADNK

activity was observed across the 4 antigens in the PBS and

MVA-immunized animals (Figure 3A). Detectable NK cell degran-

ulation, interferon-g (IFNg) release, and macrophage inflamma-

tory protein-1 (MIP1b) to the A35, B6, and M1 antigens were

observed in mRNA-immunized animals, with dichotomized

ADNK activity to the A29 antigen (Figures S3A–S3D). While

limited antibody-dependent complement deposition (ADCD)

was observed in the PBS and MVA-immunized animals, ADCD

responses were observed with the same kinetics and robust

peak immune titers to A35, B6, and M1 antigens in all animals

(Figure 3B). Similar to that observed for ADNK, half of the

mRNA-immunized animals generated ADCD responses to the

A29 antigen. Similarly, robust but slightly delayed kinetics were

observed for the antibody-dependent cellular monocyte phago-

cytic (ADCP) response across all 4 antigens in the mRNA-immu-

nized animals (Figure 3C). Additionally, rapid induction of anti-

body-dependent neutrophil phagocytosis was observed in the

mRNA group but not in the MVA-immunized animals for all 4 an-

tigens (Figure 3D).

To further visualize the heterogeneity of the functional humoral

immune response, a heatmap of immunoglobulin G (IgG) sub-

class responses and Fc-receptor-binding profiles was plotted

for each individual animal across the 3 vaccine groups (Fig-

ure 3E). Importantly, while no 2 animals had identical antibody

profiles, the heatmap illustrates the presence of low-level humor-

al immune responses in the MVA-immunized animals and stron-

ger subclass and Fc-receptor-binding profiles in mRNA-immu-

nized animals to MPXV, VACV, and VARV antigens. Finally, to

gauge the overall multivariate antibody profiles across the

groups, we combined all the subclass, isotype, Fc-receptor

binding, and functional antibody responses captured by systems

serology and performed a principal-component analysis (PCA;

Figures 3F and S3E). The data highlight the presence of distinct
ization and reflected in systems serology assessment

wn for each antigen tested. Responses at day 40 are shown as the average of

ach group. Data are also shown over time prior to challenge, with each dot

ocytosis (ADNP) assays data are shown over time prior to challenge, with each

s the percentage of cells secreting the indicated cytokine after stimulation with

individual animal, with the crossbar representing the median of each group (n =

-Wallis’ correction for multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001,

ssay for each antigens/analytes (columns) and individual animals (rows). The

ondition and each individual animal.

ystems serology data. Each dot represents the profile of an individual animal.
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antibody profiles across all 3 groups of animals. However, criti-

cally, while the PBS controls were more homogeneous (clus-

tering together), variation was observed among the MVA-immu-

nized animals, with two animals splitting from the group.

Moreover, the mRNA-immunized animals diverged significantly

from the PBS control and MVA-immunized groups but also

demonstrated some variability across individual animals. The

differences between these animals provide a unique opportunity

to mine for immune correlates impacting viral replication or

lesion numbers during the course of disease.

Antibody correlates track with antiviral control and
prevention of lesions
Previous cellular depletion studies following smallpox vaccina-

tion in NHPs prior to challenge highlighted the key role of humor-

al immunity, and not cellular immunity, in protection against

MPXV challenge.18 Thus, to finally define the precise humoral

mechanisms that may account for attenuation of disease, we

next performed amultivariate correlates analysis (Figure 4). Spe-

cifically, humoral immune profiles of all animals were regressed

across blood viral loads, throat viral loads, and lesion numbers

to begin to define the vaccine-induced mechanisms of protec-

tion against different aspects of disease (Figure 4A). Strikingly,

vaccine-induced antibody features were able to robustly sepa-

rate animals based on their systemic viral loads and disease

presentation.

A partial least squares regression (PLSR) was performed

following least absolute shrinkage and selection operator

(LASSO) to identify features that tracked with systemic viral

control (Figure 4B, left). Only 3 of the greater than 4 dozen anti-

body features that were collected were sufficient to separate

viral loads across the animals, including VACV A33-IgG2 titers,

VACV-neutralizing antibody titers, and A33-FcgR3a binding

levels. These data point to a critical collaborative role for neutral-

ization and EV-specific A33-Fc-receptor-binding activity as key

predictors of viral control. Similarly, VACV-neutralizing antibody

titers were also associated with lower throat viral loads but in

collaboration with A33-complement deposition and B5-VARV-

FcgR3a, pointing to a critical role for Fc-mediated activity to

both EV antigens (Figure 4B, middle). PLSR separation of vac-

cine-induced antibody profiles by lesion numbers required 5 of

the total vaccine-induced antibody features collected across

each animal (Figure 4B, right). Predictive features included the

EV VARV B7/MPXV B6 FcgR2a and neutrophil phagocytic

(ADNP) response as the top features associated with lower

lesion numbers. Additionally, neutrophil opsonophagocytosis

to the MV MPXV A29 antigen, NK cell activity to the MPXV MV

M1 antigen, and complement activity to the EV VACV A33 anti-
Figure 4. Neutralization, antibody titers, and functional antibody activit

(A) A supervisedmultivariatemodel using LASSO+PLSRwas established to identi

the data frombinding, neutralizing, and functional humoral antibody assays. Them

whole blood qPCR data over time.

(B) A final set of were selected by the model that maximally separated animals b

(C) A correlation network analysis was also performed to identify additional antib

lations with BH-adjusted p < 0.01 and absolute rho > 0.7 were visualized.

(D) A model summarizing the correlates identified in this study and how they app

See also Figure S4.
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gen were also critical predictors in the model, highlighting the

critical role for Fc-effector functions to both EV and MV targets

in control from disease manifestation. Furthermore, the PLSR

selected features were tightly correlated with additional neutro-

phil, NK, and complement activating features, with neutralization

as secondary co-correlates (significance shown in Figure S4).

To further gain a deeper sense of the functional activity of A33-

FcgR3a, a correlation network was generated for all the antibody

features, highlighting the coordination between A33-FcgR3a and

NKcellactivationandneutrophilopsonophagocytosis (Figure4C).

Thesedata suggest that Fc-effector function against bothMVand

EVvirus forms, rather than neutralization,mayplay a critical role in

preventing lesion formation. Thus, collectively, these data sug-

gest that neutralization and EV-Fc mechanisms of action may

collaborate to control viral replication following infection, but EV

and MV-specific humoral antibody effector functions may be

key to reducing lesion formation (Figure 4D).

DISCUSSION

The current 2023–2024 mpox outbreak in the DRC has been

linked to more than 20,000 documented infections and over

500 deaths.10,28 Coupled with the global 2022 mpox outbreak,

there is an urgent need to develop strategies to address this

insidious zoonotic disease driving unpredictable epidemics

and pandemics. While previously developed vaccines provided

protection to at-risk populations, safety, supply chain, and

incomplete protection have motivated the development of addi-

tional vaccine strategies to mitigate the threat posed by Ortho-

poxviruses. Recent data have noted mRNA-vaccine-induced

protection against lethal MPXV challenge in NHPs.29 Using an

IV challenge, which mimics human infection and pathology,25,26

herewe demonstrate thatmRNA is equally protective to anMVA-

based immunization against death following a lethal MPXV

challenge but also provides superior protection to MVA-based

immunization with respect to viral load, weight loss, and lesion

control. Moreover, this study shows the evolution of broadly

cross-reactive antibodies following mRNA vaccination, building

on previous data highlighting the critical role for humoral immune

responses in protection against MPXV,18 and we demonstrate

that mRNA-mediated protection against morbidity and disease

is mediated by a combination of neutralizing and non-neutral-

izing antibody functions targeting both antigens on the mature

and extracellular viral particles. In light of recent data demon-

strating a role for complement in neutralizing antibody-mediated

protection against MPXV and data highlighting the critical role for

NK cells in MPXV-susceptible CAST mice,30,31 these data pro-

vide critical insights into mRNA-vaccine-induced correlates of
ies are associated with lower viral loads and lower number of lesions

fy aminimal set of antibody features associated to whole blood viral loads given

odel regressed antibody features against the area under the curve (AUC) for the

ased on their blood viremia, throat viremia, or lesion counts.

ody features associated with the down-selected model features. Only corre-

ly to the different functional symptoms of disease is posited.
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immunity against MPXV, which can support licensure, provide

mechanistic insights on vaccine performance, support opti-

mized vaccine usage in vulnerable populations, and inspire rede-

sign should novel Orthopoxviral threats emerge requiring antigen

addition or alteration.

MVA immunization reduced lesions in challenged NHPs, but

the majority of MVA-immunized animals were still classified as

experiencing ‘‘grave’’ disease based on WHO lesion number

classification.32 By contrast, none of the mRNA-immunized ani-

mals reached the criteria for ‘‘severe’’ disease during the course

of the infection period. While MVA vaccines have been shown to

elicit both humoral and cellular immune responses,33,34 previous

immune correlates analyses demonstrated that MVA-induced

humoral immune responses, rather than cellular immune re-

sponses, are necessary and sufficient to mediate protection

against MPXV challenge.18 However, MVA-induced humoral

immunity may not be sufficiently robust to fully attenuate dis-

ease, as has been observed in recent real-world breakthrough

studies.35,36 Instead, mRNA vaccination is known to induce

robust immunogenicity and may improve responses to Ortho-

poxvirus targets.37,38 Here, we observed robust antibody titers

against four key antigens known to afford protection via humoral

immune mechanisms.39 Moreover, beyond the neutralizing ac-

tivity of these vaccine-induced immune responses, mRNA im-

munization also induced robust Fc-effector functions that collab-

orated with neutralizing antibody activity to provide protection

against viral replication and lesion formation.

Beyond lesion formation, reduced viral replication in the throat

may have critical implications in transmission and spread, as Or-

thopoxviruses traditionally spread through mucosal tissue expo-

sure. Importantly, the 2022 global outbreak resulted from unex-

pected spread through sexual contact, often at mucosal barriers

enriched among men who have sex with men (MSM).40 mRNA

vaccination resulted in near-complete reduction in systemic viral

replication and low-level replication in the throat, with only a tran-

sient viral blip between days 11 and 13. This highly significant

attenuation of viral replication could potentially lead not only to

disease-modifying activity but also to reduced spread. Impor-

tantly, enhanced viral control appeared to emerge in the presence

of a coordinated role between neutralizing antibodies and anti-

body effector functions, mediated by FcgR3a and complement

to EV antigens. Despite the fact that EVs represent only a small

fraction of total produced virions,41 EV formation is highly

conserved across poxviruses, advantageous for viral infection,

and represents a key evasive viral progeny. Thus, the data here

suggest that additional Fc-mediated functions are likely critical

against this specific step of the viral life cycle for full control and

clearance of the virus and perhaps essential for limiting spread.

Additional information was obtained on the breadth of the hu-

moral responses after immunization with either mRNA or MVA.

IgG binding and functional profiling suggested that immunization

with MPXV antigens resulted in the generation of cross-reactive

VACV-A27, -A33, -B5, and -L1 and VARV-A31, -A36, -B7, and -

M1 antigens, highlighting the broad cross-reactivity that is af-

forded by immunization with highly conserved MPXV antigens.

Moreover, the correlate analyses selected VACV-specific re-

sponses, highlighting the highly predictive nature of these

cross-reactive responses in predicting viral load and lesion con-
trol. These data imply that an MPXV mRNA vaccine may stimu-

late antibodies that interact with many Orthopoxvirus species.

Conversely, MVA-vaccinated animals showed poor binding ti-

ters to the antigens tested, though some responses were

observed to three of the four VARV proteins (A33, B5, and L1).

Similarly, MVA-immunized animals showed some neutralizing

responses to the VACV strains tested but minimal response to

the MPXV or other Orthopoxvirus strains tested. However, it is

important to note that the focus of humoral responses and Fc-

functional activity has been measured against the antigens

included in the mRNA vaccine, which were previously reported

to be immunodominant after VACV exposure.42 Additionally,

MVA immunization (within the clinically approved dose range)

does provide protection against lethal challenge here and in

past animal experiments.18 We speculate that higher doses of

MVA may confer increased immunogenicity and protection.

However, manufacturing constraints have rendered it difficult

to substantially increase MVA dosing in humans. Given that B

cells are necessary for protection, these data argue that MVA-

induced humoral immune responses to other antigens may

confer protection against death or that MVA-induced humoral

VACV-specific immunity is able to evolve rapidly in response to

MPXV challenge virus. By contrast, mRNA immunization induces

humoral immunity targeting the EV and MV viral surface at the

time of challenge that may provide a more robust barrier of im-

munity, particularly against the pathogenesis of the infection,

which can effectively limit viral replication and spread.

TheemergenceofMPXVasapathogenable tocauseworldwide

outbreaks via an increase in sexual transmission, recently reported

for the first time for clade I viruses,43,44 represents a substantial

cause for concern. Strategic drug stockpiles and contemporary

vaccines (JYNNEOS) were sufficient to curtail the spread after

half a year of circulation with a majority of loss of life avoided, in

part due to the low virulence of the clade II strain. However, criti-

cally, the 2023–2024 outbreak in Central Africa is currently driven

by the more lethal clade I strain of MPXV, with recent reports sug-

gesting that the virus also has the ability to transmit sexually. Lack

of vaccine deployment and access to medical countermeasures

has fueled the spread of the virus from traditionally endemic rural

areas to large metropolitan centers and has led to approximately

more than 500 deaths with a case fatality rate of 2.9%. Lack of

routine immunization in this region with contemporary VACV-

based vaccinesappears tohaveprovided fertile ground for contin-

uous low-level spread of the virus and provided an opportunity for

mutation, leading to perpetual MPXV outbreaks. Thus, additional

safe and highly efficacious vaccine platforms that are rapidly

adaptable upon viral mutation are urgently needed to mitigate

future outbreaks of MPXV and other zoonotic Orthopoxviruses.

Nucleic-acid vaccines, such as mRNA-LNP vaccine technolo-

gies, allow for a rapid response to emerging viral threats. After

identifying the etiological agent, sequences against key genes

can quickly be synthesized and converted into a potential vaccine

with production at regions of interest allowed by worldwide

manufacturing centers, particularly in low- and middle-income

countries. Moreover, the COVID-19 pandemic illustrated the

robust immunogenicity conferred by this platform, resulting in

the induction of potent neutralizing antibody titers, durable

T cell responses, and durable memory B cell responses.45
Cell 187, 5540–5553, October 3, 2024 5549



ll
OPEN ACCESS Short article
Fortunately, in the caseofpoxviruses, researchers havepreviously

down-selected a handful of highly conserved protective

targets from the over 200 possible poxviral genes that, when

delivered in combination, can be highly efficacious across

viruses.14,15,20,21,29,46 These studies and additional preclinical

data have led to assessment of mRNA-1769 in an ongoing phase

I/II clinical trial (NCT05995275) to address the safety and immuno-

genicity of an mRNA-based Orthopoxvirus vaccine. However,

whether additional antigensmay be added to drive complete pro-

tection and drive protection against additional Orthopoxviruses,

whether additional immune responses (for example, T cells) may

bolster protection, or whether the induction of immunity, particu-

larly atmucosal barriers,mayprovideenhancedprotectionagainst

mucosal challenge remains unclear, but these are all potential av-

enues for future MPXV mRNA vaccine innovation and testing.

Additionally, longevity of immune responses post-mRNA-

1769 immunization has not been measured here. Vaccine ki-

netics, following all vaccine platforms, typically follow two

phases of decay. This includes a phase of rapid antibody decay

after peak plasmablast induction, followed by a longer-lived

plasma cell response that largely confers durable protection

against disease.47,48 Along these lines, emerging data from

real-world sero-epidemiologic studies suggest that mRNA vac-

cines induce high peak immune responses that decay but are

followed by a second wave of longer-lived plasma-cell-derived

antibody responses that are durable against the original en-

coded SARS-CoV-2 antigens, and this phenomenon has been

confirmed with additional mRNA vaccines.49,50 Furthermore,

studies have also shown that memory B cell responses tend to

be stable after mRNA immunization, potentially conferring

longer-lived rapid anamnestic responses after viral infection.45,51

Yet, whether mRNA vaccines will provide life-long immunity,

similar to the remarkable immunity afforded by replicating

VACV-based vaccines, remains unclear but will be investigated

in an ongoing phase 1/2 trial (NCT05995275) and represents

another aspirational goal for future pandemic-curbing mRNA

vaccines to novel Orthopoxviral pathogens and beyond.
Limitations of the study
This study describes an observational and immunological com-

parison of mRNA and MVA vaccines in an NHP model of lethal

MPXV infection via IV administration. The doses selected in

this study were based on relevant human doses, but a range of

doses would be ideal to further profile the immune response at

a higher resolution. IV administration is thought to best replicate

the natural course of disease as it presents during infection in the

human population, but exploration of additional routes of admin-

istration may offer different lenses to explore immune correlates

of transmission and disease. Cellular immune analysis was not

included in this study to compare across vaccine types and

will be included in future studies both pre-clinically and clinically.
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S., Perez, J.L., Pérez Marc, G.P., Moreira, E.D., Zerbini, C., et al. (2020).

Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl.

J. Med. 383, 2603–2615. https://doi.org/10.1056/NEJMoa2034577.

38. Jackson, L.A., Anderson, E.J., Rouphael, N.G., Roberts, P.C., Makhene,

M., Coler, R.N., McCullough, M.P., Chappell, J.D., Denison, M.R., Ste-

vens, L.J., et al. (2020). An mRNA Vaccine against SARS-CoV-2 - Prelim-

inary Report. N. Engl. J. Med. 383, 1920–1931. https://doi.org/10.1056/

NEJMoa2022483.

39. Peng, F., Hu, N., Liu, Y., Xing, C., Luo, L., Li, X., Wang, J., Chen, G., Xiao,

H., Liu, C., et al. (2023). Functional epitopes and neutralizing antibodies of

vaccinia virus. Front. Microbiol. 14, 1255935. https://doi.org/10.3389/

fmicb.2023.1255935.

40. Tarı́n-Vicente, E.J., Alemany, A., Agud-Dios, M., Ubals, M., Suñer, C., An-
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anti-guinea pig complement C3 MP Biomedicals Cat# MP0855385; RRID: AB_2334913

monoclonal antibody, anti-poxvirus L1 USAMRIID 7D11

anti-CD66b PacBlue Biolegend Cat# 305112; RRID: AB_2563294

Monoclonal antibody, anti-poxvirus A33 Mucker et al.52 C6C

Monoclonal antibody, anti-poxvirus B5 Mucker et al.52 C8a
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Vaccinia virus, strain WR (BEI NR-55) Mudhasani et al.56 Biodefense Reference Material Repository
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Rabbitpox virus, Utrecht (ATCC VR1591) Mudhasani et al.56 Biodefense Reference Material Repository
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Ectromelia virus, Moscow BEI Resources Cat# VR-1374

Biological samples

Human complement Cedarlane Cat# CL6600
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Orthopoxvirus mRNA-LNP vaccine Freyn et al.20 mRNA-1769

Magpix vaccinia virus and MPXV antigens Hooper et al.14,15 and Heraud et al.19 A27/A29, A33/A35, B5/B6 and L1

VACV, MPXV, and VARV recombinant
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Freyn et al.20 A27/A29/A31, A33/A35/A36, B5/B6/B7,

and L1/M1/M1

Rhesus Fc gamma Receptor IIa-biotin Sino Biological Cat# 90016-K49H-B

Rhesus Fc gamma Receptor IIIa-biotin Sino Biological Cat# 90013-C27H-B

Critical commercial assays

xMAP coupling kits Luminex Cat# 4050016

TaqPath 1 Step RTqPCR Master Mix ThermoFisher Scientific Cat# A15299

FluoSpheres NeutrAvidin-Labeled
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Invitrogen Cat# F8776

(Continued on next page)

e1 Cell 187, 5540–5553.e1–e6, October 3, 2024



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data availability Mendeley Data https://doi.org/10.17632/7pwgvpwf9b.2

Code availability Zenodo https://doi.org/10.5281/zenodo.12865619

Experimental models: Cell lines

Vero E6 ATCC Cat# CRL-1586; RRID: CVCL_0574

HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063

Vero 76 ATCC Cat# CRL-1587; RRID: CVCL_0603

Hela S3 ATCC Cat# CCL2.2; RRID: CVCL_0058

Experimental models: Organisms/strains

Cynomolgus macaques (Macaca

fascicularis)

WorldWide Primates Inc N/A

Oligonucleotides

MPXV qRT-PCR Forward primer 5’-CTCATTGATTTTTCGCGGGATA MPOX-F3L-F290

MPXV qRT-PCR Reverse Primer 5’-ACGATACTCCTCCTMGTTGGTC MPOX-F3L-R396a

MPXV qRT-PCR probe FAM-CATCAGAATCTGTAGGCCGT-

MGBNFQ)

MPOX-F3L-p333

Software and algorithms

Graphpad Prism GraphPad Software, LLC Version 9.4

Flow Jo BD Sciences N/A

Flexmap 3D Luminex N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Nonhuman primates
Eighteen male cynomolgus macaques of Cambodian origins were randomized by a statistician into three vaccination groups of 6

animals each, stratified by weight. All animals weighed between 3.7 and 6.3 kilograms at study start, except one animal which

weighed 9.1 kilograms and was placed in the control group. All NHPs were 6 to 8 years of age and were research naı̈ve and deter-

mined to be healthy by veterinarian examination prior to study start. Research was conducted in a BSL-3 facility with animals single

housed and all work was performed under an IACUC approved protocol at USAMRIID (USDA Registration Number 51-F-00211728 &

OLAWAssurance Number A3473-01) in compliance with the AnimalWelfare Act and other federal statutes and regulations relating to

animals and experiments involving animals. The facility where this research was conducted is fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care International and adheres to principles stated in the Guide for the Care and

Use of Laboratory Animals, National Research Council, 2011. All manipulations involving MPXV were performed under BSL-3

conditions.

Cells
Cells used in immunoassays included Vero E6 (ATCC CRL-1586, female), HEK 293T (ATCC CRL-3216, female), and Vero 76 (ATCC,

CRL-1587, female) and were maintained by USAMRIID Virology Division using standard procedures at 37�C and 5% CO2. HeLa S3

cells (ATCC CCL2.2, female) were utilized for VACV-GFP and MPXV GFP neutralization assays and maintained using standard pro-

cedures at 37�C and 5% CO2. Cell line authentication was not performed for this study.

Viruses
MPXV Clade I (Zaire ‘79) was propagated as previously reported.53 West African MPXV US 2003-044 was obtained during

the 2003 US outbreak from the lymph node of an infected prairie dog associated with the initial case54; the virus was

passaged three times in BSC-40 cells and twice in MA-104 cells. The Somalia strain of camelpox virus was obtained by

USAMRIID from Joseph Esposito, Centers for Disease Control and Prevention, Atlanta, GA and stocks generated.58 Vaccinia

virus strain WR and rabbitpox virus were received from BEI Resources and propagated at USAMRIID as previously

reported.56

ECTV was obtained from BEI Resources and propagated at Battelle Memorial Institute. VACV WR GFP and MPXV Zaire 79 GFP

were previously described.20,55
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METHOD DETAILS

Vaccine compositions
mRNA encoding equal concentrations of four MPXV Clade IIb genes, A35R, M1R, A29L, and B6R, were provided by Moderna

(mRNA-1769) and maintained at -80�C ± 10�C. mRNA-1769 was thawed for vaccine preparation and diluted in ice cold 1X PBS

without calcium/magnesium (Corning) to a target of 150 mg/dose for intramuscular (IM) administration. Dose selection was based

on previous acceptable safety data for SM102 formulated mRNA-LNP vaccines. Modified Vaccinia Ankara vaccine was previously

described34 and stored at -80�C ± 10�C. MVA was thawed and diluted in ice cold 1X PBS before vaccination. A target dose of 0.7 x

108 PFU/dose was administered via the subcutaneous (SC) route. This dose was based on the human dose of licensed MVA-based

vaccines (0.5 x 108 to 3.95 x 108 infectious units per 0.5 mL dose).

Vaccination of nonhuman primates
Investigators performing observations were blinded to the specific group designation of the nonhuman primates. Prior to vaccination,

animals were confirmed to be negative for antibodies against orthopoxviruses by assessment of binding titers. Vaccinations, physical

examinations, blood collection, and intravenous MPXV challenge were administered under anesthesia (10 mg/kg ketamine or

3 mg/kg tiletamine-zolazepam). Animals were vaccinated with either mRNA-1769, MVA, or an equal volume (0.5mL) of 1X PBS on

day 0 and day 26 (Figure 1). Vaccines were administered by intramuscular (mRNA-1769 or mock) or subcutaneous (MVA) injection

within or above the deltoid muscle, respectively. Right and left deltoids were used for day 0 and day 26, respectively. Blood samples

for immunogenicity assays were collected as annotated in Figure 1.

Lesional MPXV model in nonhuman primates
For efficacy testing, the cynomolgus lesional (intravenous) model of mpox and smallpox was utilized as previously described.59 On

day 53, animals were transported into animal biosafety level-3 (ABSL-3) for MPXV challenge. Briefly, 56 days after the first vaccina-

tion, animals were exposed to a target intravenous dose of 5 x 107 PFU of clade I MPXV. Bloodwas collected within 2minutes of virus

administration in order. These samples were used to confirm successful delivery ensuring proper infection and resulting disease.

Following challenge, peripheral blood and oropharyngeal swabs were collected according to the schedule provided in Figure 1.

Anesthetized physical examinations, including weights, rectal temperatures, and lesion assessments, were performed at the time

of blood collection (Figure 1). Meloxicam was administered daily after the onset of lesions and continued until resolution of disease.

Animals were provided subcutaneous lactated ringers solution whenever signs of dehydration (e.g., skin tenting, changes in mucous

membranes) were present. Following infection, cage-side observations were performed at least once daily and increased to at least

twice daily when animals began to demonstrate clinical signs (changes in responsiveness, appearance of lesions, etc.). Euthanasia

criteria was based on a combination of responsiveness and prostration, as well as temperature. Animals were humanely euthanized

under deep anesthesia via cardiac administration of a pentobarbital-based euthanasia solution whenever they becamemoribund, or

at the designated end-of-study (Day 26 post-challenge).

Infectious viral titrations
Sample (cell culture stocks/inoculum, whole blood, and swabs) preparation and plaque titrations for cell culture material were carried

out as previously described using Vero E6 cell monolayers in 6-well plates.60 Briefly, after freeze thaw and sonication of sample,

10-fold dilutions were made in modified Eagle’s medium (MEM) containing 2% heat inactivated fetal bovine serum (FBS) (stocks/

inoculum), MEM containing 2% heat inactivated FBS and antimycotic/antibiotics (swabs), or 1X PBS with no magnesium or calcium

and antimycotic/antibiotics (whole blood). A volume of 0.1 mL was added to wells and adsorbed for approximately 1 h before a liquid

overlay was applied. For whole blood samples, wells were washed with 1X PBS (no magnesium or calcium) after adsorption.

Quantitation of MPXV nucleic acid
Total nucleic acid was extracted from whole blood for viral load quantification. Briefly, 100 ml whole blood was mixed with 100 ml

buffer ATL (Qiagen), incubated at 56�C for 15 min at 300 RPM in a shaker incubator, and extracted using the Qiagen 1&2 Virus

Mini Kit 2.0. Samples were eluted in 90 ml elution buffer. A standard curve ranging from 5.6 x 105 – 5.6 x 101 PFU/ml was generated

using the challenge stock virus extracted as described above. Extracted nucleic acid was serially diluted 1:10 and run on each real-

time PCR plate. Five ml extracted nucleic acid was tested by real-time PCR using the TaqPath 1-Step RTqPCR Master Mix, CG

(ThermoFisher Scientific) according to the manufacturer’s instructions using the primers MPOX-F3L-F290, MPOX-F3L-R396a,

and probe MPOX-F3L-p333. Cycling conditions on the QuantStudio Dx (ThermoFisher Scientific) were: 25�C x 2 min; 50�C x

15min; 95�C x 2min; 45 cycles (95�C x 3 sec, 60�C x 30 sec). A sample was considered negative if the Cq value was below 40 cycles.

Luminex assay
Recombinantly expressed antigens from VACV (A27L, A33R, B5R, and L1R), MPXV (A29L, A35R, and B6R), and VARV antigens (A31,

A36, B7, and M1) were produced as previously described.20 Antigens were coupled to Magplex fluorescently bar-coded beads (Lu-

minex) utilizing carboxyl chemistry via sulfo-N-hydroxysulfosuccinimide and 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydro-

chloride (Thermo Fisher) per the manufacturer’s instructions. Coupled beads were incubated with inactivated NHP serum samples,
e3 Cell 187, 5540–5553.e1–e6, October 3, 2024



ll
OPEN ACCESSShort article
after dilution and heat inactivation, for 2 h at 37�C, with gentle shaking. Samples were incubated with beads at previously optimized

dilutions to detect total IgG (1:50,000), IgG1 (1:10,000), IgG2a (1:10,000), IgG2b (1:2,500), IgG3 (1:1,000), IgA (1:1,000), and FcgRs:

FcgR2b (1:10,000), and FcgR3 (1:10,000). Each sample was assayed in technical duplicate. Beads were washed to remove any un-

bound sample and incubated with phycoerythrin (PE)-labeled secondaries. Anti-Ig isotypes were run at 0.65 mg/mL (Southern

Biotechnology, 6200-09; NHP Reagent Resource AB_2819304, AB_2819311, AB_2895608, AB_2895616, AB_2819323). For all

anti-Ig reagents except anti-IgG, reagent was washed off and Streptavidin-PE was added at 1 mg/mL and incubated 30 minutes

RT with shaking. Recombinant biotinylated Fc gamma receptors were utilized at 1 mg/mL (Sino Biological) and formed into tetramers

using Streptavidin-PE at a 4:1molar ratio and incubated 10minutes. Amolar excess of biotin was spiked in and incubated 10minutes.

The resulting tetramers were added to the wells. Excess detection antibody was removed through washing and samples were

analyzed on Flexmap 3D (Luminex).

MAGPIX and recombinant antigens
Recombinantly expressed antigens from VACV (A27L, A33R, B5R, and L1R) and MPXV (A29L, A35R, and B6R) were produced as

previously described.14,15,19 Magnetic microspheres and xMAP antibody coupling kits were purchased from Luminex Inc. (Austin,

TX, USA). Phosphate buffered saline, Tween-20, skim milk powder, and goat a-human IgG (H&L) phycoerythrin conjugate (a-hu-

man-PE, 1 mg/mL) was produced using the PE lightning link kit (Abcam) as per the manufacturer’s instructions after antibody

was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Antigens were covalently linked to microspheres following manufacturer instructions. For all steps that required removal of

the solution, microspheres were immobilized by placing a rare-earth magnet adjacent to the reaction vessel, and the solution

was removed by pipet. Whenever possible, microspheres were protected from light with aluminum foil. Briefly, 12.5 million mi-

crospheres were washed three times with 500 mL of activation buffer and resuspended in 274.5 mL of activation buffer. Next,

144.0 mL of sulfo-N-hydroxysulfosuccinimide and 81.5 mL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride so-

lutions were added and tubes were gently rotated for 20 min. After activation, microspheres were washed three times with

coupling buffer and antigen was added at 4 mg per million microspheres. The reaction was allowed to incubate for 2 h, after

which the microspheres were washed three times with 500 mL of PBS-T (PBS with 0.05% Tween-20), resuspended at 12.5

million microspheres per mL in PBS-T, and stored at 4�C. To allow for multiplexed assays, each antigen was coupled to distinct

microspheres: VACV A27L on #45, VACV A33R on #75, VACV B5R on #78, MPXV A29L on #22, MPXV A35R on #12, and MPXV

B6R on #19.

Relative antibody presence was determined by titration of sera on the Magpix� platform using 96-well plates. Sera was diluted

1:100 in 5% skim milk in PBS-T followed by 5-fold serial dilution to a final dilution of 1:7.8 x 106. Samples were incubated with

microspheres for 1 h; 50 mL of sample and 2500 microspheres of each antigen per well. After incubation, microspheres in each

well were washed three times with 100 mL of PBS-T. Goat a-human-PE was diluted 1:100 in 5% skim milk in PBS-T, applied to

microspheres at 50 mL per well, and allowed to incubate for 1 h. Microspheres were washed three times with PBS-T, suspended in

100 mL of PBS-T, and read by the Magpix� instrument. Samples were run in duplicate, and each plate included positive and nega-

tive control sera. Antibody titers were determined as the dilution factor at which signal divided by negative control signal dropped

to 10.

Lysed MVA ELISA
Purified MVA was inactivated by water bath sonication for 3 min. ELISA plates (Millipore Sigma, M9410) were coated with 4 mg/mL

diluted MVA and incubated at 4�C overnight. Plates were washed 4x with 1x PBS-T before blocking at 37�C for 1 hr with

SuperBlock (Thermo Scientific, 37580). NHP sera was heat inactivated at 56�C for 30 min prior to use in assay. Sera was diluted

in assay buffer (PBS-T + 5% goat serum) before adding 75 ml to respective wells and incubating for 1 hr at 37�C. After washing as

above, HRP-linked goat anti-NHP (Invitrogen, Cat # PA1-84631; 1:500) was added and plates were incubated at 37�C for 1 hr.

After washing, plates were incubated with 100 ml TMB (Sera Care, Cat # 5120-0075) for 10 min followed by the addition of

100 ml TMB Stop Solution (Sera Care, Cat # 5150-0020). Plate OD values were read at 450 nm. All data were analyzed using

GraphPad Prism Software.

PRNT for the MV form of poxviruses
MV neutralization assays were performed as previously described.61 Briefly, dilutions of heat inactivated serum or anti-L1 antibody

were incubatedwithMPXV clade I or IIA at a target of 100 PFU/well (e.g., 2000 PFU/mL) for approximately 1 h. The samples were then

plaque titrated, stained with crystal violet and plaques enumerated. The PRNT50 titer was reported as the reciprocal of the highest

dilution where virus (plaque number) was reduced by 50% relative to a negative control. Samples exhibiting less than 50% were as-

signed a titer of 14.1, equating to our lowest final dilution (1:20) divided by the square root of two. This is a common method for

ascribing a value to samples below the limit of the assay.

PRNT for the EV form of poxviruses
EV neutralization assays were performed similarly to those reported.16 Briefly, HEK 293T and Vero 76 cells were infected with the

Western Reserve strain of vaccinia virus at an MOI of 0.5, incubated for 48 h and supernatants collected and clarified via
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centrifugation. The resultant supernatants were plaque titrated in the presence of anti-MV antibody (Mab-7D11) and human comple-

ment. To determine the content of released cell-associated virus versus total EV, monoclonal antibodies c6C and c8A were used as

controls.52 Titer determinations and the assignment of values for specimens with activity below the assay limit are the same as

defined for MV neutralization.

GFP-expressing VACV and MPXV neutralization
A semi-automated, flow cytometric neutralization assay was carried out using VACV strain WR or MPXV Z-79 expressing Ae-

quorea coerulescens green fluorescent protein as previously described.55 Two-fold dilutions of heat-inactivated serum (56oC

for 30 min) from individual animals were prepared in 96-well, round bottom polypropylene plates using spinner modified minimum

essential medium containing 2% fetal bovine serum. Approximately 2.5 x 104 PFU of VACV-WR or MPXV-Z-79 GFP expressing

viruses were added to each well and plates incubated at 37�C for 1 h. After incubation, 105 HeLa S3 cells were pipetted into each

well and plates were incubated for an additional 16 to 18 h at 37�C. The cells were fixed in 2% paraformaldehyde and GFP expres-

sion quantitated using a FACS Canto II flow cytometer and FlowJo software (BD Biosciences). NT50 values were calculated using

Prism software (GraphPad/Dotmatics). The LOD was determined for sera obtained from mock-immunized animals by removing

outlier NT50 values and calculating 1.65 x standard deviation. Procedures with infectious MPXV were performed in a registered

Select Agent BSL-3 laboratory by trained and smallpox vaccinated investigators using protocols approved by the NIH Institutional

Biosafety Committee.

Antibody-dependent complement deposition
Antibody-dependent complement deposition (ADCD) was performed similarly as described previously.62 Antigens were coupled to

Luminex Magplex beads and immune complexes were formed as described above in the Multiplex Luminex Assay. Plates were

washed, and guinea pig complement (Cedarlane) (diluted in 1x PBS with calcium and magnesium) was added to plates. Plates

were incubated at 37�C, shaking at 700 rpm, for 20 min. Plates were washed with 15 mM EDTA in PBS, and Fluorescein-conjugated

goat IgG anti-guinea pig complement C3 detection antibody (MPBiomedicals #MP0855385) was added. Fluorescencewas acquired

on an Intelliflex (Luminex), and data are reported as the median fluorescence intensity (MFI). Assays were run in duplicate, and the

data reflects the average of duplicates.

Antibody-dependent cellular phagocytosis
Antibody-dependent cellular phagocytosis (ADCP) was performed as described previously.20 Briefly, antigen was biotinylated and

coupled to FluoSpheres NeutrAvidin-Labeled Microspheres, 1.0 mm, yellow-green (Invitrogen). Immune complexes were formed

by mixing antigen-coupled beads with diluted serum and incubated for 2 h at 37�C. After incubation, THP-1 cells (ATCC) were added

at a concentration of 1.25 x 105 cells/well, and plates were incubated for 18 h at 37�C. After overnight incubation, cells were fixedwith

4% paraformaldehyde (PFA). Fluorescence was acquired on an iQue3 (Sartorius). A phagoscore was calculated as: (%bead+ THP1 *

GeoMean bead+ cells)/100000.

Antibody-dependent neutrophil phagocytosis
Antibody-dependent neutrophil phagocytosis (ADNP) was performed as described previously.63White blood cells were isolated from

fresh, peripheral whole blood from healthy donors (Research Blood Components). All donors were above 18 years old, gave informed

consent and were deidentified. White blood cells were isolated by ammonium-chloride-potassium (ACK) lysis. Antigen was bio-

tinylated and coupled to FluoSpheres NeutrAvidin-Labeled Microspheres, 1.0 mm, yellow-green (Invitrogen). Immune complexes

were formed by mixing antigen-coupled beads with diluted serum and incubated for 2 h at 37�C. After incubation, Neutrophils
were added at a concentration of 2.5 x 105 cells/well, and plates were incubated for 1 h at 37�C. Neutrophils were stained by

anti-CD66b PacBlue (Biolegend 305112). Cells were fixed with 4% paraformaldehyde (PFA). Fluorescence was acquired on an

iQue3 (Sartorius). A phagoscore was calculated as: (%bead+ neutrophil * GeoMean bead+ neutrophils)/100000.

Antibody-dependent NK cell activation
Antibody-dependent NK cell activation (ADNKA) was performed as described previously.64 NK cells were enriched from buffy coats

via negative selection using RosetteSep (StemCell Technologies) and a Ficoll gradient was used to isolate NK cells. Buffy coats were

obtained fromBioIVT from healthy, screened donors. NK cells were rested overnight in RPMI with 10%Fetal Bovine Serum (FBS) and

2 ng/mL IL-15 at 37�C, 5%CO2. ELISA plates were coatedwith antigen, blockedwith 5%BSA, and sera diluted to a previously deter-

mined dilution was added and incubated overnight at 4�C. The following day, plates were washed, and NK cells were added to the

plates at a concentration of 5 x104 cells/mL in media with Brefeldin A (Sigma), Golgistop (BD Biosciences), and anti-CD107a BV605

(Biolegend, Clone H4A3, cat 328634). Plates were incubated for 5 h at 37�C, 5%CO2. After incubation, cells were stained for surface

markers with anti-CD56 APC (Biolegend, clone MEM-188, cat 304610) and anti- CD3 APC-Cy7 (Biolegend, clone UCHT1, cat

300426). Cells were fixed and permeabilized with Fixation Medium A and B (Invitrogen) and stained with anti-MIP1b-BV421 (BD Bio-

sciences, clone D21-1351, cat 562900) and anti-IFNg-PE (Biolegend, clone B27, cat 506507). Fluorescence was acquired on an

iQue3 (Sartorius). NK cells were gated as CD56+/CD3- and activity was determined as the percent of NK cells that were positive

for CD107a, IFN-g, or MIP-1b.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Unsupervised clustering of vaccine signature
The data for Principal component analyses (PCA) was logarithmized and z-scored first. PCA clustered the data points (animals) pro-

jected on the first two principal components (PCs). The PCs were generated via high-dimensional reduction of overall antibody fea-

tures, in which each PC represents a linear combination of the features and remains orthogonal to other PCs but retains as much of

the variance in the feature dataset as possible. The degree to which each feature contributed to the orthonormal principal component

coefficients was also calculated. Principal Component Analysis was performed using R prcomp function.

Correlates analyses
Theminimal antibody correlates of vaccine outcomeswere identified using a supervisedmachine-learning approach- Least Absolute

Shrinkage andSelection Operator (LASSO), followed by partial least-squares regression analysis (PLSR). The data was logarithmized

and z-scored first. Then LASSO was performed in a repeated cross-validation framework and the features identified in more than

60% repeated models were set as selected features. After feature selection, PLSR was used to define the relationship between

the input as a linear combination of the selected features and the vaccine outcome (viral load or number of lesions). Specifically,

PLSR seeks the latent variables, which linearly combine the features, which explain the maximum variance of the outcome. Model

interpretation and predictive ability metrics were assessed using sum of squares for the variation, and variation in the outcome that

can be predicted, and the square root of mean error estimate. To estimate the statistical significance of the final model, a permutation

test were performed to shuffle the outcome labels across the samples. The randomly shuffled dataset was then used to test the

likelihood of obtaining a model prediction accuracy by chance. Each permutation test was performed 10,000 times to generate

an empirical null distribution and an exact p value. A p value of less than 0.001 between actual and both permutation tests resulted

in the rejection of the null hypothesis, and was considered statistically significant, providing confidence in the robustness of the

model and the identified correlates. Analyses were performedwith R version 4.3.0 (2023-04-21). LASSOwas performed using glmnet

R package version 4.1.4. Partial Least Squares Regression (PLSR) and model diagnostics was performed using ropls R package

version 1.30.0.

Correlation network analysis
The correlation network, which interrogates correlations among LASSO-PLSR model-selected correlates and other antibody fea-

tures, may provide further mechanistic understanding in antibody-related immunity. To do this, the network was constructed based

on the Spearman correlation coefficients (rho) between any paired individual features. Only the correlationswith Benjamini-Hochberg

-adjusted p < 0.01 and absolute rho > 0.7 sill be remained in the correlation network.
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Supplemental figures

Figure S1. Observational data after mpox virus challenge in the NHP model, related to Figure 1

(A) Body weight was observed per animal during the course of infection. Percent body weight change is reported as the average ± SEM for each group (n = 5–6/

group).

(B) The duration of lesion incidence is reported for each individual animal, with the bar representing the average ± SEM for each group (n = 5–6/group). Control

(PBS) immunized animals that succumbed to infection were reported as non-resolving the lesions for the course of the challenge.

(C) The maximum lesion number per animal noted during the course of disease is reported. Severe disease is denoted as greater than 100 lesions per animal,

while grave disease is considered to be greater than 250 lesions per animal.

(D) Maximum virus burden during the challenge course was measured by quantitative PCR for whole blood or plaque assay for throat swabs. The gray shaded

area represents the lower limit of detection for the plaque assay.

ll
OPEN ACCESSShort article



Figure S2. Immunological measurements as IgG binding titers per individual antigen, to whole, lysed MVA virions, or neutralization, related

to Figure 2

(A and B) Antibody binding titers were determined via amultiplex Luminex assay for all (A)MPXV and (B) VACV-derived recombinant proteins at all serological time

points pre-infection. Geometric mean titers ± geometric SD are shown for each group (n = 6/group). Limit of detection (LOD) for the assay is denoted as a dashed

line.

(C–F) Antibody binding titers were determined using an ELISAwithwhole, lysedMVA as coating reagent for serumcollected at day 40 post-prime. (C) Raw binding

curves or (D) area under curve values are shown for each group (n = 6/group). Antibody titers were determined via plaque reduction neutralization test for MPXV

strains (E) clade I Zaire 1979 and (F) clade 2 USA 2003 at all serological time points pre-infection. (E and F) Limit of detection (LOD) for the assay is denoted as a

shaded box.

(G) A GFP-reporter vaccinia virus strain Western Reserve was used to determine neutralization titers through reduction of GFP-positive cells. Geometric mean

titers ± geometric SD are shown for each group (n = 6/group). One-way ANOVA with Tukey’s correction for multiple comparisons (*p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001).
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Figure S3. Fc-functional antibody effector responses at pre-challenge time points, related to Figure 3

(A) Antibody-dependent NK cell activation was performed using sera from animals taken two weeks post boost and assayed for secretion of CD107a, IFNg, and

MCP1b cytokines. Percent cytokine-secreting cells is reported for each antigen and each cytokine.

(B–D) Antibody-dependent complement deposition, (C) antibody-dependent cell-mediated phagocytosis, or (D) neutrophil phagocytosis were assayed using

sera for time points collected pre-challenge.

(E) Loadings of the measurements included in principal-component analysis (Figure 3F) were visualized.
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Figure S4. Significance diagnostics of PLSR models, related to Figure 4

For PLSR models shown in Figure 4A, the predicted outcome values were compared with the actual outcome values. R2 were calculated 100 times by sampling

10 random samples out of 17 using the selected features (model violin). This is then compared with R2 of randomly selected feature models, where the same size

of feature set was used but selected randomly.
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