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The recent emergence and global spread of the human Monkeypox virus (MPXV), including its
transmission to non-endemic regions, have raised significant global health concerns. In this proof-
of-concept study, we developed a recombinant protein-based MPXV vaccine candidate, employing
an innovative and versatile multivalent, self-assembled nanocage protein scaffold. Two immunogenic
antigens derived from the contemporary circulating MPXV strain have been incorporated into a self-
assembled non-structural protein-10 (NSP-10) scaffold, expressed, and purified using an Escherichia
coli expression system without a purification tag. The vaccine candidate elicited strong antibody
responses in mice and conferred protection against the lethal Vaccinia virus in an intranasal and skin
pock in vivo study. Additionally, an intranasal challenge with the MPXV strain clade Ilb in immunized
mice demonstrated promising outcomes, including a significant reduction in viral titres and eliciting a
robust neutralizing antibody response. This study demonstrates a feasible, scalable, and cost-
effective approach for the development of the MPXV vaccine.

In the recent past, the world has been witnessing the outbreak of emerging
and reemerging viruses of zoonotic and pandemic potential'. One such case
was the outbreak of Monkeypox virus (MPXV) in early May 2022, which
extended beyond the endemic tropical rainforest African Region™ and
transmitted to 22 countries across the European Region, the Region of
the Americas, the Western Pacific Region, and the South-East Asia Region”.
The emergence of MPXYV is concerning, despite its slow transmission, due to
the widespread occurrence of new cases in non-endemic countries outside
of Africa, along with a continued presence in Africa®. MPXV is classified
within the Orthopoxvirus genus, which is part of the extensive family of
DNA viruses encompassing poxviruses that affect both humans and
animals™’. MPXV exhibits numerous structural and functional resem-
blances to smallpox, which is caused by the variola virus, although the
disease caused by MPXV tends to be milder and more self-limiting’. Due to

the high antigenic similarity between these two viruses, the approved vac-
cines for smallpox vaccine JYNNEOS™ (Imvanex in the UK and Europe
and Imvamune in Canada), ACAM20000, and LC16m8 (licensed in Japan)
are expected to cross-protect against MPXV'®'". Since the 1980s, the
unvaccinated population against smallpox, coupled with the global emer-
gence and spread of MPXV, has spurred the research community to focus
on developing and evaluating other novel vaccine platforms for the MPXV
vaccine development'*™“. However, another significant factor that needs to
be considered is the availability, equity, and accessibility of the MPXV
vaccine to the populations of low- and middle-income countries (LMICs),
where large segments of the population have remained under-immunized.

The MPXV is an enveloped virus with a complex life cycle and
produces two forms with surface proteins that are required for
infectivity'”. The virus is categorized into two distinct clades: clade 1,
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previously referred to as the Congo Basin (Central Africa) clade, and
clade II, previously known as the West African clade. Clade II is divided
further into two subclades, ITa and IIb'°. The MPXV virus sequence
isolated in the 2022 outbreak was closely related to the clade II MPXV
sequence. There are two infectious forms of the virus: intracellular
mature virion (IMV), and extracellular enveloped virion (EEV), which
has an additional membrane surrounding the IMV particle with another
set of unique membrane proteins'”'®. The envelope and membrane
surface proteins of pox virus family have shown good immunogenicity
and induce protective immune responses in non-human primates”. The
MPXYV surface antigens A35R and B6R from the EEV, and M1R, A291L,
E8L, and H3L from the IMV are considered important for eliciting
protective immune responses”. Their orthologs in the Vaccinia virus
(VACV) are A27L, A33R, B5R, LIR, D8L, and H3L, respectively”,
several of which (such as LIR, A33R, and B5R) have been shown to
confer protection in the previous animal studies”**. A29L (ortholog:
A27L) and H3L facilitate viral attachment to host cells via heparan
sulfate and are important for eliciting neutralizing antibody responses.
E8L (ortholog: D8L) binds chondroitin sulfate and is a major target of
the humoral immune response. M1R (ortholog: L1R) is essential for viral
entry and is known for its strong immunogenicity and protective
capacity. The EEV-associated antigens A35R (ortholog: A33R) and B6R
(ortholog: B5R) play crucial roles in virion release and intercellular
spread; both have been associated with robust protection in previous
orthopoxvirus studies. H3L is a surface membrane protein of the IMV
that facilitates viral attachment to host cells and is a key target for
neutralizing antibodies®. Together, these antigens have been widely
explored for multivalent vaccine formulations due to their ability to
induce potent and protective immune responses'”*>*°. These antigens
were selected based on their surface accessibility, immunogenicity, and
conservation across orthopoxviruses. The VACV, a well-characterized
member of the pox virus family, has historically been used as a live-virus
vaccine for smallpox eradication and currently serves as a widely used
platform for the development of recombinant vaccines against various
infectious diseases, including emerging orthopoxviruses such as
monkeypox'>7™,

In this study, we have designed three antigens (Mpx-V1, Mpx-V2, and
Mpx-V3) using different combinations of MPXV surface antigens in a novel
Multivalent Self-assembled Nanocage (MSN) scaffold protein as a nano-
carrier. The technology is based on exploiting the inherent biological
property of a viral non-structural protein (NSP-10) of the Coronavirus
family, which normally self-assembles into a spherical multimeric structure
and could display the foreign epitopes or domains stapled to the N and C
terminal ends and an inner hollow hydrophobic chamber, which stabilizes
the nanocage structure’™”. This is a 17kDa protein that can display
monomeric antigens, each set in the N- or C-terminals and self-assembled
into a spherical dodecahedral nanoparticle. A dodecahedral structure will
display up to 12 epitopes in the N terminus and 12 epitopes in the C
terminus; however, depending on the antigen type and its length when fused
to NSP-10, the final recombinant protein antigen product can form oligo-
mers ranging from trimers to dodecamers. This protein scaffold does not
share sequence homology with any other known proteins and is highly
conserved within the Coronavirus genus, hence, it has versatile applications
as a nanoparticle-based vaccine development. The recombinant Mpx
immunogen protein is expressed in a prokaryotic expression system, thus
allowing the development of highly scalable, cost-effective subunit protein-
based immunogens. The key features of using this plug-and-play NSP-10
scaffold or vehicle are i. multivalence. ii. ease in development with high
scalability and iii. high adaptability, allowing it to be tailored to different
pathogens. Out of three designed immunogens (Mpx-V1, V2, and V3),
Mpx-V3 has been studied further based on the expression, ease of pur-
ification, and yield. The immunogen Mpx-V3 has been designed by
tethering the surface antigens of MPXV, both the N and C terminal of NSP-
10, and comprehensively characterized for its biochemical and biophysical
properties. The nanocage adorned with ESL and H3L antigens elicited

robust antigen-specific antibody responses and provided protection against
both intranasal and skin pock in vivo preclinical challenge models against
the VACV, as well as intranasal challenge against the Mpox virus strain
(clade IIb).

In summary, our findings underscore the development of a cost-
effective, scalable Mpox protein-based vaccine candidate based on an
innovative protein design approach. This recombinant protein platform
enables rapid, cost-effective production and is well-suited for industrial-
scale manufacturing to support the generation of millions of vaccine doses.

Results

Designing multivalent immunogens through plug-and-play
combinations of Mpx antigens in NSP-10 vehicle, expression, and
purification

In the present study, the antigenic epitopes of Mpx surface antigens were
fused to the NSP-10 nanocage forming the backbone (Supplementary
Fig. 1a) using a G-S linker both at the N- and C-terminals as presented
schematically in Fig. la. The E. coli codon-optimized genes for each
construct were synthesized commercially (ThermoFisher Scientific,
USA) and cloned into a pET28b (+) vector using standard molecular
biology techniques. The antigen Mpx-V1 consists of four Mpx antigens
(B6R, A29L stapled at the N terminal, and M1R, A35R at the C terminal
of NSP-10), with a theoretical molecular weight of ~96 kDa, and was
expressed in the soluble fraction upon IPTG induction. However, due to
feeble expression, it was excluded from further downstream processing
(Fig. 1a, Supplementary Fig. 2a, b). Similarly, Mpx-V2, containing B6R
and A35R antigens with a theoretical molecular weight of ~61 kDa, was
expressed in the insoluble fraction but contained multiple contaminat-
ing proteins, and we were unable to recover the pure protein from the
inclusion bodies (Fig. 1a, Supplementary Fig. 2¢, d). Mpx-V3 contains
the E8L and H3L antigens with a theoretical molecular weight of
~79 kDa, it was abundantly expressed upon IPTG induction and pri-
marily accumulated intracellularly as inclusion bodies (Fig. la, b).
Conventionally considered as junk protein, inclusion bodies offer the
advantage of yielding >90% pure protein without the need for multiple
chromatographic steps, thereby increasing the recovery of the expressed
proteins, w.r.t. similar proteins that tend to aggregate during the
expression. Here, the extracted inclusion bodies were washed stringently
with ionic and non-ionic detergents containing buffer solutions to
recover >90% pure Mpx-V3 antigen. The obtained Mpx-V3 was then
solubilized using a mild solubilization technique. The urea concentra-
tion during solubilization was kept to a minimum (~2 M) to reduce
excessive denaturation and lower the cost when scaling up the produc-
tion of vaccine drug substance™ . The Mpx-V3 protein was finally
folded via the pulsatile dilution method extensively used by the
industry™” in a refolding buffer containing 20 mM Tris and 5% sucrose
as a stabilizer for 12-16 h. The protein yield averaged ~100 mg/L at pH
8.5, as observed in the laboratory shake flask culture. This could easily be
scaled up to >1 g/L in a bioreactor'”*'. The expressed and refolded Mpx-
V3 protein was subjected to anion exchange chromatography in flow-
through mode and eluted at ~9 mL volume in the Superdex 200 column,
indicating the formation of oligomers of higher-order structure (Sup-
plementary Fig. 3a). We performed a calibration run on the Superdex
200 column using reference proteins of known molecular weights to
assess column performance and verify separation accuracy. To further
refine the elution profile of the synthesized Mpx-V3 immunogen, we
used a TSKgel G4000PW 500 A column, which has a more defined pore
size of 50 nm. The elution profile of Mpx-V3 indicates a major peak at
8.4 retention time covering 83.1% peak area along with five minor peaks
at 5.1, 10.2, 10.7, 10.8, and 13.2 covering a peak area of 0.3, 4.1, 7.9, 1.8,
and 4.6, respectively (Fig. 1d). The early eluting peak at 5.1 min
(retention time) appears to correspond to higher multimeric forms
(~dodecamer) while four eluting peaks after the main peak represent
lower molecular weight oligomeric forms (trimers, tetramers etc.).
Furthermore, we also verified the void volume of the column by running
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Fig. 1 | Expression and purification of the recombinant Mpx-V3 immunogen
derived from the bacterial cells (E. coli). a Schematic representation of the
screening of MPXV candidates to process for downstream applications. Mpx-V1
failed to express properly. Mpx-V2 expressed as inclusion bodies, but these were
heavily associated with contaminating bacterial proteins, hence the challenge
associated with purification. Mpx-V3 expressed as inclusion bodies and bacterial
contaminating proteins were very low, which were washed off, enabling recovery of
highly pure inclusion bodies. Mpx-V3 was processed further for active protein
purification. b The effect of IPTG induction on the expression profile of Mpx-V3
immunogen. Lane 1: Marker, Lane 2: Uninduced, Lane 3: Induced. ¢ The Anion

exchange chromatogram of the purified Mpx-V3 immunogen. The shown chro-
matogram was obtained using the Anion exchange chromatography performed at
flow-through (FT) mode. d The elution profile of Mpx-V3 immunogen on a Tskgel
G4000PW 500 A column shows a single major peak (83.1% Area) at 8.4 retention
time corresponding to oligomer formation whereas, five minor peaks at 5.1, 10.3,
10.7, 11.8, and 13.2 covering a percentage area of 0.5, 2.3, 7.9, 1.7, and 4.6, respec-
tively. e The Mpx-V3 immunogen showed a single intense band, which resolved at
an apparent molecular weight of ~79 kDa. The western blots confirm the specificity
of the Mpx-V3 immunogen against the anti-NSP-10, anti-E8L, and anti-H3L
commercial antibodies.

blue dextran using the same mobile phase. The void volume of the
column was calculated to be ~7.7 mL, indicating that the peaks appeared
due to molecular sieving of the oligomeric forms present in the Mpx-V3
recombinant protein (Supplementary Fig. 3c). The elution profile of
Mpx-V3 on a Tskgel G4000PW 500 A column predominantly repre-
sents a high-order oligomeric structure with the presence of some low-
order oligomers (Fig. 1d).

The Mpx-V3 immunogen was resolved at an apparent molecular
weight of ~79 kDa on SDS-PAGE and further transferred onto a PVDF
membrane for Western blotting. The blot was reactive against anti-NSP-10
(in-house developed polyclonal mouse antibody), anti-E8L, and anti-H3L
commercial antibodies as observed by a prominent band on development
with ECL reagent (Fig. le). This conformed to the specificity, corroborating
with the theoretically calculated molecular weight of the polypeptide chain
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of the Mpx-V3 antigen. Both E8L and H3L are immunogenic regions on the
membranes of IMVs and are potential targets for vaccine design®. However,
the combined use of only E8L and H3L as a potential vaccine target has not
been extensively investigated to date. We further processed the Mpx-V3
antigen and observed no batch-to-batch variation either in terms of
expression or yield in the shake flask culture.

To evaluate the scalability of Mpx-V3 production, a batch fermentation
was conducted in a 5-L fermenter at the Vaccine Design and Development
Centre (VDDC), THSTI. Following induction with 1 mM IPTG, the
transformed E. coli expressed Mpx-V3 predominantly as inclusion bodies,
as shown previously, with maximal expression observed within 9 h in shaker
flask culture (Supplementary Fig. 1b). After biomass harvesting, a total of
349 g was obtained. From this, 80 g of cell pellet was suspended in 50 mM
Tris-HCI buffer (pH 8.0) containing 10 mM EDTA, 2 mM DTT, 300 mM
NaCl, and 1 mM PMSEF. Cell lysis was carried out using a Panda Plus high-
pressure homogenizer at 1000 bar for six cycles. The lysate was then cen-
trifuged at 10,000 rpm for 30 min at 4 °C to separate inclusion bodies from
cellular debris. The resulting inclusion bodies were washed with 50 mM
Tris-HCl buffer supplemented with 10 mM EDTA, 2% Triton-X-100, and
1 mM PMSF to remove contaminants, followed by additional washing with
Milli-Q water to eliminate residual salts and detergents. A final cen-
trifugation at 10,000 rpm for 30 min at 4 °C yielded 30 g of purified inclu-
sion bodies containing the target protein. The presence of Mpx-V3 inclusion
bodies was confirmed by SDS-PAGE analysis (Supplementary Fig. 1c, d).
These inclusion bodies were solubilized in 60 mL of solubilization IB buffer
(20 mM Tris-HCI) containing 2 M urea, resulting in a protein concentration
of 8.5mg/mL, as determined by absorbance. The solubilized protein was
refolded by dilution into 600 mL of refolding buffer (20 mM Tris-HCI, pH
8.5) containing 5% sucrose, and the mixture was gently stirred at 4 °C for
4-6 h using a magnetic stirrer (Supplementary Fig. le). In the 9 h of fed-
batch fermentation, 8.5 g/L of Mpx-V3 was produced at a cell OD of 74. The
refolded protein was further analyzed using SDS-PAGE to assess purity and
integrity (Supplementary Fig. 1f).

Biophysical characterization of Mpx-V3 nanocage protein anti-
gen and stability assessment
The cellular uptake of proteins is strongly influenced by their size, shape, and
surface charge, with zeta potential playing a key role in modulating inter-
actions with cell membranes and binding efficiency. Higher zeta potential
values contribute to strong membrane binding and enhanced cellular
uptake®. In this study, we have observed the effect of storage temperature on
the zeta potential of the Mpx-V3 immunogen. While optimizing the process
parameters, we observed when the Mpx-V3 protein was stored at —20 °C,
the surface Zeta potential was obtained of —11 mV, in contrast when the
Mpx-V3 was stored at 4 °C and then evaluated for the Zeta potential, it was
obtained to be —27 mV (Fig. 2a). Protein storage temperature can sig-
nificantly influence zeta potential values by altering protein conformation,
surface charge distribution, and aggregation state***. Since the storage
buffer (Tris-HCI) has low ionic strength and relatively weak buffering
capacity at such a low temperature, therefore, the change in pH value is
relatively high. Additionally, low-concentration Tris-HCl solutions are
more susceptible to environmental factors like temperature during storage,
resulting in a change in pH value. This decrease in pH value may favor the
agglomeration of the Mpx-V3 immunogen (stored at —20 °C), leading to a
reduced zeta potential due to the hindered steric stabilization effect***.
The intrinsic fluorescence of a protein is representative of fluorescence
from all the aromatic amino acids (mostly tryptophan and partially tyrosine
residues) and is highly sensitive to the hydrogen bonding, polarity of
the protein’s microenvironment, as well as other non-covalent interactions.
The designed Mpx-V3 antigen comprised of 8 Trp, 35 Tyr, and 32 Phe
residues. In aqueous solution, the Mpx-V3 protein exhibited an emission-
maximum (Amax) of ~335nm (Fig. 2b), which is believed to be mainly
contributed from the tryptophan residues and slightly from the tyrosine
residues (Amax = ~303 nm in water and insensitive to solvent polarity). A
Amax of 335 nm usually indicates that tryptophan residues are well inside

the core structure, indicating the proper folding of the Mpx-V3 protein®.
Further, Mpx-V3 was assessed by Far-UV spectroscopy for the prediction of
secondary structure. We used Jasco Spectra Manager software to deduce the
secondary structure of the purified protein. The spectra were analyzed using
Spectra Manager software and compared to Yang’s reference spectra.
Assessment by Spectra Manager software showed a presence of 17.0% helix,
32.8% beta, 16.9% turn, and 33.2% random coil structure (Fig. 2c).

Furthermore, visual inspection of the morphology of Mpx-V3 was
assessed by negative staining transmission electron microscopy (Ns-TEM),
and it was observed to consist of particles ranging in size from ~5 to 30 nm
(Fig. 2d, e). The percentage distribution of the varied-size particles was also
plotted based on the Ns-TEM analysis which shows the cumulative per-
centage of particles ranging from size (nm) >5-10, >10-15, >15-20, and
220-30 are 7.32, 63.53, 29.15, and 2.66, respectively. The majority of the
particles come in the range of 210-15nm (Fig. 2e). Further, the picked
particles from these images were subjected to 2D classification, which
produced multiple classes with particles that matched the shape and size of a
predicted Mpx-V3 dodecamer model (Fig. 2f). Smaller oligomers that may
resemble trimers or tetramers were also observed. The larger dodecameric
particles formed ~29.15% of the total particles, with smaller oligomers
making up the remaining particle set. The predicted model has been gen-
erated using the Molmap, and a model of Mpx-V3 dodecameric structure
has been shown in Supplementary Fig. 2f. The hydrodynamic size of the
expressed and purified Mpx-V3 protein was measured by dynamic light
scattering (DLS). As shown in the graph (Supplementary Fig. 3d), the size of
particles measured in DLS ranges from 10 nm to ~60 nm, with the average
size reported as 29 + 0.95 nm and PDI of 0.4, whereas the measurement in a
volume percentage vs size (d.nm) interpretation showed size of ~17.89 nm
(Supplementary Fig. 3dii) with major coverage of 99.9% peak area. In the
academic R&D set up, the DLS and Ns-TEM analyses revealed a degree of
polydispersity in the nanocage particles, indicating variability in particle size
and assembly. Such heterogeneity may impact consistency and regulatory
hurdles. However, in an industrial setting, this can be effectively addressed
through optimized process control strategies—such as refined expression
conditions, controlled refolding protocols, and advanced purification
techniques (SEC with process-scale columns, microfluidics-based sorting
and formulation, HPLC etc) to ensure uniform particle size distribution and
these approaches, often used in combination and integrated with in-line
process analytical tools, allow for maintaining narrow quality parameters in
GMP settings and reducing batch-to-batch variation to meet the regulatory
standards for quality and reproducibility. We further determined the sta-
bility of the synthesized protein antigen by storing Mpx-V3 antigen at
different temperatures, and it was observed that Mpx-V3 was stable at 25 °C
for up to 1 week without any excipient (Supplementary Fig. 2e).

The prophylactic Mpx-V3 immunization in BALB/c mice induced
high levels of immune responses

To assess the immunogenicity of Mpx-V3 antigen, we immunized BALB/c
mice at a dose of 25 pg either with AddaVax™ (<6% Squalene-based
adjuvant, given in 1:1 v/v) or Alhydrogel (2% Aluminum hydroxide-based
adjuvant, given in 1:1 v/v) in one prime (0-day) and one boost (28-day)
regimen via the intramuscular route. Naive mice were immunized with the
adjuvant alone as a control. All Mpx-V3+AddaVax™ vaccinated mice
induced Mpx-V3 specific IgG response, 14 days post-prime immunization
with endpoint titers of >1:12150 and post-boost immunization the endpoint
titers increased to around 4-logs as compared to pre-bleed <1:50, indicating
an anamnestic response to Mpx-V3 immunization (Fig. 3a). Similarly,
Mpx-V3+Alhydrogel immunized mice sera showed a ~4-fold increase in
the dilutions and elicited higher antibody responses after the booster dose.
The antibody responses to the backbone NSP-10 were insignificant when
comparing the prime immunized sera to the boost immunized sera (Sup-
plementary Fig. 4a). The boost serum collected was also subjected to IgG
isotyping to determine the representation of Th1 and Th2-type responses.
Both the AddaVax™-adjuvanted Mpx-V3 and Alhydrogel-adjuvanted
Mpx-V3 vaccines elicited an immune response with a Th2 bias, as
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Fig. 2 | A comprehensive biophysical characterization of the purified Mpx-V3
immunogen. a The effect of storage temperature on the stability as measured by the
Zeta potential of Mpx-V3 immunogen. (i) The Apparent Zeta Potential of Mpx-V3
immunogen stored at pH 7.0 and a temperature of —20 °C depicts the Zeta value of
—11 mV corresponding to the low stability of the prepared formulation. (ii) The
Apparent Zeta Potential of Mpx-V3 immunogen stored at a temperature of 4 °C
depicts the Zeta value of —27 mV corresponding to the good stability of the syn-
thesized Mpx-V3 immunogen. b Intrinsic tryptophan fluorescence measurement of
Mpx-V3 immunogen. The emission maxima of fluorescence for Mpx-V3 were
recorded at a wavelength of 335 nm. ¢ Far-UV circular dichroism spectroscopy of
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Mpx-V3 immunogen. d Negative staining-TEM (Ns-TEM) micrographs of MPXV
antigen sample at 57KX magnification. Few representative of Mpx-V3 dodecamer-
sized particles have been shown using red circles. Scale bar is 20 nm in length. e 2D
class averages of particles picked from Ns-TEM images. The scale bar is 20 nm in
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f Computationally generated density maps (at 20 A resolution) of predicted Mpx-V3
protein structures have been shown. Scale bar is 10 nm in length.

demonstrated by an IgG1 to IgG2a ratio exceeding 2, which was more
prominent in the Alhydrogel-adjuvanted immunized mice (Fig. 3b, c). We
further assessed the neutralization titer of the immunized sera against the
VACV Western Reserve (WR) strain as shown in Fig. 3d. Both the adju-
vanted immunized mice sera showed elicitation of neutralization titer as
measured against the VACV.

As T cell immune response also plays an important role in the clearance
of viruses, we analyzed the T cell immune responses of Mpx-V3-immunized
mice (as described in “Materials and Methods”) by in vitro stimulating the

splenocytes with recombinant H3L and E8L soluble commercial proteins.
The frequency of intracellular IL-2 and IFN-y cells was measured using flow
cytometry analysis as shown in Fig. S6. In both the adjuvanted Mpx-V3
immunized mice group, IFN-y and IL-2 positive cells were present in sig-
nificantly higher frequency (Fig. 3e), although the E8L-specific induction is
comparatively higher than H3L soluble proteins. The frequency of the
cytokine-producing CD4" and CD8" T cells among both the protein sti-
mulations was also measured and presented in Fig. 3e. The observations
inferred from the splenic T cell responses strongly support the induction of
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Th1 biased cellular immunity for both the antigens (E8L and H3L). This
elevated response regulates a Thl-driven cascade of pro-inflammatory
mediators, which might result in the recruitment of immune cells for rapid
elimination of the viral infection.

We quantified the serum concentration (pg/mL) of IFN-y and IL-2
cytokines by the ELISA method. The administration of Mpx-V3 adjuvanted

with AddaVax™ renders an increased level of IFN-y and IL-2 cytokines
with concentrations of 694.3 pg/mL and 240 pg/mL, respectively (Supple-
mentary Fig. 4b). In contrast, the observed value for IFN-y and IL-2 cyto-
kines was 430.4 pg/mL and 84.2 pg/mL in the group immunized with Mpx-
V3 and Alhydrogel, respectively (Supplementary Fig. 4b). Our studies
suggest that although the adjuvanted antigens primarily induced
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Fig. 3 | Mpx-V3 immunogen induces augmented humoral and cell-mediated
immune response in BALB/c mice. Six to eight weeks old BALB/c mice (n = 6) were
immunized with 25 pg of Mpx-V3 either with AddaVax™ or Alhydrogel adjuvant
and with respective adjuvants alone. The blood sample was drawn from mice before
and after prime and boost immunization, serum was separated, heat-inactivated,
and stored at —20 °C. Individual mice values were plotted. a The test serum samples
(i.e, pre-bleed, prime, and boost) obtained from the immunized animals were used to
determine the IgG level using ELISA by endpoint titer of anti-Mpx-V3 antibodies
using the Mpx-V3 antigen-coated plates. Individual mice (n = 6) values were plotted,
and error bars represent SEM. Statistical analysis between the two groups was
performed by unpaired, two-tailed Student’s ¢-test. b The level of IgG subtypes
(IgG1, IgG2a, IgG2b, IgG2c and IgG3) in the boost serum from Mpx-V3 with
AddaVax™ and Mpx-V3 with Alhydrogel group was estimated in boost serum
samples. The individual mice (n = 6) endpoint titer was plotted. ¢ The ratio of

endpoint titer of IgG1 to IgG2a was calculated for Mpx-V3+AddaVax™ and Mpx-
V3+Alhydrogel groups after averaging the individual values, and mean values are
plotted on a graph. d Neutralizing antibody titers of day 35 anti-Mpx-V3 sera against
VACYV were determined by the PRNT5, method. PRN TS5, value from individual
mice is plotted; the error bar represents the SEM. GraphPad Prism 9 was used for
calculating statistical analysis. One-way ANOVA was used for comparing multiple
groups, and Dunnett’s multiple comparison tests were applied to calculate the

p values. e Splenic T cell response of naive, adjuvant control, and Mpx-V3 along with
adjuvanted immunized mice against the E8L and H3L stimulation. The data shown
here is from three mice and was analyzed using the FlowJo software, and graphs were
plotted using the GraphPad Prism 9. One-way ANOVA was used for comparing
multiple groups, and Dunnett’s multiple comparison tests were applied to calculate
the p values.

Th2-biased responses, they also have the ability to shift an established Th2
response toward a more balanced immune profile by promoting
Th1-mediated cell-mediated immunity. This is advantageous for a vaccine
capable of eliciting both humoral and T cell-mediated immune responses.
We further determined whether Mpx-V3 immunized serum could detect
the VACV infection. We infected the Vero cells with the VACV WR strain,
and after fixing and permeabilizing, the cells were incubated with Mpx-V3
boost serum and anti-VACV (WR) B5R rabbit polyclonal antiserum
(Supplementary Fig. 4c); in other set of experiment, the infected cells were
probed with commercial anti-ESL and anti-H3L antibodies, and all were
probed with anti-mouse Alexa-fluor-488 secondary antibody (Supple-
mentary Fig. 4d). The results suggested the immunized MpX-V3 mice sera
were strongly cross-reactive to VACV.

The immunization of Mpx-V3 antigen in BALB/c mice conferred

protection against the intranasal VACV challenge

Next, we evaluated the protective efficacy of the immunized BALB/c mice
by challenging them intranasally with the VACV WR strain. The Mpx-V3
vaccinated BALB/c mice initially had a similar trend of weight loss as that
of AddaVax™ and Alhydrogel immunized mice up to 7th dpi, but after
8th dpi, the Mpx-V3 vaccinated animals started to recover with overall
general status of healthy appearance (no fur erection or weight loss),
proper food intake, and fine mobility (Fig. 4b). Out of six animals in Mpx-
V3 vaccinated along with AddaVax™ and Alhydrogel adjuvant group,
those were monitored up to 14 days post-challenge, one mortality was
witnessed on 8th dpi (80% survival rate), as compared to the adjuvanted
control groups where all mice succumbed to death by 8th dpi (zero sur-
vival) (Fig. 4c). All the adjuvanted control group animals showed >25%
weight loss (were considered dead and hence euthanized) with gross
diseased appearance showing altered mobility, weight loss, piloerection,
reduced food intake, shivering, and huddling (Fig. 4d). We further
monitored the temperature changes post-challenge. It was witnessed that
adjuvant control animals experienced hypothermia post day 3 infection,
and Mpx-V3 antigen vaccinated animals either showed hyperthermia or
normal body temperature. However, the temperature fluctuations were
not more than +2 °C of 37 °C (Fig. 4e). Organs harvested at 5 days post-
infection (dpi) were analyzed for viral load using the plaque-forming unit
(PFU) assay, with samples from two mice tested in triplicates. Control
animals receiving AddaVax™ or Alhydrogel alone exhibited significantly
higher viral titers in both lungs (Fig. 4f) and trachea (Fig. 4g). In contrast,
the Mpx-V3 vaccinated groups showed marked viral suppression. Nota-
bly, the Alhydrogel + Mpx-V3 group exhibited complete viral clearance
in the lungs and trachea, with no detectable plaques. The AddaVax™ +
Mpx-V3 group also showed a substantial reduction in lung viral titers,
with only 4-5 plaques compared to 18-20 plaques in the adjuvant-only
controls (p <0.0001). The presence of a few plaques in the lungs of the
AddaVax™ + Mpx-V3 group, compared to the absence of plaques in the
other vaccinated groups, was reflected as a slightly elevated bar in the
graph. Further histopathological studies of major organs in the adjuvanted
control groups showed severe inflammation as seen by the presence of

perivascular cuffing, pneumonitis, and infiltration of monocytes and
macrophages (black arrow) (Supplementary Fig. 5a). Immunohis-
tochemistry revealed the presence of VACV in the adjuvanted-only
control group, indicated by reactivity to the anti-ESL monoclonal anti-
body, in contrast to the vaccinated group (Supplementary Fig. 5a). These
data demonstrated that Mpx-V3 expressing multiple epitopes of ES8L and
H3L is a potent immunogen and able to elicit significant immune
responses for virus clearance and protection. Bioinformatics analysis
between different clades of MPXV and VACV showed a high degree of
homology (>90%) and 99-100% homology of the E8L and H3L antigens
between the different MPXV clade strains (Supplementary Table 1), thus
indicating the Mpx-V3 immunogen cross-protectiveness to the VACV.

Evaluation of the protective efficacy of Mpx-V3 antigen against
the VACV via the tail scarification method

To study whether the Mpx-V3 immunogen could protect against the skin
pock lesions, we developed a tail scarification model using BALB/c
mouse”. Immunized BALB/c were challenged with 10 uL of 1 x 10" PFU/
mL of the VACV (WR) using the tail scarification technique (Fig. 5a)*.
The temperature variations among the adjuvant controls and Mpx-
V3 + adjuvants were not more than +3 °C of 37 °C (Fig. 5b). Following
tail scarification, a bloody wound on the scarification site and a clot
appeared in all groups as the disease progressed. After 6 days of post-tail
scarification, the clot started fading in the normal control group inocu-
lated with PBS only (Fig. 5¢). The skin lesions in the groups AddaVax™
control and Alhydrogel control tend to appear 7-10 days post-tail
scarification. The skin lesions eventually developed into scabs on day 12
that peeled off between 18 and 21 days post-scarification, leaving a scar at
the scarification site. The group treated with Mpx-V3 antigen adjuvanted
with Alhydrogel didn’t show any significant skin lesions and scabs after
the fading of blood clots and recovered completely after 12-14 days of the
VACYV infection through scarification (Fig. 5¢). In the group treated with
Mpx-V3 antigen along with AddaVax™, we observed skin lesions and
scabs from day 8 onwards lasting up to 17-19 days, the recovery in this
group is delayed as compared to the group treated with Mpx-V3 antigen
with Alhydrogel. To reduce variations, a “clinical take” assessment was
performed on day 12 post-scarification when all scabs reached their
maximal size (Fig. 5¢). The tail scarification in the control group with
PBS resulted in a bloody wound on the site of scarification that was
clotted, it did not develop further and disappeared after 5-6 days. Apart
from the local reaction described above, all vaccinated mice survived and
showed no signs of morbidity. Thermal profiling of the body temperature
was also measured following the post-tail scarification for 21 days. In the
case of VACV-infected animals, the development of skin lesions and
scabs was accompanied by a rise in body temperature, which was one of
the crucial symptoms. Similar observations have also been reported in
our study, the adjuvant control groups showed a high fever between 8
and 12 days. In contrast, the Mpx-V3 antigen-treated groups, along with
both the adjuvants, showed a low rise in body temperature similar to the
normal control group.
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Fig. 4 | The immunization of Mpx-V3 immunogen confers protection to intra-
nasal challenge of Vaccinia virus in BALB/c mice. a Schematic of an intranasal
challenge study with VACV Western Reserve strain (n = 8) for all the groups (n=6
for body weight, survival, and n = 2 for titer). b, ¢ The prime-boost immunized mice
were intranasally challenged with 50 uL of 1 x 10’ PFU/mL of vaccinia virus. After
the challenge, changes in b body weight and ¢ survival were recorded every day for
2 weeks. The data shown here is mean + SD from one challenge study, having n = 6 in
each group’s and for survival, individual animal record was plotted. d Graphical
representation of behavior scores of infected mice. Animals were scored based on the
clinical symptoms exhibited by them into 1-10. Scoring with 0 = no alteration in
behavior, 1 = no restriction of movement; blink frequently; no body stiffening; no
hind limb paralysis; 2 = dull; 3 = piloerection; 4 = shivering; 5 = hunched posture;
6 = restriction of movement; 7 = blink frequently; no body stiffening; no hind limb
paralysis; 8 = restriction of movement; body stiffening; no hind limb paralysis;

9 = restriction of movement; eyes closed; 10 = body stiffening; hind limb paralysis,
sometimes tremor. The data shown here is each group’s mean + standard deviation.
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e Heatmap of temperature changes observed after infection up to 14 days. All the
groups, including normal control, adjuvant control, and Mpx-V3-immunized
groups, were assessed for change in body temperature up to 14 days post-infection by
the VACV. The data shown here is each group’s mean + standard error of mean
(SEM). £, g Vaccinia virus titer was determined in the lung and trachea samples
harvested at 5 days post-infection, respectively (n = 2 mice). Upon harvesting, organ
samples were weighed, homogenized, sonicated, and centrifuged. Later, aliquots of
the supernatant from the samples were stored for titer calculation in Vero cells.
Confluent Vero cells were infected with different dilutions of organ supernatant for
2 h, and later the cells were washed and layered with 2% CMC in 2% FBS containing
DMEM for 48 h. Then, the media was removed, cells were fixed with 4% paraf-
ormaldehyde, and stained with 0.5% crystal violet. Plaques were counted from the
plates to calculate virus titer in PFU/g. The values plotted are from biological
replicates as mean + SEM, statistical analysis between the two groups was performed
by unpaired, two-tailed Student’s ¢-test.

Mpx-V3-vaccinated mice are protected from a clade Il MPXV
challenge

We further performed the challenge study of the Mpx-V3 immunized mice
with the MPXV clade IIb A.2.1 strain to evaluate the protective potential of
the Mpx-V3 immunogen. Upon receiving the MPXV clade ITb A.2.1 virus
from the National Institute of Virology (NIV, ICMR), the virus was cultured
in Vero cells, and the titers were determined. The challenge model was
established in BALB/c mice using different doses of viruses (data not

shown). Briefly, 6-8 weeks old BALB/c mice infected with 50 pL of
1 x 10° PFU/mL of virus intranasally showed up to 18-20% loss of body
weight and developed clinical signs of weight loss up to 20%, including
piloerection, dullness and shivering however, no mortality was observed in
these mice up to 21dpi. To check the protective efficacy of Mpx-V3
immunogen, we immunized 6-8-week-old mice with 25 pg of Mpx-V3
along with AddaVax™ or Alhydrogel, in a prime-boost strategy via intra-
muscular immunizations (Fig. 6a). We determined the serum neutralization
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Fig. 5 | Mpx-V3 immunogen protects BALB/c mice from skin pock lesions.

a Schematic of skin pock lesion challenge study with VACV Western Reserve strain.
b Thermal profiling of the immunized mice following the tail scarification technique.
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immunized groups, were assessed for change in body temperature up to 21 days
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Alhydrogel. After prime and boost immunization, 21 days after the boost, mice were
challenged with VACV (10 pL of 1 x 107 PFU/mL) vial tail scarification method as
mentioned in the methods section. The appearance of “clinical signs” was evaluated
on 6, 12, and 21 days post-tail scarification. The pictures shown in a red box
represent the maximum intensity of skin lesions and scabs in adjuvant control
groups, whereas the green box indicates the complete recovery in the Mpx-V3
immunized mice from the skin lesions and scabs.

titers in the boost sera collected from immunized mice. Both the adjuvanted
immunized sera showed a significant neutralization against MPXV strains
obtained from the Clade IIb strain (isolated from India by the National
Institute of Virology, ICMR) and NR-27 (BEI resources, NIAID, NIH)
(Fig. 6b). 21 days after the booster dose, mice were shifted to THSTI’s ABSL3
facility and challenged via an intranasal route with MPXV clade IIb A.2.1
(NIV, ICMR), and animals were monitored closely for 14 dpi. The blood
sample was collected 2 weeks post every immunization and 6th day post-
viral challenge, and the lung and trachea were harvested to determine the
viral load. The Mpx-V3 immunized mice did not show any significant signs
of disease or weight loss, however, the AddaVax™ and Alhydrogel
immunized mice exhibited dullness, piloerection and hunched posture and
loss in body weight up to 14 days post-challenge observation (Fig. 6¢).
Previous study related to BALB/c mice as a challenge model infected
intranasally (i.n.) with Zaire-79 also showed the same set of clinical signs like
loss of appetite, hunched posture, piloerection (Fig. 6¢) and transient weight
loss of approximately <20% without mortality™.

We determined the viral load in the lungs and the trachea tissue col-
lected on day 6 post-viral challenge. The tissue samples from Mpx-V3
immunized mice had developed fewer or negligible plaques as compared to
adjuvant controls (Fig. 6d). There was a significant reduction in lung and

trachea virus titers in Mpx-V3 immunized mice as compared to AddaVax™
and Alhydrogel control groups. When Mpx-V3 adjuvanted groups were
compared between Mpx-V3+AddaVax™ and Mpx-V3-+Alhydrogel
groups, it was found that alum-based adjuvant Alhydrogel was augmenting
a more significant viral reduction (p < 0.0024). In summary, Mpx-V3 was
found to be immunogenic and capable of protecting immunized mice from
MPXYV challenge. Furthermore, the lung samples collected on day 6 post-
infection were assessed for histopathological analysis, and we found infil-
tration of monocytes and macrophages along with perivascular cuffing
(pointed in black arrows) in the adjuvant control groups, whereas the
adjuvanted Mpx-V3 group showed comparatively better morphology
(Supplementary Fig. 5b).

Discussion

In this study, we introduce a novel approach utilizing an MSN-based sub-
unit protein scaffold platform for the development of a multivalent MPXV
recombinant subunit vaccine. This approach is characterized by its seamless
integration, allowing for easy customization and adaptation to different
vaccine targets. The vehicle is the SARS-CoV-2 non-structural protein-10
(NSP-10), which is a part of the Coronavirus replication machinery’". The
NSP-10, consisting of 148 residues and containing two zinc fingers-like
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motifs, which is in complex with NSP-14-NSP-16 forms the CoV
replication-transcription complex™. The usage of NSP-10 for vaccine
development was first described by Carter et al.”, NSP-10 consists of 12
monomers that assemble into a spherical particle, resembling a dodecamer
with twelve faces. The N- and C-termini are surface-exposed and located on
separate threefold axes, facilitating the attachment of foreign antigens™. We

have exploited this property of NSP-10 to act as a vehicle expressing the
MPXYV surface antigens. We employed the E. coli expression system for
antigen production, a widely used and well-established platform for the
manufacturing of biologics”. The antigens have been designed containing
promising immunogenic surface proteins such as B6R, A29L MIR, A35R,
E8L, and H3L™, however, based on expression and purification strategy,
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Fig. 6 | Mpx-V3 immunization protects BALB/c mice from intranasal challenge
of MPXYV. 35 female BALB/c mice of 6-8 weeks of age were randomly divided into
five groups, having # = 7 mice in each group. a Following the previous immunization
scheme and dose, mice were immunized in a prime and boost dose of 25 ug along
with AddaVax"™ and Alhydrogel as shown in the schematic. b Neutralizing antibody
titers (n = 6) of day 35 Mpx-V3 sera against VACV (WR), MPXV (N-27, from Bel
resources), and MPXV (Clade IIb, from NIV Pune) were determined by the PRNT5,
method. PRNT', value from individual mice is plotted, and the error bar represents
the SEM. ¢ The immunized mice (n = 7) were intranasally challenged with 50 uL

1 x 10° PFU/mL of MPXV. Post-infection changes in body weight and clinical scores
were recorded every day for 2 weeks. Animals were scored based on the clinical
symptoms exhibited by them into 1-10. Scoring with 0 = no alteration in behavior,
1 = no restriction of movement; blink frequently; no body stiffening; no hind limb
paralysis; 2 = dull; 3 = piloerection; 4 = shivering; 5 = hunched posture; 6 = restric-
tion of movement; 7 = blink frequently; no body stiffening; no hind limb paralysis;
8 = restriction of movement; body stiffening; no hind limb paralysis; 9 = restriction

of movement; eyes closed; 10 = body stiffening; hind limb paralysis, sometimes
tremor. The data shown here is each group’s mean + standard deviation. d The virus
titer of MPXV was determined in the lung and trachea samples (# = 6) harvested at
6 days post-infection, respectively. Upon harvesting, organ samples were weighed,
homogenized, sonicated, and centrifuged. Later, the aliquots of the supernatant from
the samples were stored for titer calculation in Vero cells. Confluent Vero cells were
infected with different dilutions of organ supernatant for 2 h, and later the cells were
washed and layered with 2% CMC in 2% FBS containing DMEM for 48 h. Then, the
media was removed, cells were fixed with 4% paraformaldehyde, and stained with
0.5% crystal violet. Plaques were counted from the plates to calculate virus titer in
PFU/g. The values are plotted as mean + SEM, and statistical analysis between the
two groups was performed by unpaired, two-tailed Student’s ¢-test. GraphPad Prism
9 was used for calculating statistical analysis. One-way ANOVA was used for
comparing multiple groups, and Dunnett’s multiple comparison tests were applied
to calculate the p values.

only Mpx-V3 antigen was further characterized which contains two
immunogenic epitopes ESL and H3L (Fig. 1). ES8L and H3L are the surface-
exposed antigens from the IMV form of MPXV that play key roles in viral
entry and immune recognition. Their high immunogenicity and con-
servation make them strong candidates for inclusion in vaccine develop-
ment capable of inducing robust neutralizing antibody responses™ . All the
antigens were tagless and produced using a low-cost and widely used E. coli
expression system, which is suitable for large-scale fermentation and can be
readily manufactured in LMICs. The Mpx-V3 immunogen which was taken
up for further evaluation was recovered in the inclusion bodies. Functional
proteins have been recovered from inclusion bodies since 1980s, the first
being insulin®. Several functional proteins like growth hormone, interferon
alpha 2b™*” extracellular domain PDL-1%, anti-PDL-1 single domain
antibodies”, lysozyme, ovine growth hormone, yellow fluorescent protein
and anti-cancer target MDM-2% have been recovered at a yield as high as
20 g/L**. In this study, mild solubilization was utilized to recover Mpx-V3.
Mild solubilization has been reported to improve yield and retain activity of
human growth hormone, ovalbumin and recently SARS-CoV-2
RBD™*7°7* Mpx-V3 was then refolded by pulsatile dilution method
owing to its ease and being wide acceptability in the industries®**>”".
However, inclusion body-derived expression systems often require careful
optimization of refolding conditions. In our study, a reproducible refolding
protocol was established that maintained structural integrity and anti-
genicity of the nanocage constructs. While this adds a step in the production
pipeline, our pilot-scale fermentation in a 5 L fermenter yielded ~8.5 g/L of
purified protein, demonstrating both feasibility and scalability of the pro-
cess. The ~79 kDa protein is multimerized in the NSP-10 nanocage to form
the oligomeric higher-order structure protein as evidenced by SEC pur-
ification and Ns-TEM analysis (Figs. 1 and 2). The Ns-TEM analysis
revealed a mixture of oligomers, with particles measuring ~5-30 nm in size.
Notably, the 2D classification indicated the presence of distinct oligomeric
structures, including tetramers, pentamers, and dodecamers. Among these,
dodecameric structures accounted for ~31.2% of the total particles observed
(Fig. 2d, e). This distribution suggests that NSP-10 retains its inherent
biological properties, folding naturally to form nanoparticle structures.
These findings underscore the structural integrity and self-assembling
capability of NSP-10, essential for its role as a scaffold in the antigen
designing and development. Several bioinformatics and molecular biology
studies have been conducted to develop a multiepitope-based vaccine
against MPXV to identify and assemble these epitopes into a single vaccine
construct’”®™*’, However, we observed polydispersity with mixture of dif-
ferent oligomeric structures, as shown in Ns-TEM and DLS. The size of
particles measured in DLS range from 10 nm to ~60 nm, a broad dis-
tribution with multiple sizes of particles detected. In the TEM data, we also
see a similar size range distribution, but with a larger proportion of particles
between 10 and 15 nm in size. It is possible, that the largest oligomeric sizes
(~29-30 nm) are heterogeneous in shape, this would cause them to not be
picked up by 2D class averaging in Ns-TEM, but DLS could show it as it is

based on average hydrodynamic radius alone. This indicated presence of
different multimeric forms with few predominant species with some other
proteoforms having different degree of multimerization. As per our
knowledge, it is not uncommon for nanoparticle vaccines to exhibit some
particle size heterogeneity and this does not necessarily compromise their
safety or efficacy. For example, characterization of VLPs in FDA approved
multivalent Human Papilloma Virus (HPV) vaccine GARDASIL® by cryo
transmission electron microscopy revealed presence of VLPs with average
size distribution of 54 + 3 nm®'. Furthermore, Jerajani et al. in their attempt
to develop quadrivalent Multi-Dose VLP based HPV Vaccine showed
formation of 35-75 nm monovalent AH-adsorbed HPV16 VLPs". How-
ever, the self-assembly process of this nanocage is influenced by factors such
as buffer composition, pH, ionic strength, and protein concentration. By
carefully optimizing these parameters, we could achieve relatively uniform
nanocage particle sizes. We anticipate that further refinement of process
controls, in collaboration with industry partner, will help maintain con-
sistency at scale to align with regulatory requirements, and will enable
consistent maintenance of particle size distribution within a narrow and
defined quality range.

Briefly, this nanocage methodology offer several advantages, including
multivalent antigen display, enhanced immunogenicity, and the potential
for dose sparing. They also enable geometric presentation that mimics the
native viral structure, potentially improving immune recognition. However,
challenges include the need for precise assembly, homogeneous preparation
and stability optimization. In our study, the higher molecular weight protein
Mpx-V1 (~96 kDa) was difficult to express and purify, suggesting that
antigens length may be playing an important role when tethered into the
NSP-10 nanocage system, while the final recombinant protein with a lower
molecular weight, is more suitable for efficient production. Additionally, the
final yield and purity were influenced by intrinsic antigen properties such as
surface charge and assembly behavior, which played a key role in mini-
mizing host protein contaminants, as seen with Mpx-V2. Despite these
challenges, this strategy represents a novel and promising approach for
vaccine development, with strong potential for further optimization to
improve process efficiency and industrial scalability.

Zeng et al. have developed two multi-antigen mRNA vaccine candi-
dates, consisting of four (M1, A29, B6, A35) or six (M1, H3L, A29, ESL, B6,
A35) antigens, where the mixed MPXV multi-antigen mRNA vaccine
candidates showed effective protection against VACV challenge®. Two
multivalent mRNA vaccine candidates consisting of quadrivalent vaccine
encoding the MPXV antigens A35, B6, M1, H3L and a trivalent vaccine
(without H3L) showed complete protection from vaccinia, clade I, and clade
IIb MPXV*. While previous studies, have used multi-antigen mRNA vac-
cines encoding up to six or multivalent MPXV antigens for protection, our
study shows that a bivalent formulation with just ES8L and H3L, displayed on
an NSP-10 nanocage and delivered with squalene- or alum-based adjuvants,
is sufficient to induce strong humoral and neutralizing antibody responses.
Upon determining the Th1:Th2 ratio in the in vivo study, it was observed
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that both the AddaVax™-and Alhydrogel-adjuvanted Mpx-V3 vaccine
exhibited a Th2-type skewness. The elevation of Th2 cells stimulates B cells
to produce antibodies, crucial for neutralizing viruses and preventing their
entry into host cells. The Th2-dominated immune response observed with
the AddaVax™- and Alhydrogel-adjuvanted Mpx-V3 vaccine suggests a
stronger focus on antibody production, which may be effective in generating
a strong initial antibody response Further analysis of antigen-specific T cell
responses, showed induction of CD4 and CD8-mediated T cell responses
and secretion of cytokines IFN-y and IL-2 which are critical for virus
clearance®.

Notably, studies have reported mixed Th1/Th2 responses in similar
contexts, highlighting the complexity of adjuvant effects on immune
modulation**. Our findings indicate that while the adjuvanted antigens
predominantly triggered Th2-biased responses, they also demonstrated the
capacity to modulate an established Th2 response toward a more balanced
immune profile by enhancing Th1-mediated cell-mediated immunity. Such
a response is highly advantageous for a vaccine, as it supports the induction
of both robust humoral and T cell-mediated immunity. Here, alum-
adjuvanted formulation induced a robust humoral response along with
evidence of Thl-type cellular responses and showed significant virus
clearance in lungs and trachea as compared to the AddaVax™-adjuvanted
formulations. Alum’s well-established safety profile, regulatory accept-
ability, and ability to support antibody-driven protection make it a suitable
adjuvant for early-stage development for this Mpx-V3 immunogen.

Further protective efficacy study by intranasal challenge with VACV
showed five out of six immunized mice were protected against the lethal
virus challenge in both the adjuvanted immunized group (Fig. 4), suggesting
the induction of neutralizing ES8L and H3L-specific antibodies are highly
protective in nature, which supports the notion of E8L and H3L are pro-
mising protective antigens and multivalent expression of these antigens
might be stimulating the generation of strong and high antibody titers.
While the cause of one death out of six animals could not be conclusively
determined, we acknowledge that variability in individual immune
responses and biological factors or the heterologous VACV used for the
challenge can contribute to such outcomes. It is important to note that the
remaining five mice in the group showed no signs of severe illness, and
the overall protection observed in the group indicates that the immune
response was effective. Moreover, in the skin lesion challenge experiment,
both the adjuvanted immunized mice showed complete recovery from
VACYV skin scab and lesion formations.

Furthermore, the challenge study using the MPXV clade IIb
A.2.1 strain (a non-lethal model) demonstrated lower body weight loss,
absence of clinical signs, and a significant reduction in viral titers compared
to the adjuvant-alone virus control (Fig. 6). Additionally, the immunized
sera exhibited high neutralizing antibody responses against MPXV strains.
Testing neutralizing antibody titers against two viruses from the same clade
(Clade IIb), but sourced from different repositories, indicated that the
immune response was not strain-specific within the clade. This finding
supports the broader applicability and cross-strain effectiveness of the
immunogen. Collectively, these findings highlight Mpx-V3 as a promising
vaccine candidate with robust protective efficacy. One of the limitations of
our study is the unavailability of the NHP model, for which the studies are
restricted to mouse preclinical models. However, we are committed to
collaborating globally to facilitate additional studies in the designated sites
together with our industry partner. Future studies are planned to structu-
rally define the Mpx-V3 antigen to understand how the antigens are dis-
played on the surface of NSP-10 and the distribution pattern of ESL and
H3L epitopes.

Another limitation of the current study is the absence of a group
immunized with the Mpx-V3 antigen alone, without adjuvant. This omis-
sion restricts our ability to fully delineate the extent of immune enhance-
ment specifically attributable to the adjuvants. Given the focus on evaluating
clinically relevant adjuvant formulations and the ethical constraints under
the 3Rs (Replacement, Reduction, and Refinement) framework, the study
design prioritized groups with the highest translational value. Future studies

will include an antigen-alone control to better define the intrinsic immu-
nogenicity of the antigen and more clearly assess adjuvant-dependent
modulation of immune responses. A direct comparison with existing Mpox
vaccines or licensed live-virus-based vaccines, such as ACAM2000 or
Modified Vaccinia Ankara, would have provided valuable insights; however,
this was not feasible in the current study due to the unavailability of licensed
vaccines in India and the limitations of our current resources. However, the
observed 5/6 survival rate against the highly lethal heterologous VACV
strain and significant virus clearance, protection against the MPXV chal-
lenge is noteworthy, especially given that this is a first-generation recom-
binant protein subunit vaccine utilizing a nanocage-based delivery system.
We acknowledge that further optimization—especially in adjuvant for-
mulation, antigen stability, and dosing schedule—could enhance the vac-
cine efficacy.

Nevertheless, the study highlights a novel and potent Mpx immunogen
consisting of two MPXV surface antigens E8L and H3L, both of which can
be utilized to develop a highly scalable and cost-effective multivalent vaccine
against MPXV. Developing a multivalent MPXV vaccine using an E. coli
expression system offers significant advantages in terms of efficiency, cost-
effectiveness, and scalability compared to other expression platforms. E. coli,
a well-established workhorse in biotechnology, provides a robust platform
for producing recombinant proteins at large scales. However, the E. coli
expression system may not be suitable for antigens that are heavily glyco-
sylated or rely on glycosylation for eliciting effective neutralizing antibody
responses. Bioinformatics analysis of the ESL protein revealed the presence
of only a single predicted N-glycosylation site at position N29 (data not
shown), suggesting that N-glycosylation may not be critical for eliciting
protective immune responses. This supports the suitability of the bacterial
expression system for producing this immunogen.

Taken together, this approach offers a highly scalable, thermostable
and cost-effective platform for MPXV vaccine development, simplifying
distribution logistics and enhancing accessibility and efficacy across diverse
geographic and environmental settings.

Materials and methods

Materials

The reagents and tools utilized in this study included a comprehensive range
of antibodies, viral and bacterial strains, chemical reagents, cell lines,
commercial kits, and software essential for analysis. Various subclasses of
anti-mouse immunoglobulin G (IgG) antibodies, including IgG1, IgG2a,
IgG2b, IgG2c, and IgG3, were procured from Jackson ImmunoResearch.
Specific monoclonal antibodies such as E8L and H3L were obtained from
Abexxa Ltd, while fluorescently labeled antibodies, including Alexa Fluor
488 Rat anti-mouse CD8a, PE Rat anti-mouse CD4, APC-CY7 Rat anti-
mouse IFN-y, and PE-CY7 Rat anti-mouse IL-2 were sourced from BD
Pharmigen™. Viral strains, including the VACV (NR-56, BEI Resources,
NIH) and two MPXYV strains (MCL-22-H-5317 from ICMR-NIV Pune and
NR-27 from BEI Resources, NIH), were used, along with the E. coli BL-21
strain for recombinant protein expression and the pET28b expression
vector from Thermo Fisher. Adjuvants such as Addavax™ (Invivogen) and
Alhydrogel (Superfos) were employed in immunization protocols. The
following reagent was obtained through BEI Resources, NIAID, NIH:
MPXV, WRAIR 7-61, NR-27. Each vial contains ~1 mL of cell lysate and
supernatant from African green monkey kidney cells (Vero; ATCC ©® CCL-
81) infected with Mpox virus, WRAIR 7-61. NR-56, BEI resources VACV,
WR was derived from the original New York City Board of Health
(NYCBH) strain by intracerebral passages in mice. VACV, WR (mouse
adapted) was deposited at ATCC ® as VR-119" in 1949 by Walter Reed
Army Institute of Research (WRAIR). Additional chemicals included TMB
(Sigma), PBS (Sisco Research Laboratories), sulfuric acid (Merck), and
formaldehyde (Merck). Vero and Vero E6 cell lines were obtained from
ATCC for virus propagation and in vitro assays. For protein purification and
cytokine analysis, the HiTrap Q FF and Superdex 200 Increase columns
(Cytiva), along with the BD Biosciences Th1/Th2 Cytokine Bead Array
(CBA) kit, were utilized. Experimental mice of the BALB/c strain were
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procured from the Small Animal Facility. Data analysis and visualization
were conducted using GraphPad Prism (v9.0), FlowJo (v9.0), Unicorn
(v7.1), and Spectra Manager (Jasco). These materials formed the foundation
for conducting immunological, virological, and biochemical experiments
throughout the study.

Cloning, expression, and cell lysis

The construct Mpx-V1 was designed by fusing B6R, A29L at the N terminus
and M1R, A35R at the C terminus of NSP-10, whereas construct Mpx-V2 was
designed by fusing B6R site at the N terminus and A35R site at C terminus of
NSP-10. For Mpx-V3, the synthetic gene coding for E8L and H3L was fused
to the NSP-10 nanocage backbone at the N terminus and C terminus,
respectively, using glycine-serine linker combinations. The Mpox antigens
(Mpx-V1, V2, and V3) in this study were derived from MPXV, complete
genome NCBI Reference Sequence: NC_063383.1. The designed constructs
were codon optimized and commercially cloned in a pET28b (+) vector,
Thermo Fisher Scientific, USA. The vector was transformed into competent
BL-21 E. coli cells. About 1-3 uL of 100 ng plasmid was mixed with 100 uL of
freshly thawed competent cells and incubated for 30 min on ice. The mixture
was subjected to heat shock at 42 °C for 15-30 s, and an appropriate dilution
was spread on LB agar from which a single colony was screened and pro-
cessed further. E. coli cells were cultured in Luria-Bertani (LB) media, and
induction was carried out for 4h (1 mM IPTG). The cell pellet was lysed in
lysis buffer (50 mM Tris-HCI, pH 8.5, 100 mM NaCl, 5mM EDTA) and
homogenized for 10 min at 8000 x g followed by sonication for 10 cycles at
50% amplitude (QSonica, Q700). The lysate was then centrifuged at
12,000 x g, 30 min, 4 °C (Sorvall RC 6+, USA). The pellet containing the
inclusion bodies was further processed for inclusion body isolation.

Mini-Scale (5 L batch) fermentation using Eppendorf DASGIP
Bioblock for microbial culture system

Mini-scale fermentation was performed in a 5 L Eppendorf fermenter at
VDDC lab, THSTI, using a chemically defined (CD) medium*"”. An
overnight pre-culture was prepared by inoculating 100 mL of CD medium
supplemented with kanamycin and incubated at 37 °C with agitation. This
culture was subsequently transferred to a 500 mL Erlenmeyer flask con-
taining fresh CD medium and grown until the optical density at 600 nm
(ODgqp) reached ~3.0. The culture was then used to inoculate 2.8 L of CD
medium in a 5 L fermenter, which had been previously sterilized at 121 °C
for 20 min and cooled to 37 °C prior to inoculation. During fermentation,
critical process parameters, including ODggo, pH, aeration, antifoam addi-
tion, carbon source concentration, and agitation speed, were continuously
monitored. The fermentation was initiated in batch mode, and dissolved
oxygen (DO) levels were maintained at desired setpoints using a cascade
control system that regulated the stirrer speed in response to DO con-
centration. Foam formation was suppressed by the addition of a 10%
antifoam solution (Sigma-Aldrich), and the cultivation temperature was
maintained at 37 °C. pH was regulated at 6.8 using a standard pH electrode
(Mettler Toledo), with 5 M NaOH added as necessary for pH control. Prior
to transitioning to fed-batch mode, DO-stat control was employed to
determine the appropriate timing and volume of feed additions. A calibrated
peristaltic pump was used to deliver feed media at controlled rates. The
feeding strategy included: feed Medium 1: 50% (w/v) glucose, 30% (w/v)
yeast extract, and 2.4 g MgSO, per 100 mL. Feed Medium 2: A buffer
solution comprising K,HPO,4, KH,PO4 Na,HPO412H,0, (NH,),SO4,
NH,Cl, and trace elements. Feed rates were adjusted based on the metabolic
activity of the culture. Hourly sampling was conducted throughout the
fermentation process, with ODggy measurements used to monitor cell
growth. When the culture reached the late logarithmic phase (ODggo = 45),
protein expression was induced by the addition of 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG). Following 4 h of induction, the culture was
harvested at an ODggo of 74. Cell harvesting was carried out by cen-
trifugation at 10,000 rpm for 20 min at 4 °C using a Thermo Scientific
centrifuge. A total of 349 g of E. coli cell biomass was recovered from the 5 L
fermentation.

Isolation and purification of Mpx-V3 from inclusion bodies

The inclusion bodies were washed with a combination of ionic (1% sodium
deoxycholate) and non-ionic (1% Triton-X-100) detergents to remove the
contaminants. The washed inclusion bodies were solubilized in mild con-
ditions utilizing a low concentration of urea (~2 M), followed by pulsatile
refolding in ice-cold refolding buffer 20 mM Tris pH 8.5 with 5% sucrose as
a stabilizer for 12-16 h. The refolded Mpx-V3 was then subjected to Anion
Exchange chromatography in flow-through mode. The column was equi-
librated with 5 column volume (CV) of refolding buffer (20 mM Tris, 5%
sucrose) and loaded with Mpx-V3. Elution was carried out with a gradient of
0-1M NaCl spanning 20 CV (flow rate of 0.500 mL/min). The eluted
protein was subjected to gel filtration chromatography (Superdex 200
Increase). The column was pre-equilibrated with refolding buffer, and
Mpx-V3 was injected. Elution was carried out for 1.5 CV (flow rate of
0.750 mL/min). We also run the calibration standard of Blue Dextran (Mr
2000,000), Thyroglobulin (Mr 669,000), Ferritin (Mr 440,000), Aldolase
(Mr 158,000), Conalbumin (Mr 75,000), Ovalbumin (Mr 44,000), Carbonic
Anhydrase (Mr 29,000), and Ribonuclease A (Mr 137000) at the con-
centration of 1.5 mg (Thyroglobulin, Aldolase, Conalbumin, Ovalbumin,
and Ribonuclease A) and 0.2 mg (Ferritin and Carbonic Anhydrase) at the
flow rate of 0.5 mL/min to evaluate the performance of Superdex 200 col-
umn. To further refine the elution profile of the synthesized Mpx-V3
immunogen, we used a Tskgel G4000PW 500 A column, which has a more
defined pore size (50 nm) with all the remaining experimental conditions as
same as for the Superdex 200 column. The reference Blue Dextran was also
run on the same column to verify the void volume using the same mobile
phase and experimental conditions. The UNICORN 7.0 software was used
to interpret the results. The NSP-10 obtained from BEI Resources, USA, was
also purified similarly (data not shown). The following reagent was obtained
through BEI Resources, NIAID, NIH: Vector pET-28a (+) Containing the
SARS-Related Coronavirus 2, Wuhan-Hu-1 Non-Structural Protein-10
Gene, NR-53502.

Biophysical and biochemical characterization of Mpx-V3
Mpx-V3 was characterized for size and zeta potential by DLS through
Malvern Zetasizer UK (Nano ZS). Briefly, 1 mg/mL of Mpx-V3 protein was
prepared in the subsequent buffer and sonicated for 5-10 min before
measurement’”*. The prepared samples were then monitored for hydro-
dynamic size and zeta potential in a triplicate manner, and the observations
were interpreted as Mean + SD. The effect of temperature and pH fluc-
tuation was also observed on the long-term stability of the Mpx-V3
immunogen by measuring the surface Zeta Potential charge. To evaluate the
temperature influence, the Mpx-V3 stored at two different storage tem-
peratures (4 °C and —20 °C) was used at a concentration of 1 mg/mL to
determine the Zeta Potential. The intrinsic tryptophan fluorescence maxima
were estimated by fluorescence spectroscopy. The fluorescence of Mpx-V3
was measured using a Varian Fluorescence Spectrophotometer. The emis-
sion spectrum of Mpx-V3 (1 mg/mL) was acquired at 290 to 450 nm by
excitation at 280 nm wavelength. The temperature was maintained at 4 °C
by the Peltier system. Next, the secondary structure was estimated by Far-
UV Circular Dichroism. A JASCO J-815 spectrometer (Japan) was used to
acquire the Far-UV spectrum of Mpx-V3. The spectrum was acquired at a
bandwidth of 1 nm with a step size of 1 nm. Spectra Manager software was
used to analyze the spectrum with Yang’s reference spectra and estimate the
secondary structure.

For room temperature (RT) negative staining-TEM (Ns-TEM), 3ul
Mpx-V3 sample was added on 300-mesh Cu TEM grids (Ted Pella, Inc.),
which were glow-discharged (negative polarity) for 30s in a PELCO
easiGlow™ Glow-Discharge Cleaning System. The sample was incubated at
RT for 1 min. The excess sample solution was carefully blotted off using
Whatman Filter paper. This was followed by touching the grid to a drop of
1% freshly prepared uranyl-acetate solution and blotting the excess liquid.
Ns-TEM data were acquired on a 120kV Talos L120C RT electron
microscope with a bottom-mounted Ceta camera (4k x 4k) at magnification
57KX. Fifty-seven micrographs were collected, and 87000 particles were
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picked by LoG-based auto-picking in Relion 4.0”, followed by multiple
rounds of 2D classification. Due to the heterogeneity in the sample, con-
fident 3D structure determination was not possible. To further analyze the
data, we predicted the individual antigen structures, H3L using Alpha-Fold
software” and E8L via the Uniprot database, respectively. The monomeric
Mpx-V3 fusion protein structure was then used to model the dodecameric
structure based on the known NSP-10 dodecamer structure (PDB ID:
2G9T) with minimum clashes. Using UCSF ChimeraX”', a molmap of the
predicted dodecameric Mpx-V?3 structure was generated at 20 A resolution.
These models were used for size and shape comparisons with the 2D classes
obtained from the Ns-TEM data. 2D classes consisting of particles with sizes
close to 18 nm and had an overall globular shape, thus, estimated to be
dodecameric Mpx-V3 particles, which comprised 29.15% (calculated from
2D class averages) of total particles from the Ns-TEM images.

Western blotting was performed against anti-NSP-10 sera. The pur-
ified refolded Mpx-V3 (5 pug) was resolved on 12% SDS-PAGE along with a
pre-stained marker and transferred onto a polyvinylidene fluoride (PVDF)
membrane. The membrane was blocked in 3% BSA at 4 °C overnight. The
membrane was probed with anti-E8L (1:1000) (#abx376565), anti-H3L
(1:500) (#abx376562, Abbexa Ltd.) monoclonal antibodies, and anti-NSP-
10 mouse polyclonal antibody (1:500) at 37 °C for 2 h. Next, the blot was
probed with anti-mouse HRP-conjugated secondary antibody (1:2000), and
the membrane was washed with PBST twice and a final wash with PBS. The
signal was developed using an ECL reagent (Bio-Rad Laboratories, USA).

Ethics statement, mice immunization, and intranasal virus
challenge

The guidelines by the Committee for the Control and Supervision of
Experiments on Animals (New Delhi) were followed faithfully
throughout the study. The protocol of the present study was
approved by the Institutional Animal Ethics Committee (IAEC) of
Translational Health Science and Technology Institute, Faridabad,
India (IAEC approval no: TAEC/THSTI/226 for VACV and IAEC/
THSTI/ 343 for MPXV). All of the animals were housed in climate-
and photoperiod-controlled rooms, supplemented with conventional
rodent pellets, and had free access to water. The temperature and
humidity were kept at 23+2°C and 60%, respectively. The study
adhered to the ARRIVE guidelines. The study involved female BALB/
¢ mice in five distinct animal experiments were conducted to evaluate
the cellular and humoral immune responses, as well as the protective
efficacy, of the Mpx-V3 immunogen formulated with two different
adjuvants. The investigator was not blinded to the treatment groups;
however, the immunization, challenge, and surgical teams remained
blinded throughout the procedures. These procedures included the
intramuscular administration of the test agents, the collection of
blood and spleen samples from mice, and the challenge conducted via
intranasal (IN) and scarification methods. For blood collection, mice
were first anaesthetized using Ketamine/Xylazine solution (50 mg/kg
Ketamine and 5mg/kg Xylazine) prepared in PBS and injected
0.5mL via IP route in the lower abdominal area and then 200 pL
blood was collected from un-conscious mice via lateral tail vein (on
study day 0, day 14 post-prime, day 14 post-boost) from all animals
under sedation. The serum was separated by centrifugation at
3000 rpm for 20 min, and it was stored at —80 °C until needed. In all
challenge studies, mice were anaesthetized with vapor isoflurane, and
then an intranasal infection of the virus was given. For spleen, lung,
and trachea collection, mice were euthanized with CO,, and every
effort was made to minimize suffering.

In experiment 1, the immunogenicity of Mpx-V3 immunogen
was evaluated; for this, female BALB/c mice (20-25g) of 6-8 weeks
of age were used for immunization with immunogen Mpx-V3 pre-
pared with AddaVax™ or Alhydrogel. Mice were grouped into five
groups having six animals in each group and not having a collective
weight difference of +2g. The five groups were Mpx-V3+Alhy-
drolgel, Alhydrogel, Mpx-V3+AddaVax™, AddaVax™, and naive

control. Mice were immunized following a one prime-one boost
regimen, and 14 days after every immunization, the blood sample
was collected for serum harvesting and later estimated for antibody
titers, virus neutralization potential, and cytokine levels in the serum.
In the second experiment, 6-8 weeks old female BALB/c mice were
similarly immunized with Mpx-V3 antigens with AddaVax™ or
Alhydrogel (n=3 per group), and 2 weeks after boost, mice were
euthanized for the collection of splenic T cells for studying the T cell-
mediated immune response.

For the third animal experiment dealing with the VACV challenge
study, the same immunization protocol was repeated in 40 (n = 8/group)
mice divided into five groups (Fig. 4a). Three weeks after the boost dose,
mice were intranasally challenged with 50 pL of 1 x 10’ PFU/mL of VACV.
Mice were regularly monitored for the development of any clinical signs of
VACYV infection, weight loss, mortality, and changes in rectal temperature.
On the 5th dpi, two mice from each group were euthanized, and organs
(lungs, trachea, liver, and spleen) were harvested after extensive perfusion
with PBS for determination of the viral titers and histopathological analysis.

The fourth animal experiment involved the assessment of the protec-
tive efficacy of Mpx-V3 antigens against the VACV via the tail scarification
technique. Thirty-one female BALB/c mice (1 =7 in adjuvanted Mpx-V3
groups, 7 = 6 in adjuvant control groups, and n =5 in naive control group,
total groups—5) aged 6-7 weeks (weighed around 18-22 g) were vaccinated
by the tail scarification technique’”. Briefly, the mice from all the groups
were anaesthetized and placed on a flat surface and a droplet of 10 uL of
virus inoculum (1 x 10’ PFU/mL) was deposited on the dorsal base of the
tail (1 cm from the base of the tail) then an upper layer of the tail was
scratched with a needle (25 G x 0.5 in.) through the droplet 20-25 times
along 1 cm towards the tip of the tail. Following the tail scarification, the
mice were observed for 21 days for the development of tail lesions and scabs.
Apart from the skin lesions and scabs, the mice were also observed for the
appearance of any significant clinical signs and morbidity.

In the fifth animal experiment, the protective efficacy of Mpx-V3 was
evaluated upon homologous challenge with the MPXV. We immunized
6-8-week-old mice (1 =7 per group, a total of five groups) with 25 pg of
Mpx-V3 along with AddaVax™ or Alhydrogel. In a prime-boost strategy,
mice were immunized via intramuscular immunizations (Fig. 6a). 21 days
after the booster dose, mice were shifted to THSTI's ABSL3 facility and
challenged via an intranasal route with 50 pL of 1 x 10° PFUs/mL of MPXV
(clade IIb A.2.1, GISAID ID: EPI_ISL_159123322), and animals were
monitored closely for 14 dpi. The blood sample was collected 2 weeks post
every immunization, and 6th day post-viral challenge, lungs and trachea
were harvested to determine the viral load and histopathology.

Th1/Th2 response and antibody titers estimation

Th1/Th2 cytokine levels were measured in the serum collected from mice
immunized with Mpx-V3 with adjuvants (AddaVax™ or Alhydrogel) after
the booster dose (14 days) using a mouse Th1/Th2 CBA kit (#560485, BD
Biosciences, USA). The standard dilutions of cytokines and test samples
were incubated with cytokine capture beads and PE-detection reagent at
room temperature for 3 h in the dark conditions. After the incubation, beads
were washed twice with the wash buffer and resuspended in the wash buffer
for data acquisition using BD FACS Canto II Flow Cytometer (BD Bios-
ciences, CA, USA)™. Instrument setting for sample acquisition was done
prior to the experiment as per the manufacturer’s instructions. The data
analysis was performed using the software FCAP Array, and graphs were
plotted on GraphPad Prism.

For antibody titers, indirect ELISA was used. Mpx-V3 and NSP-10
protein in carbonate buffer was coated in an ELISA plate at a concentration
of 1 ug/mL overnight. The plates were blocked with 5% skimmed milk for
1 h at room temperature, and after incubation plates were washed with
0.05% PBS-Tween-20 wash buffer and probed with test serum samples
(starting with 1:50 and triple dilution for later wells) as primary antibodies.
After incubation, plates were washed thrice with PBS-T-20 wash buffer and
probed with anti-mouse HRP-tagged secondary antibody (1:2000), followed
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by 1h incubation. For IgG isotyping, in another round of experiments,
secondary antibodies against IgG1(#115-035-205), IgG2a (#115-035-206),
IgG2b (#115-035-207), and IgG3 (#115-035-209) were used as secondary
antibodies. After incubation, the plates were washed and developed with
tetramethylbenzidine (TMB) (#002023, Sigma-Aldrich, India) substrate,
and the reaction was allowed to develop for 5-min and then stopped with
1 N sulfuric acid. The absorbance of plates was recorded at 450 nm on an
ELISA reader (Bio-Rad). The Th1 to Th2 ratio was calculated by dividing the
IgG1 endpoint titers by the IgG2a endpoint titers. The endpoint titers were
determined for IgG and each subtype, which is the reciprocal of the highest
test serum dilution giving a reading above the cut-off. In each assay, the sera
from PBS-treated mice were considered as a negative control to calculate the
cut-off value. The cut-off value was calculated by multiplying the average
OD value of negative control samples + 3 times the SD of the OD value of
negative control samples. The test result was considered positive when the
signal-to-cut-off ratio was >1.

Measurement of splenic T cell response against the administra-
tion of the Mpx-V3 antigen

Briefly, the single-cell suspensions of splenocytes from the Mpx-V3 immu-
nized or naive control mice after the 3 weeks of the booster dose were prepared
in RPMI-1640 medium and collected by centrifugation for 5 min at 300 x g.
The splenocytes from each group were seeded in the 96-well plates and
stimulated with ESL (abx376565) and H3L (abx376562) proteins for 3-4 h in
a CO, incubator. After incubation, the splenocytes were washed with FACS
buffer and incubated with the fluorescently labeled extracellular marker (anti-
mouse CD4; BD PharmigenTM, 561832 and anti-mouse CD8a; PharmigenTM,
557668 antibodies) on ice for 30 min. Once the extracellular staining was
done, splenocytes were fixed and permeabilized for the intracellular staining
with anti-mouse IL-2 (Pharmigen™; 560538) and IFN-y (Pharmigen™;
561479) antibodies. Finally, the splenocytes were washed twice with FACS
buffer and fixed in 1% paraformaldehyde. The samples were acquired in a
FACSCanto™ II (BD Biosciences) flow cytometry system, and the analysis
was performed using FlowJo software (BD Biosciences, Version 9.0).

Histopathology

Histopathology assessment was done for two of the challenge studies. For
the histopathology of both the challenge studies (IN challenge with VACV
and MPXYV), the organs were collected after extensive perfusion with 1x
PBS, fixed in 10% formaldehyde and the samples were further processed at
the Institute of Liver and Biliary Sciences, New Delhi, India for mounting,
sectioning, and H&E staining. The histopathological scoring of the organs
harvested from the Mpx-V3 immunized and non-immunized mice was
assessed for each sample section by a trained pathologist at The Institute of
Liver and Biliary Sciences (ILBS), Delhi, India. Similarly, for the MPXV
challenge study, the samples were processed and scored at the THSTT his-
topathology facility.

Statistical analysis

Results are presented as mean + SD, and differences between two or mul-
tiple groups were analyzed for statistical significance by Student’s ¢-test, or
one-way ANOVA followed by Dunnett’s test or Tukey’s post-test. It was
followed by post hoc tests inbuilt in GraphPad Prism 9 (GraphPad Software
Inc., San Diego, CA, USA) to test for normal distribution of the samples by
the Shapiro-Wilk normality test. Statistical analysis was performed where
*p <0.05, ¥*p <0.01, ***p <0.001, and ****p <0.0001 were considered
significant.

Data availability

All data associated with this study are present in the paper or the supple-
mentary figures and will be provided by the corresponding author upon
request.
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