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Background: Monkeypox Virus (MPV) is the cause of zoonotic disease characterized by skin-eruption
with pus cell formation and lymphadenopathy. This virus belongs to the Orthopoxvirus genus with
DNA as its genetic material. Previously, this infection was reported from Africa and occasionally from
USA and UK. However, recently there is a sudden surge of infection in non-epidemic countries and a
new strain of MPVhas been discovered. Therefore it is important to revisit the phylogeny of MPV with
the addition of new strains. Recently WHO also stressed the need of developing vaccines for new strains.
In this scenario we have two objectives for this study -first, to reveal the exact phylogenetic position of
the 2022 strain and second, to identify specific peptides which may be used for vaccine development in
the future.
Methods: The phylogenetic analysis was done with the help of Bayesian phylogeny. The dN/dS calculation
was performed based on DNA polymerase genes of selected MPV strains. The peptidyl-epitope was
searched in MPV2022/2 SLO strain with the help of several algorithms implemented in Allergen FP
v.1.0, NetMHCII 2.3, MHCpred and Toxin Pred. The structure prediction of the proteins and peptides
was performed through Hpepdock. The quality of the structures was validated through the
Ramachandran plot. The molecular dynamics and simulation were performed through Gromacs software.
The interaction between peptide and protein was assessed through Ligplot software.
Results: The phylogenetic analysis revealed that the considered 2022 MPVstrains were close to the USA
strains. The evolutionary analysis showed the volatile nature of the genome. Moreover, 9-mer peptide
sequence was identified as an epitope for vaccine development.
Conclusions: The emergence of more virulent strains in near future may not be ruled out.
Immunocompromised patients are more susceptible to this virus hence sub-unit vaccine is a better
choice than a recombinant or attenuated vaccine against monkeypox. We have identified a small stretch
of specific peptide which may be used for developing a subunit vaccine against this virus.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Poxviruses are generally brick or oval-shaped viruses with size-
able double-stranded DNA as their genomes. They are well-known
throughout the globe as the causative agent of pox, a disease which
is chiefly marked by the skin and mucous membrane eruption with
lesion formation, development of skin nodules, and disseminated
rash (Giulio and Eckburg, 2004). This disease generally occurs in
mammals including humans. Different poxviruses cause different
diseases. For instance, Smallpox is caused by the Variola virus
which belongs to the Orthopoxvirus genus. Other members of this
genus are the Vaccinia virus, Cowpox virus, and Monkeypox Virus

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2022.102458&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jksus.2022.102458
http://creativecommons.org/licenses/by/4.0/
mailto:arnab.nbu@gmail.com
https://doi.org/10.1016/j.jksus.2022.102458
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com


I. Sarkar, G. Sen, M. Ajmal Ali et al. Journal of King Saud University – Science 35 (2023) 102458
(MPV) which have the capacity to infect humans. In 1980, the
World Health Organization (WHO) declared that smallpox has
been eradicated from the World (Au et al., 2022). However, within
that period, another Orthopox virus came into the limelight, the
Monkeypox virus. Infrequent cases were reported here and there
in Africa, the USA, and the UK until 2022 when a sudden outbreak
ensued in the USA and spread to neighboring countries and conti-
nents. Monkeypox was first reported in 1970 in a group of mon-
keys that were kept for research purposes, hence the causative
agent was named MonkeyPoxVirus (MPV) (Cho and Wenner,
1973). The first report on human infection of this virus came from
the Democratic Republic of Congo (DRC) in 1970 and 2003, for the
first time this infection was reported from the USA i.e. outside
Africa (Giulio and Eckburg, 2004).

The primary reservoir of this virus is still unknown but the Afri-
can rodents and primates harbor this virus and transmit them to
humans, establishing it as a zoonotic (disease that has jumped
from a non-human animal to a human) disease (Cho and
Wenner, 1973). However, human-to-human transmission happens
principally through respiratory droplets and skin lesions contact.
People infected with the MPVexperience febrile prodrome with
widespread vesiculopustular rash in palms and soles (Cho and
Wenner, 1973). Another distinguishing feature of this virus
is lymphadenopathy (a disease affecting the lymph nodes)
(https://wwwnc.cdc.gov/travel/yellowbook/2020/travel-related-
infectious-diseases/smallpox-and-other-orthopoxvirus-associated-
infections).

Monkeypox was previously reported to be endemic to tropical
forest regions of West and Central Africa, mostly the Congo Basin
(Velavan and Meyer, 2022). Refugees and immigrants leaving
DRC might be one of the reasons for exposing countries outside
Africa to this virus. Travelers returning from Africa may also expose
people of their own country to this virus. For example, in 2018,
both UK and Israel reported some imported cases of the MPV from
travelers returning from African countries. It has been reported
that imported rodents from Africa were the sole source of the
MPVoutbreak in the USA in 2003.

Although the main source of MPVis the wild African primates,
scientists have proved that in due course this virus has changed
its genome, and now two distinct clades are available – the Congo
Basin clade or central African clade and the West-African clades
(the USA strains) (Likos et al., 2005; Shanbehzadeh et al., 2022).
The Congo basin stains are more pathogenic with higher morbidity
and transmission rate than the USA strains (Likos et al., 2005).
However, it is still not determined whether the 2022 strains are
the Congo-Basin strains or the West-African strains.

Vaccination with the live vaccinia virus can afford long-lasting
protection against MPVsince this virus is an orthologue of Variola
virus (smallpox-causing virus). Previous reports have shown that
vaccinia-specific B-cell response is sufficient and essential for pro-
tection against the MPV (Sánchez-Sampedro et al., 2015).
Antibody-mediated depletion of B-cells but not T-cells (both CD4
+ and CD8+) gives vaccine-induced protection from the MPV
(Sánchez-Sampedro et al., 2015). However, after the eradication
of smallpox from the human population, vaccination against small-
pox has been closed. This has made today’s generation more
exposed to monkeypox attacks (Sánchez-Sampedro et al., 2015).
Moreover, the countless intake of corticosteroids during the
Covid-19 situation has made us immunocompromised (Kruh and
Foster, 2012), a condition favorable for MPVattack. All this situa-
tion along with the fact that any viral genome is always prone to
mutation has made us think to develop a vaccine against this virus
specifically. Since in immunocompromised patients, epitope-based
subunit vaccines work relatively better, we tried to identify a
specific peptide-epitope from one of the 2022 MPVstrains for vac-
cine development in near future.
2

2. Materials and methods

2.1. Retrieval of sequences and phylogeny

The complete genome and proteome sequences of the MPV and
other available Orthopox viruses were downloaded from the NCBI
database (https://www.ncbi.nlm.nih.gov/). There were a total of
100 MPV genomes available before the 2022 strains appeared.
Among them, 33 were found to be unverified and were not consid-
ered for further analysis. Four whole-genome sequences of
MPV_2022 strains were available while doing this study. Thus a
total of 71 complete valid MPV genomes and proteomes were pre-
sent in NCBI. However, these were not 2022 strains. When we ini-
tially started the work only a few 2022 MPV strains were available.
Among them, we used Monkeypox virus isolate 2022/2 SLO
(ON631241.1) since its sequence was complete and fully anno-
tated. Along with MPV, we considered other Orthopox viruses
(Vaccinia virus, Buffalopox virus, Racoonpox virus, and Variola
virus) whose whole genome and proteome sequences are available
in NCBI. These were used as Outgroups in the phylogenetic analy-
sis. We have used the Bayesian phylogeny tree for this study. The
DNA polymerase protein sequences of the considered MPV strains
were aligned through Clustal Omega and the alignment file in
Nexus format was fed into Mr. Bayes software for the analysis.
2.2. Evolutionary analysis

We exploited the ratio of non-synonymous substitution rate per
synonymous site (dN) and synonymous substitution rate per syn-
onymous site (dS) for predicting the evolutionary rate (x). The idea
here was, that x value less than 1 indicates positive Darwinian
selection pressure, and x more than one signifies purifying selec-
tion (Roy et al., 2015). This analysis was performed using the PAML
package (Yang, 2007) which uses the aligned sequence to calculate
the substitution rate per synonymous sites. The dN/dS values range
from 0 to 1. We have used the DNA polymerase genes of the
selected strains for this analysis and the analysis was done via
Ka/Ks Calculation tool (http://services.cbu.uib.no/tools/kaks).
2.3. Prediction of allergic proteins

The viral proteome contains some proteins which may cause
allergies in our body. Those proteins should not be considered a
candidate for epitopes. Hence, we identified the allergen and
non-allergen proteins from the MPV isolate 2022/2 SLO. We used
this particular strain since the annotated protein files were avail-
able for this strain during this study. Before identifying any protein
as an allergen we should consider the ‘five E-descriptors’ of the
protein (Venkatarajan et al., 2001). These five ‘E’ are- E1-
hydrophobicity of the amino acids, E2- the size of the protein,
E3- the propensity of helix formation of the amino acids, E4- a rel-
ative abundance of the amino acids, and E5- whether the protein is
dominated by the b-strand forming propensity. An auto-cross
covariance (ACC) transformation should also be used so that the
length of the proteins becomes equal (Wold et al., 1993). ACC is
a tool to transform a protein sequence into a vector of fixed length.
This method is now successfully used for protein interaction study
as well as for the classification of protein families. Each amino acid
residue has some specific physical and chemical properties like
hydrophobicity, hydrophilicity, polarity, polarizability, normalized
van der Waals volume, sequence profile, etc (Wold et al., 1993).
Hence, a sequence made up of amino acids can be depicted as a
numeric matrix. ACC can correlate either the same or two different
properties along the protein sequence and can transform the
matrix into a vector of fixed length (Wold et al., 1993). Allergen
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FP v.1.0 is a server that uses all these aforementioned criteria for
the prediction of a protein as an allergen (https://ddg-pharmfac.
net/AllergenFP/method.html). Moreover, this server predicts Tani-
moto coefficients for all protein pairs in a multiple-protein set.

A Tanimoto coefficient refers to a score or metric to measure the
identity level between two different sets (Godden et al., 2000).
There are a number of thresholds available for similarity searching.
The higher the threshold level the more the similarity between the
query and the target sequence. To predict the similarities between
the query and the target sequences. Tanimoto coefficient plays a
vital role. Fingerprints of both the query and the target sequences
are used. Here fingerprints are the compiled predefined structural
fragments or features present in a structure. Each feature present
in a structure is represented by ‘ON’ or 1 (one bit). Tanimoto coef-
ficient can be calculated by the following formula:

T ¼ NA&B=NA þ NB ��NA&B:

NA is the number of features ‘ON’ structure A and NB is the num-
ber of features ‘ON’ structure B and NA&B are the features ‘ON’ in
both structure A and B (common features in both A and B)
(Godden et al., 2000). Allergen-FP v.1.0 was used for this analysis.
The non-allergen proteins were further considered for the T-cells’
epitope prediction.

2.4. Prediction of T cells’ epitope

Vaccine development in the post-genomic era requires in silico
screening of the genomic information so that the most effective
antigen can be predicted. This approach has its advantage. For
instance, this does not require growing the microorganism in lab
conditions; this is less time-consuming and cost-effective
(Doytchinova and Flower, 2007). However, there are some prob-
lems. The in silico vaccine development strategies often depend
upon the sequence alignment algorithm and in some cases, signif-
icant protein similarity is not found among the protein sequences
even if their tertiary structure and functionality are similar
(Doytchinova and Flower, 2007). Hence the antigenicity of a pro-
tein must be identified in a subtle and recondite manner that is
not totally dependent only on sequence alignment. To overcome
this sequence alignment dependability a new approach has been
proposed which uses auto-cross covariance (ACC) transformation
of the protein sequences into undeviating vectors with properties
of principal amino acids (Doytchinova and Flower, 2007). Vaxijen
server is one such server that predicts the antigenicity of the pro-
teins based on the ACC transformation. The non-allergen proteins
were fed into the Vaxijen server for predicting the antigenicity of
those proteins. A cut-off score was set to 0.9 for this analysis.
The epitopes should always be antigenic to trigger our immune
system. Thus, proteins with high antigenic properties were fed into
NetMHCII 2.3 (Hoof et al., 2009) for identifying the specific peptide
parts which can interact with the HLA allele. Human leukocyte
antigens (HLA) are genes of major histocompatibility complex
(MHC) among humans which are associated with the recognition
of self and non-self-antigens. HLA plays an immense role in the
immune system. The subunit vaccine which is a cost-effective
alternative to the high-cost vaccine development program is lar-
gely based on peptide-MHC interaction. Accordingly, we have used
HLA for the molecular docking study. MHCpred (Guan et al., 2003)
was used to further validate the interaction between the identified
epitopes and HLA alleles.

2.5. Toxicity prediction of epitopes

There are several membrane-associated peptides with amphi-
pathic structures which are hemolytic and thus are toxic to the
3

human body. The predicted epitopes were further investigated
for their probability of being suitable for epitope-based subunit
vaccine generation and should not be toxic to the human system.
The major function of those epitopes is just to trigger the immune
system, however; they should not do any harm to the cellular
mechanism of the recipients’ body. Hence those peptides were
examined for toxicity through Toxin Pred (Kaushik, 2020). Non-
toxic peptides were considered for further analysis.

2.6. Molecular modeling and docking of HLA alleles and epitopes

Protein-peptide interaction is important for cellular functional-
ity and prediction of the protein-peptide interaction is crucial for
understanding the molecular mechanism of biological processes
and the development of peptide drugs. The interaction between
the HLA proteins and the identified peptides (which can be used
as T cells’ epitopes) was studied through ‘HpepDock’ (Zhou et al.,
2018). HpepDock server is a tool for peptide-protein blind docking
by fast modeling of the peptidyl conformations along with a global
sampling of the orientations used in binding. We have provided the
protein sequences of the HLA alleles obtained from NCBI (HLA-DP-
NP_002112.3; HLA-DQ- NP_002113.2; HLA-DR- NP_061984.2) and
the peptide sequences of the epitopes. HpepDock provided the
structures of both the protein and the peptides. The tertiary struc-
tures of the HLA proteins were validated through Ramachandran
plots. We used Ramachandran Plot Server (https://zlab.
umassmed.edu/bu/rama/) by Zlab for this analysis. Those 3D struc-
tures were used to identify the specific interacting amino acids
through Lig-plot (https://www.ebi.ac.uk/thornton-srv/software/
LIGPLOT/) (Wallace et al., 1995) software and then a site-specific
docking was performed through the AutoDock Vina software
(Trott and Olson, 2010) to further support the results from Hpep-
Dock server. The results were visualized through Pymol (https://
pymol.org/2/) (Yuan et al., 2017) and the interacting amino acids
were visualized via LigPlot. A diagrammatic flow chart of the
strategies used in this study has been given in Fig. 1.
3. Results

3.1. Phylogenomics analysis

The linear double stranded DNA genome of MPV 2022/2 SLO
strain has been provided in Fig. 2. Two distinct clades were
resolved by Bayesian phylogeny (Fig. 2). One clade contains Zaire,
Boende, Cameroon, Congo, Sudan, Ikubai, and Gabon strains. The
other clades included USA strains along with Nigeria-SE, and Cote
strains. The 2022/2 SLO was in the second clade i.e. with the USA
strains. The Buffalopox, Vaccinia, Variola, and Racoonpox viruses
were presented as outgroup. The linear double-stranded DNA of
2022/2 SLO strain has been diagrammatically represented in Fig. 3.

3.2. Evolutionary analysis

The evolutionary analysis revealed that MPV strains are under
positive Darwinian selection and are govered by constraints. The
results related to this analysis have been given in Supplementary
File 1. Purifying selection reduces genetic diversity by modulating
both the sites which are under direct selection as well as the neu-
tral sites. The purifying (negative) selection hinders the spread of
deleterious allels in the population whereas the Darwinian (posi-
tive) selections are known to promote the spread of beneficial alle-
les through the population. Although smallpox vaccines can
protect us from this viral infection, we thought it would be better
if an MPV-specific vaccine is developed. In this scenario, in silico
prediction of epitopes for subunit vaccine development comes in
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Fig. 1. A flow chart showing the strategy used to identify the peptide for possible
epitope vaccine formation.
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handy due to its energy economic and time-saving approach.
Hence the next phase of our study focused on the prediction of a
peptide that may be utilized as a T cell epitope for the development
of the MPV-specific vaccine.
3.3. Allergen and Non-allergen protein in MPV

Allergens are the type of antigens producing vigorous immune
response so that the immune system can fight against a specific
threat that is otherwise harmless to the body. These antigens can
induce type-1 hypersensitivity and thus can produce allergic reac-
tions in the body. These allergens are not a good candidate for
epitope-based vaccine development. Hence we avoided all the
allergens and used only non-allergens for further studies.

A total of 54 proteins were predicted to be allergen proteins and
they were mostly TNF-alpha-receptor-like proteins, bifunctional
zinc finger-like protein/E3 ubiquitin ligase, interleukin-18-
binding proteins, alpha-amanitin target protein, 36 kDa major
membrane protein F5, assembly protein G7, myristyl protein,
RNA polymerase-associated transcription-specificity factor
RAP94, scaffold protein D13, major core protein 4a precursor,
6 kDa intracellular viral protein, ser/thr protein kinase-like protein,
Fig. 2. The linear double-stranded DNA genome of
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interleukin-1-binding protein, ankyrin-like protein, Kelch repeat,
and BTB domain-containing protein 2, TNF-alpha-receptor-like
protein and some glycoproteins. The rest of the proteins were
non-allergens which were further used for epitope identification.

3.4. Identification of T cells’ epitope

The Vaxijen server predicted two non-allergen proteins (pro-
tein_id URK21097.1 and URK21207.1) to be probable antigenic
with a cut-off value of more than 0.9. Among them, URK21097.1
protein contained a specific peptide sequence -‘DIKRRYRHTIES
VYF’. The core part of the peptide was found to be a 9-mer
sequence ‘YRHTIESVY’. This core peptide part showed strong bind-
ing interaction with HLA-DP, DQ, and DR with 189.3 nM affinity.
However, the URK21207.1 protein identified a total of 43 peptides
with 10 different 9-mer core peptide sequences. All of them
showed strong binding with the three HLA alleles (DP, DQ, and
DR). The affinity ranges from 7.3 to 309.6 nM. All of them were
non-toxic. Thus, a total of 11 peptide cores were predicted as T
cells’ epitopes which showed strong binding with HLA alleles. This
result was also validated through the data obtained from the
MHCpred server which also indicated that the ‘YRHTIESVY’ peptide
sequence was the most suitable candidate for epitope among the
predicted ones.

3.5. Molecular docking study

The Ramachandran plot validated the quality of the HLA struc-
tures. Most of the amino acids were found to be in the most prefer-
able regions (green cross) of the plots and very few were in the
preferable regions (orange dots) (Fig. 4). Molecular docking was
performed to visualize the interaction between the HLA alleles
and the predicted epitope peptides. The best result was obtained
for ‘YRHTIESVY’ against HLA-DP, DQ, and DR. The docking scores
were �9.2 kcal/mol, �8.7 kcal/mol, and �9.8 kcal/mol for HLA-
DP, DQ, and DR respectively. From the Ligplot analysis, it was
revealed that hydrogen bonds and hydrophobic interactions were
mainly associated with the peptide-protein interaction. Asp54 of
HLA-DR, Glu51, Ser 165 of HLA-DQ, Gln42, Asn109, Cys44, Ala46,
Tyr45, and Gly152 of HLA-DP were mainly associated with the
hydrogen bond formation. Along with them, several other amino
acids were forming the hydrophobic interactions in all three
HLA-peptide interactions as shown in (Fig. 5).

4. Discussion

Monkeypox virus, a DNA virus is causing recurrent infection in
several countries of the Western world. The reason behind this
sudden outbreak is still elusive. Since we haven’t overcome the
Covid-19 pandemic situation till now, these new viral cases are
creating havoc and concern among the population (Rudan, 2022).
During Covid, we became dependent on steroids to protect our-
selves from the pandemic. Prednisone-like corticosteroids became
our first and last hope to fight against Covid-19, until recently.
These corticosteroids are broadly immune-suppressant since they
Monkey Pox Virus isolate 2022/2 SLO genome.



Fig. 3. Bayesian Phylogeny analysis of selected Monkey Pox Virus strains.

Fig. 4. Ramachandran plots for HLA-DP, DQ and DR tertiary structures. The most preferred amino acid residues are shown in green crosses and the preferred residues are in
orange triangles.
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act upon the whole body and try to lower inflammation and other
related symptoms (Kruh and Foster, 2012). This is due to their unu-
sual mechanism of action. They act by imitating the naturally pro-
duced corticosteroids (from the adrenal gland) in the body. As a
result, the activity of the adrenal gland is reduced. Although it
relieves pain and inflammation throughout the body, however, this
reduced adrenal activity and abridged adrenal secretion ultimately
leave us immune-compromised, a condition favorable for MPV
attack (Kruh and Foster, 2012). Another major aspect of the recent
MPV outbreaks is the lack of a vaccine against this DNA virus. Pre-
viously, the smallpox vaccine cured MPV infection (Yang, 2022).
Since smallpox has been eradicated from the population and vacci-
nation against smallpox has also been stopped for a few genera-
tions, most young adults in today’s population do not have
specific antibodies in their system against MPV (Yang, 2022). The
shortage of the smallpox vaccine in the market has made this sit-
uation worst. The 2022/2 SLO was closely related to the USA
strains. Furthermore, the evolutionary analysis revealed that MPV
strains are under positive Darwinian selection and are governed
5

by constraints. Purifying selection reduces genetic diversity by
modulating both the sites which are under direct selection as well
as the neutral sites. The purifying (negative) selection hinders the
spread of deleterious alleles in the population whereas the Dar-
winian (positive) selection is known to promote the spread of ben-
eficial alleles through the population. Therefore it would be wise
enough to be prepared with a vaccine against MPV before such a
situation arise. Recently, the WHO has recognized the need for a
specific vaccine against the Monkeypox virus.

As previously mentioned MPV attack is more prevalent among
immunocompromised patients (Adalja and Inglesby, 2022) and
live/attenuated/inactivated virus vaccines are also reported to have
lots of disadvantages in such patients (Sirohi et al., 2022), epitope-
based subunit vaccines seem to be the best option against MPV.
Those vaccines are also easy to produce and have a broad safety
profile. In this study, we tried to identify the most potent peptide
from the MPV 2022 strain which can be further utilized for
epitope-based vaccine production against MPV. Previous studies
have reported major criteria to establish a peptide as an epitope



Fig. 5. The HLA alleles and peptidyl epitope interaction. The interacting amino acids
are shown through Ligplot software.
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for vaccine generation. These are, peptides should be non-allergen,
antigenic, non-toxic, and should strongly interact with the MLC
alleles. All those criteria were studied thoroughly and we could
identify a short 9-mer peptide sequence ‘YRHTIESVY’ as a potent
epitope for MPV vaccine generation. Human leukocyte antigens
(HLA) are genes of major histocompatibility complex (MHC)
among humans which are associated with the recognition of self
and non-self-antigens. HLA plays an immense role in the immune
system. The subunit vaccine which is a cost-effective alternative to
the expensive vaccine development program is largely based on
peptide-MHC interaction. The molecular docking analysis revealed
a strong interaction between this peptide and the HLA-DP, DQ, and
DR alleles. The molecular dynamics study revealed no significant
(or major) alteration in the protein backbone movement thus, indi-
cating the potency of this peptide as a T-cells-epitope for vaccine
generation.
6

5. Conclusion

MPV is a DNA virus that originated in Central Africa and is
transmitted across the globe. Two specific clades are there- the
DRC clade from Central- Africa and another one is Western-
African clade. We have determined that the 2022 strains of this
virus are close to Western African and may not be that deadly.
The evolutionary analysis revealed the presence of both positive
Darwinian selection and purifying pressure on the considered
2022 strains of the Monkeypox virus. This also underlines the pos-
sibility of the emergence of more devastating MPV strains in near
future. Hence vaccine development against this virus is the need of
the hour.

For developing a subunit vaccine, the prediction of a non-
allergen, antigenic and non-toxic epitope from the viral proteome
is an excellent approach that can be done in a less time-
consuming and economic manner. In this scenario, we came up
with the idea of identifying some MPV-specific peptides which
may be used as epitopes for sub-unit vaccine generation. We have
also identified a specific peptide sequence ‘YRHTIESVY’ in MPV
strain 2022/2 SLO. This peptide was found to be non-allergen, anti-
genic, and non-toxic. The molecular docking and dynamics study
also validated the potency of this peptide to be used in the subunit
vaccine generation against MPV. Vaccine manufacturers may con-
sider this study for developing vaccines against the MPV_2022
strains.
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