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ABSTRACT

Human monkeypox represents a relatively underexplored infection that has received increased attention 
since the reported outbreak in May 2022. Due to its clinical similarities with human smallpox, this virus rep-
resents a potentially tremendous health problem demanding further research in the context of host-path-
ogen interactions and vaccine development. Furthermore, the cross-continental spread of monkeypox has 
reaffi rmed the need for devoting attention to human poxviruses in general, as they represent potential bio-
terrorism agents. Currently, smallpox vaccines are utilized in immunization efforts against monkeypox, an 
unsurprising fact considering their genomic and phenotypic similarities. Though it offers long-lasting pro-
tection against smallpox, its protective effects against human monkeypox continue to be explored, with 
encouraging results. Taking this into account, this works aims at utilizing in silico tools to identify potent 
peptide-based epitopes stemming from the variola virus and monkeypox virus proteomes, to devise a vac-
cine that would offer signifi cant protection against smallpox and monkeypox. In theory, a vaccine that offers 
cross-protection against variola and monkeypox would also protect against related viruses, at least in severe 
clinical manifestation. Herein, we introduce a novel multi-epitope mRNA vaccine design that exploits these 
two viral proteomes to elicit long-lasting humoral and cellular immunity. Special consideration was taken in 
ensuring that the vaccine candidate elicits a Th1 immune response, correlated with protection against clini-
cally severe disease for both viruses. Immune system simulations and physicochemical and safety analyses 
characterize our vaccine candidate as antigenically potent, safe, and overall stable. The protein product dis-
plays high binding affi nity towards relevant immune receptors. Furthermore, the vaccine candidate is to elic-
it a protective, humoral and Th1-dominated cellular immune response that lasts over fi ve years. Lastly, we 
build a case about the rapidity and convenience of circumventing the live attenuated vaccine platform using 
mRNA vaccine technology.
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Background

A currently ongoing outbreak of the monkey-
pox virus (MPXV), a zoonotic orthopoxvirus, was 
reported by the World Health Organization in 
May 2022, with the initial cluster identifi ed in the 
United Kingdom. Though characterized as a rare 
zoonosis, over 10,000 cases have been reported 
thus far across the world. Two well-characterized 
clades of MPXV exist (West African and Cen-
tral African). However, the clade responsible for 
the 2022 outbreak is genomically distinct from 
the two clades. Additionally, monkeypox is clini-
cally indistinguishable from smallpox, though 
the transmissibility and severity of monkeypox 
disease are lower than the latter. The distinc-
tion between monkeypox and smallpox arose 
only in the 1970s during the smallpox eradica-
tion program when the virus was isolated from 
a suspected smallpox patient. Considering that 
the causative agent of smallpox – the variola 
virus – was eradicated from the human popula-
tion in the 1980s, surveilling and studying other 
zoonotic orthopoxviruses with similar or identi-
cal clinical manifestations is justifi ably garnering 
increased attention. Currently approved monkey-
pox vaccines are not specifi cally targeted to the 
MPXV orthopoxvirus but to human variola. The 
fact is sensical, considering the overlapping clin-
ical manifestations between these human infec-

tions and their genomic similarity. Observational 
studies have revealed that the smallpox vaccine 
derived from the Vaccinia virus is 85% effective at 
preventing monkeypox. A novel attenuated Vac-
cinia virus vaccine was approved for the preven-
tion of monkeypox in 2019. However, the vaccine 
is modestly available across the world. 

The host innate immune response against 
poxviruses can be generally described as a clas-
sic antiviral response; interferon (IFN), the com-
plement system, natural killer, and inflamma-
tory cells are all engaged, upon which a greater 
inflammatory response typically ensues. Humor-
al and cell-mediated immunity, in the case of 
MPXV infected cells, mount the adaptive immune 
response via antibody-dependent cell-mediated 
cytotoxicity, virus neutralization, opsonization, 
and cytotoxic T-lymphocyte (CTL) effector func-
tions through a myriad of pattern recognition 
receptor (PRR) families [1]. Specifi cally, effective 
viral control correlates strongly with the genera-
tion of neutralizing antibodies; it has been shown 
that CD4+/CD8+ T lymphocytes are not necessary 
for recovery from secondary poxvirus infection 
and are depleted after 8–15 years upon vaccina-
tion (Figure 1) [2]. Furthermore, MPXV-infected 
cells are believed to be able to trigger a state of 
unresponsiveness of T cells and thus evade CTL 
effector functions in a major histocompatibility 
complex (MHC)-independent fashion [3].  

 

Figure 1. The canonical immune response to smallpox vaccination. Prepared based on data from [4–6]
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The ability of poxviruses, primarily, to inhibit 
pro-inflammatory cytokines that regulate MHC 
expression (such as tumour necrosis factor (TNF) 
and IFN) may explain the indirect mechanisms at 
play that downplay the role of MHC. Considering 
the MPXV-infected intracellular environment, the 
inhibition of apoptosis via caspases and the pro-
tein kinase R (PKR) signalling pathway employs 
anti-IFN strategies. Indeed, the abrogation of IFN 
signalling was explored in further detail as a criti-
cal factor in promoting MPXV pathogenesis in 
humans [7]. MPXV encodes several PKR antago-
nists, notably, the MPXV F3 protein encoded by 
host genes F3L, a homolog of the VACV E3 pro-
tein homolog) that inhibits the PKR pathway [8]. 
Generally, the PRRs PKR and 2′-5′-oligoadenylate 
synthetase (OAS)/RNase L as the double-strand-
ed RNA-activated sensors overarch the IFN-in-
duced systems in response to MPXV infection [9]. 
The diverse crosstalk between several immune 
pathways with multiple PRRs targeting the same 
viral proteins mirrors the cascades of the viral 
antagonists, as alluded on the E3 sequestering 
dsRNA inhibiting PKR, OAS/RNAse L, and Toll-like 
receptors (TLRs). 

Ultimately, the importance of antibodies in 
MPXV infection was further heightened in a study 
realizing the insuffi cient protection from MPXV in 
immunodefi cient macaques upon smallpox (Dry-
vax vaccine) immunization due to antibody-me-
diated depletion of B cells. To this end, utilisation 
of humoral immunity by using antigens that are 
targets of intracellular mature virions in neutralis-
ing antibodies is believed to warrant an effective 
monkeypox vaccine with an improved safety pro-
fi le.. Furthermore, smallpox vaccines' strong T and 
B cell responses target various viral proteins and 
offer cross-protective immunity against signifi cant 
human infections, including variola and MPXV [4].

With mRNA vaccine technology recently fi nd-
ing its real-world applicational affi rmation, utiliz-
ing this technology to devise more effi cient vac-
cines has become an attractive notion. Though 
traditional vaccines garner a safety and effi cien-
cy profi le solidifi ed with decades of clinical data, 
optimizing how vaccines are designed to educate 
the immune system is becoming increasingly rel-
evant with the emergence of zoonoses and other 
pathogens. Furthermore, the mRNA vaccine plat-
form would allow for manipulating intracellular 
machinery involved in antigen processing and 

presentation to optimise this process. Antigen 
processing is surprisingly ineffi cient in humans, 
even for high-affi nity MHC-I ligands. Strikingly, 
only 1 in every 10,000 antigens gets presented 
by MHC-I, leaving a tremendous and somewhat 
underexplored opportunity for optimization via 
mRNA vaccine technology [10]. The most relevant 
aspect of this technology concerning emerg-
ing zoonoses is that designing mRNA vaccine 
constructs generally outpaces the traditional 
developmental process based on other vaccine 
platforms, e.g., employing attenuated or inacti-
vated pathogens, due to the availability of soft-
ware-based tools. It is also less time-consuming 
than developing subunit protein vaccines, as evi-
denced during the COVID-19 pandemic and the 
unseen pace at which mRNA vaccine candidates 
were manufactured (approx. one month since 
the whole sequence of SARS-CoV-2 genome was 
made publicly available). 

In line with this, in the present study, we 
employed many freely available and commer-
cial computational tools to identify and analyze 
antigenic peptides that belong to the variola virus 
and MPXV. The most antigenic peptides were 
incorporated into the conventional mRNA vaccine 
design, eventuating in a vaccine construct com-
prised of epitopes stemming from both viruses. 
The fi nal construct was computationally evalu-
ated for its ability to elicit an immune response, 
with encouraging predictions regarding anti-
body production, T cell response longevity, and 
adequate cytokine production recorded during 
immune response simulations. Other elements 
within the construct served as stabilizers, adju-
vants, and signalling peptides that should theo-
retically guide the epitopes into their designated 
antigen-processing compartments in the context 
of MHCI/II. Additional computations were per-
formed regarding stereochemical quality, toxicity, 
allergenicity, mRNA and mRNA protein product 
stability, antigenic processing of the construct, 
as well as its interactions with toll-like receptors 
(TLRs) and MHC molecules. 

Methods

Protein Sequences and Sequence Alignment
Protein sequences of MPXV (strain: Congo 8, 
accession: KJ642613) and the variola virus 
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(strain: Isolate Human/India/Ind3/1967, acces-
sion: X69198) were retrieved from UniProt. After 
that, the two proteomes were aligned using the 
National Center for Biotechnology Information 
(NCBI) BLASTp algorithm. It was done to iden-
tify whether any proteins crucial in pathogenicity 
or virulence overlap in amino acid sequence to 
avoid oversaturation of the mRNA construct with 
genomically identical antigenic elements. 

Furthermore, the Pipeline builder for target 
identifi cation (PBIT) was employed to assess 
whether the mRNA vaccine protein product 
shared homology with proteomes belonging to 
gut microbiome members [11]. Given the emerg-
ing body of evidence accumulated in recent 
years regarding the relevance of the gut micro-
biome for human homeostasis, vaccines and 
therapeutics should ideally avoid disrupting the 
delicate niche in which commensal microorgan-
isms thrive.

CD4+ T Cell Epitope Identifi cation and Selection
Identifi cation of helper T cell (HTL) epitopes was 
performed using the MHC-II Binding Tool avail-
able from the Immune Epitope Database (IEDB) 
(www.iedb.org). Individual variola and MPXV pro-
teins were screened using the Consensus meth-
od, where epitopes with a computed percentile 
rank ≤0.25 were considered for further evaluation 
[12]. Other computed properties deemed relevant 
for CD4+ T cell epitope identifi cation included 
inducibility of TNF, interleukin 4 (IL-4), IL-10 pro-
duction, allergenicity, and toxicity.

CD8+ T Cell Epitope Identifi cation and Selection
Individual MPXV and variola proteins were 
screened for cytotoxic T cell (CTL) epitopes 
using the NetCTL-1.2 server (https://services.
healthtech.dtu.dk/service.php?NetCTL-1.2) [13]. 
The approach incorporates predictions for the 
effi ciency of TAP transport, proteasomal C ter-
minal cleavage, and peptide MHC class I bind-
ing. The server supports CTL epitope predic-
tions limited to 12 MHC class I supertypes. Arti-
fi cial neural networks are used to carry out the 
proteasomal cleavage and MHC class I binding 
processes. TAP transport effi ciency is predicted 
with a weight matrix.. The NetCTL v1.2 server 
now supports 12 MHC-I supertypes (A1, A2, A3, 
A24, A26, B7, B8, B27, B39, B44, and B58), all of 
which were employed in the fi rst screening pro-

cedure, with an epitope identifi cation thresh-
old of 0.75. The IEDB MHC-I immunogenicity 
tool was then used to test the immunogenicity 
of each anticipated epitope [14]. Subsequently, 
the peptides with the highest immunogenicity 
score were analyzed in terms of MHC binding 
partners via the IEDB MHC-I binding tool. Pep-
tide sequences with a percentile rank ≤ 2 were 
considered for further evaluation in the context 
of allergenicity, toxicity, and probable protective 
antigenicity.

B Cell Epitopes
The production of long-lasting antibodies that 
neutralise various virus components hallmarks 
the immune response to smallpox and, presum-
ably, monkeypox. Ergo, any novel vaccine tai-
lored for these viruses should ensure a humoral 
immune response of suffi cient quality and lon-
gevity. In line with this, we screened MPXV and 
variola virus proteins with antagonistic func-
tions towards the immune response's relevant 
molecular elements. One such viral protein is the 
variola virus cytokine response-modifying pro-
tein B (CrmB). It binds to host TNF and numer-
ous cytokines, followed by the variola virus B cell 
lymphoma 2 (Bcl2) homolog F1L, and the MPXV 
bifunctional 21 KDa precursor protein of 18 KDa 
membrane fusion protein (B8R). The BepiPred 
2.0 server for predicting linear and discontinuous 
antibody epitopes (https://services.healthtech.
dtu.dk/service.php?BepiPred-2.0) was used To 
identify opportunistic linear B cell (LBL) epitopes 
derived from the variola and MPXV antigenic 
proteins [15].. The selected LBL epitopes were 
then screened for allergenicity, toxicity, and anti-
genicity.

Prediction of Cytokine Inducibility
The ability of the vaccine to elicit cytokine secre-
tion and antigenic response characterizes the 
vaccine construct’s immune response, specifi -
cally, the effective stimulation and activation of 
CD4+. Thus, after antigenicity, toxicity, and aller-
genicity assessment, the HTL epitopes were 
screened for the simultaneous response of the 
cytokines IFN-γ, IL-10, and IL-4 to ensure induc-
tion of the adaptive cellular immune response. 
Therefore, the IL-4Pred [16], IL-10Pred [17], and 
IFNepitope [18] servers were used to fi lter the 
opportunistic HTL epitopes.
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Computing Antigenicity, Allergenicity, Toxicity 
and Physicochemical Properties
Along with the screening of LBL and HTL epitopes, 
the CTL epitopes initially screened using the IEDB 
server with an immunogenic score of the 99th 
percentile were directly screened with the Aller-
catPro v2.0 server to predict allergenicity poten-
tial [19]. Then, the ToxinPred server was used to 
predict the toxicity potential of the non-allergen-
ic epitopes by applying the Quantitative Matrix 
method (monopeptide) [20]. Finally, the non-tox-
ic and non-allergenic epitopes were screened 
through the VaxiJen v2.0 server to predict the 
protective antigen potential of each epitope for 
subunit vaccine validation using a threshold ≥ 0.5 
[21]. Upon completion of the construct design, the 
antigenicity of the translated open reading frame 
(ORF) was evaluated using both VaxiJen and 
ANTIGENpro [22]. The criteria for immunogenic 
epitope selection rely on them being computed 
as non-toxic, non-allergenic, and effectually anti-
genic, screened solely by their physicochemical 
properties. 

The physiochemical properties of the mRNA 
open reading frame were analysed using the Prot-
Param tool in order to compute the overall stabili-
ty, half-life, and general compositional properties 
(https://web.expasy.org/protparam/) [23]. Prot-
Param computes the physicochemical properties 
from the input protein sequence, independent of 
performing sequence alignment.

Structure prediction and Molecular Docking
Before performing representative molecular dock-
ing simulations between MHC-I/II alleles and 
their binding partners, binding affi nities and bond 
lengths were computed between each fi ltered 
antigenic peptide and their corresponding MHC 
allele using the Protein-Ligand Interaction Analyz-
er tool through SAMSON-Connect (OneAngstrom) 
(https://www.samson-connect.net). Then, molec-
ular docking simulations between MHC-I/II alleles 
and their binding partners were performed using 
the GalaxyPepDock molecular docking server [24]. 
MHC-I/II crystal structures were retrieved from the 
RCSB Protein Data Bank (PDB). If a specifi c MHC-I/
II crystal structure was unavailable, homology 
modelling was performed using the SWISS-MODEL 
server. Finally, the sequences were retrieved from 
the IPD-IMGT/HLA database (https://www.ebi.
ac.uk/ipd/imgt/hla/). Before molecular docking, 

all crystal structures were processed using SAM-
SON by removing unnecessary ligands, followed 
by energy minimization through the Swiss-PDB 
Viewer. Once the 3D structure of the mRNA ORF 
was predicted using the Phyre2 web server (http://
www.sbg.bio.ic.ac.uk/phyre2/) for de novo protein 
folding prediction, molecular docking between 
the mRNA protein product and MHC-I/II and TLR3 
was performed using the ClusPro 2.0 protein-pro-
tein docking server (https://cluspro.bu.edu/) [25]. 
Docking the protein to MHC-II is particularly rel-
evant, as MHC-II binding is the fi rst step in the 
cathepsin processing of exogenous antigenic pro-
teins [26]. Before docking the 3D structure of the 
construct, however, refi nement was performed 
using GalaxyRefi ne (https://galaxy.seoklab.org/
cgi-bin/submit.cgi?type=REFINE) [27]. 

Lastly, the minimum-free energy (MFE) sec-
ondary structure of the entire mRNA construct 
was predicted using the RNAfold web server [28]. 
The secondary structure of an RNA sequence 
that contributes the least free energy is the MFE 
structure. A loop-based energy model and the 
dynamic programming approach were used to 
forecast this structure [29]. An RNA second-
ary structure can be uniquely divided into loops 
and external bases. Thus the loop-based energy 
model views the free energy F(s) of an RNA sec-
ondary structure s as the total of the contributing 
free energies FL of the loops L included in s. The 
secondary structure s that minimizes F(s) is cal-
culated using the selected energy parameter set 
and the specifi ed temperature (37 °C by default).

Population Coverage Analysis of HLA Variants
The quality of the human immune response to 
pathogenic microbes and viruses is strongly 
correlated with the host’s immunogenetic con-
stitution. Genetic variants of genes relevant to 
the immune response determine host suscep-
tibility and allow for either a benefi cial or detri-
mental immunopathologic course to ensue upon 
infection [30–46]. Among this immune response, 
genes are those that encode HLA proteins. Poly-
morphisms within these genes have been strong-
ly correlated with infection outcome and vaccine 
response. The substantial number of document-
ed HLA variants across different populations 
suggests that the vaccine design process must 
factor in HLA variant distribution. Thus, their 
global distribution was determined once the cor-



Journal of Medical Science 2022;91(3)252

responding HLA-I/II alleles were identifi ed dur-
ing epitope selection. Ensuring that the identi-
fi ed alleles are geographically widely distributed 
allows the vaccine to protect more individuals. 
The IEDB Population Coverage Tool was used to 
compute global allele coverage by factoring in 16 
geographical regions [47]. 

Vaccine Construct Design: Linkers, Traffi cking 
Sequences and Stabilizers
The profi led LBL, HTL, and CTL epitopes, respec-
tively, are part of the open reading frame of 
the mRNA vaccine construct. The construct 
upstream and downstream untranslated regions 
(UTRs), which flank the ORF, generally increase 
the epitopes' stability, translatability, and adju-
vanticity. Moreover, they characterise eukaryotic 
mRNA. Linkers were used to concatenate the sub-
units of the 5’ UTR, ORF, and 3’ UTR for stabiliza-
tion and have further utility in ensuring that each 
subunit behaves independently. Furthermore, the 
linkers are both flexible and rigid enough to allow 
differentiation between each independent ele-
ment within the construct. 

The N terminus comprises a 7-methylguanos-
ine 5’ cap structure and the human β-globin 
sequence in increasing translational effi ciency 
[48–50]. Correspondingly, the 3’ UTR is flanked 
downstream with the α-globin sequence and 
a poly(A) tail, respectively, before which a STOP 
codon is put in place [48]. Additionally, the 
incorporation of poly(A) tail has been shown to 

increase protein expression level with increased 
length; therefore, the length of the poly(A) tail 
was extended to 150 residues [48].

The ORF, apart from the epitopes, begins 
with the Kozak sequence to initiate translation 
[51]. Following the start codon, a cleavage sig-
nal sequence belonging to the tissue plasmino-
gen activator (tPa) was added in order to guide 
the translational machinery toward product 
cleavage [52–54]. The tPa sequence is followed 
by a portion of the human β-defensin protein 
to increase adjuvanticity (UniProt: A0A7I2-
YQ93) [48, 49]. The Signal.P-5.0 web server 
was employed (https://services.healthtech.
dtu.dk/service.php?SignalP-5.0) to ensure that 
the signal sequence would be recognised upon 
incorporation [55]. As LBLs are located towards 
the N terminus of the construct, the pan HLA 
DR-binding epitope (PADRE) sequence was 
added. Previous work has demonstrated that 
the incorporating of a PADRE sequence in vac-
cine designs provides T-cell-aided induction of 
protective antibodies [56–58]. In order to iden-
tify the signal sequence within the tPA protein, 
the Signal.P-6.0 server was used (Supplemen-
tary File 1) [55]. Towards the C terminus, after 
the fi nal CTL, an AAY-linked MHC Class I traf-
fi cking signal domain (MITD) was added in 
order to guide CTL epitopes toward MHC-I pro-
cessing (UniProt: Q8WV92) [10]. A schematic 
representation of the vaccine construct may be 
found in Figure 2. 

Figure 2. Schematic representation of the mRNA construct design. Abbreviations: tPa – tissue plasminogen activator; LBLE – linear 
B cell epitopes; HTLE – helper T cell epitopes; CTLE- cytotoxic t cell epitopes; MITD – MHC-I traffi cking domain; PADRE – pan HLA 
DR-binding epitope
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Molecular Dynamics Simulations
Upon docking the mRNA vaccine protein prod-
uct with TLR3, MHC-I, and MHC-II, molecu-
lar dynamics (MD) simulations were performed 
for each complex in order to assess complex 
stability, using the GROMACS Wizard for SAM-
SON-Connect [59]. Each complex was placed 
in a water-containing octahedral box accord-
ing to the SPC/E water model to achieve this The 
boundary was set to at least 10Å from the protein 
atoms. The addition of Cl- ions performed neu-
tralisation of the solvated structures. The LINCS 
technique was used to restrict covalent bonds 
involving hydrogen atoms, while particle-mesh 
Ewald handled long-range electrostatic interac-
tions using a real-space cutoff of 10Å. In order 
to eliminate near interactions, the system was 
fi rst momentarily reduced with the system atoms 
restricted to the original coordinates (no jumping 
atoms). The restrained system was then gradu-
ally heated to 300 K under constant volume at 
0.01ns. Finally, each system was brought into 
equilibrium for 0.01 ns for NVT and NPT equili-
bration, using the continuous isothermal-isobaric 
ensemble at 1 atm and 300 K without constraints. 
With a 2fs integration time step, the Parrinel-
lo-Rahman barostat and a Brendsen thermostat 
were employed. Production mode for 0.5 ns was 
applied to run MD simulations, with coordinates 
recorded every 1000fs. The OPLS-AA/L force 
fi eld was used for all simulations. mRNA protein 
product stability was assessed using identical 
parameters.

Immune System Simulations
The C-Immsim server was employed using the 
Celada-Seiden model to simulate the vaccine 
construct humoral and cellular immune response 
[60, 61]. C-Immsimm considers cells as individ-
ual agents (agent-based modelling), represent-
ing polyclonal models thereof, and quantitively 
depicts immune response at the cellular scale. 
In setting the parameters, the simulation time 
frame was set to approximately fi ve years (5000-
time-steps). Two doses (50 μL simulation vol-
ume) were administered , one at time-step 1 and 
a booster dose at time-step 1095 (one year apart). 
One advantage of implementing C-Immsim is that 
an individual simulation may be set up to simulate 
the immune with user-selected HLA-I/II alleles 
taken into consideration. In line with this, we 

selected HLA alleles that correspondingly to the 
peptides based on the HLA-I/II epitope screen-
ing results, namely HLA-A02:01, HLA-A02:61, 
HLA-B07:02, HLA-B39:01, HLA-DRB1-07:01, and 
HLA-DRB1-03:01.

Results

Identifi cation, Evaluation and Selection of T cell 
and B Cell Epitopes
Considering that the entirety of the available 
MPXV and variola proteomes underwent screen-
ing for potential CTL epitopes, it is not surpris-
ing that the initial NetCTL v.1.2. analysis returned 
thousands of potential CTLs (Supplementary 
File 1). Only after further computations involving 
MHC class I immunogenicity and MHC-I binding 
was further selection possible (Table 1). A similar 
situation was observed upon initial screening for 
MHC-II epitopes (see Table 1). Molecular docking 
results are available in Supplementary File 1. 

Corresponding HLA Alleles Are Widely 
Distributed
The IEDB Population Coverage tool computed 
a global coverage of 91.33%. In terms of region-
al coverage, out of the 16 geographical regions 
included in the computation, all but one (Central 
America) had a computed coverage score >50% 
(Figure 2).

The Vaccine Construct: RNA secondary 
structure, Components, Protein Product 
and Physicochemical Properties
A total of 23 antigenic peptides were incorpo-
rated into the construct; 7 LBL epitopes, 6 HTL 
epitopes and 10 CTL epitopes. Secondary struc-
ture prediction by RNAfold computed a structure 
whose free thermodynamic ensemble energy is 
-840.86 kcal/mol (Figure 3). The formulation of 
the construct is as follows:

5’ Cap – human β globin 5’ UTR – Kozak context – GPGPG 
linker – tPa signal sequence – GPGPG linker – human β 
defensin sequence – GPGPG linker – PADRE sequence – EAAK 
linker – YSNNEYTPFNK (LBL) – KK linker – CDVGFDSIDI (LBL) 
– KK linker – TIDSSTIQRRE (LBL) – KK linker – 
IDDIDDIDDIDDIDDIDDIDDKASNNDDHN (LBL) – KK linker – 
NKSTNILDYLSTE (LBL) – KK linker – DISPPDNTIPNISTRE (LBL) 
– KK linker – YYCLLKGSSGCKACVSQTKCGIGYGVSGHTSVGDV
ICSPCGFGTYSHTVSSADKCEPVPNNTFNYIDVEITLYPVNDTSCT
RTTTTGLSESILTSELTITMNHTDCNPVFREEYFSVLNKVATSGFF
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Table 1. Summarization of identifi ed cytotoxic, helper T cell and B epitopes, according to VaxiJen score and the most likely HLA vari-
ant binders. Peptides with a VaxiJen score ≥0.5 were considered potential protective antigens

T Cell Epitopes VaxiJen Score HLA Variant
CD4+

KIILISDVRSKRGGN 1.1520 HLA-DRB1*03:01
LDTVNIYISILINHR 0.9376 HLA-DRB1*15:01
VIFYFISIYSRPKIK 0.8242 HLA-DRB5*01:01
SRLIHFSISFSISLM 1.2229 HLA-DRB1*07:01
RLIHFSISFSISLMQ 1.2158 HLA-DRB1*07:01
MSRLIHFSISFSISL 1.1653 HLA-DRB1*07:01
CD8+

KRRNVEWEL 2.1466 HLA-B*27:05
RGSIIFINY 1.1953 HLA-B*58:01, HLA-B*58:02
FAIIAIVFV 1.3444 HLA-A*02:01, HLA-A*02:06
STIHIYWGK 1.2641 HLA-A*03:01, HLA-A*26:01
SHVRWRDIW 1.5510 HLA-B*39:01
ATRIEFGPL 2.6960 HLA-B*07:02
NFKIEFEAV 1.8963 HLA-B*08:01
YTNWAIILL 1.3359 HLA-A*01:01, HLA-A*02:01, HLA-A*02:06, 

HLA-A*26:01, HLA-B*39:01, HLA-B*58:01, 
HLA-B*58:02

KDEAIEIGL 1.6384 HLA-B*44:02, HLA-B*44:03
FKIEFEAVY 1.3717 HLA-A*26:01, HLA-B*27:02, HLA-B*27:05
B Cell Epitopes
CDVGFDSIDI 1.4667
IDDIDDIDDIDDIDDIDDIDDKASNNDDHN 1.0407
DISPPDNTIPNISTRE 0.9703
TIDSSTIQRRE 0.8453
YYCLLKGSSGCKACVSQTKCGIGYGVSGHTSVGDVICSPCGFGTYSHT-
VSSADKCEPVPNNTFNYIDVEITLYPVNDTSCTRTTTTGLSESILTSELT-
ITMNHTDCNPVFREEYFSVLNKVATSGFFTGENRYQNISKVCTLNFEIK-
CNNKGSSFKQLTKAKND

0.7414

YSNNEYTPFNK 0.6185
NKSTNILDYLSTE 0.5738

Figure 3. Geographical distribution of HLA allele variants that have been predicted to bind with the identifi ed epitopes
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TGENRYQNISKVCTLNFEIKCNNKGSSFKQLTKAKND (LBL) – 
GPGPG linker – KIILISDVRSKRGGN (HTL) – GPGPG linker – 
LDTVNIYISILINHR (HTL) – GPGPG linker – VIFYFISIYSRPKIK 
(HTL) – GPGPG linker – SRLIHFSISFSISLM (HTL) – GPGPG 
linker – RLIHFSISFSISLMQ (HTL) – GPGPG linker – 
MSRLIHFSISFSISL (HTL) – AAY linker – KRRNVEWEL (CTL) – 
AAY linker – RGSIIFINY (CTL) – AAY linker – FAIIAIVFV (CTL) – 
AAY linker – STIHIYWGK (CTL) – AAY linker – ATRIEFGPL (CTL) 
– AAY linker – NFKIEFEAV (CTL) – AAY linker – YTNWAIILL 
(CTL) – AAY linker – KDEAIEIGL (CTL) – AAY linker – FKIEFEAVY 
(CTL) – EAAK linker – MIT traffi cking signal sequence – GPGPG 
linker – STOP codon – human α globin 3’ UTR – Poly(A) tail.

Toxicity and allergenicity computations esti-
mated that the protein product of the ORF is both 
non-toxic and non-allergenic, further supple-
mented with fi ndings of no signifi cant homology 
between the amino acid sequence of the con-
struct and proteomes belonging to commensal 
microbes (Supplementary File 1). Physicochemi-
cal evaluation of the mRNA protein product com-
puted the protein as stable, with a long-lasting 
half-life (Table 2). Antigenicity predictions con-
ducted by VaxiJen and ANTIGENpro computed 
that the mRNA product is a probable protec-
tive antigen, with scores of 0.7143 and 0.826646 
for VaxiJen and ANTIGENpro, respectively. The 
Signal.P-6.0 evaluation of the ORF appropriate-
ly recognized the incorporated tPa sequence as 
a signal sequence, indicating a high degree of 
probability that it will be recognized appropriately 
during translation (Figure 4).

After the de novo protein folding using the 
Pyhre2 server, the generated PDB structure was 

refi ned using the GalaxyRefi ne tool, followed by 
stereochemical evaluation using the Ramachan-
dran plot extension available within the SAM-
SON-Connect software package. Evaluation of 
the refi ned construct returned 90.381% highly 
preferred observations, followed by 7.463% pre-
ferred and 2.156% questionable observations 
(Figure 5).

The mRNA Product Elicits a Protective and 
Long-lasting T and B Cell Immune Response
Upon administering the initial dose containing 
1000 construct (Ag) units (simulation details in 
Supplementary File 1), high IgM and, subsequent-
ly, IgG antibody titers were documented within the 
fi rst ten days post-immunization (Figure 6). The 
observed production of IgG1 corresponds with 
the predicted solubility-associated computations 
that classifi ed the protein product as water-solu-
ble, considering that IgG1 is predominantly primed 
toward hydrophilic antigenic proteins. IgG2 is 
also simultaneously produced in the primary and 
secondary immune response. The Ig production 
as described above corresponds adequately with 
the observed B cell clonal expansion, where IgM 
isotype B cells demonstrate high stability across 
the simulated period, with no tendency to decline. 
This insight is encouraging, as IgMs are the fi rst 
responder to foreign organisms and viruses [62]. 
Though IgG production peaks approximately ten 
days upon primary and secondary immunization, 

Table 2. Summarization of physicochemical, allergenicity, toxicity, and antigenicity properties of the mRNA 
protein product

Computed Property Result Interpretation

Number of amino acids 698 Adequate

Molecular weight 76731.62 Average

Chemical formula C3419H5364N922O1022S31 /

Computed theoretical pI 8.7 Basic

Negatively charged residues (Asp+Glu) 74 /

Positively charged residues (Arg + Lys) 87 /

Number of atoms 10758 /

Instability Index (II) 37.65 Protein is stable

Aliphatic index (AI) 80.82 Protein is thermostable

Grand average of hydropathicity (GRAVY) -0.256 Protein is hydrophilic

Antigenicity evaluation based on 
sequence data

0.7143 (VaxiJen) Construct is predicted as 
a strong protective antigen0.826646 (ANTIGENpro)

AllerCatPro Evaluation Probable non-allergen Protein is a non-allergen

ToxinPred Evaluation Non-toxin Protein is non-toxic
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Figure 4. A) RNAfold minimum free energy (MFE) secondary structure prediction of the entire mRNA 
vaccine construct. B) A mountain plot representation of the MFE structure, the thermodynamic en-
semble of RNA structures, and the centroid structure



Journal of Medical Science 2022;91(3) 257

Figure 5. Signal.P-6.0 evaluation of the ORF. The tPa signal sequence “MDAMKRGLCCVLLLCGAVFVSGP” was successfully recog-
nized, with a likelihood of 0.9242

Figure 6. A) Predicted three-dimensional folded structure of the mRNA protein product; B) Ramachandran plot evaluation of the 
predicted structure

antibody titers steadily decline and stabilize after 
one year. A similar observation was recorded for 
plasma B cells, where IgM and IgG1 plasma cells 
peak within the fi rst ten days post-vaccination, 
only to decline and stabilize after approximately 
one month. Long-lived memory B and plasma 
cells are critical biological factors for persistent 
antibody-mediated immunity. The present work 

documents persistent antibody-mediated immu-
nity, where long-lived active-state B cell popula-
tions were maintained throughout the simulation 
period [63].

In terms of T cell-mediate Regarding T cell-me-
diated immunity, a robust HTL production was 
recorded, with the secondary response, as expect-
ed, characterized by higher intensity (Figure 7). The 
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differentiated memory HTL pool peaks approxi-
mately one month after immunization, followed 
by a steady decline and subsequent stabilization 
approximately four years after the second dose. 
Though active HTLs peak at around day 20 after the 
initial dose, the amount of active and resting HTLs 
declines rapidly and stabilises around day 60. Upon 
the second dose, a robust proliferation of active 
HTLs is observed, followed by their steady decline 
and stabilization through conversion towards 
a resting state some 2.5 years after the second 
injection. Interestingly, the proliferation of regula-
tory T cells (Tregs) was signifi cantly more potent 
after the fi rst dose than the second one. Active and 
resting Tregs seem to decline signifi cantly and pla-
teau 140 days after the fi rst dose. However, these 
cells' presence remains consistent despite their 
minute quantities after the plateau phase.. Despite 
the second dose not offering a signifi cant increase 
in the resulting repertoire of differentiated Tregs, it 
maintains detection-worthy counts even fi ve years 
after the second dose. Perhaps the most encour-
aging fi nding is that the immune response to the 

vaccine construct is primed towards Th1 immunity, 
further supported by the predicted cytokine pro-
duction induced after immunization. The observ-
ably high and stable counts of differentiated CD8+ 
T cells, followed by increased activation in natural 
killer (NK) cell production and innate immune cell 
engagement (dendritic cells and macrophages), 
demonstrated the above.

Molecular Dynamics Simulations
We used GROMACS to simulate the docked com-
plexes (vaccine and TLR-3, MHC-I, and MHC-II) to 
determine the vaccine-receptor complex's stabil-
ity. Furthermore, the overall stability of the mRNA 
protein product was assessed using the same 
MD parameters. Analyses regarding energy mini-
mization, pressure evaluation, temperature, and 
estimates of potential energy were carried out. 
A stable system and a successful MD run were 
indicated by the simulation system's tempera-
ture and pressure during the simulation run and 
were stable throughout the entire simulation. The 
overall structural variation of the complex of the 

Figure 7. The predicted humoral response to the protein product of the mRNA vaccine construct over fi ve years
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Figure 8. The predicted T cell immune response to the vaccine construct, supplemented with dendritic cell (DC) and macrophage 
(MA) engagement, supplemented with cytokine secretion profi les

Figure 9. Molecular Dynamics (MD) simulation results for toll-like receptor 3 (TLR3), major histocompatibility complex I (MHC-I), 
and major histocompatibility complex II (MHC-II) docked with the folded protein product of the vaccine construct. The image displays 
results in the context of system pressure, temperature, and root mean square deviation (RMSD) of the docked complexes, along with 
the gyration radius
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vaccine and immune receptor is depicted by the 
complex root mean square deviation (RMSD) (See 
Figure 8, A). The protein product alone has also 
been computed as stable when simulated under 
the same MD production run parameters (see 
Supplementary File 1).

Discussion

Though human smallpox was eradicated from the 
human population in the 1980s, the notion that 
an intentional variola virus release may occur has 
helped maintain the relevance of studying human 
orthopoxviruses. With this in mind, it is not all sur-
prising that the majority of smallpox-related data 
stems from research conducted on the human 
Vaccinia virus rather than variola, as variola is 
classifi ed as a level 4 biological agent stored in 
only a small number of laboratories. On the other 
hand, the recent outbreak of MPXV gave rise to 
a rather indicative body of research regarding the 
virus's genomics, proteomics and host-pathogen 
immunobiology, which may be opportunistically 
used for better understanding of variola as well. 
A very useful body of immunological data per-
taining to T cell and B cell immunity is therefore 
available. An opportunity lies in merging these 
insights with computational tools to more accu-
rately understand MPXV and variola, particularly 
with vaccine design. Though much remains to be 
uncovered, the currently-available data on MPXV 
infection offers clues into what sort of protective 
immune response profi le should be elicited by 
a novel vaccine.

During severe MPXV infection, the cytokine 
profi le suggests a dominant Th2 response asso-
ciated with cytokine storm development [64]. Th2 
cytokines (IL-10, IL-4, IL-13, IL-5, IL-6) are elevated 
during clinically severe infections, of which IL-10 
and IL-4 dampen Th1 response [64], [65]. IL-10 
downregulates Th1 cytokines (IL-2, TNF-α, IL-12, 
IFN-γ), indicating the cytokine storm's onset. 
Our immune response simulation results display 
a favourable, Th1-orientated response upon vac-
cination, suggesting T regulatory cell response 
and prolonged B cell and effector T cell surviv-
al. The process is further supplemented with 
the vaccine-induced cytokine secretion profi le 
recorded within this work, indicating an IFN-me-
diated immune response. During the innate 

immune response against MPXV, it has been 
observed that the impairment in NK cells causes 
the dysregulation of IFN-γ and TNF-α secretion 
[4, 5, 64–66]. Though monocytes play a critical 
role in shaping the adaptive immune response, 
subsequent cytokine release that induces mono-
cytosis for viral dissemination is insuffi cient in 
countering cytokine storm-induced toxaemia 
[67]. Moreover, the inability to induce an effec-
tive IFN response was associated with disease 
severity; adaptive immune response in eradicat-
ing virus-infected monocytes via IFN-γ secreting 
CD8+ cells was proven for suffi cient protection, 
independent of CD4+ and B cells [68]. Considering 
our implementation of LBL epitopes, the incorpo-
ration of the apoptosis inhibitor F1L, IFN-γ binding 
proteins B8R, and the TNF and chemokine bind-
ing protein CrmB may effectively encompass the 
specifi c viral evasion strategies to host immune 
response in both intrinsic and extrinsic pathways 
for leveraging secreted antibodies [69–71]. Thus, 
the inclusion of characterized B cell epitopes and 
systematically defi ned HTL and CTL epitopes 
help accurately profi le MPXV infection. This ben-
efi cial immunological response was recorded for 
our vaccine design, suggesting that the vaccine 
would most likely offer suffi cient protection within 
this context. Following stimulation of T cells and 
subsequent antibody development, B cells and 
antibody production have notably indicated that 
protective IgG+ memory B cells highlight protec-
tion alone [67]. While this insight warrants further 
investigation in a population-specifi c context, 
it is encouraging that our vaccine design elicits 
IgG+-specifi c B cell production, along with stable 
and long-lasting IgG antibody titers. Overall, the 
predicted immunological response to the protein 
product of the vaccine construct would theoreti-
cally induce a benefi cial Th1-mediated protective 
immune response. Stimulation of Th1 immuni-
ty is also a key protective factor against variola 
[4–6, 72]. With this in mind, the proposed vaccine 
design may protect against human smallpox, 
considering that the immune response simulation 
results satisfy the necessary criteria that hall-
mark protective immunity against the virus. The 
above is not surprising considering the genomic 
and host-pathogen similarities between variola 
and MPXV. An attractive hypothesis that may be 
drawn from this work is that this vaccine would 
offer cross-protection against other orthopox-
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viruses, considering the number of diverse anti-
gens incorporated into the construct. 

Safety and antigenicity computations have 
classifi ed the mRNA protein product as a non-al-
lergenic, non-toxic, and highly-antigenic protein 
with no signifi cant homology with the human 
gut microbiota. In terms of homology between 
human-derived signalling and traffi cking ele-
ments incorporated within the construct, homol-
ogy prediction was not performed, as these 
sequences are expected to be cleaved during 
translation.

Despite the encouraging results obtained from 
this study, its limitations should be adequately 
addressed. Namely, whilst epitope identifi cation 
using the IEDB analysis toolkit has been broadly 
used for theoretical vaccine design in the past, 
their accuracy entirely relies on the quality of the 
datasets used to train the implemented algo-
rithms. However, IEDB still stands as an accept-
able tool for epitope identifi cation. MHC-I pro-
cessing prediction, on the other hand, is a com-
plex and ineffi cient system, leaving room for 
algorithm improvement and forming the need for 
experimental validation in terms of antigenic pro-
cessing. Furthermore, computational tools cur-
rently need to be available to predict the interac-
tion between the host's cellular machinery and an 
introduced exogenous mRNA construct in a reli-
able fashion. Thus, all of our simulation results 
stem from analyzing the specifi c protein product 
encoded by the mRNA ORF rather than consider-
ing the process of mRNA translation or validating 
whether the translational machinery will recog-
nize the cleavage/traffi cking sequences in vivo. To 
compensate for this shortcoming, we employed 
SignalP-5.0, which detects the presence of sig-
nal sequences based on a protein’s amino acid 
code. The tPA signal sequence was adequately 
detected upon incorporation within the construct, 
allowing us to hypothesize that the translational 
machinery would most likely recognize its pres-
ence. However, the major drawback of this study 
is the lack of in vivo data regarding our vaccine 
design, coupled with the fact that there are no 
computational tools for evaluating mRNA vac-
cines on a cellular level. Analyses of the protein 
product revealed encouraging results, even when 
the various partitions of the mRNA construct 
would not be guided by replication machinery 
towards different antigen processing compart-

ments (MHC-I/II). All this was revealed through 
molecular docking and subsequent molecular 
dynamics simulations between the mRNA prod-
uct complexed with MHC-I/II and TLR3. Fur-
thermore, the C-Immsim server, although the 
gold standard for open-source in silico immune 
response predictions, does not take into account 
the delivery method used and suffers from the 
inability for a greater number of HLA alleles to 
be specifi ed within the input parameters. Addi-
tionally, the degree to which the statement of 
quantity is near that quantity's actual (true) val-
ue is known as the forecast's accuracy. Because 
the forecast is a statement about the future, the 
actual value is typically impossible to measure 
when issued, which should be considered when 
interpreting results from such forecasting tools. 
In line with this, another C-Immsim simulation 
was carried out for one year, with the second 
dose being omitted (Supplementary File 1). Con-
sidering that TLR3 can detect virus-associated 
nucleic acid and peptide sequences, a molecu-
lar dynamics simulation was performed on the 
docked mRNA-TLR3 complex in order to deter-
mine the stability of this complex. Furthermore, 
the overall stability of the mRNA protein prod-
uct was further assessed using MD simulations. 
Though MD simulations and molecular docking 
have drawbacks regarding the accuracy and in 
vitro and in vivo translatability, they still represent 
well-accepted methods for in silico biophysical 
analysis of large molecular structures. 

Overall, this work describes a novel con-
ventional mRNA-based vaccine design, which 
incorporates various potential antigenic targets 
stemming from the variola virus and MPXV, in 
an attempt to design a vaccine that would elicit 
a protective immune response against these and 
other orthopoxviruses. In the confi nes of in silico 
evaluation, the vaccine design satisfi es all safety, 
antigenicity and immune response longevity cri-
teria. Furthermore, according to previous works, 
the Th1-oriented immune response elicited by the 
vaccine would offer suffi cient protection against 
both viruses. Choosing the mRNA vaccine plat-
form stems from the added potential of increas-
ing antigen presentation to increase vaccine effi -
ciency, safety and design speed. Yet the specifi c 
relationship between the mRNA construct and 
the intracellular machinery warrants in vivo vali-
dation. Taken altogether, our work elegantly dem-
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onstrates the immense potential that computa-
tional tools hold for fast and relatively accurate 
streamlining of vaccine design, as this approach 
may be extrapolated to peptide-based and pro-
tein subunit vaccines.

Lastly, in terms of biosafety aspects, this 
design and pipeline represent a potentially fruitful 
avenue to pursue They allow the rapid develop-
ment of protective vaccines based on genomic or 
proteomic data. Furthermore, due to the opportu-
nity to enhance antigen processing via the incor-
poration of traffi cking and signal domains and 
predict various potential biophysical and immu-
nological outcomes, this technology may be 
a valuable tool in the case of biological threats.
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