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Original article

Strategic construction of mMRNA
vaccine derived from conserved
and experimentally validated
epitopes of avian influenza type
A virus: a reverse vaccinology
approach

Purpose: The development of vaccines that confer protection against multiple avian influenza
A (AIA) virus strains is necessary to prevent the emergence of highly infectious strains that
may result in more severe outbreaks. Thus, this study applied reverse vaccinology approach in
strategically constructing messenger RNA (mRNA) vaccine construct against avian influenza
A (mVAIA) to induce cross-protection while targeting diverse AIA virulence factors.
Materials and Methods: Immunoinformatics tools and databases were utilized to identify
conserved experimentally validated AlA epitopes. CD8" epitopes were docked with dominant
chicken major histocompatibility complexes (MHCs) to evaluate complex formation. Conserved
epitopes were adjoined in the optimized mVAIA sequence for efficient expression in Gallus gal-
lus. Signal sequence for targeted secretory expression was included. Physicochemical prop-
erties, antigenicity, toxicity, and potential cross-reactivity were assessed. The tertiary structure
of its protein sequence was modeled and validated /n silico to investigate the accessibility of
adjoined B-cell epitope. Potential immune responses were also simulated in C-ImmSim.
Results: Eighteen experimentally validated epitopes were found conserved (Shannon index
<2.0) in the study. These include one B-cell (SLLTEVETPIRNEWGCR) and 17 CD8* epitopes,
adjoined in a single mRNA construct. The CD8" epitopes docked favorably with MHC peptide-
binding groove, which were further supported by the acceptable AGying (-28.45 to -40.59 kJ/
mol) and Kd (<1.00) values. The incorporated Sec/SPI (secretory/signal peptidase |) cleavage
site was also recognized with a high probability (0.964814). Adjoined B-cell epitope was found
within the disordered and accessible regions of the vaccine. Immune simulation results pro-
jected cytokine production, lymphocyte activation, and memory cell generation after the 1st
dose of mVAIA.

Conclusion: Results suggest that mVAIA possesses stability, safety, and immunogenicity. /n
vitro and in vivo confirmation in subsequent studies are anticipated.

Keywords: Avian influenza A virus, Vaccinology, Messenger RNA, Chickens, Epitopes

Avian influenza, commonly known as bird flu, is caused by influenza A viruses (IAV)
that circulate in humans, horses, dogs, swine, and birds. Wild aquatic birds, shore-
birds, and wild waterfowl are considered reservoir hosts of IAV [1]. Avian influenza has
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captured the attention of international and local communi-
ties over the years due to its devastating consequences to the
health of wild birds, poultry, and livelihood of farmers. It has
become a public health concern because of sporadically
identified human cases. A major concern is the emergence of
highly infectious strains that may result in pandemics.

Strains of avian influenza viruses can be generally classi-
fied into two categories, depending on the disease severity in
poultry. The low pathogenic avian influenza (LPAI) viruses
cause either no signs of disease to mild disease which can be
observed as ruffled feathers and marked decrease in egg pro-
duction. Some LPAI viruses can mutate into highly patho-
genic avian influenza (HPAI) viruses which can result in se-
vere disease that affects multiple organs. Mortality is up to
100% in infected chickens, often within few days of incuba-
tion [2]. TAV is more commonly divided into subtypes based
on the type of two proteins expressed on its surface: hemag-
glutinin (HA) and neuraminidase (NA). In humans, there are
18 subtypes of HA and 11 subtypes of NA, while 16 HA and
nine NA subtypes have been identified in birds. There are
many possible combinations of HA and NA that result in sub-
type of IAV. An A(H5N1) strain has HA 5 and NA 1 type of
proteins on its surface. Currently, all known subtypes of IAV
can infect birds, except two subtypes that have only been
found in bats: A(H18N11) and A(H17N10). While most of the
circulating subtypes A(H5) and A(H7) viruses are LPAI, and
only few have been classified as HPAI, both can spread rapid-
ly through poultry flocks [3].

IAV is the only species of the genus Alphainfluenzavirus,
family Orthomyxoviridae. Its genome is comprised of eight
negative-sense, single-stranded RNA segments which en-
code for 10 viral proteins namely: polymerase basic 2 (PB2),
polymerase basic 1 (PB1), polymerase acidic protein (PAP),
HA, nucleoprotein (NP), NA, matrix-1 protein (M1), matrix-2
protein (M2), non-structural protein 1, and non-structural
protein 2. Seven new proteins encoded by the viral genome
have been identified in the past several years. Each RNA seg-
ment is wrapped around NP monomers that form a ribonu-
cleoprotein complex with PAP, PB1, and PB2 for viral tran-
scription and replication. The complexes are enclosed by a
lipid envelope that is layered by M1 proteins internally, and
embedded by HA, NA, and M2 proteins. HA protein facili-
tates viral entry by binding to the sialic acid receptor of the
host cell. NA protein promotes the release of viral progeny
from the host cell [4].

So far, the largest HPAI epidemic season was observed
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from 2021-2022 in Europe. This involved 2,733 HPAI infec-
tions of wild birds, 2,398 outbreaks in poultry, and 168 detec-
tions in captive birds which occurred in 36 European coun-
tries. A total of 46 million birds were culled in the affected es-
tablishments [5]. The new H5N1 HPAI is responsible for the
current outbreak since early 2022; and it has effectively dis-
placed other H5 HPAI viruses. In fact, the ongoing HPAI
H5N1 outbreak has led to the death of over 37 million poultry
in the United States alone [6]. In the Philippines, new out-
breaks have been recorded from different provinces across
Luzon, including Pampanga, Bulacan and Laguna [7].

In countries with good veterinary infrastructure, mass
HPAI poultry vaccination has been successfully accom-
plished. Currently available platforms of avian influenza vac-
cines include attenuated wild-type avian influenza A viruses
(ATAV), protein subunit HA, adjuvanted HA DNA vaccine,
and recombinant live virus vectors expressing HA and NA
gene inserts. However, aside from the challenges with cost
production and limited cold chain capacity, these currently
available vaccines are not commonly used because of their
reduced vaccination efficacy over time [8]. Unequivocally,
there is a need for constant reformulation of avian influenza
vaccines due to antigenic drift and antigenic shift of AIAV in
the field. Therefore, development of vaccines that can cover
multiple antigens across multiple currently circulating strains
can be a more practical strategy. Moreover, avian influenza
vaccines targeting multiple bird species would be of greater
value, most especially in South East Asia wherein some spe-
cies like ducks are often carrying the virus without expressing
any clinical symptoms. Evidently, the ongoing diversification
of IAV challenges the conventional method of vaccine formu-
lation which is time-consuming, production-limited, and
strain-specific. Keeping in mind that cost is another big hur-
dle to be considered when it comes to individual bird vacci-
nation, vaccines that could confer at least 6-month protec-
tion after a single dose could significantly minimize cost re-
quired for mass vaccination. Thus, better strategic approach-
es and more applicable vaccine platforms against intracellu-
lar pathogens such as ATAV should be explored.

This study aims to construct a messenger RNA (mRNA)
vaccine which incorporates conserved and experimentally
validated epitopes from multiple antigens of AIAV. To induce
cross-protection against various AIAV strains, conserved re-
gions can be strategically identified in AIAV protein sequenc-
es from public databases. The use of highly conserved se-
quences is an important factor for vaccine development in
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order to circumvent immune epitope evasion in rapidly mu-
tating viruses such as AIAV. In addition, targeting multiple
virulence factors may induce broader and more potent im-
mune responses against AIAV. This study will also explore the
essential elements required in constructing mRNA as a vac-
cine platform to incorporate the putative advantages that
therapeutic mRNA molecules possess. These include the
forestalling of host genome integration risk, lower toxicity,
and the ability to get host cell to produce viral proteins for
easier, faster, and cheaper manufacturing processes than the
traditional vaccines [9].

The development of immunoprophylactic and immuno-
therapeutic agents has become more cost-effective and time-
efficient in the immunoinformatics era. The advent of coro-
navirus disease 2019 (COVID-19) pandemic has demonstrat-
ed the cutting-edge and paramount importance of immuno-
informatics when biotechnology and pharmaceutical com-
panies around the world have successfully and rapidly devel-
oped vaccines against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). With the application of appro-
priate databases and immunoinformatics tools, coupled by a
strategic approach, conserved and experimentally validated
epitopes in AIAV antigens can be identified, and an mRNA
construct can be designed to comprise essential elements
that a potent ATAV vaccine must possess. Results from this
study can serve as premises in formulating effective mRNA
vaccine that can potentially induce longer-lasting immunity
against multiple AIAV strains.

Retrieval of experimentally validated epitopes and the identi-
fication of conserved regions in AlA protein sequences

All experimentally validated avian influenza A (AIA) T-cell
and B-cell epitopes with positive assay results were retrieved
from the Immune Epitope Database and Analysis Resource
(IEDB) on November 4, 2022 (http://tools.iedb.org/conser-
vancy/). The search criteria were limited to linear epitopes of
TAV (ID:11320) with birds (ID:8782) as host. Manually curated
protein sequences corresponding to epitopes obtained from
IEDB were generated from the UniProt database (https://
www.uniprot.org/). Inclusive lengths of HA, matrix protein 1
(MP1), matrix protein 2 (MP2), non-structural protein 1 (NSP1),
NP, PAP, and RNA-directed RNA polymerase catalytic subunit
(RRPCS) are 564-568, 252, 97, 230-237, 498, 716, and 757,
respectively. Retrieved protein sequences were aligned in
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Clustal Omega server (https://www.ebi.ac.uk/Tools/msa/
clustalo/) which were used as input in the Protein Variability
Server tool (PVS; http://imed.med.ucm.es/PVS/). Fragments
with Shannon index <2.0, and length greater than or equal to
9 residues were identified as conserved. All variable residues
were masked in the resulting sequence. To determine which
among the experimentally validated epitopes are conserved,
epitope that has 100% residue identity overlap with any of
the conserved fragments of their respective AIAV antigen
were identified using the Epitope Conservancy Analysis tool
(http://tools.iedb.org/conservancy/). Conserved epitopes
were kept for subsequent analysis.

Currently, with the settings employed in this study, there is
only one (1) experimentally validated AIA T-helper (Th) cell
epitope available in IEDB. Unfortunately, this epitope was
not found to be conserved upon alignment with the con-
served sequences of ATAV antigens identified in this study. To
circumvent the scarcity of Th epitopes, two universal Th cell
epitopes were included in the vaccine construct. Th epitope
TET (QYIKANSKFIGIT) was derived from the sequence of
tetanus neurotoxin of Clostridium tetani. It was recently dem-
onstrated that the incorporation of TET in a vaccine was able
to induce humoral and cellular immunity in chickens and
mice [10]; and was also utilized as marker to identify vacci-
nated from unvaccinated chickens [11]. Thus, induced im-
munity through this epitope may also enable the distinction
of vaccinated chickens from infected ones. Another universal
epitope (AQFVRALSMQAAE) known to activate Th cells was
derived from pan-allelic DR-binding sequence (PADRE).
Studies have demonstrated its ability to activate Th cells re-
gardless of chicken haplotypes [12].

Assessment of potential toxicity and cross-reactivity of con-
served epitopes

The potential toxicity of each epitope was evaluated in Toxin-
Pred server (https://webs.iiitd.edu.in/raghava/toxinpred/in-
dex.html). Epitopes with negative support vector machine
(SVM) scores were classified as non-toxin. To avoid potential
cross-reactivity induced by epitopes against the proteome of
the target host, sequence similarity search for each epitope
was conducted through Protein BLAST against non-redun-
dant protein sequences of birds (taxid:8782) in the National
Center for Biotechnology Information protein databases
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE =Proteins).
This algorithm automatically adjusts for shorter input se-
quence. All model sequences, non-redundant RefSeq pro-
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teins, and uncultured/environmental sample sequences
were excluded. Each conserved epitope was assessed for ex-
act hits. Lengths of peptides presented by major histocom-
patibility complex (MHC) I can range from 8 to 12 residues;
thus, epitopes with 100% sequence identity match for >8 res-
idues in any of the avian protein sequences in the database
were excluded to prevent plausible provocation of immune
response against the host. Due to short fragment length in-
puts, resulting E-values for each epitope were too large (3.3-
400); therefore, this parameter was not included as a criterion
in identifying hits.

Docking conserved epitopes with dominant MHC | and MHC Il
alleles of chickens

Chickens express one dominant classical MHC I and MHC I,
known as BF2 haplotype [13] and BL2*02, respectively [14].
The PDB crystal structures of MHC I BF2*2101 (PDB ID:3BEV)
and MHC II BL2*02 (PDB ID:7APZ) were downloaded from
RSCB Data Bank (https://www.rcsb.org/). Unnecessary struc-
tures were removed from the PDB files. All conserved cytotox-
ic T-cell (Tc) epitopes identified in the study were docked with
BF2*2101, while the other two universal Th cell epitopes were
docked with BL2*02 in GalaxyPepDock server (https://galaxy.
seoklab.org/cgi-bin/submit.cgi?type=PEPDOCK). Resulting
docked models with the highest TM scores were retrieved and
further refined using the RefineComplex tool in GalaxyWEB
server (https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=
COMPLEX). The favorability of binding between an epitope
and its corresponding MHC binder was further investigated
by calculating the binding free energy (AGyina) and the disso-
ciation constant (Kd) of complex formation in the PRODIGY
web-server (https://wenmr.science.uu.nl/prodigy/). Temper-
ature was set at 43°C as this is reported to be the highest nor-
mal body temperature of birds [15].

In silico construction of AIA mRNA vaccine and the optimiza-
tion of its ORF nucleic acid sequence

The essential sequence elements required for efficient trans-
lation of mRNA vaccine in Gallus gallus (used as representa-
tive host) were included in the mRNA vaccine construct against
avian influenza A (mVAIA). Generally, mVAIA was designed
to contain a 5’ cap, a 5" untranslated region (UTR), an open
reading frame (ORF), a 3’ UTR, and a poly(A) tail sequence.
This study suggests the use of 5" cap 1 (m’GpppN1m) in the
mRNA construct to increase translational efficiency. The 5’
UTR sequence was derived from the nucleic acid sequence of
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Gallus gallus troponin C (NM_205133.2) which includes a
Kozak consensus sequence and a start codon. To prevent the
formation of secondary structures at the 5" UTR end of the
vaccine, a poly(A) sequence of 12 nucleotides was inserted as
part of the leader sequence after the 5’ cap 1 [16]. Moreover,
this study recommends the use of modified nucleosides in
synthesizing mRNA to reduce host immunostimulatory ac-
tivities against the vaccine. Studies have shown that synthetic
mRNAs containing 5-methylcytidine (m5C), N6-methyl-
adenosine (m6A), 5-methyluridine (m5U), and 2-thiouridine
(s2U) can diminish the stimulation of inherent immune reac-
tions [17]. The whole ORF sequence of mVAIA comprises the
tissue-type plasminogen activator (PLAT) signal sequence of
Gallus gallus (Uniprot ID:E1C209) which is conjugated to the
series of the experimentally validated AIA epitopes. The epit-
opes were connected via AAY and GPGPG linkers starting
from the linear B-cell epitope from the N-terminus to the se-
ries of CD8" epitopes at the C-terminus. The two universal Th
epitopes were positioned between the linear B-cell epitope
and the series of CD8" epitopes. The 3’ UTR sequence of the
vaccine was derived from the nucleotide sequence of Gallus
gallus troponin C (NM_205133.2) which includes a stop co-
don (UAA). Lastly, the poly(A) tail sequence of mVAIA was
designed to contain 100nts which has been shown to be ideal
for therapeutic mRNA [18]. To incorporate the ORF sequence
in the mRNA construct, the protein sequence of the ORF was
back-translated using EMBOSS Backtranseq tool in EMBL-
EBI (https://www.ebi.ac.uk/Tools/st/emboss_backtranseq/).
Gallus gallus was selected as host in the codon usage table
parameter. The translation efficiency of the ORF was expressed
as Codon Adaptation Index (CAI). The CAI and the percent-
age GC content of optimized ORF sequence for expression in
Gallus gallus was calculated in VectorBuilder Codon Optimi-
zation tool (https://en.vectorbuilder.com/tool/codon-opti-
mization.html).

Evaluation of the secondary structure of nucleotide sequence
and in silico construction of the DNA plasmid encoding
mVAIA

The mFold web server (http://www.unafold.org/) was used
to calculate and predict the minimum free energy (MFE) for
the optimal secondary structure of nucleotide sequence of
mVAIA. GU pairs and isolated bases were avoided at the end
of the helices. In silico cloning of mVAIA was conducted us-
ing the GeneSmart Design tool (https://www.genscript.com/
gene-and-plasmid-construct-design.html#video2). Restric-
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tion enzymes Styl and BglII were selected as insertion sites
for the whole gene encoding the DNA sequence of mVAIA.
Restriction sites for the aforementioned endonucleases were
also avoided during the sequence optimization of mVAIA.

Targeting mVAIA for secretion and the assessment of its
physicochemical properties

To increase the chances of the protein product being secret-
ed, mVAIA was also designed to contain a signal peptidase
sequence for its translocation to the endoplasmic reticulum.
The SignallP 6.0 server (https://services.healthtech.dtu.dk/
service.php?SignalP) was utilized to identify the potential sig-
nal peptidase cleavage site in the full protein sequence. Sig-
nallP predicts the presence of secretory/signal peptidase I
(Sec/SPI) in a sequence which are standard secretory signal
peptides that are recognized and transported by the Sec
translocon, and subsequently cleaved by SPI. Terminal pep-
tide sequence predicted with a very high probability of being
cleaved off will be less likely included in the secreted protein
sequence form of the vaccine.

The secreted protein sequence of mVAIA was further eval-
uated in silico for its antigenicity, allergenicity, cross-reactivi-
ty, toxicity, and physicochemical properties. The potential
antigenicity of the secreted form was determined in Vaxijen
ver. 2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/
VaxiJen.html) antigenicity tool by setting the threshold to
>0.4 for viral antigens. Vaxijen’s prediction accuracy was esti-
mated to be 83% for cross-validation, and 80% for external
test set. Potential allergenicity was also evaluated in AllerTop
ver. 2.0 (https://www.ddg-pharmfac.net/AllerTOP/feedback.
py). AllerTOP outperforms other allergen-prediction servers
with its 94% sensitivity rate [19]. In order to prevent potential
cross-reactivity of the vaccine with the proteome of target
host (Gallus gallus), the whole protein sequence of mVAIA
was evaluated for significant sequence similarity hits with the
non-redundant protein sequence database in Protein BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE =Proteins).
Sequences including models, non-redundant RefSeq, and
uncultured/environmental samples were excluded. The po-
tential toxicity of the vaccine’s secreted protein sequence
form was assessed in ToxinPred server; wherein stretches of
decamers with negative SVM scores were classified as non-
toxin. As crucial as the previous steps, the physicochemical
properties of the translated sequence were estimated in Ex-
PASy ProtParam tool (https://web.expasy.org/protparam/) to
facilitate future isolation, purification, storage procedure, and
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characterization of mVAIA as a vaccine candidate.

Secondary structure composition and accessibility of the
adjoined B-cell epitope

The conserved linear B-cell epitope (SLLTEVETPIRNEW-
GCR) adjoined in mVAIA should be preferably in a disor-
dered and paratope-accessible region of the vaccine antigen,
for more effective B-cell receptor (BCR) binding. Thus, this
study determined the secondary structure composition of
the secreted protein sequence of mVAIA in order to identify
regions of random coils in GOR4 web tool (https://npsa-pra-
bi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.html).
The tertiary structure model of the protein was predicted us-
ing GalaxyTBM tool (https://galaxy.seoklab.org/cgi-bin/sub-
mit.cgi?type=TBM) to assess the accessibility of adjoined lin-
ear B-cell epitope. The model structure was further refined
using GalaxyRefine2 tool (https://galaxy.seoklab.org/cgi-
bin/submit.cgi?type=REFINE2), and validated in silico using
amyriad of three-dimensional (3D)-structural-model-valida-
tion tools. The percentage of residues lying within the favored
and the disallowed regions was determined using Zlab Ram-
achandran Plot sever (https://zlab.umassmed.edu/bu/ra-
ma/index.pl). The quality factor for the non-bonded atomic
interactions in the model structure, calculated as ERRAT
score, was determined in UCLA (University of California, Los
Angeles) SAVES ver. 6.0 server (https://saves.mbi.ucla.edu/).
The structure model was viewed using iCn3D structure view-
er (https://www.ncbi.nlm.nih.gov/Structure/icn3d/). Ellipro
structure-based B-cell epitope prediction tool in IEDB was
utilized to investigate the accessibility and flexibility of ad-
joined linear B-cell epitope in the tertiary structure of the se-
creted protein sequence of mVAIA. Ellipro predicts epitopes
based on flexibility and solvent-accessibility of residues in a
protein sequence [20].

In silicoimmune simulation of the secreted protein sequence
of mVAIA

The potential immunogenicity of mVAIA was further investi-
gated in silico using the secreted protein sequence of the vac-
cine (excluding the secretory signal peptide sequence) in C-
ImmSim server (https://kraken.iac.rm.cnr.it/C-IMMSIM/in-
dex.php?page=1). This tool simulates immune responses
against an antigenic amino acid sequence and was utilized in
modeling immune responses from Epstein-Barr virus [21]
and human immunodeficiency virus infection [22]. In this
study, simulation parameters include 3 times injection of
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vaccine with 28 days interval at time steps set 1, 84, and 168,
and 200 simulation steps to accommodate time steps.

Ethics approval

This study did not conduct methods which include human
participants, human samples, animal models, or any animal
test system. Thus, ethics review was not deemed necessary.

Experimentally validated epitopes and the conserved regions
in AlA protein sequences

The search criteria used for the retrieval of experimentally vali-
dated epitopes from IEDB resulted in a total of 43 epitopes
which are comprised of 22 CD8', 1 CD4", and 20 linear B-cell
epitopes. A total of 769 manually curated AIA protein sequenc-
es, including HA (103), MP1 (113), MP2 (115), NSP1 (97), NP
(159), PAP (91), and RRPCS (91) were retrieved from Swissprot
KB. Analysis of aligned sequences in PVS resulted in con-
served fragments of more than or equal to nine residues with
Shannon variability index <2.0. The methods and parameters
used in this study were able to identify two linear B-cell epit-
opes and 21 CD8" epitopes that have 100% sequence identity
match with the conserved fragments of different AIA antigens.
Upon assessment, the toxicity scores of conserved epitopes

Table 1. Conserved experimentally validated epitopes of avian influ-
enza A

Assay classification Influenza A antigen Peptide sequence

SLLTEVETPIRNEWGCR
TIGECPKYV
KTRPILSPL
ILGFVFTL
MRTIGTHP
VETYVLSI
KRGINDRNF
PKKTGGPIY
AEIEDLIFL
VMELIRMI
EDLRVSSH
GRRTRIAY
NATEIRASV
PTFSVQRNL
VGTMVMELI
YDKEEIRRI
AVKGVGTMVME
Polymerase acidic protein GRRKTNLY

B-cell Matrix protein 2
T-cell class | MHC restriction Hemagglutinin
Matrix protein 1

Nucleoprotein

MHC, major histocompatibility complex.
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range from -1.23 to -0.34. All epitopes were classified as non-
toxin. The study found that one of the validated epitopes, lin-
ear B-cell epitope WNDNT in NSP1, had 100% sequence iden-
tity and 100% sequence coverage hit with an avian protein se-
quence in the database. Thus, pentapeptide WNDNT was ex-
cluded from the final set of conserved epitopes to be included
in the vaccine. All overlapping epitopes of an antigen were
merged with other longer epitopes as the representative frag-
ment (Table 1).

Epitopes docked with dominant chicken MHC | and MHC II
molecules

The conserved CD8" epitopes were docked with the structure
of dominant chicken MHC I while the TET and PADRE epit-
opes were docked with the dominant MHC I molecule of Gal-
lus gallus. All docking procedures were conducted in Galaxy-
PepDock which resulted in epitope-MHC complex formation
having acceptable AGying and Kd values (Table 2). The estimat-
ed accuracy of docked structures ranges from 0.727 to 0.939.
Fig. 1 shows that each epitope is docked on the binding grove
of the respective dominant chicken MHC type utilized in the
study.

Table 2. Docking accuracy, binding energy, and dissociation con-
stants for epitope-MHC complex formation

Estimated AGhin Kd

MHC type Sequence Hipe docking  (kJ/ (mol/
accuracy mol)  dm?)
Chicken BF2 2101 TIGECPKYV ETHA 0868  -36.82 7.90F-07
KTRPILSPL EIMPT 0912  -3473 1.70E-06
ILGFVFTL E2MPT 0911 -32.23 4.90E-06
MRTIGTHP E3MPT 0727  -37.24 6.90E-07
VETYVLSI EAMPT 0899  -3556 1.40E-06
KRGINDRNF E1NP 0843  -3891 340E-07
PKKTGGPIY E2NP 0939 -3389 2.50E-06
AEIEDLIFL E3NP 0939  -3389 2.50E-06
VMELIRMI EANP 0882  -30.54 B8.40E-06
EDLRVSSFI E5NP 0906  -33.05 3.70E-06
GRRTRIAY EGNP 0.768  -31.38 6.60E-06
NATEIRASV E7NP 0853  -40.59 1.80E-07
PTFSVQRNL EBNP 0917  -3807 5.40E-07
VGTMVMELI EINP 0.91 -28.45  2.00E-05
YDKEEIRRI E1ONP 0883  -33.05 3.40E-06
AVKGVGTMVME ~ ETINP 0921  -4059 1.90E-07
GRRKTNLY E1PAP 0866  -39.33 3.00E-07
Chicken BL202 ~ QYIKANSKFIGIT ~ TET 0.84 4853  9.00E-09
AQFVRALSMQAAE PADRE  0.82 -46.86  1.70E-08
MHC, major histocompatibility complex.
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Construction of avian influenza A mRNA vaccine in silico

Fig. 2 depicts the schematic representation of the mVAIA.
Epitopes were arranged starting from the linear B-cell epit-
ope of MP2 (text in blue), followed by the two universal CD4*
epitopes for chickens (texts in green), and the series of CD8*
epitopes of HA, PAP, MP1, and NP (texts in red). All overlap-

ping CD8" epitopes were merged with the longer epitopes
per antigen. The linear B-cell epitope and two universal Th
epitopes are connected by GPGPG linkers (orange bars),
while CD8* epitopes are adjoined via AAY linkers (purple
bars). There was only one AIA CD4" epitope available in
IEDB at the time of data collection; however, the epitope was

Fig. 1. Conserved avian influenza A epitopes docked on chicken major histocompatibility complex (MHC) binding groove. Tertiary models of
MHC molecule protein subunits are depicted as blue and magenta ribbon structures. All epitopes docking exactly on the peptide-binding
grooves are depicted as brown ribbon structures where yellow arrows are pointed to.
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Conserved and experimentally validated epitopes adjoined with PLAT TET, and PADRE
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|E11NP H E‘IONPH EONP H ESNP H E7NP H E6NP W E5NP

Back-translation and
sequence optimization

Open reading frame

Inclusion in the mRNA construct

mVAIA construct

Fig. 2. Schematic representation for the construction of messenger RNA (mRNA) vaccine construct against avian influenza A (mVAIA). The pep-
tides are aligned starting from the plasminogen activator (PLAT) sequence in black text, linear B-cell epitope of matrix protein 2 (MP2) in blue
text, TET and PADRE universal CD4* epitopes in green text; and the series of CD8" epitopes of hemagglutinin (HA), polymerase acidic protein
(PAP), and matrix protein 1 (MP1) antigens in red texts which are all adjoined by AAY and GPGPG linkers depicted as orange and purple bars in
between boxes, respectively. The adjoined amino acid sequence was back-translated to its corresponding nucleotide sequence, represented by
the yellow-gold box, which was inserted to the whole mRNA construct sequence, herein called mVAIA construct.
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Fig. 3. Schematic representation of the DNA plasmid. The pET-24a(+) contains all the essential elements for in vitro transcription of gene that
encodes for messenger RNA vaccine construct against avian influenza A (mVAIA).
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not found to be conserved in this study. Thus, two universal
Th epitopes were added in the vaccine. The partial sequence
(TET) of tetanus neurotoxin (QYIKANSKFIGIT) from Clos-
tridium tetani (sequence ID: WP_129031034.1) and the PA-
DRE sequence (AQFVRALSMQAAE) were both included in
the construct. The signal peptide from PLAT sequence of
Gallus gallus (E1C209) was adjoined with the N-terminus of
the whole sequence assembly which has a total of 289 amino
acid residues. The sequence was reverse translated and opti-
mized to its equivalent RNA sequence to represent the ORE
The optimized sequence has 56.4% GC content and a CAI of
0.93 in Gallus gallus as host. Restriction enzyme sites Styl and
Bglll were also evaded in the optimized sequence.

The ORF sequence was included in the mRNA vaccine con-
struct. This study proposes the use of 5’ cap 1 (""GpppN1™) in
synthesizing mVAIA to increase translation efficiency. The
UTR of mVAIA were derived from the sequence of Gallus gal-
lus troponin C (NM_205133.2) which is 54 bases long, includ-
ing the Kozak consensus sequence and a start codon. A poly
(A) leader sequence of 12 nucleotides was also included. The
3’ UTR sequence is 147 bases long, including the stop codon.
Lastly, a poly(A) tail sequence with 100 bases was added at
the 3’ end of the construct.

Construction of DNA plasmid encoding mVAIA

Fig. 3 shows pET24a(+) pDNA vector containing a gene en-
coding for mVAIA (red). Both 5’ and 3’ UTRs are shown in
blue, while the Poly(A) tail is depicted in orange. The green
arrow shows the direction of transcription. All essential se-
quence features for replication of pDNA and transcription of
mVAIA gene via T7 RNA polymerase are also indicated. Re-
striction sites Styl and Bglll, which can be utilized as inser-
tion sites, are located closest to the terminal of the gene en-
coding mVAIA. To ensure that the correct amino acid se-
quence is encoded by the nucleotide sequence inserted in
the plasmid, the DNA sequence of the gene in the plasmid
was translated to its corresponding amino acid sequence.
The resulting sequence was evaluated against the original
amino acid sequence of mVAIA in the IEDB Conservancy
Tool. Results showed 100% sequence similarity between the
two amino acid sequences (289/289).

Thermal stability of the secondary structure of mVAIA

The complete mRNA sequence of the candidate vaccine was
evaluated in the mFold web server. The MFE or AGrlq calcu-
lated for its optimal secondary structure (Fig. 4) is -1635.94
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Fig. 4. The optimal secondary structure of messenger RNA vaccine
construct against avian influenza A (mVAIA). The optimized secondary
structure contains external loop with single stranded bases at the
terminal ends of the sequence. Inner structures contain interior loops,
multi-loops, and bulge loops.

kj/mol which suggests a great thermal stability [23]. Notewor-
thy, Fig. 4 shows that both 5’ and 3’ ends are part of an exter-
nal loop that has single stranded bases which may allow
more efficient binding of the translation initiation factors [24].

Cleavage of signal peptide from the translated sequence of
mVAIA

SignalP ver. 6.0 server has recognized the adjoined signal
peptide sequence Sec/SPI with very high probability
(0.964814). The identified cleavage site is located between
the 35th and 36th residues of the complete amino acid se-
quence of mVAIA (289 residues). Fig. 5 depicts the positions
of Sec/SPI n (red), h (orange), ¢ (yellow), and the exact posi-
tion of the cleavage site (broken line in green) in the se-
quence. The epitopes encoded by the ORF sequence were
further rearranged to explore and analyze which adjacent se-
quence with respect to the PLAT sequence would result to
higher probability of being recognized. Analysis of rear-
ranged sequences showed that when PLAT is adjacent to AAY
linker, the probability of identifying Sec/SPI sequences de-
creases to 0.8171. In another rearrangement, the probability
drops down to 0.7311 when PLAT is adjacent to CD8" epitope
(TIGECCPKYV). Thus, the initial arrangement was followed
wherein the linear B-cell epitope is adjacent to the PLAT se-
quence. Residues 1-35 were removed from the complete
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SignalP 6.0 prediction: sequence
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Fig. 5. Predicted secretory/signal peptidase | (Sec/SPI) cleavage site in the translated sequence of messenger RNA vaccine construct against
avian influenza A (mVAIA). The probability of Sec/SPI regions (n, h, and c) and the cleavage site (CS) as represented by a green broken line, are

plotted against the position of the residues in protein sequence.
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Fig. 6. Schematic representation of the secondary structure composition of the secreted protein sequence of messenger RNA vaccine construct
against avian influenza A (mVAIA). The sequence of adjoined linear B-cell epitope starts from the 2nd residue to the 18th residue. Letter “¢” in
orange represents random coils, letter “h” in blue represents alpha helices while letter “e” in red represents extended strands.

amino acid sequence (289 residues) of mVAIA in subsequent
and the remaining sequence (254 residues) was referred to as
the secreted protein sequence of mVAIA in the study.

Properties of secreted mVAIA sequence

The secreted sequence of mVAIA has an estimated molecular
weight of 27,959.37 da with a theoretical pI of 9.38. The esti-
mated instability index (37.53) classifies the protein as stable
[25]. The estimated aliphatic index of the sequence is 89.72
and its grand average of hydropathicity (GRAVY) is 0.107.
Moreover, the secreted form of the vaccine demonstrated po-
tential antigenicity as indicated by antigenicity score of 0.4891
which surpasses the threshold (>0.4) in virus model. The se-
quence is also classified as probable non-allergen, with Uni-
ProtKB ID P54289 as the closest known protein. No signifi-
cant sequence similarity was found for the amino acid se-
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quence of mVAIA with the currently available non-redundant
protein sequences of Gallus gallus in the database. Using the
selected window length of decamers in the sequence, SVM
scores range from -0.16 to -1.84, all of which are lower than
the SVM threshold used in the study. Thus, the sequence was
not classified as toxin.

Secondary structure composition and accessibility of B-cell
epitope in the tertiary structure of the vaccine

Secondary structure analysis showed that the secreted form
of mVAIA is composed of 6.69% extended strand, 57.48% al-
pha helix, and 35.83% random coil. Fig. 6 shows that the posi-
tion of the linear B-cell epitope (2-18) in the sequence is
dominated by random coils (letter c), while the series of CD4*
(24-54) and CD8* (58-254) epitopes are dominated by alpha
helices (letter h).
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Fig. 7 shows the predicted tertiary structure model of the
vaccine, highlighting the position of the linear B-cell epitope
adjoined in the vaccine (highlighted in yellow). Analysis of
Ramachandran plot suggests that the predicted tertiary
structure model is valid (Fig. 8). The Ramachandran plot of
3D structures was generated from the amino acid torsion an-
gles of the protein’s tertiary structure model. Residues de-
picted as green spots are within the highly favored region
(94.841%), residues depicted as brown spots are within fa-
vored region (4.762%), and only one residue is within the dis-
allowed region (0.397%). For the best quality model, 90% of
the torsion angles of a tertiary structure should fall in the fa-
vored and allowed regions [26]. Moreover, the predicted
model has an ERRAT score of 77.88 which indicates a good-
quality tertiary structure model. ERRAT calculates the per-
centage of the protein for which the error value falls below

the 95% rejection limit. A model structure with ERRAT score
>50% is considered to be of a high-quality [27].
The tertiary structure model of the secreted protein se-

Fig. 7. Tertiary structure model of messenger RNA vaccine construct
against avian influenza A (mVAIA). The three-dimensional model of
the secreted protein structure of mVAIA is shown in the upper por-
tion. The adjoined linear B-cell epitope SLLTEVETPIRNEWGCR was
highlighted in yellow, and was further enlarged as depicted in the
lower portion of the figure.

quence of mVAIA was employed in a B-cell epitope predic-
tion tool to assess whether the sequence of the adjoined lin-
ear B-cell epitope can still be recognized as a B-cell epitope
though it is linked to another sequence, forming a tertiary
structure. Results from the analysis in Ellipro showed that the
residues of the adjoined linear B-cell epitope (SLLTEVET-
PIRNEWGCR) are all accessible as linear and discontinuous
epitope in the tertiary structure of the vaccine with protru-
sion scores 0.8 and 0.821, respectively (Table 3). It has been
regarded that higher protrusion index indicates greater sol-
vent accessibility of the residues [20].

Immune simulation
The secreted protein sequence of mVAIA was used as antigen
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Fig. 8. Ramachandran plot for the tertiary structure model of messen-
ger RNA vaccine construct against avian influenza A (mVAIA). Green
spots represent residues within the highly favored region. The resi-
dues depicted as brown triangles are within the favored region while
the residue depicted as a brown circle in the lower right quadrant is
within the disallowed region.

Table 3. B-cell epitopes showing accessible residues in the tertiary structure model of mVAIA

Type of B-cell epitope  Residues Residues Score
Discontinuous epitope AQ1,A:S2, AL3, AlL4, ATh, A:E6, AV7, AE8, A:T9, AP10, A1, A:R12, AN13, A:E14, A:W15, A:G16, A:C17, 36 08
AR18, A:G19, A:P20, A:G21, A:P22, A:G23, A:Q24, A:Y25, A:26, A:K27, A:A28, A:N29, A:S30, A:)K31, A:F32,
A:133, A:G34, A135, A:T36
Linear epitope QSLLTEVETPIRNEWGCRGPGPGQYIKANSKFIGITG 36 0.821

mVAIA, messenger RNA vaccine construct against avian influenza A.
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Fig. 9. Immune simulation plots for the secreted protein sequence of messenger RNA vaccine construct against avian influenza A (mVAIA). B-cell
population count per entity-state for active, presenting on class-l, internalized the antigen, duplicating, and anergic (A); cytokine and interleukin
concentration level with danger signal indicated (B); helper T-cell population counts for active, resting, and duplicating cells (C); cytotoxic T (Tc)-
cell counts for active, duplicating, resting, and anergic cells; total and memory T-helper (Th) cell counts (D); and total and memory T-cytotoxic
lymphocytes. IFN, interferon; IL, interleukin; TGF, transforming growth factor.
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to simulate potential immune responses induced by the vac-
cine (Fig. 9). After 3 injections of the same antigen with 4
weeks intervals, the populations of activated and duplicating
B lymphocytes increased (Fig. 9A). Results of the simulation
showed that the antigen can potentially induce cytokines, in-
cluding interferon-gamma, transforming growth factor-beta,
interleukin (IL)-10, and IL-12. The amount of IL-2 induced
was also increased but the highest level did not go beyond
the inset plot danger signal (Fig. 9B). Both Th (Fig. 9C) and Tc
(Fig. 9D) cell populations were activated after the 1st antigen
injection. Moreover, activated T lymphocyte populations fur-
ther increased compared to resting population after the 2nd
and the 3rd injection. Populations of memory Th-cell (Fig.
9E) and Tc-cell (Fig. 9F) started to increase even after the 1st
administration of the vaccine. The peaks are more dominant
relative to the total number of lymphocytes after the 2nd in-
jection and the 3rd injections.

The challenges in antigenic drift and antigenic shift of AIAV
warrant avian influenza vaccine reformulation to target mul-
tiple antigens across the currently circulating strains that
could also confer longer immune protection with just a single
dose. Compelled by this demand, an mRNA vaccine con-
struct was conceptualized and strategically designed to in-
corporate conserved and experimntally validated epitopes of
multiple AIAV antigens, including all the necessary elements
for its expression (Fig. 2). This study was able to identify non-
toxin, conserved linear B-cell and CD8" epitopes from the list
of experimentally validated AIA epitopes in IEDB. It has been
widely accepted that conserved protein sequences have
Shannon index <2.0 [28]. Experimentally validated linear B-
cell epitope SLLTEVETPIRNEWGCR spans the extravirion re-
gion of MP2 protein sequence (1 to 22), making it exposed for
paratope binding. One of the most important factors to be
considered in excluding predicted B-cell epitopes is the pres-
ence of post-translational modification (PTM) sites such as
glycosylation sites that may mask the epitopes [29]. In the
case of SLLTEVETPIRNEWGCR, cysteine residue (C17) near
the C-terminus, is involved in the formation of a disulfide
bond with C19 (not part of the epitope). Nevertheless, the
presence of this PTM site did not seem to effectively hinder
the binding of antibody to the epitope as this linear epitope
has been studied for immune reactivity and resulted positive
in B-cell assays which included in vivo immunization in
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chickens and positive qualitative binding in ELISA.

Reported binding energies of MHC class I with peptides
can range from -4.1 to -10.7 kcal/mol [30]. Calculated binding
energies for the docking of epitopes with chicken MHC class
Lin this study, range from -28.45 to -40.59 kJ/mol (-6.8 to -9.7
kcal/mol) which suggest favorable complex formation. A
study reported that the acceptable binding energy of a pep-
tide and MHC class II complex is lower than -5.8 kcal/mol
[31]. The estimated binding energies for chicken MHC class
II with TET and PADRE are lower than the AGuina Of experi-
mental peptide-MHC II complex; thus, favorable binding of
chicken BL2 02 with TET/PADRE is plausible. Lastly, it has
been established that the dissociation constant (Kd) is in-
versely proportional to the binding affinity. The Kd values of
all the epitope-MHC complexes in this study are >1.0. Gen-
erally, it has been established that Kd value <1 indicates that
the formation of the complex is more favorable than the re-
verse reaction. Favorable and stable peptide-MHC complex
formation can lead to successful peptide presentation. Over-
all results suggest that the epitopes investigated in this study
can favorably bind to the binding groove of their respective
MHC for subsequent induction of immunogenicity. The
scores of docking processes suggest high accuracy which im-
ply the reliability of the docked structure models obtained in
this study. All these epitopes were included in the proposed
mRNA vaccine construct (mVAIA) that can potentially in-
duce humoral immune responses against MP2 and cellular
immune responses against HA, MP1, NP, and PAP of AIAV
(Fig. 2).

Activation of effector Th cells with the inclusion of the
aforementioned universal Th epitopes can subsequently in-
duce Th-dependent B-cell activation and memory B-cell pro-
duction. However, for mRNA to induce humoral immune re-
sponse, the linear B-cell and Th cell epitopes must be ex-
pressed, secreted, and made available extracellularly for
MHC II presentation by antigen presenting cells (APC) in or-
der to activate Th lymphocytes via the exogenous pathway.
And this will also facilitate the binding of B-cell epitopes to
BCRs for the Th-dependent activation of B-cells. Therefore,
the vaccine was designed to contain a PLAT sequence which
serves as a signal peptide to improve its secretory expression.
Studies have shown that the attachment of PLAT to several
proteins has increased the induction of antibody and cellular
immune responses in animal models [32]. In addition, it can
also take advantage of the cross-presentation mechanisms
known for professional APCs for Tc cells presentation through
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MHC I [33]. Thus, this strategy can potentially activate both
the humoral and the cellular arms of immunity.

The efficacy of an mRNA vaccine is also dependent on its
translational efficiency. One approach to increase the protein
expression of mVAIA is to prevent its degradation by camou-
flaging the vaccine as a self mRNA. The use of the host’s self-
recognized 5’ cap 1 avoids immune recognition by intracellu-
lar TLRs resulting in increased protein production level [34].
A functional 5’ cap structure can be added co-transcription-
ally or enzymatically post-transcription. With the aim of fur-
ther increasing translational efficiency, the sequences of
UTRs were derived from the target host to allow efficient rec-
ognition and binding of the chicken’s inherent translational
factors. The Kozak consensus sequence was included in the 5’
UTR as it has been demonstrated to play a major role in the
initiation of the translation while contributing to the mRNA
stability and translation efficiency [16]. Moreover, the poly(A)
leader sequence was shown to increase translation efficiency
by preventing the formation of secondary structure at the 5’
end of the vaccine [16]. Fig. 4 shows that the 5’ UTR of mVAIA
possesses a single stranded external loop which indicates
that it can easily accommodate the translational machinery
and facilitate the unwinding of adjacent secondary structures
in the initiation site of the sequence. Moreover, the evalua-
tion of the secondary structure of mVAIA demonstrated a
highly acceptable thermal stability. Particularly, the second-
ary structure of mVAIA has a very low AGrlq value. RNA sec-
ondary structures with >-80 kcal/mol (334.72 kJ/mol) is re-
garded as unstable [23]. The MFE can be estimated by the
predicted AGrolq from a random coil RNA to an ordered struc-
ture where more negative values indicate greater stability [35].
Assessment of minimum free energy for the RNA structure of
mVAIA indicates its thermal stability which can make vaccine
storage and administration more favorable especially for
countries near the equator. The poly(A) tail sequence was set
to 100 nucleotides long, as this is deemed to be an ideal
length in synthesizing therapeutic mRNA to further regulate
its stability and translational efficiency [36]. The mVAIA se-
quence can be obtained by in vitro transcription of an enzy-
matically linearized plasmid. Fig. 3 shows the plasmid map
encoding all the essential elements for the transcription of
mVAIA gene.

Analysis of the translation product showed that there is a
very high probability for the adjoined PLAT sequence to be
recognized as a signal peptide Sec/SPI as attached to the
whole amino acid sequence. This step serves the purpose for
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including and positioning PLAT sequence for targeted secre-
tory expression of mVAIA. The protein was also classified as
antigenic, slightly basic, slightly hydrophobic as indicated by
GRAVY index greater than zero [37], and possesses thermo-
stability over a wide range of temperature as indicated by its
instability index. Information on its physicochemical proper-
ties can be used as references for future vaccine formulation
conditions. In silico evaluations of allergenicity and cross-re-
activity imply that the secreted protein sequence of mVAIA is
less likely to cause allergic reactions and induce cross-reac-
tion with protein sequences of chickens. Generally, these re-
sults suggest the safety profile of the candidate vaccine.

It is of paramount importance to consider investigating the
accessibility of the adjoined linear B-cell epitope (SLLTEVET-
PIRNEWGCR) for effective BCR binding. The secondary and
tertiary structure analysis of its secreted form showed that
SLLTEVETPIRNEWGCR is within the region dominated by
random coils (disordered), and it is a solvent-accessible moi-
ety of the vaccine’s tertiary structure, as indicated by its high
protrusion score. The acceptable quality-assessment scores
underline the validity of the tertiary structure model generat-
ed and utilized for the vaccine.

Lastly, immune simulation plots generated for the secreted
protein sequence of mVAIA showed that the vaccine can po-
tentially induce cytokine secretion, activate immune effectors
including B and T lymphocytes, and produce memory Th
and Tc lymphocytes even after the 1st injection. The levels of
cytokine production, as well as the populations of active and
memory lymphocyte, have noticeably increased after the 2nd
and the 3rd antigen administration based from the simula-
tion plots. These results further support the potential immu-
nogenicity of mVAIA as a vaccine against AIAV.

In conclusion, the incorporation of conserved epitopes
can potentially induce cross-protection against various
strains of ATAV. Analysis of its optimized sequence, structure,
physicochemical properties, accessibility of adjoined B-cell
epitopes, potential toxicity, and cross-reactivity, showed that
mVAIA can potentially induce humoral and cellular immune
responses, and possess good safety profile as a candidate
vaccine. The mVAIA construct is anticipated to be validated
in vitro and in vivo in subsequent studies.
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