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Abstract

A vaccine is defined as a biologic preparation that trains the immune system, boosts immunity, and protects against a deadly
microbial infection. They have been used for centuries to combat a variety of contagious illnesses by means of subsiding the
disease burden as well as eradicating the disease. Since infectious disease pandemics are a recurring global threat, vaccina-
tion has emerged as one of the most promising tools to save millions of lives and reduce infection rates. The World Health
Organization reports that immunization protects three million individuals annually. Currently, multi-epitope-based peptide
vaccines are a unique concept in vaccine formulation. Epitope-based peptide vaccines utilize small fragments of proteins or
peptides (parts of the pathogen), called epitopes, that trigger an adequate immune response against a particular pathogen.
However, conventional vaccine designing and development techniques are too cumbersome, expensive, and time-consuming.
With the recent advancement in bioinformatics, immunoinformatics, and vaccinomics discipline, vaccine science has entered
a new era accompanying a modern, impressive, and more realistic paradigm in designing and developing next-generation
strong immunogens. In silico designing and developing a safe and novel vaccine construct involves knowledge of reverse
vaccinology, various vaccine databases, and high throughput techniques. The computational tools and techniques directly
associated with vaccine research are extremely effective, economical, precise, robust, and safe for human use. Many vaccine
candidates have entered clinical trials instantly and are available prior to schedule. In light of this, the present article pro-
vides researchers with up-to-date information on various approaches, protocols, and databases regarding the computational
designing and development of potent multi-epitope-based peptide vaccines that can assist researchers in tailoring vaccines
more rapidly and cost-effectively.
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Introduction

A vaccine is an immunobiological substance from a dis-
ease-causing pathogen that triggers the immune system to
elicit an effective immune response against that specific
pathogen (Khan et al. 2022a). They destroy the lethal-
ity of an infectious microorganism analogous to natural
immunity (Dey et al. 2022a). Infectious diseases caused
by microbial pathogens like viruses, bacteria, and fungi
are globally responsible for increased morbidity and mor-
tality (Mahapatra et al. 2022a). To date, over 6.8 million
people have already died of COVID-19 (Coronavirus
Disease 2019) pandemic caused by SARS-CoV-2 (Severe
Acute Respiratory Syndrome Coronavirus 2) (Sahoo et al.
2022), and the death toll is increasing day by day (Sha-
wan et al. 2021a, b). Other viruses, such as HIV (Human
Immunodeficiency Virus), Ebola, Zika, Dengue, etc., have
a horrendous death rate and are walking on the same track
(Xin et al. 2023). Besides viruses, deadly bacteria are
also responsible for numerous infectious diseases (Dey
et al. 2022a, b; Khan et al. 2022a, b). Upon getting the
chance, commensal bacteria like Staphylococcus aureus
may become slaughterous (Oh et al. 2016). In this con-
text, vaccines are a blessing through medicine and act as a
game changer by offering protection against various deadly
infectious diseases, saving millions of lives. They have
raised life expectancy in developed and underdeveloped
countries (Xin et al. 2023).

At present, multi-epitope-based peptide vaccine
design and development is an emerging area of research
that focuses on using specific components of a pathogen,
known as epitopes, to create a vaccine (Abass et al. 2022).
Epitopes are short amino acid sequences recognized by
the immune system and trigger an immune response. By
using epitopes, vaccines can be designed to target spe-
cific parts of a pathogen, leading to a more targeted and
effective immune response (Shawan et al. 2014). Epitope-
based peptides are desired vaccine candidates due to their
simpler production, non-infectious property, and chemical
stability (Obaidullah et al. 2021). One of the main prom-
ises of epitope-based peptide vaccine design is its poten-
tial for relatively quick, cheap, and rapid development,
as it only requires the production of a small number of
antigenic peptides rather than the entire pathogen, mak-
ing them ideal for use in response to emerging infectious
diseases. Another advantage of this type of vaccine is its
potential for improved safety (Dey et al. 2022a). Tradi-
tional vaccines use either inactivated or attenuated forms
of the pathogen, which can cause adverse reactions and/
or autoimmune responses in some individuals. On the
other hand, epitope-based peptide vaccines are biologi-
cally harmless and highly effective at eliciting the desired

@ Springer

immune response (Purcell et al. 2007; Kar et al. 2020;
(Mahapatra et al. 2022a). The molecular mechanism of
action of an epitope-based peptide vaccine is depicted in
Fig. 1 (Kar et al. 2020).

The natural immune response can be triggered/evoked
by entire or parts of microorganisms that may act as anti-
gens, which can elicit a host’s immune response and pro-
duce antibodies against those antigens. Antigenicity is the
capacity of an antigen to react with a particular antibody
and is linked to immunoreactivity and/or immunogenicity.
Immunoreactivity and/or immunogenicity is a complex net-
work of antigen-specific biological reactions mediated by
the humoral immunity of the host’s adaptive immune system
(Shawan et al. 2014). During the exposure of an antigen to
the immune system, B-cells are stimulated and differentiated
into plasma cells with the aid of CD4 + helper T-cells, pro-
ducing antigen-specific antibodies (Nicholson et al. 2016).
In addition, the immune system also relies on CD8 + cyto-
toxic T-cells and IFN (Interferons, a group of cytokines)
along with CD4 + helper T-cells to neutralize the antigen.
The T-cell-mediated immune response deeply relies on the
MHC (Major Histocompatibility Complex) molecules and
is analogous to the binding of an antigen with its specific
antibody. The human leukocyte antigen (HLA) gene encodes
MHC peptide molecules. Every HLA allele stands for a pep-
tide set found on the infected cell surface and identified by
the receptors on T-cells (TCRs). Thus, both T-cell and B-cell
subsequently provide cellular and humoral immunity, which
are critically needed to evoke an effective immune response
(Rakib et al. 2020).

The conventional approach to designing and develop-
ing an efficient vaccine candidate requires identifying target
antigens, conducting in-depth research, and establishing an
immunological correlation with the vaccine construct (Rap-
puoli et al. 2019). Traditional/experimental approach toward
vaccine development is time-consuming, expensive, fraught
with challenges, and requires the cultivation of large amounts
of the pathogen. The process typically takes significant time
to construct a commercially viable vaccine and involves a high
rate of failure. That is why researchers are extremely interested
in designing and developing vaccines using computer-assisted
tools and techniques (Obaidullah et al. 2021). Recent research
has shown that in silico approaches toward vaccine design are
much more effective than earlier methods (Pyasi et al. 2021).
Using novel resources (computational tools, techniques, and
databases) and similar bioinformatics strategies, this process
successfully establishes potent vaccine candidates that can
induce strong immune responses against different types of
human infectious pathogens like viruses [i.e., SARS-CoV-2
(Srivastava et al. 2022), mammarenavirus (Khan et al. 2022b)
etc.], bacteria [i.e., Achromobacter xylosoxidans (Khan et al.
2022a), Enterococcus faecium (Dey et al. 2022a), Klebsiella
pneumoniae (Dey et al. 2022b), Acinetobacter baumannii
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Fig. 1 Molecular mechanism of action of epitope-based peptide vac-
cine triggering cellular and humoral immunity. (A) The vaccine is
taken up, processed, and presented by antigen-presenting cells (APC)
with the help of the MHC I receptor to the T-cell receptor (TCR) of
CD8* cytotoxic T-cell (Tc-cell). This interaction activates the Tc-
cell development and elicits the production of IFN/Th1 cytokines by
CD4" helper T-cell (Th-cell). IFN/Th1 cytokine results in the activa-
tion of Tc-cells to divide and attack the infected cell. The activated

(Mahapatra et al. 2022a) etc.], as well as fungi [i.e., Candida
auris (Khan et al. 2022c). Creating a safe and new vaccine
using in silico design and development requires expertise in
reverse vaccinology, multiple vaccine databases, and high-
throughput methods. Databases such as Cytomegalovirus-db,
Mammarenavirus-db, Hantavirus-db etc., are the repository
of valuable information regarding experimentally validated
vaccine components ((Khan et al. 2021a; (Khan et al. 2021a;
(Khan et al. 2021a). In contrast, high-throughput methods are
potent bioinformatics protocols to anticipate novel vaccine
candidates (Srivastava et al. 2022). Furthermore, peptide can-
didates as potent epitope vaccines having improved expression
patterns can be detected by in silico models that use various
computational algorithms. These robust and more sophisti-
cated algorithms are the hub for identifying immune epitopes
against T and B cells. Various high-throughput screening

Te-cells are also converted to memory Tc-cells. (B) Likewise, the
antigenic vaccine is taken up, processed, and presented by MHC II
of APC to TCR of Th-cell. This causes Th-cell activation, resulting
in the secretion of IFN/Th2 cytokines. IFN/Th2 cytokine activates
B-cells which differentiate into activated plasma cells and memory
B-cells. Activated plasma cells and memory B-cells are capable of
producing antigen-specific antibodies that can neutralize an infection.
This figure was generated using BioRender.com

approaches have already been developed to evaluate a vac-
cine construct’s efficacy (Abass et al. 2022).

In this article, we provide an outline for designing and
developing multi-epitope-based peptide vaccines with the aid
of different bioinformatics/immunoinformatics tools, database
repositories, and computational algorithms in a simple, basic,
and straightforward fashion. We expect that developments in
bioinformatics and computational technologies will make vac-
cinology protocols more effective and accessible for research-
ers, enhancing the future of immunology.

Materials and methods
The complete step-by-step methodology for the in silico

designing and developing a multi-epitope-based peptide
vaccine is visualized in a flow chart in Fig. 2. All the web
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«Fig.2 A schematic illustration exhibiting the overall systematic
immunoinformatics strategy/approach adopted for the in silico
epitope curation, designing, and development of a multi-epitope-
based peptide vaccine. Initially, an antigenic target protein sequence
from a desired microbe (virus, bacteria, fungi etc.) is extracted to
select promiscuous T-cell (Tc and Th) and B-cell (LBL) epitopes.
Appropriate linkers can then join these novel epitopes to construct
a multi-epitope-based peptide vaccine candidate. After the evalua-
tion (BLAST, disulfide engineering, CBL epitope prediction, NMA,
and immune simulation) and structural assessment (2D and 3D), the
newly formulated vaccine construct can be subjected to molecular
docking analysis with TLR4 immune receptor. A molecular dynamics
simulation is carried out to predict the stability of the docked com-
plex. This flowchart is generated using Microsoft Office (PowerPoint)
2019

addresses with additional comments on different servers/
databases and software that are used in the vaccinomics
approach are listed in Tables 1 and 2.

Retrieval of Target Protein Sequence

The amino acid sequence of the target protein from desired
pathogenic microbes can be acquired using different protein
databases like National Center for Biotechnology Informa-
tion (NCBI) (Database resources of the NCBI 2016) or Uni-
Prot (The UniProt Consortium 2021). This retrieved amino
acid sequence is used to generate a novel vaccine construct.
The NCBI and UniProt databases provide a huge amount of
biological protein information (Narang et al. 2021; Panda
et al. 2022). The amino acid sequence of the target protein
can be extracted in FASTA format (Shawan et al. 2014,
2018).

Target Protein Sequence Analysis

Considering the default threshold value, the target protein’s
antigenicity can be determined using the VaxiJen v2.0 web
server (Shawan et al. 2014). Afterward, allergenicity of the
target protein can be detected using AllergenFP v1.0 server
(Dimitrov et al. 2014b). Later, the TMHMM v2.0 server
can be used to predict the target protein’s transmembrane
(TM) helices (Doytchinova and Flower 2007). Ultimately,
non-allergic and highly antigenic amino acid sequences with
less TM helicase are selected for further evaluation (Dey
et al. 2022a).

Prediction and Analysis of CTL (Cytotoxic T
Lymphocyte) Epitopes

CTL Epitopes Prediction
Within the immune system, CTLs interact and kill the infec-

tious cell, thus playing a crucial role in the host’s defense
mechanism. To detect the CTL epitopes within a target

protein, NetCTL v1.2 server can be used, which anticipates
9-mer epitopes against 12 HLA antigen allele class I super-
types (A1, A2, A3, A24, A26, B7, B§, B27, B39, B44, B58,
and B62). Taking the default threshold values (C terminal
cleavage- 0.15, epitope identification- 0.75, and antigen pro-
cessing transport efficiency- 0.05) in consideration, this tool
detects epitopes with great precision, and the CTL epitopes
having the highest combined score are then selected for fur-
ther analysis (Larsen et al. 2007).

Identification of MHC | Binding Allele

After the detection of CTL epitopes, the MHC I binding
allele for each of the epitopes can be identified using MHC
I binding module within IEDB (Immune Epitope Database)
server. A consensus percentile rank score of less than or
equal to 2.0 is usually considered to choose effective CTL
epitopes, as a lower rank score represents higher affinity
(Moutaftsi et al. 2006).

Predicted CTL Epitopes Analysis

Afterward, each of the refined CTL epitopes can be analyzed
for antigenicity, allergenicity, toxicity, and immunogenic-
ity through VaxiJen v2.0, AllerTOP v2.0, ToxinPred, and
IEDB MHC I Immunogenicity tool of IEDB server respec-
tively (Doytchinova and Flower 2007; Gupta et al. 2013;
Calis et al. 2013; Dimitrov et al. 2014a). The CTL epitopes,
which are highly antigenic, non-toxic, non-allergenic,
and extremely immunogenic, are considered for vaccine
preparation.

Prediction and Analysis of HTL (Helper T
Lymphocyte) Epitopes

HTL Epitopes Prediction

HTLs are a crucial part of the adaptive immune system as
they can identify foreign antigens and stimulate B-cell pro-
liferation and CTLs to eliminate the infectious entity. HTL
epitopes within a desired protein sequence can be forecasted
through the MHC II binding tool from the IEDB server. This
module detects 15-mer epitopes against HTLs, while a con-
sensus percentile rank score equal to or less than 2.0 can be
used as a threshold to anticipate efficient HTL epitopes. As
for MHC I binding module, a lower percentile score suggests
a higher binding affinity in this module (Wang et al. 2010).

Predicted HTL Epitopes Analysis
Each of the selected HTL epitopes can then be scrutinized

for antigenicity, allergenicity, and toxicity using VaxiJen
v2.0, AllerTOP v2.0, and ToxinPred server, respectively

@ Springer



(2023) 29:60

International Journal of Peptide Research and Therapeutics

Page 6 of 20

60

"(HIOMION TeIndN XIIRIA IYSTOM) NNINM
pue (JI0MION [eINAN [RIOYNIY) NNV :SyIomiau
[eanau juejrodwr om) Jo siseq ay) uo sadoyrds
) $309)9p AJos1oa1d 10AI9s STY ], "A[oan)oadsar
‘86°0 Pue $£°0 Jo Amoyroads pue Lj1anisuas €
qum ()60 Jo Jutod pjoysany) e surejurewr pue A1
1007 ‘Te 1@ uasre] -deded uonorpaid Y31y € sey JoAIes 7 1A TLDION
‘surojoid 9[qnjos pue dueIqUISW
U99M12q JBNUAIIYIP UBD JIAIIS SIY) ‘(%66 UBY)
arowr) Ayoyroads pue Ayranisuas Jo 22139p yS1y
B )M\ "S)[NSAT 9)eINOdR %86/ 6 SAe[dsip pue
(I9POJAl AOSNIBIA] USPPIH) INJNTH UO paseq £50
1007 ‘e 19 Soxry]  -[odoy urjoxd sueiquiowr syorpaid ('za ININHINLL
"Ky1otuagIoTe souanbas
proe ourwe Aue jo1paid 03 yoeordde juridrio3uy
Paseq-101d110sap 221J-JudWuIITe Mau € sj1o[dxa
qQp10T 'Te 30 AonIuI(] IOAISS () TA JAUSSIONY ‘AorIN0oE 9%6°88 YIIA
*SI[NSAT 9JBINOIB % 68—()/, SUNLISUIT
pue soouanboes proe ourwe Jo UOIBULIOJSURI)
(9dUBLIBAOD) SSOID) 0INY) DDV SULIOPISUOD
suagnue aa109301d J01pa1d 01 Jopour Juspuad
L00T I9MOT,] pue eAOUIYIAOJ -opuI-jusWuSI[e MOU B SIZI[IN ()'ZA USLIXBA

“WIN1I0SU09 101J1U() dY) AQq paurejurewt
st sty [, ‘s109fo1d Surouanbas swousd snorrea
WOo1J PIALIOP AJUTEW ST 9SBQRIEP 9[qISSAOL
A[921J SIY} UIYIIM UOTIBULIOJUI 9} JO ISOIN
"UOTJRULIOJUT [EUONOUNJ pue saouanbas ureyoxd
120z wnniosuo)) joidun 9y],  Anenb-y3iy jo K1o31sodar e st aseqeyep joigrun
QUISUQ YOIBIS ZANUH YIIM JUI[UO
9[QISSIIIB AT YIIYM 010 NS ‘U101 ‘Opn
-09[onN ‘909fo1gorg ‘Qwoudn) ‘Quan) ‘1SvIg
‘PINQNG uegUID) IPN[OUT SIJIAISS [RUOTIR)
-ndwod pue ‘s[00) SONBULIOJUIOI] ‘Saseqelep
jueytoduwr JsoJA *A30[0UYI9)01q PUB JUIDIPIWOIq
0] PIJB[AI $IIINOSI JUBIYIUSIS JO UOTIJ[[0D
93ny & SISNOY puUB BOLIDWY JO SAIBIS Paju)
) Aq parroddns pue pajIpaIdde ST IIUAD SIY ],
*(QUIDIPIIA JO AIeIqIT [RUONIBN SAJBIS Pajuf)
o)) NINS YIM pajeISajul st pue (Y[edH jo
910Z IIDN Y} JO $20In0Sal Iseqee] Jmnsu] feuoneN) HIN Jo Suim e st [gDN QUL

/TLOWN/SOITAIOS NP I sqY mmm//:dny CTTATLORN
0"C-IWINHIALL
(dyd-901AI9S /5P MIP YO[B SAOIATIS//:sdNY 0'2A WNHINLL
[uny xopul/JJuesiofy
neuroejureyd-3ppy/:sdny 0'TA dJUSIoNY
[UDYUS[TXBA /US[IXBA /
uafixeajou-oejurreyd-3pp mmam//:dny 0°TA US[IXBA
/3107 101dTUn mmm//:sdny joigrun)

(I9DN) uoneuLIOjuy
/A0S YU Iqoumma//:sdny £So[ouyoaorg 10§ 191U3)) [RUONEN

Q0oURIJY JUSUWIWIOD [RUONIPPY

SSQIPpE GO 9seqeIR(]/I0AI0S

$50001d KISAODSIP QUIOIBA 02118 U1 10} pajusd[duI dIe Jey) SOSLqrIBP/SIOAISS JUSISHIP UO SJUSUITIOD [EUOTIIPPE Y)IM SISSAIPPE GOA\ | d]geL

pringer

Qs


https://www.ncbi.nlm.nih.gov/
https://www.uniprot.org/
http://www.ddg-pharmfac.net/vaxijen
https://ddg-pharmfac.net/
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
http://www.cbs.dtu.dk/services/NetCTL/

60

Page 7 of 20

(2023) 29:60

International Journal of Peptide Research and Therapeutics

L00T eAvySey pue eyes

L10T e 30 [edSeN

€107 'Te 30 epueyq

800 'Te 10 Suep

010T 'T& 32 Suep

€10T 'Te 19 S1eD

€10¢ e 10 mdnn

eH10T T¢ 10 AonIWIq

900T 'Te 32 IS)jeINON

-aseqejep odojida [j00-g
o ut sadondo [[90-g snonunuod paysIqelse

6L+ Yim 2ouanbas urajord A1enb oy saredwod

aseqeiep sIyJ, “1oAe[ uappry 9[Suls & Im Suoe

wytIo3[e (SHoMIAN [BINON JUSIINONY [ened)

NNRd Surrepisuod aouanbaos urejord e ur
sodojide [[90-g TeoUI] SOYNUAPI JoAISS pard)gy

“%YT18 30

Koeanooe uonorpaid e s wyLiodfe NAS ue
Uo paseq sI 1oa1as paidyI ayp Jo uonerado ayJ,

“%OLSL

Jo Aoemooe uonorpaid v Yyim WIoS e INAS
ue U0 paseq SI JoAIes paidy [ Jo uonerado ay,

‘sopndad Suronpur A NAT pays1iqeIse Apeaife

€€4°01 Jo 19serep asnoy-ul ue woij adojido

Suronpur A N[ Ue 10} SaUdIeas [00) SIY ], "SWyILL

-o3[e paseq-yoreoidde prigAy pue ‘paseq-]INAS
‘paseq-Jrow Ajoureu ‘S[apoul [eoISse[d 221y} Sul
-IopISu0d sa[noojowt apndad urym suordar Sur
-onpur A NT 19939p 03 pasn st 1oA19s adojidoN T

‘poylow
SNSNASNOD padadoe Ajopim ay) uo spuadop
1003 st} ‘Apueroyye sedojrde T1H 101paxd o,
‘sadoyrde opndad
Iow-g Jo Ayroruagounurwat Y 399319p A[Uo ued
IoA1es ggdI 2yl Jo [00) AyoruaSounwwa] [ DHIN
‘[opow X1new
aaneuenb e yym Juore wyjrIoFe (auTyoRN

10309/ 110ddng) JAAS SOZI[IN ISAIIS PAIJUIXO],

o ‘sopndad juaragip jo Arorxoy oy 3o1paid of,
"SUQZISTE 19930p 0) WIILL
-03[e (Inoqu3IoN 1SaTBaN-Y) NN pue ‘poylow
uonewLIOjsuLI DDV ‘s101dLI0Sop proe ourwe
sorjdde aseqeyep sIy ], "UONEPI[BA-SSOID P[OJ-G
18 9,¢°G8 JO AJRINOOE UOIOI)IP B YIIM SUSSIo[[e

-UOU WOIJ SUISIA[E R[OS JOAIAS ()'ZA JOLIRIY
‘sadoyda 1190
g pue [, 9edronue o) wipriose SNSNASNOD
9y uo spuadap aseqejep Sy, "Ajrunwwiione
pue ‘9SeasIp sNonoAuI ‘ASIS[[E JO IXAJU0D I}
ur $9103ds 19y10 pue suewNy WOoIj sAIPoquue
pue [[99-], ‘[[99-¢ UO BIep YOIeasal YIIim

90IN0SAI A[qQISSAIOE A[991] © SI JOAISS gOH] UL

/pa1doqe/eaeySel/urnpa piirsqam//:sdny

/pa1dT [1/eARySe/ur NS PIITSqam//:sdny

/Pardp[1/eAvySel/ur npa PITIsqom//:sdny

/odondauji/eaeyseriou-ppso-ppioy/:dny

/moyu/310°qpar-s[o0)//:dny

JKotuaSounwrtur/310°qpars[ooy//:dny

/paxdurxoy/eaeySel/ouppso ppaoy/:dny

/dO LIV Aeuorjureyd-Spp-mmm//:sdny

/ryu/S10°qparsjool//:dny

paidpgy

paxdp11I

paxdpI

adoydoN T

10108 AT UM S[npow Surpuq [T JHIN

IoAIaS g4l Jo 100} AyoruaSounwwa] | DHIN

paIquIXO0],

0°¢A dOLRIY

19A19S GQA] S UIIA S[npow Surpuiq [ DHIN

Q0URIJY

JUSWIWIOD [RUONIPPY

SSQIPpE GOM

9seqeIR(J/I0AIRS

(ponunuoo) | sjqey

pringer

a's


http://tools.iedb.org/mhci/
https://www.ddg-pharmfac.net/AllerTOP/
http://crdd.osdd.net/raghava/toxinpred/
http://tools.iedb.org/immunogenicity/
http://tools.iedb.org/mhcii/
http://crdd.osdd.net/raghava/ifnepitope/
https://webs.iiitd.edu.in/raghava/il4pred/
https://webs.iiitd.edu.in/raghava/il10pred/
https://webs.iiitd.edu.in/raghava/abcpred/

(2023) 29:60

International Journal of Peptide Research and Therapeutics

"TINFAL 10 110d-SSImMS
ur payisodop sjeseyep sorwodjord Furredwod
£q sonJodoid Teorwayo pue [eorsAyd snorrea
s9indwoo pue urejoxd usAIS © 10 s1ojourered

S00T e 10 193191580 urajoid juareyip sozAreue weidoxd wereqioid jureredjord/310°Asedxa qom//:sdny JOAIS ASVIXH UIYIIM [00) WeIeqiold
‘K[oanoadsar ‘sisATeue 10)snjo I SSe[O
PUE ] SSe[d yTH J0J PI99[s 2q ULd J[npoul
aAnejuasardar gy -V TH PUe o[npowl PIzLId)oe
-Teyo pue Jusfeadrd Y TH QIoyMm ‘PazI[nn oq ued
poyiow uonoipaid g z-uedDHIAION U3 ‘0 193
€10T ‘Te 10 UdsWOY], -SNODHIA YSnoIy) JudwWssIsse 133sn[o DHIA 10
*sdnoIS o1uy}e JUSIAPIP [ PUL SOLIUNOD G| UO
BJEp Sey oseqejep Aouanbaij ofo[e oy ‘Apjussaig
"s99[[e V'IH Jo urened uorssardxa oy yim uorn
-nqQLISIP oY) SSasse 03 aseqejep Kouanbaig ofaore
9y woiy sarouanbaxy JurdKjousd yH sozimn
0007 '[e10 Ing  IoAIdS gQH] Y} ul [00) 2512400 uonendod oy,

0 z-1asnPDHIAdyd-oo1a198

AP P YIYI[BAY SIS/ :sdNy 0° 1ISN[ODHIN

Juonerndod/310°qpar sjooy//:dny IOAIOS g H] Ul [003 93eI1oA00 uonemndod
*SUOTJORISIUL Je[nod[ow pue sadeys s9[noo
-[owoIoRW [BI1S0[01q JUSIYIP Apn3s 0] paimbal
S1 93pa[mouy s1yJ, 939 surajoid ‘sproe d1d[onu
"9'T S9[NOI[OWOIdEW [eI1S0[0Iq JO SAINIONIS (¢
parejouue Jnoqe aSpapmouy sapraoid jey) aseq
-BJep 9[qISSE00R A[0a1) B ST g(d (soneuriojurorg

[eamonng 10§ K101RI0QR[[0D) YoIeasay) SO
"3SUI[ UT SONPISAI PIoe oure
0S—S yim sopndad [[ews Jo uoTBULIOJU0D oY)
$1o1paid JOAIAS G'¢A 0TTOA-dHd ‘WyILIoS[e /€A 10dddd

Surdwes joenyoeg/ooqe], ay) Sutkjdde Ag  /s901A19s/131010pIp-s1red-ATUN SqdI'ATas01q//:sdNY

00T 'Te 39 ueuLIog /310°qsormmam//:sdny

yueq eieq uLl0ld gSOY

910¢ 'Te 10 9[qeruue] ¢'eA d104-dad
“(x1yeA Sur100g oyroadg
uonisod) ZNSSd U0 paseq saseqejep urewop
0661 T8 19 (YIS Y PIAIDSUOD SAYDIBIS A[[eOIseq d[npow dise[q 139715R[ /A0S YU WU 1qou-Ise[q//:sdny 1Sv1d
‘sisATeue adojido
SNONUIIUODSIP pue Jeaur] Surpnjour ‘o[qe[reae
aIe SISATRUR AOUBAIISUOD JO SOpOW 0M) ‘A[jual
-InD) "[OAJ KINUPT UAAIS & I s90uanbas urojord
10 sadojrda jo yojeq 10 9[3UIs B 10] AOUBAIISUOD
JO JU9IX2 A} SAJB[NO[BD 20IN0SAI JOHI Y}
urypIm (003 sisATeue Aouearosuod adojrda oy,
(NN PUB ‘WAS ‘gD ‘dV "LId T swyu
-0S1e TN JueIehIp XIS SULIOPISU0D D [en
-uojod syo1paid pue (sgDg-uou G8#S pue sgDg
Q10T '[e 10 Ue[eARURIN  Opb) sedoido Gzee JO SISISUOD JoAIAS TH-FD !

L00T 'Te 12 Ing /AOUBAIISU0D/310° QAL S[00}//:dNY 1001 sisATeue AoueAtosuod adojdg

/TH-HD €1/310° qe[as[3yy mmm//:dny TH-HO4!

Page 8 of 20

60

Q0UQIJY

JUSUIWIOD [BUONIPPY

SSQIPPE GO

9seqeIe(J/I0AI0S

(ponunuoo) | sjqey

pringer

Qs


http://www.thegleelab.org/iBCE-EL/
http://tools.iedb.org/conservancy/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://bioserv.rpbs.univ-paris-diderot.fr/services/PEPFOLD3/
https://bioserv.rpbs.univ-paris-diderot.fr/services/PEPFOLD3/
https://www.rcsb.org/
http://tools.iedb.org/population/
https://services.healthtech.dtu.dk/
https://web.expasy.org/protparam/

60

Page 9 of 20

(2023) 29:60

International Journal of Peptide Research and Therapeutics

L£00 1ddrg pue ureisroparp

10T Te 19 03

910T e 10 Suepm

G661 23e9[o( pue uolmoan

€10¢ 'Te 1o teyong

qL10T USS[oIN

LT0T 'Te 1 YoONPQIH

600C ‘Te 10 ueuSey

010T 'Te 30 ueuSey

900 eARYSEY pue ByeS

‘sfopowr urojoxd Surjepifea 1oy pasn
[003 SurzATeue-a1njonmns ursjoid e ST gam-ySoid
"TOAIOS-Y09S e wrerdord (qESTVIN
-O¥d PUe Y2IedsHH yim Suofe poyawr 6dSVO
Ay uo spuadap 1oAIas g M AXE[RD 24} OJul
J[npow dugYAXe[en) Y} ‘[opout (J§ & dUYaI O,
‘sanbruyoe) Surpeony) ojerdwe) snorownu
uo paseq urejoid A1onb e jsurede axmonns qg¢
® S91eIoU3 I "poyrew Surured[ doop 2y Sursn
uonounj pue 21n3onxs urajoxd syseoaroy xioydey
“yueq eyep ureyoxd oy Jo sernjonis ureloid Jo
SISA[eUE [BO1ISIIR)S B SOZI[IIN PUB WYILIOZ[ YIom
-jau [eanau e sorjdde )1 “surejord jo armonns Are
-puodas oy} Sunorpaid 10§ pasn A[opim ST VINJOS
‘SUIILIOSTE YIOMIOU [BINOU PIeMIOJ-PIS]
om) Jundope £q 1SV I19-ISd WOIJ 21monns
Krepuooas ursjord e syo1pard () pA QIS
‘sopndad 1eusSts 10930p 0) yoroidde
paseq-y1omiou [einau doop e Adde |4 Jreudis
"Joseyep
[0SIAydod ay) woij AJ[Iqn[os 9FeISAE SUI)
-oxd 1702 7 yim Aypiqnyos sit Surredwoos Aq
urajold e Jo AJITIqnios 9y} s9Ie[NO[ed [0S-UI)0I]
‘wypLIode JNAS d3e)s-om) e
Sursn opndad e jo Apignios 2y s1orpard 1oAI9S
uonorpard urajord HOLVYOS oy urim oxd10S
‘KoeInooe 9,8/ sAe[dsip pue josejep pauIquiod
U} UNPIM SJUSWILIAAXS UONEPI[EA-SSOID SAZI[IN
10A19s uonarpaid urjord HOLVIDS 2yi ul [00)
OIGNADILNY 3 ‘uonorpaid Ayroruadnue 10,]
"PAISPISUOD 2Te SUASIO[[E-UoU pue SUaSIoe
GL0‘01 JO 1osejep a3xe[ ® “Yse) s1y) 10 ‘Surddew
adoyide g3[ pue ‘LSVIA/IINAIN ‘Surddew
synow ‘IS 1d Yim Suoe ASofouryo9) Surtures]
QUIYORW JAAS SIZI[IN ()'ZA PAIGS[V ‘@ouanbas
apndad uaAIS © Jo AJOTUSSISIE SY) SUTULISIEP OF,

dyd-esoxd/ye-oe3qs-owres seoratas esoidy :sdny

ANIAFY=2dK
({1801 muqns/uIq-139/310° qepoas Axeres/:sdny

/mparo3eoryon-xioyder/:dny

[y ewdos™esdu/ySIN/=93ed; [d

‘Jewoneesduyuiq-13o/13-doqriqexd-esduyy:sdyny

/paxdisdyn-oe [onso jurorq//:dny

/1 #-d[BUSIS/SAOTAIAS NP P SQo mmm//:dny

An-or I9)saydurw[os-urajoxd/:sdny

/npa°1on’sorsoruoord-yoerds//:dny

/npa 1on°sor sorwodjoid yojerdsy/:sdny

/zp1d3[e/earySer/urnpa pitrsqam//:sdny

gom-yso1d

JOAIAS

gaMAXe[eD) Y3 UTYIIM 9[NpOW dUYYAXe[en

wioidey

VINdOS

0vA A9ddISd

[t dreusig

[0S-urdjoIq

oxd10S

OIINIDILNV

0°2A PRSIV

Q0URIJY

JUSWIWIOD [RUONIPPY

SSQIPpE GOM

9seqeIR(J/I0AIRS

(ponunuoo) | sjqey

pringer

a's


https://webs.iiitd.edu.in/raghava/algpred2/
https://scratch.proteomics.ics.uci.edu/
http://scratch.proteomics.ics.uci.edu/
https://protein-sol.manchester.ac.uk/
http://www.cbs.dtu.dk/services/SignalP-4.1/
http://bioinf.cs.ucl.ac.uk/psipred/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html
http://raptorx.uchicago.edu/
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://prosa.services.came.sbg.ac.at/prosa.php

(2023) 29:60

International Journal of Peptide Research and Therapeutics

Page 10 of 20

60

810¢C d[quIiny pue puer]

L10T T 3 unsose[pq

10 Te 30 ooue|g-zado]

£00T QuInog pue ojULIeWouoq

£10¢ Dismoquo( pue 3rer)

661 T8 19 SLLION

€661 SIIBIL PUE SOAO[OD)

L661 ‘T8 19 S1oquasiy

‘Suryoop

Apoq p1311 pue ‘arnjonns A310u9 Jsamof jo Jur

-I9)SN[O ‘UOTJBZIWIUTW AFIoU9 Aq Juowouerreal

[ermonns are sdojs asoy], *Sunyoop Je[nosjow

opndad-urajord ursjord-urejoxd syernurs o3

sdoys xordwos sory) Yym werdord pejewroine
PISeq-qam B SOZI[NN JOAIDS ()'ZA 0IdSN[D YL

“(X1IRIA U1j01d dyroadg

uonisoq) INSSd uo paseq yoeoidde Sururesy
quiyoew e parry uonesrjdde wigwwi-) ayJ,

‘WYPLIOZ[B SOTWRUAP UTBWIOP

paseq-[opowt duyje paroxdwir ue sasn SOIN!
“9NOJ[OWOIOBW [€21S0[0Iq B JO VAN Y3 0]

‘wyIose

S.UOJUIOY ], SyIpow pue [opow urjoid ¢

& opIsur sadojida [[90-g SnonunuossIp Ay}
syo1paxd 100} 0111 oy} ‘Surrelsnyo onpisar Sursn

*(SoUI)SA0) SAD) 0] pajeInwu J1 puoq opynsIp

® wI0j A[oy1[ 210w Jeyy) sired proe ourwe 3undip

-o1d Aq soSexuI[ opy[nsIp I2UISU 0) WYILIOTF[.
qQ PAYIpow € sasn g1 zA USIS( £q 9pY[nsI(y

‘UOTJEZI[BNSIA PUR UOT)EUTW

-19)ap j01d uBIpUBYORWERY JOJ pasn uonedrdde
Sunepifea armonns urajold e st YDFHDOU

‘[opow

Ayrenb-yS1y e se paydesoe st (G <) 91098

IV IIA 12yS1y € Y3Im SI0)UI JO [9poWl Y U0

[enIUT 9y} Uy} [OPOW [eUY Y} UT Justrdaoidur

9[qBIOU UI S)[NSAT PUR SIOLID A[BIS-[[EWS 0) OAT}

-1SU9s 00) ST wedoid SIy [, "SuonorRIAIUI JIWO)E

Papuoq-uou JuaIeHIp Jo urened o) SurropIsuod

£q (exmonns (¢) [opow urajoid pauyar-axd
® Jo Ajpenb [[e1aao oy sosterdde [ v

"PAULYAI-[[OM PAIAPISUOD ST 2I0IS
AEAJII0A YSTY B M [opowr A1onb v ormjonms
poo3 e ym s3urpuy 9y Surredwos pue (*930
Tejoduou ‘ejaq ‘eydre ‘refod ‘doory) juswuoIrAud
pUE UOTIEO0] SIT UO PIseq SSB[O [eImonms e Sur
-)Ipa1do® AQ N0 paLLIed St sisATeue oy, (1)
$90uaNbas PIoe ouIWE UMO SII )M SOINJONIS
urojo1d 1001100 WoIj paje[nored agord
(qg) orwoje ue 3unerouad £q Aiqnedwod

s [opowt urajoid e sassasse uoneordde (JEAJIIOA

dyd-ur3or/npanqg-oxdsnyo//:sdny

dyd-xepul/INISININID/ 1T 9¥1°0S 1//:dny

/so°o180°1ybrspowty/:sdny

Joxdiyra/310°qpars[ooy//:dny

/2aaqq/npa-aukemdorgamydo/:dny

/AMOdHDOYUd
/AIBMIJOS/AIS-UOIUIOY)S[N" OB Iq MMM //:sdy

JIRIId/MP e[ON IqUI-S0P MMM //:SANY

/PEAJLIOA /NP B[ON IQUI-Q0P MMM //:SdNY

0°CA oldsnH

IOAIOS GOM WISWIW]-D)

SAON!

90In0saI SIsATeue gqd[ oW
urgiA [00) uondIpaid adondg Apoquuy :01diIg

T1ga udtso(] Aq opyInsI(y

ADHHOO0Ud

LvVddd

AEAIIA

0UQIJY

JUSWIWIOD [RUONIPPY

SSQIPpE GO

9seqeIe(J/IoAI0S

(ponunuoo) | sjqey

pringer

Qs


https://www.doe-mbi.ucla.edu/verify3d/
https://www.doe-mbi.ucla.edu/errat/
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
http://cptweb.cpt.wayne.edu/DbD2/
http://tools.iedb.org/ellipro/
https://imods.iqfr.csic.es/
http://150.146.2.1/CIMMSIM/index.php
https://cluspro.bu.edu/login.php

International Journal of Peptide Research and Therapeutics

(2023) 29:60

Page110f20 60

Table 1 (continued)

Reference

Additional comment

Web address

Server/Database

JCat

Alam et al. 2019

The freely available JCat database is integrated

with the PRODORIC server.

http://www.jcat.de/

(Doytchinova and Flower 2007; Gupta et al. 2013; Dimitrov
et al. 2014a). Later on, extremely antigenic, non-allergic,
and non-toxic epitopes against HTLs can further be consid-
ered to check their cytokine-inducing capacity.

Cytokine-inducing Capacity Analysis of Predicted HTL
Epitopes

In microbial infection, interferon-gamma (IFN y) plays a
pivotal role in specific and innate immune responses with
the activation of macrophages and natural killer cells. IFNe-
pitope server can be applied to predict and design potent IFN
y inducing MHC II binding HTL epitopes with an accuracy
of 81.39% (Wang et al. 2008; Ashrafi et al. 2019). The inter-
leukin-4 (IL-4) and interleukin-10 (IL-10) inducing ability
of the selected HTL epitopes can be evaluated by IL4pred
and IL10pred servers, respectively, with a threshold value
of 0.2 and — 0.3 (Dhanda et al. 2013; Nagpal et al. 2017).
After the analysis, HTL epitopes having all three cytokine-
inducing capacities are chosen to construct the final vaccine
candidate.

Prediction and Analysis of LBL (Linear B
Lymphocyte) Epitopes

LBL Epitopes Prediction

Antigens having epitopes capable of eliciting B-cell
response are critical mediators for antibody-associated
humoral immunity. ABCpred server is the most popular
one to identify LBL epitopes within a given set of protein
sequences with a threshold of 100 for sensitivity, specificity,
and accuracy (Saha and Raghava 2007). Subsequently, the
probability score of each of the LBL epitopes can be pre-
dicted using iBCE-EL server considering default parameters
(Manavalan et al. 2018).

Predicted LBL Epitopes Analysis

The predicted LBL epitopes’ antigenicity, allergenicity, and
toxicity can be assessed through VaxiJen v2.0, AllerTOP
v2.0, and ToxinPred server, respectively, accepting default
parameters (Doytchinova and Flower 2007; Gupta et al.
2013; Dimitrov et al. 2014a). LBL epitopes having good
scores are then chosen for vaccine construction.

Conservancy Analysis of the Predicted CTL and HTL
Epitopes

The conservancy (conservation across antigens) of the previ-
ously selected MHC I and MHC II epitopes can be analyzed
with the help of the epitope conservancy analysis tool under
the hood of the epitope analysis tool in the IEDB server. For

@ Springer
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Table2 Web addresses with additional comments on different software that are implemented in in silico vaccine discovery process

Software Web address

Additional comment Reference

Swiss-Pdb Viewer v4.1.0
informer.com/4.1/

UCSF Chimera v1.11.2
download.html

OpenBabel https://sourceforge.net/projects/

openbabel/

AutoDock Vina v1.2.0 https://vina.scripps.edu/

BIOVIA DS (Discovery Studio) v4.5 https://discover.3ds.com/discovery

-studio-visualizer-download

YASARA Dynamics (v22.9.24)

SnapGene v6.1 https://www.snapgene.com/

https://swiss-pdb-viewer.software.

https://www.cgl.ucsf.edu/chimera/

http://www.yasara.org/downloads.htm YASARA Dynamics (v22.9.24) is

Swiss-Pdb Viewer calculates and mini- Guex and Peitsch 1997
mizes a protein molecule’s energy
in addition to restoring distorted
geometries utilizing GROMOS 43B1
force field.

The program UCSF Chimera is
developed to study supramolecular
assemblies, density maps, docking
scores, sequence alignments, and
MD (Molecular Dynamics) trajecto-
ries of biological macromolecules.

Pettersen et al. 2004

OpenBabel is an open-access software
that helps search, analyze, convert,
and store various chemical and
biochemical data using the SMARTS
method.

AutoDock Vina v1.2.0 is a docking
engine within the AutoDock suite
program suitable for efficient protein-
ligand interaction analysis. This tool
has another program called AutoGrid
which is valuable for calculating
grids within a docked structure.

O’Boyle et al. 2011

Trott and Olson 2009

Discovery Studio v4.5 is a program
that assists in simulating small and
macromolecular systems considering
CHARM, MODELLER, DELPHI,
and DMol3 algorithms.

Accelrys Software Inc:
San Diego 2012

Land and Humble 2018
authorized by PVL (Portable Vector

Language) and uses NOVA, YAM-

BER, and AMBER force fields to

conduct an MD simulation.

SnapGene v6.1 is a popular tool Solanki and Tiwari 2018
used for DNA letter evaluation and

manipulation.

sequence identity, this tool helps recognize the opening of
a single epitope in a range of strains with a threshold value
greater than or equal to 100 (Bui et al. 2007). MHC epitopes
with 100% maximum identity can be selected to construct
a vaccine candidate.

Human Homology Analysis of the Predicted CTL
and HTL Epitopes

Identifying homologous epitopes within human proteome
is vital to design a potent vaccine, as similar epitopes
with humans may hamper eliciting an adequate immune
response. The epitope homology to the human proteome
can be determined by BLAST (Basic Local Alignment
Search Tool) module, mainly blastp (protein BLAST)
within the NCBI database. In this analysis, a search for
homologous sequences can be done using default parame-
ters by selecting Homo sapiens (taxid: 9606) at a threshold

@ Springer

e-value of 0.05 (Altschul et al. 1990; Mehla and Ramana
2016). Non-homologous epitopes of humans with an
e-value below 0.05 can be selected for vaccine construc-
tion (Mehla and Ramana 2016).

3D Modeling and Molecular Docking Analysis
of the Selected CTL and HTL Epitopes with HLA
Antigens

CTL and HTL Epitopes Modeling

To design a reliable vaccine, evaluating the binding affinity
of HLA alleles with CTL and HTL epitopes is crucial and
can be done by exploiting molecular docking studies. For
that, the epitopes (CTL and HTL) must first be modeled with
the SOPEP scheme of the PEP-FOLD v3.5 server employing
200 simulations (Lamiable et al. 2016).


https://swiss-pdb-viewer.software
https://www.cgl.ucsf.edu/chimera/
https://sourceforge.net/projects/
https://vina.scripps.edu/
https://discover.3ds.com/discovery
http://www.yasara.org/downloads.htm
https://www.snapgene.com/
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Molecular Docking Between CTL and HTL Epitopes
with HLA Alleles

Before molecular docking simulation, the energy of each
modeled epitope can be computed and minimized with
Swiss-Pdb Viewer v4.1.0 software. The 3D structures
with the lowest energy are then considered (Guex and
Peitsch 1997). Two widely distributed alleles, namely
HLA-A*01:01 and HLA-DRB1*01:01, can be selected
to represent MHC I and MHC II alleles to examine the
binding affinity with CTL and HTL epitopes. To check
the molecular interaction, the 3D X-ray crystallographic
structure of HLA-A*01:01 and HLA-DRB1*01:01 can be
downloaded in pdb format from the RCSB protein data
bank bearing PDB ID of 6AT9 and 1QEW, respectively.
To validate the docking simulation, co-crystalized ligands
within the PDB structures can be considered the positive
control (Berman et al. 2002). The UCSF Chimera v1.11.2
is a freely available software for preparing large protein
molecules. The preparation can be done by eliminating
attached ligands from the co-crystalized structure and add-
ing hydrogens GM (Gasteiger-Marsili) charges (Pettersen
et al. 2004). Afterward, OpenBabel can be used to mini-
mize ligand energy and save both the structure (protein
and ligand) files into pdbqt format (O’Boyle et al. 2011).
AutoDock Vina v1.2.0 is a widely used, more reliable, and
cited software utilized for molecular docking simulation
(Rahman et al. 2016). Throughout the molecular interac-
tion analysis, all the parameters can be kept at default, and
the grid box for HLA-A*01:01 and HLA-DRB1*01:01 can
be set at (X)60.64 X (Y)73.76 X (Z)45.49 A and (X)61.25
X (Y)48.69 x (Z)72.95 A respectively. The results of dock-
ing studies are denoted as negative values (kcal mol™1!),
and a lower score indicates strong binding affinity (Trott
and Olson 2009). BIOVIA DS (Discovery Studio) v4.5 can
be utilized to visualize the molecular docking simulation
results, and the figure can be generated using UCSF Chi-
mera (Accelrys Software Inc: San Diego 2012).

Population Coverage Assessment of Selected CTL
and HTL Epitopes

The expression and the distribution pattern of HLA alleles
(class I and II) differ by ethnic groups and regions around
the globe. Population coverage analysis is pivotal for
developing an effective epitope-based peptide vaccine.
The population coverage of the selected CTL and HTL
epitopes can be assessed by the population coverage tool
in the IEDB server. After the calculation, predicted CTL
and HTL epitopes and their corresponding HLA binding
alleles (MHC I, MHC II, and combined) can be analyzed
(Bui et al. 2006).

Cluster Analysis for Class | and Class Il MHC
Molecules

In humans, the genes for both classes of MHC molecules
are highly polymorphic, and this extreme polymorphism in
HLA antigens encompasses hundreds of thousands of alleles.
MHC I and II molecules with similar binding affinity can be
recognized by MHC clustering analysis with the help of the
MHCcluster 2.0 server. Considering the default parameters,
this tool generates phylogenetic trees and excessively intuitive
heat-maps of the effective cluster between MHC class I and II
molecules (Thomsen et al. 2013).

Establishment of the Vaccine Construct

The effective vaccine construct can be formulated by combin-
ing previously selected CTL, HTL, and LBL epitopes that have
outperformed others based on different selection criteria with
each other. For this addition, CTL, HTL, and LBL epitopes
can be linked with AAY (Ala-Ala-Tyr), GPGPG (Gly-Pro-
Gly-Pro-Gly), and KK (Lys-Lys) linkers, respectively (Dorosti
etal. 2019). The AAY linker improves the immunogenicity of
a vaccine candidate by influencing protein stability and epitope
presentation capacity. The glycine-proline (GPGPG) and bi-
lysine (KK) linker facilitate immune processing and immuno-
genic activity of the newly constructed vaccine, respectively
(Nain et al. 2020). To achieve a stronger immune response,
an adjuvant like the 50 S ribosomal protein subunit L7/L12
(TLR4 agonist) can be linked at the starting end of the con-
struct with a bifunctional EAAAK linker (Glu-Ala-Ala-Ala-
Lys) (Olejnik et al. 2018).

Evaluation of the Newly Constructed Vaccine
Candidate

Physicochemical Property Analysis of the Vaccine Construct

The physicochemical properties, i.e., the number of amino
acids, molecular weight (MW), theoretical pH (pI), amino
acids composition, the total number of negatively charged
residues, the total number of positively charged residues,
atomic composition, formula, extinction coefficient, esti-
mated half-life, instability index (II), aliphatic index (AI),
and grand average of hydropathicity (GRAVY) of the formu-
lated vaccine can be assessed using ProtParam tool within
ExPASy proteomic server (Gasteiger 2003; Narang et al.
2021; Panda et al. 2022).

Allergenicity, Antigenicity, and Solubility Profile
Analysis of the Vaccine Construct

A newly designed vaccine construct must exhibit non-aller-
genicity, extreme antigenicity, and high solubility to elicit a
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strong immune response. The allergenicity profiling can be
determined by AllerTop v2.0, AllergenFP v1.0, and AlgPred
v2.0 server (Saha and Raghava 2006; Dimitrov et al. 2014b).
The antigenicity of the construct can be assessed with Vaxi-
Jen v2.0 and ANTIGENPro server (Doytchinova and Flower
2007; Magnan et al. 2010). The solubility of a vaccine can
be analyzed through the SOLpro tool, and a given peptide is
expected to be soluble if the calculated score is greater than
or equal to 0.5 (Magnan et al. 2009). For a better understand-
ing, another solubility prediction server, namely Protein-Sol,
can be utilized, and a protein with a solubility score greater
than 0.45 is considered highly soluble (Hebditch et al. 2017).
Next, the transmembrane helices and potential signal pep-
tides within the vaccine construct can be determined using
TMHMM v2.0 and SignalP 4.1 server (Krogh et al. 2001;
Nielsen 2017a; Panda et al. 2022).

BLAST and Human Homology Checking
of the Constructed Vaccine

To minimize an autoimmune response, relative homology
analysis between the final vaccine candidate and human
proteome can be done with the BLASTp module of the
PSIBLAST algorithm within the NCBI database (Altschul
et al. 1990; Altschul et al. 1997; Narang et al. 2022). In this
step, a search must be restricted to H. sapiens (taxid:9606),
and the query sequence must exhibit less than 40% human
homology.

Secondary Structure Analysis of the Vaccine
Construct

The secondary structure, as well as the peptide configura-
tion of the final vaccine, can be examined through PSIPRED
v4.0 and SOPMA applications (Geourjon and Deléage 1995;
Buchan et al. 2013). Considering default parameters, the two
servers calculate the percentage of 2D configurations such as
alpha helix, random coil, and beta-turn. The PSIPRED v4.0
and SOPMA servers generate the secondary structure of a
query protein sequence with a result accuracy of 78.1% and
80%, respectively (Montgomerie et al. 2006).

Development and Analysis of the Tertiary (3D)
Structure of the Vaccine Construct

Homology Modeling to Create the 3D Model
of the Constructed Vaccine

The RaptorX web server can be employed to build a 3D
model of the vaccine candidate. To predict the tertiary struc-
ture, this server applies a homology modeling technique,
and a 3D model having the lowest p-value is admitted as the
finest model (Wang et al. 2016).
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3D Model Refinement and Validation

A vaccine model’s tertiary (3D) structure can be refined
using the GalaxyRefine module on the GalaxyWEB server,
which generates five refined models as output. These refined
models are ranked according to the score of different param-
eters, including GDT-HA, RMSD, MolProbity, Clash score,
Poor rotamers, and Rama favored (Ko et al. 2012). After-
ward, the refined model can be validated with a ProSA-web
server that calculates the Z-score of that particular model.
This server can be used to analyze the stereochemical qual-
ity of a protein model by evaluating the geometry of both
individual residues and the overall structure (Wiederstein
and Sippl 2007). Then the validated model can be further
assessed using Verify3D and ERRAT web servers. Verify3D
algorithm assesses a query protein model with its three-
dimensional profile obtained from X-ray crystallographic,
NMR spectroscopic, and/or computational methods (Eisen-
berg et al. 1997). In contrast, the ERRAT program assesses
a 3D model by identifying imprecise regions within a pro-
tein structure based on the errors resulting from the ran-
dom distribution of atoms (Colovos and Yeates 1993). The
PROCHEK application can be used to assess the Ramachan-
dran plot, providing valuable information about the over-
all quality of the refined vaccine model. Based on dihedral
angles [psi (y) and phi (¢)], the Ramachandran plot visual-
izes the percentage of amino acid residues within the most
favored, generously allowed, additionally allowed, and disal-
lowed regions. A good quality model should have over 90%
of amino acid residues in its most favored region (Morris
et al. 1992).

Engineering Disulfide Bonds Inside the Constructed
Vaccine Candidate

Disulfide bonds within a protein molecule are critical to
stabilizing the tertiary/quaternary structure, interactions,
and dynamics. Next to the refinement, the vaccine construct
can be submitted to Disulfide by Design v2.12 server for
disulfide engineering. For disulfide bridging, default values
(in°) can be kept for x 3 and Ca-Cp-Sy angles. The angle of
x 3 ranging between — 87 to +97° and the energy score of
less than 2.2 kcal/mol suggests an effective disulfide bridg-
ing (Craig and Dombkowski 2013).

Scanning for CBL (Conformational B Lymphocyte)
Epitopes Within the Newly Formulated Vaccine

The CBL epitopes within the formulated vaccine construct
can be predicted with the help of the ElliPro: Antibody
Epitope Prediction tool within the IEDB analysis resource.
The discontinuous B-cell epitopes can be detected by
allowing a minimum protein index (PI) score of 0.5 and a
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maximum distance between the residue’s center of mass (R)
6 A as the default value. A larger value for R and PI indicates
a larger conformational B-cell epitope and greater solvent
accessibility, respectively (Ponomarenko and Bourne 2007).

Normal Mode Analysis (NMA) of the Vaccine
Construct

NMA is highly required to understand the spontaneous
functional motion of a protein complex in its internal (dihe-
dral) coordinates. The iMODS server can be used to ana-
lyze the normal mode of the designed vaccine candidate.
This quicker and cost-effective MD (Molecular Dynamic)
simulation analysis technique facilitates the prediction of
the eigenvalues, deformability, B-factors, and covariance
(Lopez-Blanco et al. 2014) .

Computational Inmune Simulation Analysis
of the Constructed Vaccine

A vaccine candidate’s immunogenicity and immune
response can be understood by exploiting the C-ImmSim
web server. This server applies an immune simulation tech-
nique, setting the parameters as defaults (Dellagostin et al.
2017).

Molecular Docking Simulation Study Between
Vaccine Construct and TLR4 (Toll-Like Receptor)
Complexes

Computer-assisted molecular docking assessment can pre-
dict the molecular interaction and binding affinity of TLR
and vaccines. TLRs are extremely associated with strong
immunity (Rafi et al. 2022).

TLR Preparation

For docking analysis, the X-Ray crystallographic structure
of the human TLR4 complex with MD-2 and LPS (PDB ID
4G8A) can be downloaded from the RCSB protein data bank
bearing a resolution of 2.4 A. The ligands, along with B, C,
and D chains, can be removed by BIOVIA DS (Discovery
Studio) v4.5. Later on, the energy of the protein structure
can be minimized with Swiss-Pdb Viewer v4.1.0 applying
GROMOS 43B1 force field (Guex and Peitsch 1997; Berman
et al. 2002; Accelrys Software Inc: San Diego 2012).

Docking Simulation Analysis

Next, the vaccine candidate and the prepared TLR4 can be
docked by a protein-protein docking server, i.e., ClusPro
v2.0 (Land and Humble 2018). The TLR4-vaccine docked
complex with the lowest docking score can be considered

to have high-affinity binding, and the molecular interaction
can be observed using BIOVIA DS (Discovery Studio) v4.5
(Mahapatra et al. 2022b).

MD (Molecular Dynamics) Simulation Study
of the Vaccine Construct and TLR4 Docked Complex

Molecular dynamics simulation allows researchers to exam-
ine the potential vaccine’s molecular and atomic motions.
The molecular dynamics simulation is employed to analyze
the association between the receptor proteins (TLRs) and
the vaccine candidate (multi-epitope-based subunit vac-
cine) (Kozakov et al. 2017). The molecular docking tech-
nique initially determines the stability between the vaccine-
receptor complex, which is further supported and verified
by molecular dynamics simulation (Mahapatra et al. 2022b).
The process generally suggests whether the developed vac-
cine would trigger TLR stimulation which could support
higher immune reactions inside the human body (Kozakov
etal. 2017). The YASARA (Yet Another Scientific Artificial
Reality Application) Dynamics (v22.9.24) software pack-
age may be adopted to analyze the MD simulation of the
vaccine-TLR4 complex. During the simulation, AMBER 14
forcefield can be employed (Chatterjee et al. 2018). Before
the MD simulation, the complex is cleaned by deleting
unknown ligands, water molecules, and metal ions. Simi-
larly, H-bonded networks are optimized to reorder hydrogen
bonds and add the missing ones (Pyasi et al. 2021). A simu-
lation cell can solvate the protein complex using the TIP3P
solvation model, where the solvent density value may be
maintained at 0.997gL.-1 (Harrach and Drossel 2014). The
AMBER force fields are generally integrated with the most
regularly utilized TIP3P solvent model. While the TIP3P
framework has no impact on the thermodynamic charac-
teristics of the solutes, it dramatically lowers the distances
among these stages, speeding up the dynamics and thereby
improving testing in the computations (Krieger et al. 2012).
The protonation arrangement of proteins is critical for
their structural rigidity. Before initiating a traditional MD
simulation, the protonation stages should be established
and assigned (Florova et al. 2010). The SCWRL algorithm
manages the protonation state of every amino acid within a
protein molecule which helps calculate each amino acid’s
pKa (acid dissociation constant) value. Furthermore, Na*
and CI™ can be added to preserve the physiological envi-
ronment at pH 7.4 and 298 K temperatures (Krieger et al.
2012; Pyasi et al. 2021).The Particle Mesh Ewald (PME)
approach can be used to calculate the long-range interac-
tions, short-range Coulomb, and vdW contacts (Varma
et al. 2006). When utilizing PME to handle electrostatic
interactions, molecular dynamics simulations of protein in
specified water are significantly impacted by adding Cl and
Na* particles (Alam et al. 2019). When the ionic solution
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equilibrates, the protein’s flexible regions’ overall archi-
tecture and movements are influenced by the presence of
salt ions and charge-stabilizing opposite ions (Alam et al.
2019). The steepest descent is preferable for reducing the
high-energy characteristics of the starting configuration
(Hsieh et al. 2009). Using the simulated annealing meth-
ods, the energy of the TLR4-vaccine docked complex can
be minimized with the steepest gradient approaches. For the
simulation process, the time step can be set as 2.0 fs, where
long-range electrostatic interactions can be calculated with
a cut of radius 8 A (Grote et al. 2005). The simulation may
be conducted for 100 ns and the trajectories can be stored
following 100 fs intervals. The data within trajectory files
can be used to analyze RMSD (Root Mean Square Devia-
tion), RMSF (Root Mean Square Fluctuation), Rg (Radius
of Gyration), SASA (Solvent Accessible Surface Area), and
H-bonds (Solanki and Tiwari 2018). Despite several suc-
cesses, MD simulation incorporates challenges like a lack
of more refined force fields or superior computational power
demanding more than a microsecond simulation time (Dur-
rant and McCammon 2011).

Insilico Codon Optimization and Molecular Cloning
of the Constructed Vaccine

Highly efficient cloning and expression properties of a
multi-epitope-based peptide vaccine construct are needed
to develop an effective vaccine. Therefore, effectual codon
adaptation, optimization, and vaccine cloning can be carried
out in E. coli K12 (Solanki and Tiwari 2018). Since human
codons differ from E. coli, JCat (JAVA Codon Adaptation
Tool), an online application, can be employed to reverse
translate and optimize the final vaccine construct. This step
increases the expression of the final vaccine construct into
the E. coli host. JCat output for the adapted and optimized
construct exhibits the nucleotide sequence, CAI (Codon
Adaptation Index), and % of GC content, which are essential
for proper expression in a particular host (Grote et al. 2005).
For the effective expression of a vaccine construct, the CAI
value must range from O to 1, while % of GC content must
be within 30-70%. Finally, BglII and Apal restriction sites
can be added at the newly formulated vaccine’s N and C
terminal end. The freshly prepared vaccine codon sequence
can be cloned into the pET-28a (4) vector using SnapGene
v6.1 software (Solanki and Tiwari 2018).

Conclusion and Future Scope

Developing a swift and highly effective vaccinology tech-
nique is critical for responding to unexpected health catas-
trophes and lowering infection-related death rates. Vacci-
nation via sparking the immune response offers protection
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against infectious diseases, reducing morbidity and mortal-
ity. Vaccine development must be efficient and prompt to
tackle emergent health crises. However, conventional vac-
cine design and development procedures are time-consum-
ing and expensive. On the contrary, computational vacci-
nology supported by vaccinomics and immunoinformatics
strategies from that perspective has placed the world in an
advantageous stage to screen and detect antigens of interest
in an economically friendly and time-saving manner and
develop vaccine candidates to combat the emergent patho-
genic invasion. The wealth of genomics and proteomics data
allows informatics to effectively expand its contribution to
medical innovation, especially in vaccine science. In the
post-genomic age, the construction of multi-epitope-based
peptide vaccines has emerged as a unique concept. The
availability of the entire microbial genome and proteome
sequences and the applicability of bioinformatic tools/tech-
niques for analyzing these sequences can be used to design
multi-epitope-based peptide vaccines, which unleash the
detection of top immunogenic protein candidates for vaccine
development. Thus, designing a multi-epitope-based pep-
tide vaccine offers a promising avenue for efficient and cost-
effective therapy and generating a robust immune response
against infectious disease.

This review delivers a modest, elementary, and typical
procedure/protocol for designing and developing multi-
epitope-based peptide vaccines with the aid of different
databases, computational tools, and algorithms. Interested
researchers/immunologists might utilize the information in
this article to guide designing multi-epitope-based peptide
vaccine candidates for subsequent pre-clinical and clinical
studies. This concise and comprehensive review encom-
passes a range of essential resources and databases needed
to identify the most potent as well as novel antigenic pro-
tein sequences (CTL, HTL, and LBL epitopes), assess MHC
(both class I and II) binding, create a putative vaccine con-
struct through homology modeling, analyze the interaction
between the constructed vaccine and immune receptors
(TLR4) using molecular docking and dynamics simulation,
compute normal mode and immune simulation analysis of
the vaccine candidate and finally molecular cloning of the
newly constructed vaccine (Fig. 3). We hope that this sum-
marized review may offer a more effective and accessible
vaccinology protocol for future researchers allowing them
to design vaccines according to the pathogen of interest
computationally.

In the near future, multi-epitope-based peptide vac-
cine design and development will likely become the
fastest-growing field of biological science, particularly
in response to combatting infectious diseases. With
bioinformatics and computational modeling advance-
ments, researchers can predict epitopes more easily and
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Fig.3 Concise and comprehensive representation showing different applications employed for the vaccinomics/immunoinformatics governed
multi-epitope-based peptide vaccine developmental process. This illustration is generated using Microsoft Office (PowerPoint) 2019

accurately, which are most likely to elicit a potent and
effective immune response, making the development of
new vaccines much more economically, rapid and efficient.
Using multi-epitope-based peptide vaccines may help
reduce the global burden of infectious diseases by provid-
ing a safe and effective means of preventing and treating
those illnesses. Additionally, as our understanding of the
immune system and the mechanisms of antigen recogni-
tion and presentation continues to grow, new strategies for
enhancing the immunogenicity of epitopes and improving
the efficacy and durability of epitope-based peptide vac-
cines are likely to emerge. Overall, multi-epitope-based
peptide vaccine designing and development holds great
promise for preventing and controlling infectious diseases
in the years to come.
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