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Abstract 26 
Background. The coronavirus SARS-CoV2 is an evolved strain from the Coronaviridae family 27 
that has caused a global public health emergency. Currently, there is no approved treatment or 28 
vaccine available to treat this deadly virus. The current study aimed to find the diversity in 29 
SARS-CoV2 strains reported from all over the world and to design a broad-spectrum multi-30 
epitope vaccine using an immunoinformatics approach.  31 
Methods. For this purpose, all available complete genomes were retrieved from GISAID and 32 
CNBC followed by genome multiple alignments to develop a global consensus sequence to 33 
compare with the reference genome. Fortunately, comparative genomics and phylogeny revealed 34 
a significantly high level of conservation between the viral strains. All Open Reading Frames 35 
(ORFs) were subjected to Cytotoxic T-lymphocyte (CTL) epitope and Helper T cell lymphocyte 36 
(HTL) epitopes using CTLpred and HLApred, respectively. The predicted CTL epitopes were 37 
then screened for antigenicity, immunogenicity and strong binding affinity with HLA 38 
superfamily alleles. HTL predicted epitopes were screened for antigenicity, interferon induction 39 
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potential, overlapping B cell epitopes and strong HLA DR binding potential. The shortlisted 56 
epitopes were arranged into two multi-epitope sequences, Cov-I-Vac and Cov-II-Vac, and 57 
molecular docking was performed with Toll-Like Receptor 8 (TLR8).  58 
Results. The designed multi-epitopes were found to be antigenic and non-allergenic. Both multi 59 
epitopes were stable and predicted to be soluble in an E. coli expression system. The molecular 60 
docking with TLR8 also demonstrated that they have a strong binding affinity and immunogenic 61 
potential. These in silico analyses suggest that the proposed multi-epitope vaccine can effectively 62 
evoke an immune response.  63 
 64 
Keywords: SARS-CoV2, COVID-19, global pandemic, Pakistan, immunoinformatics, immunity 65 
 66 
Introduction 67 
COVID-19 has been declared a pandemic by the World Health Organization (WHO) as of the 68 
11th March 2020 (WHO, 2020). The outbreak nCoV-2019 starting in Wuhan, China has now 69 
affected millions of lives across the world. The common symptoms patients exhibit include 70 
fatigue, fever, dry cough, shortness of breath, and upper airway congestion (Chan, Wong and 71 
Tang, 2020). The delay in symptom appearance due to the incubation period of the virus has 72 
caused more harm as infected people without symptoms might have already infected many 73 
others even before knowing they are carrying the infection. The number of infected people is 74 
increasing daily. Scientists are working tirelessly to find a cure but as of now, the impasse 75 
continues. 76 
 77 
Coronaviruses (CoVs) are a family of viruses causing diseases ranging from the common cold to 78 
more severe illnesses such as Severe Acute Respiratory Syndrome (SARS-CoV) and Middle East 79 
Respiratory Syndrome (MERS-CoV) (Ceraolo and Giorgi, 2020b; Sahin, 2020). Belonging to the 80 
family of Betacoronavirus, the latest CoV, recently named as SARS-CoV-2, is an enveloped 81 
spherical virion about 60-140nm in diameter. It has a positive-sense single-stranded RNA 82 
genome of ~30kb. The virus is believed to have originated from bats and is phylogenetically 83 
linked closest to the bat-SL-CoVZC45 and bat-SL-CoVZXC21 (Zhu et al., 2020). The virus is 84 
contagious and spreads from person-to-person through the respiratory droplets when an infected 85 
person sneezes or coughs or when a person encounters contaminated surfaces with the virus. The 86 
diseases state caused by viral infection is termed as COVID-19 (Chan, Wong and Tang, 2020).  87 
The genome contains six open reading frames (ORFs) including ORF1ab, ORF3a, ORF6, 88 
ORF7a, ORF8, ORF10, encoding spike glycoprotein trimer S, nucleoprotein N, membrane 89 
protein M and envelop small membrane protein pentamer E (Zhu et al., 2020). SARS-CoV-2 90 
causes wide-ranging infections like mild upper respiratory tract disease, severe viral pneumonia 91 
with respiratory failure and in severe cases even death (Huang et al., 2020).  92 
 93 
Considering the gravity of the situation of COVID-19 worldwide, there is a dire need for the 94 
development of an effective vaccine or antiviral drugs that are effective to treat this viral 95 
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infection. Currently there is no FDA approved treatment or licensed vaccine against COVID-19. 114 
Vaccination is the most desired option available at our disposal to eradicate the diseases 115 
associated with infectious microorganisms (Greenwood, 2014). Reverse vaccinology is a 116 
valuable technique that adopts genome-level analysis to identify potential antigenic determinants 117 
of the pathogenic microorganism (Rappuoli, 2001). Previously designed multi-epitope vaccines 118 
against various emerging viruses have been reported as safe and elicit potent immune responses. 119 
 120 
To elicit strong immunogenic responses and have long-term efficacy, vaccines against 121 
coronavirus must activate both humoral and cell-mediated immune responses (Amanna and 122 
Slifka, 2011).  Virus-specific T cells, the effector T cells, provide vaccine-mediated protection at 123 
the peak of antiviral response and the antiviral cytokines production is also increased (Sallusto, 124 
Geginat and Lanzavecchia, 2004), but a successful vaccine would activate B-cell mediated 125 
humoral immunity as well. In the case of re-infection, memory B cells can be re-activated via B 126 
cell receptors and provide protection even when antibody titers have gone below detection levels 127 
(Amanna, Carlson and Slifka, 2007). Therefore, it is a challenge to activate both humoral as well 128 
as cell mediated immunity of required levels to effectively provide effective protection against 129 
COVID-19. Around 1800+ cases of COVID-19 have been reported in Pakistan so far, and an 130 
increasing trend is feared in the upcoming days (Worldometers.info, 2020).  131 
 132 
In this study, we have utilized the 475 genomes of 2019-nCoV available in CNBC and GISAID 133 
(available at https://www.epicov.org/epi3/cfrontend) database as of 15th March 2020 to identify 134 
conserved immunogenic epitopes representing the novel coronavirus strains (collection) and to 135 
design a potent multi-epitope vaccine against the COVID-19 infection. 136 
 137 
Materials & Methods 138 
Retrieval of Sequences and Multiple alignments 139 
GISAID (available at https://www.epicov.org/epi3/cfrontend) and CNBC databases were mined 140 
to retrieve updated complete genomes of nCOV-19. A complete genome of SARS-CoV2 from a 141 
Pakistani patient was also added in the study (Accession number GWHACDD01000001). The 142 
retrieved genomes were then aligned using the MAFFT tool (Multiple Alignment using Fast 143 
Fourier Transform) (available at: https://www.ebi.ac.uk/Tools/msa/mafft/) (Katoh et al., 2002). 144 
Default parameters were used encompassing 200PAM/κ=2 scoring matrix and a gap penalty of 145 
1.53. These aligned sequences were visualized and analyzed in Unipro UGENE v.34 software 146 
(Okonechnikov et al., 2012) to generate a consensus sequence of all genomes and later nBLAST 147 
was performed to analyze its diversity with Reference sequence NC_045512.2. The COVID-19 148 
genome from Pakistan Accession number GWHACDD01000001 was also aligned with the 149 
consensus reference sequence. The ORFs from this sequence were retrieved and subjected to 150 
further analysis on predicted proteins.  151 
 152 
CTL Epitope mapping  153 
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Cell-mediated Immunity provides a more promising result in case of viral infection where 159 
Cytotoxic T-Lymphocytes (CTLs) kill viral infected cells and clears the infection. Hence, 160 
CTLpred (available at: http://crdd.osdd.net/raghava/ctlpred/) was used for prediction of CD8 T 161 
cell epitopes (Bhasin and Raghava, 2004). Consensus approach was used that predicted CTL 162 
epitopes based on both SVM and ANN methods. These predicted epitopes were also predicted 163 
by HLApred (available at: http://crdd.osdd.net/raghava/hlapred/) and ProPred (available at: 164 
http://crdd.osdd.net/raghava/propred/) (Singh and Raghava, 2002). 165 
 166 
Antigenicity  167 
All CTL epitopes were screened for antigenicity using VaxiJen (available at: http://www.ddg-168 
pharmfac.net/vaxijen/) (Doytchinova and Flower, 2007). VaxiJen is an online server that predicts 169 
the antigenicity of peptides using the physicochemical properties of the proteins irrespective of 170 
their lengths and the need of alignments. We used VaxiJen server for our CTL epitopes using the 171 
default threshold 0.5 for viruses.  172 
 173 
Immunogenicity 174 
After screening for the antigenic potential of CTL epitopes, epitopes having immunogenic 175 
potential were screened using the IEDB analysis resource for MHC class I Immunogenicity 176 
(available at: http://tools.iedb.org/immunogenicity/) (Calis et al., 2013) This tool works best for 177 
9-mer epitopes but larger lengths can be employed too. Only those epitopes that showed strong 178 
binding affinity with HLA super family alleles were shortlisted. 179 
 180 
Strong binding affinity with HLA alleles  181 
CTL Epitopes that were both antigenic and immunogenic were screened for their binding affinity 182 
with HLA superfamily alleles using Net MHC 4.0 (available at: 183 
http://www.cbs.dtu.dk/services/NetMHC/) (Nielsen et al., 2003; Andreatta and Nielsen, 2016). 184 
The tool predicts results on the basis of an artificial neural network that has been trained using 81 185 
different HLA alleles. MHC binding affinity of shortlisted epitopes was checked against HLA 186 
superfamily alleles (i.e. HLA-A0101, HLA-A0201, HLA-A0301, HLA-A2402, HLA-A2601, 187 
HLA-B0702, HLA-B0801, HLA-B2705, HLA-B3901, HLA-B4001, HLA-B5801, HLA-B1501).  188 
 189 
HTL Epitope mapping  190 
Humoral Immunity also plays a significant role in viral clearance, so Helper T cell epitopes also 191 
known as CD4 T cell epitopes were predicted by HLApred. All alleles of MHC-II were selected, 192 
and experimental as well as predicted binders were included in the analysis. A default threshold 193 
was used, and all predicted epitopes that shared no identity with humans were selected. The 194 
predicted epitopes were screened for their antigenic potential using VaxiJen as discussed earlier. 195 
The antigenic epitopes were further screened for their IFN induction potential using IFNepitope  196 
(available at: http://crdd.osdd.net/raghava/ifnepitope/scan.php) (Dhanda, Vir and Raghava, 197 
2013). The epitopes screened positive for IFN were checked for overlapped B cell epitopes 198 
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predicted by ABCpred (available at: http://crdd.osdd.net/raghava/abcpred/) using a default 206 
threshold (Saha and G. P.S. Raghava, 2006). Lastly, the shortlisted epitopes were checked for 207 
their strong binding affinity with HLA DR alleles  208 
(DRB1_0101, DRB1_0103, DRB1_0301, DRB1_0401, DRB1_0402, DRB1_0403, DRB1_0404, 209 
DRB1_0405, DRB1_0701, DRB1_0801, DRB1_0802, DRB1_0901, DRB1_1001, DRB1_1101, 210 
DRB1_1201, DRB1_1301, DRB1_1302, DRB1_1501, DRB1_1602, DRB3_0101, DRB3_0202, 211 
DRB3_0301, DRB4_0101, DRB4_0103, DRB5_0101)  using Net MHCII (available at: 212 
http://www.cbs.dtu.dk/services/NetMHCII/).  213 
 214 
Multi-epitope vaccine design and construction  215 
Epitopes were arranged as per their arrangement in the reference sequence and linked between 216 
the CTL epitopes using a flexible linker GGGGS as recommended by Chen, Zaro and Shen 217 
(2013), or between HTL epitopes with GPGPG to construct a multi-epitope (Saadi, Karkhah and 218 
Nouri, 2017). Linkers between epitopes provide efficient separation and proper functioning of 219 
individual epitopes. Moreover, a second multi-epitope construct was also designed where β-220 
defensin, an adjuvant - was added at the N terminus of multi-epitope. β-defensin generates an 221 
innate as well as an adaptive immune response (Pandey, Bhatt and Prajapati, 2018). β-defensin is 222 
responsible for recruiting immature dendritic cells and naïve T-cell at the site of an infection 223 
(Allaker, 2008). 224 
 225 
Sequence-based physio-chemical properties of the multi-epitope design 226 
Different physicochemical properties of multi epitopes were predicted using ProtParam tool 227 
including prediction of in vivo half-life, theoretical isoelectric point (pI), molecular weight, 228 
instability index, aliphatic index and GRAVY (Grand Average of Hydropathy) index of peptides 229 
(Wilkins et al., 1999). The degradation of peptides was based on amino acid at N-terminus hence 230 
N-end rule in Protparam was employed to predict in vivo half-life of both peptides. Instability 231 
index with a threshold of 40 was used in order to determine the stability of the protein in a 232 
cellular environment. The aliphatic and GRAVY index of both peptides was calculated based on 233 
their amino acid profiles.  234 
 235 
Allergenicity of multi epitope 236 
Both multi-epitope constructs (with and without adjuvant) were screened for their allergenicity 237 
using two online servers; AlgPred (available at: http://crdd.osdd.net/raghava/algpred/) (Saha and 238 
G P S Raghava, 2006) and Allergen FP (available at: http://ddg-pharmfac.net/AllergenFP/) 239 
(Dimitrov et al., 2014). In AlgPred, allergenicity prediction is based on similarity with 240 
experimental IgE epitopes while Allergen FP predicts the allergenicity of peptide using an 241 
alignment-free method by implementing a four-step algorithm and compared by Tanimoto 242 
coefficient.  243 
 244 
Antigenicity of multi-epitope design and modeling 245 
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The antigenicity profiles of both multi-epitope constructs were predicted again to confirm if the 254 
epitopes were antigenic or not. We used two servers this time; VaxiJen (available at: 255 
http://www.ddg-pharmfac.net/vaxijen/) (Doytchinova and Flower, 2007) and AntigenPro 256 
(available at: http://scratch.proteomics.ics.uci.edu/) (Magnan et al., 2010). AntigenPro like 257 
VaxiJen predicts antigenicity using physicochemical properties, irrespective of the length of 258 
peptides as well as it’s alignment.  259 
 260 
Secondary structure prediction  261 
For evaluation of further structural characteristics of designed multi epitopes, PDBsum (available 262 
at http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/) (Laskowski et al., 2018) was used. 263 
PDBsum provides insight about the unique structural aspects about protein, peptides and their 264 
ligands.  265 
 266 
Tertiary structure prediction and refinement  267 
Tertiary structures of both vaccines were predicted by 3Dpro (available at: 268 
http://scratch.proteomics.ics.uci.edu/) (Cheng et al., 2005) and refined by Galaxy refine 269 
(available at: http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) (Ko et al., 2012). The 270 
model showing highest Ramachandran favored residues and minimum poor rotamers were 271 
selected. The refined structures were checked for their stability and flexibility using molecular 272 
dynamics (MD) simulation studies. Structural flexibility of a protein/peptide is important for its 273 
molecular recognition and its function, so a coarse-grained protein model implemented in a 274 
webserver CABS-Flex 2.0 (available at: http://biocomp.chem.uw.edu.pl/CABSflex/) (Kuriata et 275 
al., 2018) was used for near-native dynamics of both vaccines. Default distance restrained 276 
parameters were used, number of cycles and cycles between trajectory frames were raised to 100. 277 
Temperature of simulation was also kept default.   278 
 279 
Molecular Docking with Immunological Receptors 280 
The models were then checked for their interaction with TLR8. Molecular docking was 281 
performed by using guru level interface of HADDOCK 2.2 (available at: 282 
http://haddock.science.uu.nl/services/HADDOCK/haddockserver-guru.html) (Van Zundert et al., 283 
2016) with default parameters and a representative structure from the top-ranked docked cluster 284 
with minimum HADDOCK score was refined using Refinement Interface (available at: 285 
http://haddock.science.uu.nl/services/HADDOCK/haddockserver-refinement.html) (Van Zundert 286 
et al., 2016). Moreover, NMA analysis of refined complexes was also performed using iMOD in 287 
order to determine their deformation potential (Kremer, Mastronarde and McIntosh, 1996) 288 
(available at: https://bio3d.colorado.edu/imod/paper/). The interacting residues between each 289 
complex were predicted using PDBsum analysis (Laskowski et al., 2018). 290 
 291 
 292 
 293 
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Codon Optimization and in silico cloning in Escherichia coli   295 
Codon optimization of both multi epitopes was performed using JCAT (available at: 296 
http://www.jcat.de/) (Grote et al., 2005) and codons were adapted as per E. coli K12 strain. 297 
Plasmid UC19 was used for in silico cloning of both multi epitopes Moreover, a His6 tag was 298 
added at the both ends of sequences for the purification of multiepitope proteins.  299 
 300 
Results 301 
Retrieval of Sequences and Multiple Sequence Alignments (MSA) 302 
The recruited 474 complete COVID-19 genomes showed a high level of conservancy upon MSA 303 
alignment and in the phylogenetic tree (Fig 1). The Pakistani strain shares a clad with China and 304 
India.  Moreover, the consensus sequence was found to be 99% identical, with 10 gaps and no 305 
mismatches with Ref seq NC_045512.2 from Wuhan. Hence, the protein coding sequences from 306 
ORFs available under NC_045512.2 were ORF1ab YP_009724389.1, Spike glycoprotein 307 
YP_009724390.1 ORF3a YP_009724391.1, Envelope protein YP_009724392.1, membrane 308 
glycoprotein YP_009724393.1, ORF6 YP_009724393.1, ORF7a YP_009724393.1, ORF7b 309 
YP_009725318.1, ORF8 YP_009724396.1, ORF9 YP_009724397.2, ORF10 YP_009725255.1. 310 
All the ORFs from Ref Seq were compared with CDS of MT240479 and found to be 99% 311 
similar.  312 
 313 
CTL Epitope mapping 314 
The maximum number of epitopes from . . . as predicted from ORF1ab were 311. However, from 315 
surface glycoproteins and membrane glycoprotein, ORF3a, ORF9, ORF7a, ORF6, ORF8, 316 
ORF7b, ORF10 and envelope proteins the epitopes obtained are 50, 18, 13, 12, 7, 6, 5, 4, 4, and 317 
2 respectively.  For antigenicity a total of 204 out of 432 epitopes were found to be antigenic as 318 
determined by . . . ..  Using . . . , 193 epitopes were screened, but only 124 epitopes were found 319 
to be potentially immunogenic. The shortlisted epitopes are listed in Table 1.  320 
 321 
HTL Epitope mapping  322 
A total of 289 CD4 T cell epitopes from . . . were predicted by HTL to lack homology with the 323 
human proteome. Of these epitopes, 162 were antigenic while 62 had IFN induction potential. 324 
However, only 11 had strong binding affinity with HLA DR alleles. The list of screened epitopes 325 
are provided in Table 2.   326 
 327 
Multi epitope structure design and modeling 328 
Two multi-epitope constructs are designed with and without β-defensin adjuvant to analyze and 329 
compare whether the designed multi-epitope is efficacious only in presence of adjuvant or has 330 
the ability to elicit immune response solely. Cov-I-Vac was the multi-epitope construct without 331 
adjuvant and Cov-II-Vac was with adjuvant (Fig   ). Sequences of Cov-I-Vac and Cov-II-Vac 332 
had been shown below; the sequence of β-defensin is shown in bold letters in Cov-II-Vac.  333 
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>Cov-I-Vac 359 
TLSEQLDFIGGGGSSLREVRTIKGGGGSTRFFYVLGLGGGGSFSYFAVHFIGGGGSWLM360 
WLIINLGGGGSAIDAYPLTKGGGGSYVFCTVNALGGGGSVYAWNRKRIGGGGSVVFLH361 
VTYVGGGGSSELVIGAVIGGGGSHLVDFQVTIGGGGSFLIVAAIVFGGGGSIIFWFSLELG362 
GGGSFLLVTLAILGPGPGLGIITTVAAGPGPGWYIRVGARKGPGPGIGYYRRATRGPGPG363 
VILLNKHIDGPGPGVRATATIPIGPGPGIITLKKRWQGPGPGITLKKRWQLGPGPGLLLVA364 
AGLEGPGPGFLCWHTNCY 365 
>Cov-II-Vac 366 
GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKKEAAAKTLSEQL367 
DFIGGGGSSLREVRTIKGGGGSTRFFYVLGLGGGGSFSYFAVHFIGGGGSWLMWLIINLG368 
GGGSAIDAYPLTKGGGGSYVFCTVNALGGGGSVYAWNRKRIGGGGSVVFLHVTYVGG369 
GGSSELVIGAVIGGGGSHLVDFQVTIGGGGSFLIVAAIVFGGGGSIIFWFSLELGGGGSFL370 
LVTLAILGPGPGLGIITTVAAGPGPGWYIRVGARKGPGPGIGYYRRATRGPGPGVILLNK371 
HIDGPGPGVRATATIPIGPGPGIITLKKRWQGPGPGITLKKRWQLGPGPGLLLVAAGLEGP372 
GPGFLCWHTNCY 373 
Sequence-based physio-chemical properties of multi-epitope 374 
Physio-chemical analysis of Cov-I-Vac and Cov-II-Vac revealed that both constructs are 375 
reasonably stable (38.48 and 39.91 respectively), have molecular weight <50kDa, lower 376 
GRAVY indexes (i.e., 0.394 and 0.249, respectively), with a pI of 9.97 and 10.03, respectively. 377 
The half-life of Cov-I-Vac was predicted to 7.5 h (mammalian reticulocytes, in vitro), >20 hours 378 
(yeast, in vivo), and >10 hours (Escherichia coli, in vivo). However, the half-life of Cov-II-Vac 379 
was predicted to be 30 hours (mammalian reticulocytes, in vitro), >20 hours (yeast, in vivo), and 380 
>10 hours (Escherichia coli, in vivo).  381 
 382 
Antigenicity, Allergenicity and Immunogenicity of Cov-I-Vac and Cov-II-Vac 383 
The antigenicity potential was found to be retained in both multi epitopes and was estimated as  384 
0.6153 and 0.5947 for Cov-I-Vac and Cov-II-Vac, respectively. Both constructs were reported as 385 
antigenic by AntigenPro as well with an antigenicity score of 0.516406 and 0.386605.  386 
Moreover, both vaccines were soluble upon overexpression in E. coli. The safety profile also 387 
showed that constructs do not exhibit any experimentally reported allergens and thus projected to 388 
be non-allergens.   389 
 390 
Secondary structure of Cov-I-Vac and Cov-II-Vac 391 
The secondary structure prediction of Cov-I-Vac shows that it has a sheet and beta hairpin 392 
between two strands (Ala160-Il161, Gly164-Gly165), six helices, 42 beta turns and two gamma 393 
turns (Fig 2). The secondary structure of Cov-II-Vac shows that it has a sheet and two beta 394 
hairpin among three strands (Val193-Thr198, Gly201-Val208, Gly216-Gly217), 10 helices, five 395 
helix-helix interactions, and 37 beta turns (Fig 3). 396 
 397 
 398 
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Tertiary structure prediction and refinement 424 
The tertiary structure of Cov-I-Vac had 10.2% poor rotamers with 90.5% Rama favored residues; 425 
however, the refined structure selected for further analysis had an RMSD of 0.541 with 0% poor 426 
rotamers and 93% Rama favored residues. Similarly, the initial structure of Cov-II-Vac had 5.9% 427 
poor rotamers with 89% Rama favored residues, but the refined shortlisted structure with RMSD 428 
0.548 had 92.9% Rama favored residues and 0% poor rotamers.  429 
 430 
CABS-flex analysis  431 
The trajectory of 10 models was generated after simulation (Fig 4). The Root Mean Square 432 
Fluctuation (RMSF) of this simulation was found to be between 3.9 - 5.8 Å.  433 
 434 
The trajectory of Cov-II-Vac after fast simulation  435 
Trajectory analysis of fast simulation of Cov-II-Vac was analyzed and the RMSF of the structure 436 
was found to be 0.75-7.25 Å. The maximum fluctuation was observed at residue 227 while 437 
minimum fluctuation was residue 39-59 (Fig 5).  438 
 439 
The molecular docking of Cov-I-Vac with TLR8 resulted in the top-ranked cluster with a 440 
HADDOCK score of -40.8 +/- 5.5. Low values of HADDOCK score, especially those that are 441 
negative, usually imply significantly high interaction between proteins. HADDOCK refined the 442 
representative structure of this complex and clustered the resulting 20 structures into one 443 
complex that represented 100% of the water refined models generated. After undergoing 444 
molecular refinements, the HADDOCK score of the Cov-I-Vac-TLR8 complex improved 445 
significantly to reach -251.3 +/- 2.3. The details of the refined interaction along with statistical 446 
parameters are provided in Table 3. Cov-II-Vac also showed significant interaction with TLR8 447 
that was -83.5 +/- 6.3 which was a higher interaction score than Cov-I-Vac. However, after 448 
refinements, the interaction of Cov-II-Vac with TLR8 was lower compared to Cov-I-Vac-TLR8 449 
interaction, i.e.  -217.4 +/- 3.5. The details of HADDOCK score with all its parameter are 450 
mentioned in Table 4. 451 
 452 
For an in depth analysis of protein-protein interactions, PDBSum analysis revealed that a total of 453 
36 residues of Cov-I-Vac interact with 43 residues of TLR8, with one salt bridge, 15 hydrogen 454 
bonds and 210 non bonded interactions. The detail of the interaction is illustrated in Fig 6 and 455 
atomic level interaction is provided in Supplementary Table 1. Similarly, 36 residues of Cov-II-456 
Vac interacted with 41 residues of TLR8, prominent among them were residues of multi-epitopes 457 
of 12 hydrogen bonds and 168 non bonded contacts. The interacting residues of the complex are 458 
illustrated in Fig 7 while distances of detailed atomic interaction are provided in Supplementary 459 
table 2. 460 
 461 
NMA analysis  462 
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NMA analysis of both multi epitopes showed that Cov-I-Vac has higher stability than Cov-II-481 
Vac, as the Eigen value, the energy required to deform the structure, was higher for Cov-I-Vas as 482 
can be seen in Fig 8. 483 
  484 
Codon Optimization and E. coli expression  485 
Codon optimization results of both vaccines Cov-I-Vac and Cov-II-Vac with GC content 58.99% 486 
and 58.49% were within the optimum limits (Pandey, Bhatt and Prajapati, 2018). The CAI value 487 
was predicted to be 1.0. The total length of the Cov-I-Vac clone was 3.6 kbp while Cov- II-Vac 488 
clone was 3.8 kbp. Both sequences were designed to be added to the plasmid between restriction 489 
sites AfiIII-pciI and BspQI-sapI (Fig 9.  490 
 491 
 492 
Discussion 493 
The COVID-19 pandemic has affected more than 205 countries around the world with almost 494 
783,000 patients and more than 37 thousand deaths. The current situation urges scientists all over 495 
the world to find an urgent solution to stop this pandemic and develop effective therapeutics 496 
(WHO, 2020a). To ensure viral clearance, cell mediated and humoral responses must be induced 497 
by the action of CD8 and CD4 T cells (Ikram et al., 2018). The reliability of such responses has 498 
enabled the use immunoinformatics approaches for vaccine development against viral diseases. 499 
The present study encompassing 475 complete genomes from all around the world suggests that 500 
while there is emerging variation in SARS-CoV2, the rate with which this variation arises is 501 
quite slow (Ceraolo and Giorgi, 2020a). The consensus sequence generated from the alignment 502 
of all complete genomes was found to be 99% identical to the reference sequence reported from 503 
Wuhan. Moreover, it also exhibited significant similarity with the strain sequenced from a 504 
Pakistani patient.  505 
 506 
The overall structure of of 475 genomes of COVID-19 revealed that SARS-CoV2 strains of 507 
China belong to clades containing those from almost all of the countries of the world and 508 
covering the whole span of a phylogenetic tree. The relatedness of COVID-19 strains was 509 
expected considering that the outbreak originated from China. Pakistani strain 510 
GWHACDD01000001 also was found in clades with strains isolated from China and India. 511 
Pakistan claims that the virus was introduced in the country by Iran, which may be supported 512 
after the availability of a complete genome sequence/s of SARS-CoV2 from Iran anticipated at a 513 
later stage (Saqlain et al., 2020).  514 
 515 
The present study was mainly conducted to propose  multi-epitope based vaccines against 516 
COVID-19 by an immunoinformatics approach similar to other studies (Tomar and De, 2010; 517 
Dar et al., 2016; Ikram et al., 2018). These vaccines are advantageous compared to other 518 
monovalent vaccines because they provide superior protection by eliciting strong humoral and 519 
cell mediated immunity (Amanna and Slifka, 2011). Three subunit vaccines have been 520 
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previously reported that were based on one, three, and 10 proteins (Abdelmageed et al., 2020; 540 
Qamar et al., 2020). The current vaccine used all predicted ORFs and therefore covers the 541 
complete proteome. Epitopes selected were 12 CTL based and 10 HTL based that elicit cell 542 
mediated and humoral immune responses, respectively. Our subunit vaccines are therefore 543 
projected to be effective and immunogenic against COVID-19. Coding sequences of the proteins 544 
of SARS-CoV-2 from NCBI were evaluated for their antigenicity. Highly antigenic sequences 545 
were used to predict B and T cell epitopes, the key step in vaccine development. Antigenic T cell 546 
epitopes were screened to overlap with B-cell and IFN-γ epitopes (Van Regenmortel, 1996). The 547 
vaccines were designed with the help of linkers; epitopes were linked with GGGGS (CTL based) 548 
and GPGPG (HLA based) linkers. Linkers were added to help maintain the proper functioning of 549 
each epitope after being imported to the human body independently (Pandey, Bhatt and 550 
Prajapati, 2018).  551 
 552 
An adjuvant, β-Defensin was added to the N-terminal end of the Cov-II-Vac to increase the 553 
immunogenicity of the vaccine. β-defensins are effector antimicrobial peptides having 554 
antimicrobial activity including antiviral, antibacterial and antifungal activity (Lehrer and Lu, 555 
2012). Kim et al. (2018) have demonstrated that use of human β-defensins can initiate both 556 
innate and adaptive immune response against the conjugated antigen. Defensins use both Th1 557 
and Th2 dependent pathways to boost the synthesis of antigen-specific immunoglobulins (Tani et 558 
al., 2000). Several studies suggest that β-defensins efficiently induce a prolonged humoral as 559 
well as cellular immune response against a pathogen (Allaker, 2008) which makes them a potent 560 
antiviral vaccine adjuvant.  561 
 562 
The two multi epitopes Cov-I-Vac and Cov-II-Vac are 317 and 367 amino acids long 563 
respectively with a molecular mass of 31.6 kDa and 37.2 kDa, respectively. Both predicted 564 
proteins are basic according to theoretical pI values. The calculated instability index and 565 
aliphatic index scores indicated that the vaccine protein is stable and thermostable. The GRAVY 566 
score for our vaccines was positive and suggests that both are hydrophobic, which may 567 
necessitate the use of micelles for better interaction of the vaccine protein within the polar 568 
environment of the body (Pandey et al., 2018). Cov-I-Vac and Cov-II-Vac were found to be 569 
antigenic, immunogenic, non-allergenic and strong MHC binders.  These factors suggest that the 570 
multi-epitopic vaccines will hae a robust immune response without allergic reaction. The RMSF 571 
obtained from CABS flex analysis is comparable to the RMSF of NMR ensembles (Jamroz, 572 
Kolinski and Kmiecik, 2014). The efficacy of a multi-epitope vaccine depends on the population 573 
for which the vaccine is prepared. The human CTL and HTL based T cell epitopes included in 574 
our multi-epitope vaccines were 99.29% similar to those of the world population and 100% 575 
similar to Pakistan based sequences, indicating that it would be effective not only for Pakistan 576 
but also for the world population. The strong binding of our vaccine products with immune 577 
receptors is necessary for triggering effective immunological responses in our body. The 578 
designed multi epitope-based vaccine showed significant interaction with an immune receptor 579 
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further predicting the efficacy of both vaccines. However, the vaccine Cov-I-Vac showed a 626 
stronger interaction with TLR8, indicating that multi epitope, even without adjuvant, is able to 627 
elicit immune response.  628 
 629 
 The CAI value after in silico cloning in vector suggests that translational efficacy, mRNA 630 
codons, of both multi epitope vaccines is compatible with the host system. Moreover, it also 631 
indicates that synthesis of both vaccines is experimentally possible with higher expression within 632 
the E. coli K-12 system.  633 
 634 
We believe that immunoinformatics approaches are useful to design effective vaccine candidates 635 
that when tested in experimental studies yield proposed outcomes (Ikram et al., 2018). All the 636 
ORFs of COVID-19 were subjected to epitope mapping; however, it is noteworthy to mention 637 
that no epitope from 3’ UTRs had strong binding affinity with HLA super family alleles. 638 
Therefore, no epitopes from this region are part of either  CovI-Vac and CovII-Vac vaccines. 639 
However, the multi epitopes do contain strong HLA superfamily allele binding regions from 640 
structural as well as non-structural proteins. These structural as well as nonstructural proteins 641 
play an important part in viral assembly and attachment and specific immune responses against 642 
them are required to combat the infection. Despite the numerous benefits associated with this 643 
computational study, experimental validation is required to verify these results. 644 
 645 
Conclusions 646 
The study was aimed to predict a vaccine against SARS-CoV-2  using immunoinformatics 647 
approaches. Two multi epitopes were designed, one without adjuvant (Cov-I-Vac) and the other 648 
with β-defensin adjuvant (Cov-II-Vac). The in situ designed multi epitopes Cov-I-Vac and Cov-649 
II-Vac are predicted to be antigenic, immunogenic, thermostable and safe for human 650 
applications. The multi epitopes cover the predicted proteome of SARS-CoV-2 (Fig. 10). Cov-I-651 
Vac demonstrates better interaction with TLR8 and more energy is required to deform the 652 
structure as compared to Cov-II-Vac. Future prospects of the study involve experimental 653 
validation of these results.  654 
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