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Abstract

As the number of infections and deaths caused by the recent COVID-19 pandemic is increasing
dramatically day-by-day, scientists are rushing towards developing possible counter-measures to
fight the deadly virus, SARS-CoV-2. Although many efforts have already been put forward for
designing and developing potential vaccines, however, most of them are proved to possess
negative consequences. Therefore, in this study, the methods of immunoinformatics were
exploited to design novel epitope-based subunit vaccine against the SARS-CoV-2, targeting four
essential proteins of the virus i.e., spike glycoprotein, nucleocapsid phosphoprotein, membrane
glycoprotein, and envelope protein. The highly antigenic, non-allergenic, non-toxic, non-human
homolog and 100% conserved (across other isolates from different regions of the world) epitopes
were used for constructing the vaccine. In total, fourteen CTL epitopes and eighteen HTL epitopes
were used to construct the vaccine. Thereafter, several in silico validations i.e., the molecular
docking, molecular dynamics simulation (including the RMSF and RMSD studies), and immune
simulation studies were also performed which predicted that the designed vaccine should be quite
safe, effective, and stable within the biological environment. Finally, in silico cloning and codon
adaptation studies were also conducted to design an effective mass production strategy of the
vaccine. However, more in vivo and in vitro studies are required on the predicted vaccine to finally

validate its safety and efficacy.
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45 1. Introduction

46  The Coronavirus Disease-2019 or COVID-19 is caused by a virus known as the Severe Acute
47  Respiratory Syndrome Coronavirus- 2 (SARS-CoV-2). This disease was originated in Wuhan City
48  of Hubei Province of China in December, 2019. But now, its spread is abruptly accelerated on a
49  worldwide scale from its origin (Ullah et al., 20204, Islam et al., 2020). Coronaviruses (CoVs) are
50 agroup of immensely diversified RNA viruses with some general features i.e. these are enveloped
51  and positive-sense viruses, containing sSRNA (single-stranded RNA). They are responsible for
52  several diseases of respiratory, hepatic, neurological as well as enteric systems. Actually, the
53  severity of their infection varies from animal to human (Zumla et al., 2016; Chan et al., 2013). As
54  reported by serology and genome phylogeny, CoVs can be categorized into four genera named as
55  Alpha, Beta, Gamma, and Delta CoVs and to date, seven strains of CoVs are discovered that are
56  known to infect human. This group of Human Coronaviruses (HCoVs) includes two alpha CoVs
57  (HCoV-229E and HCoV-NL63) and five beta CoVs (HCoV-0C43, HCoV-HKUL1, SARS-CoV,
58 MERS-CoV, and SARS-CoV-2 (Zhu et al., 2018). But most importantly, the SARS-CoV, MERS-
59 CoV, and SARS-CoV-2, these three HCoVs have appeared during the last two decades (Cheng et
60 al., 2007; Chan et al., 2015). Although the SARS-CoV and MERS-CoV epidemics didn’t have
61  much impact worldwide, however, the recent COVID-19 pandemic causing SARS-CoV-2 has
62  already caused much sufferings and claimed the lives of hundreds of thousands of people, let alone
63 infecting millions of people around the world. As of August 14, 2020, the COVID-19 has
64  disseminated in around 213 countries and territories all over the world. Not only that, it has put an
65 end to nearly 770,000 lives with almost 21 million infected cases.
66  (https://www.worldometers.info/coronavirus/?utm_campaign=homeAdvegasl? Accessed on: 14

67  August 2020).
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68  Perhaps the development and evaluation of specified drugs for the treatment of COVID-19 disease
69  are going to take couple of years. Regardless of this, broad range of existing host-directed therapies
70  are in course of investigation at present (Amanat and Krammer, 2020). Apace with drug, at least
71 40 amongst the prestigious pharmaceutical and research institutions from numerous countries have
72 demonstrated their engagement in developing COVID-19 vaccines passionately after the
73 sequenced genome of SARS-CoV-2 has been unraveled and released officially on 11 January
74 2020. Moreover, some institutions have already started efficacy evaluation of their potential
75  candidates in animals as well as clinical trials (Zhang et al., 2020, Moin et al., 2020). For example,
76  safety clinical trials have been conducted on two vaccines i.e. Moderna’s candidate vaccine
77 mRNA-1273 and DNA vaccine called INO-4800. But both these vaccines are still not evaluated
78  for efficacy thoroughly (Inovio Pharmaceuticals, 2020; Kaiser Permanente Washington Health
79  Research Institute, 2020). Moreover, the Phase | clinical trial of the most current vector-based
80 vaccine, LV-SMENP DC engaging 100 patients was performed on March 24, 2020. But the
81 completion date of the study is estimated to be December 31, 2024 (NCT04276896)
82  (http://clinicaltrials.gov/. Accessed on: 16 August 2020). Furthermore, a conventional vaccination
83  strategy has also been displayed using whole inactivated or live-attenuated virus vaccines.
84  Researchers from University of Hong Kong have come up with a live influenza vaccine which
85  expresses proteins of SARS-CoV-2 (Cheung, 2020). Besides these, “Codon de-optimization”
86 technology has been developed by Codagenix. Basically, this technology attenuate viruses and the
87  company is now probing COVID-19 vaccination strategies (Shieber J, 2020). Nonetheless, the
88  main drawback of attenuated vaccines is that secondary mutations can promote virulence during
89  reversion and can give rise to more serious conditions. In contrast with such vaccines, the prime

90 advantage of subunit vaccines is they are safe because the constituents of such vaccines are only
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the recombinant proteins or synthetic peptides from any infectious virus or pathogen. These
vaccines do not include the whole infectious agent. For this reason, when it comes to subunit
vaccines, the probability of inducing any adverse effect after administration is nearly zero (Sarkar

et al., 2019).

In this study, an effective subunit vaccine was focused to develop against various isolates of SARS-
CoV-2 from different countries across the world, utilizing the immunoinformatics approach. In
immunoinformatics, the novel antigens of a pathogen or virus are identified by dissecting its
genomic data and then different tools of in silico biology and bioinformatics are used for vaccine
designing and development by analyzing its genome (Chong & Khan, 2019; Rappuoli, 2000;
Sarkar et al., 2020a). In our study, a blue print of epitope-based vaccine was designed which might
produce substantial immune response towards SARS-CoV-2, isolated from different countries
around the world, targeting the spike glycoprotein, nucleocapsid phosphoprotein, membrane
glycoprotein, and envelope protein of the virus. The protein sequences of SARS-CoV-2, isolated
from Bangladesh, was used as model to construct the vaccine. Only those epitopes which were
found to be 100% conserved in some other selected countries were used for vaccine construction.

As a result, the designed vaccine is expected to be effective in different regions around the world.

CoV spike glycoproteins promote and facilitate the entry of the virus into the host cells and these
proteins are the prime target of antibodies. The nucleocapsid phosphoprotein is vital for packaging
the viral genome into a helical ribonucleocapsid (RNP) and it plays an elementary role during viral
self-assembly. Also, the membrane and envelope proteins are important for viral entry, replication,
budding, and particle assembly within the host cells (Schoeman and Fielding, 2019; Alsaadi and

Jones, 2019). Therefore, these four proteins were used as potential targets in this study to design
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the vaccine with the purpose of interfering the viral life cycle. Figure 01 represents the step-by-

step procedure used in this study to design the vaccine.
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Figure 01. The step-by-step procedure adapted in the vaccine designing study.

2. Materials and Methods

2.1. Strain identification and Retrieval of the Protein Sequences


https://doi.org/10.20944/preprints202009.0631.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2020 doi:10.20944/preprints202009.0631.v1

137  The SARS-CoV-2 virus isolated from Bangladesh was identified and four target proteins of the
138  virus i.e. spike glycoprotein, nucleocapsid phosphoprotein, membrane glycoprotein, and envelope
139  protein were retrieved from the National Center for Biotechnology Information or NCBI
140  (https://www.ncbi.nlm.nih.gov/) database.

141 2.2. Antigenicity Prediction and Physicochemical Property Analysis of the Proteins

142 The antigenicity of the retrieved protein sequences of SARS-CoV-2 was predicted by the online
143 tool, VaxiJen v2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VVaxiJen.html), using the
144  prediction accuracy threshold of 0.4 because the 0.4 threshold has been proved to increase the
145  prediction accuracy. The server uses different statistical methods to provide reliable results in
146  terms of antigenicity (Doytchinova and Flower, 2007, Ullah et al., 2020b). Thereafter, various
147  physicochemical properties of the selected antigenic protein sequences were predicted by the
148  ExPASy’s online tool ProtParam (https://web.expasy.org/protparam/), where all the parameters
149  were also kept at their default values (Gasteiger et al., 2005).

150  2.3. Prediction of T-cell Epitopes

151  An effective multi-epitope subunit vaccine must comprise of cytotoxic T-cell and helper T-cell
152  epitopes so that after the administration, the vaccine would be able to stimulate the immune cells
153  and generate substantial immune responses (Chaudhri et al. 2009; Zhu and Paul, 2008). The MHC
154  class-1 epitopes of the selected protein sequences were predicted using the online epitope
155  prediction server, NetCTL 1.2 (http://www.cbs.dtu.dk/services/NetCTL/) (Larsen et al., 2007).
156  This server uses the NetCTL 1.2 prediction method for predicting the possible epitopes from a
157  given query protein sequence. And the MHC class-11 epitopes were predicted using another online
158  epitope prediction server, Immune Epitope Database or IEDB (https://www.iedb.org/). The IEDB

159  server houses a huge amount of data on antibody and T cell epitopes, experimented in humans,
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160  non-human primates, and other animal species in terms of infectious disease, allergy, auto-
161  immunity, and transplantation (Vita et al., 2018, Sarkar et al., 2020b). The MHC class-I1 restricted
162  CDA4+ helper T-lymphocyte (HTL) epitopes were obtained for the full HLA set, using the IEDB
163 recommended 2.22 prediction method. The top MHC class-1 and MHC class-11 epitopes which
164  were found to be common for all the selected reference HLA alleles were taken for further
165  analyses.

166  2.4. Antigenicity, Allergenicity, Toxicity, and Transmembrane Topology Determination

167  In the study, a few criteria were set to select the most promising epitopes from all the epitopes
168  predicted by the NetCTL 1.2 and IEDB servers. Only those epitopes that were found to be highly
169  antigenic, non-allergenic, non-toxic, 100% conserved (among the selected sequences from
170  different countries around the world), and non-homolog to the human proteome, were considered
171  as the most promising or best selected epitopes and only these epitopes were used in the vaccine
172 construction process. The antigenicity of the selected epitopes was determined using the VaxiJen
173 v2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.ntml) server again, keeping the
174  prediction accuracy parameter threshold 0.4 to get better predictions. Thereafter, the allergenicity
175 of the selected epitopes was predicted using two different online tools, AllerTOP v2.0
176  (https://www.ddg-pharmfac.net/AllerTOP/) and AllergenFP v1.0 (http://ddg-
177  pharmfac.net/AllergenFP/) to get better prediction accuracy. However, the results generated by
178  AllerTOP v2.0 were given priority since the server has better prediction accuracy of 88.7% than
179  AllergenFP server (87.9%) (Dimitrov et al., 2014; Dimitrov et al., 2013). After that, the toxicity
180  prediction of the epitopes was conducted using the  ToxinPred  server

181  (http://crdd.osdd.net/raghava/toxinpred/) and finally, the transmembrane topology of the selected
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epitopes was determined using the transmembrane topology of protein helices determinant,

TMHMM v2.0 server (http://www.cbs.dtu.dk/servicess TMHMMY/) (Gupta et al., 2013).

2.5. Conservancy and Human Homology Prediction of the Epitopes

The conservancy analysis of the selected epitopes was performed using the ‘epitope conservancy
analysis’ module of the IEDB server (https://www.iedb.org/conservancy/) (Bui et al., 2007). The
epitopes, that were found to be 100% conserved among the selected isolates of SARS-CoV-2 from
different countries across the world, were considered for vaccine construction (along with some
mentioned criteria) because this will ensure the broad-spectrum activity of the designed vaccine
over the selected isolates and so the vaccine would also be effective at different regions and
countries of the world. Thereafter, the homology of the epitopes to the human proteome was
determined to find out any epitope that had homology with the human proteome. Only the non-
homolog epitopes were taken because if any epitope is a homolog to the human proteome, then
that epitope might not have the capability to induce a potent immune response as a foreign
antigenic particle. The protein BLAST module (blastP)  of  BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) tool was used in the human homology determination,
where Homo sapiens (taxid: 9606) was used as the comparing organism, keeping all other
parameter default. An e-value cut-off of 0.05 was set in the experiment and the epitopes that had
no hits below the e-value inclusion threshold were selected as non-homologous peptides (Mehla

and Ramana, 2006).

2.6. Cytokine Inducing Ability Prediction of the Epitopes

The helper T-cells generate several types of cytokines including IFN-gamma, IL-4 (interleukin-4),
and IL-10 (interleukin-10) to activate and stimulate different types of immune cells i.e. cytotoxic

T-cells, macrophages, B-cells etc. (Luckheeram et al. 2012). So, prediction of the cytokine

9

d0i:10.20944/preprints202009.0631.v1


http://www.cbs.dtu.dk/services/TMHMM/
https://doi.org/10.20944/preprints202009.0631.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2020 doi:10.20944/preprints202009.0631.v1

205 inducing capability of the HTL or MHC class-Il epitopes is an important criteria for vaccine
206 construction. The IFN-gamma inducing capability of the predicted HTL epitopes was determined
207  using IFNepitope (http://crdd.osdd.net/raghava/ifnepitope/) server. The Hybrid (Motif + SVM)
208  prediction approach was used for determining the IFN-gamma inducing ability which is one of the
209  highly accurate approaches for the prediction of IFN-gamma inducing capability of the epitopes
210 (Dhandaet al., 2013a). Furthermore, IL-4 and IL-10 inducing properties of the HTL epitopes were
211 determined using IL4pred (https://webs.iiitd.edu.in/raghava/ildpred/index.php) and IL10pred
212 (http://crdd.osdd.net/raghava/lL-10pred/) servers, respectively (Dhanda et al. 2013b; Nagpal et al.,
213 2017). SVM method was used in both the 1L4pred and IL10pred predictions keeping the threshold

214  at default values.

215  2.7. Population Coverage Analysis

216  Todesign a multi-epitope vaccine, it is a crucial prerequisite to consider the distribution of specific
217  HLA alleles among different population and ethnicities around the world because the expression
218  ofdifferent HLA alleles may vary from one population to another. The IEDB population coverage
219  tool (http://tools.iedb.org/population/) was used to determine the population coverage of the most
220  promising epitopes across different HLA alleles in different regions around the world (Bui et al.,

221  2007; Adhikari & Rahman, 2017).

222 2.8. Cluster Analysis of the MHC Alleles

223 Cluster analysis of the MHC alleles was carried out in order to identify of the relationship of the
224  MHC class-1 and class-11 alleles used in the study. The cluster analysis of the MHC alleles was
225  conducted using the online tool MHCcluster 2.0 (http://www.cbs.dtu.dk/services/MHCcluster/)

226 (Thomsen et al., 2013). During the analysis, all the parameters of the server were kept default and

10
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227  all the used HLA super-type representatives (MHC class-I), and HLA-DR representatives (MHC

228  class-11) were selected.

229  2.9. Vaccine Construction

230 In this step, the most promising epitopes from 2.4 subsection were conjugated with one another
231  for constructing a possible vaccine. Human beta-defensin-3, as an adjuvant sequence, was
232 connected to the epitopes by EAAAK linkers. Adjuvants are important to enhance the antigenicity,
233  immunogenicity, stability, and longevity of the constructed vaccines (Meza et al., 2017; Lee and
234 Nguyen, 2015). The pan HLA-DR epitope (PADRE) sequence was also associated with the
235 adjuvant and epitopes. The PADRE sequence provokes the immune response by improving the
236  capacity of the CTL epitopes of the vaccines (Pandey et al., 2016, Wu et al., 2010). Thereafter, the
237  AAY and GPGPG linkers were used to conjugate the CTL and HTL epitopes. The EAAAK linkers
238  are proved to provide a partition of the domains of a bifunctional fusion protein (Arai et al., 2001),
239  whereas the GPGPG linkers are used to generate the junctional epitopes and also to enhance the
240  immune processing and presentation (Saadi et al., 2017). And the AAY linker is also used widely
241 in the in silico vaccine designing experiments because this linker conjugates the epitopes
242  effectively and efficiently (Yang et al., 2015). Figure 02 represents a graphical illustration of how
243  the vaccine was designed in this study.

244
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254  Figure 02. Schematic representation of the possible vaccine construct with linkers (EAAAK, AAY,
255 and GPGPG), PADRE sequence, adjuvant (human beta-defensin-3) and epitopes (CTL, HTL) in
256  sequential and appropriate manner

257

258  2.10. Antigenicity, Allergenicity, and Physicochemical Property Analysis

259  The antigenicity of the constructed vaccine was predicted by the online server Vaxilen v2.0
260  (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html), keeping the prediction threshold
261 set at 0.4 (Doytchinova and Flower, 2007). Thereafter, both  AlgPred
262  (http://crdd.osdd.net/raghava/algpred/) and AllerTop v2.0 (https://www.ddg-
263  pharmfac.net/AllerTOP/) servers were used to determine the allergenicity of the vaccine construct
264  (Saha and Raghava, 2006). MEME/MAST motif prediction approach was used in the allergenicity
265  prediction of the vaccine by this server. After that, various physicochemical properties of
266  the vaccine were analyzed by the online server, ProtParam (https://web.expasy.org/protparam/)
267  (Gasteiger et al., 2005). Finally, the solubility of the vaccine construct was determined by the
268  SOLpro module of the SCRATCH protein predictor (http://scratch.proteomics.ics.uci.edu/) and
269  further clarified by the Protein-sol server (https://protein-sol.manchester.ac.uk/). Both these
270  servers use machine learning techniques to provide much reliable predictions. During conducting
271  the predictions, all the parameters were kept at their default values (Magnan et al., 2009; Hebditch

272 etal, 2017).

12
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273 2.11. Secondary and Tertiary Structure Prediction of the Vaccine Constructs

274  After the physiochemical analysis of the vaccine, it was subjected to the secondary structure
275  prediction. Several online tools i.e., PRISPRED (http://bioinf.cs.ucl.ac.uk/psipred/) (using
276  PRISPRED 4.0 prediction method), GOR v (https://npsa-
277  prabi.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_gord.html), SOPMA  (https://npsa-
278  prabi.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_sopma.html) and SIMPA96
279  (https://npsaprabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_simpa96.html) were used
280  to run the prediction keeping all the parameters default (Buchan and Jones, 2019; Jones, 1999;
281  Garnier et al., 1996; Geourjon and Deleage, 1995; Montgomerie et al., 2006; Levin et al., 1986).
282  After that, the tertiary or 3D structure of the vaccine was predicted using RaptorX
283  (http://raptorx.uchicago.edu/) online server. The server predicts the tertiary or 3D structure of a
284  protein using an efficient template-based method (Kallberg et al., 2012).

285  2.12. 3D Structure Refinement and Validation

286  The 3D structures generated by computational methods may not provide the true or native
287  structures of the proteins. Therefore, the 3D structure refinement is performed to enhance the
288  resolution of the computationally predicted models so that they can closely resemble the native
289  protein structures. The generated 3D structure of the designed vaccine was refined by the
290  GalaxyRefine module of the GalaxyWEB server (http://galaxy.seoklab.org/), which uses CASP10
291 tested refinement method for protein structure refinement (Nugent et al., 2014; Ko et al., 2012).
292  After refining the structure, validation process of the vaccine construct was carried out by
293  analyzing the Ramachandran plot, generated by PROCHECK
294  (https://servicesn.mbi.ucla.edu/PROCHECK/) server (Laskowski et al., 2006; Morris et al., 1992)

295 and z-score provided by another online tool, ProSA-

13
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296  web (https://prosa.services.came.shg.ac.at/prosa.php). A z-score within the range of the z-scores
297  of all the experimentally determined protein chains in the PDB database corresponds to a higher
298  quality of a query protein (Wiederstein and Sippl, 2007).

299  2.13. Vaccine Protein Disulfide Engineering

300 The vaccine protein disulfide engineering was conducted by the online tool, Disulfide by Design
301 -2 v12.2 (http://cptweb.cpt.wayne.edu/DbD2/) (Craig and Dombkowski, 2013). The server
302  determines the possible sites within a protein structure which have the greater possibility to form
303 the disulfide bonds. During the prediction, the intra-chain, inter-chain, and Cp for glycine
304  residue were selected. The 3 and Ca-CB-Sy angles were kept at -87° or +97° + 5 and 114.6° +10,
305  respectively andthe amino acid pairs with less than 2.2 kcal/mol bond energy were selected for
306  mutation into cysteine residues to form the disulfide bonds among themselves. The 2.2 kcal/mol
307  was used as a threshold in this study because almost 90% of the naturally formed disulfide bonds
308 have energy value of less than 2.2 kcal/mol (Petersen et al., 1999; Craig and

309 Dombkowski, 2013).

310 2.14. Protein-Protein Docking

311 In protein-protein docking, the vaccine construct was docked against multiple TLRs. It’s highly
312  important for a vaccine to have a good binding affinity with the TLRs because, TLR proteins
313  generate potential immune responses after recognizing the vaccines which mimic the original viral
314 infections. Thus, they facilitate to produce a strong immunity towards a particular virus or
315 pathogen (Stern LJ and Calvo-Calle, 2009). In this study, the vaccine construct was docked with
316 TLRsi.e. TLR-1(PDB ID: 6NIH), TLR-2 (PDB ID: 3A7C), TLR-3 (PDB ID: 2A0Z), TLR-4(PDB
317 ID: 4G8A), TLR-8 (PDB ID: 3W3M), and TLR9 (PDB ID: 4QDH). The protein-protein docking

318  was conducted using three different online tools to improve the prediction accuracy. Initially, the

14
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319  ClusPro v2.0 (https://cluspro.bu.edu/login.php) was used for docking where the lower energy score
320  corresponds to the better binding affinity (Vajda et al., 2017; Kozakov et al., 2017; Kozakov et al.,
321 2013). The ClusPro server calculates the energy score based on the following equation:

322 E=0.40Erep+(—0.40Eatt ) + 600Eelec +1.00EDARS (Kozakov et al., 2017; Kozakov et al., 2013)
323  Then the docking was again performed using PatchDock
324  (https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php) server and the results were refined by FireDock
325  server (http://bioinfo3d.cs.tau.ac.il/FireDock/php.php). Both these servers are easy and user-
326  friendly servers that provide much reliable results of molecular docking (Duhovny et al., 2002;
327  Atapour et al., 2019; Schneidman-Duhovny et al., 2005). Thereafter, the final round of docking
328 was performed by the HawkDock server (http://cadd.zju.edu.cn/hawkdock/) along with the
329  Molecular Mechanics/Generalized Born Surface Area (MM-GBSA) study (Weng et al., 2019).
330 Then the vaccine docked with the TLR (with the highest binding affinity) was visualized using
331 Discovery Studio Visualizer (Biovia et al., 2016).

332  2.15. Conformational B-cell Epitope Prediction

333  The humoral immunity, along with the cell mediated immunity, is very important to fight the
334  pathogens inside the body. The humoral immunity of the body depends on the B-cells that produce
335 antibodies when they encounter an antigen. Therefore, the constructed vaccine should have
336  effective conformational B-cell epitopes so that it can provide more potent immunity. The
337  conformational B-cell epitopes of the constructed vaccine protein were predicted by IEDB ElliPro
338  tool (http://tools.iedb.org/ellipro/), keeping all the parameters default (Ponomarenko et al., 2008).
339  2.16. Molecular Dynamics (MD) Simulation

340  For observing the state changes and effects of the environment on the crystalized structure of the

341  vaccine protein as well as protein-TLR complex structure, MD simulation was carried out. The
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GROMACS (GROningen MAchine for Chemical Simulations) a Linux based command-line
program had been used for this purpose (Abraham et al., 2015). Two separate simulations were
run for crystalized and complex protein structures. For conducting the two simulations, at first the
crystalized and complex protein ‘pdb’ files were cleaned to remove any environmental substrates
generated by the server. After that the pdb2gmx was run using OPLS-AA (Optimized Potential for
Liquid Simulation-All Atom) force field to generate the topology for both the structures (Kaminski
et al., 2001). The structures were positioned in the center of a 2nm sized cube, being 1nm from
each edge during their simulations. Solvation was performed by filling the box with water
molecules spatially placed with a force constant of 1000 kJ mol* nm?. Then the energy
minimization had been conducted to stabilize the structures. From Supplementary Figure S1, we
can see that the potential energy of the structure had quickly reduced below the order of 10° for
the protein complex. From this, we inferred that the complex system was stable enough to conduct
further simulations. NVT (Number VVolume Temperature) equilibration had been performed for
100 ps to stabilize the temperature. Afterwards, the NPT (Number Pressure Temperature)
equilibration was done for 100 ps and pressure as well as density were calculated. The crystalized
protein structure was also prepared in the same way. Then the resulting stabilized structures had
then been subjected to MD simulation of 20 ns. The RMSD, RMSF of backbone of the energy
minimized structures was predicted and radius of gyration was also calculated for the two
structures. All plots and simulation graphs had been analyzed using the Xmgrace and QtGrace tool

(Turner, 2005). Finally, the two simulations were compared with each other.

2.17. Immune Simulation
The immune simulation study of the constructed vaccine was carried out to predict its

immunogenicity and immune response profile using the C-ImmSim  server

16
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(http://150.146.2.1/CIMMSIM/index.php). The server predicts the real-life-like immune
interactions by means of machine learning techniques and position-specific scoring matrix (PSSM)
(Rapin et al., 2010). All the parameters except the time steps were kept at their default values
during the experiment. However, the time steps were kept at 1, 84, and 170, and the number of
simulation steps was set at 1050. So, three injections ought to require four weeks apart because the
recommended interval between two doses of most of the commercial vaccines is proved to be four
weeks (Castiglione et al., 2012). The Simpson’s Diversity index, D was calculated from the
figures.

2.18. Codon Adaptation and In Silico Cloning

Codon adaptation and in silico cloning are two essential steps in vaccine designing by
immunoinformatics. An amino acid can be encoded by more than one codon in different organisms
because the cellular machinery of an organism can be completely different from another organism,
this phenomenon is known as codon bias. Therefore, codon adaptation is performed to predict the
suitable codon that efficiently encodes a specific amino acid in a particular organism. In the codon
adaptation study, the vaccine protein was reverse translated to the possible DNA sequence which
was expected to encode the amino acids of the designed vaccine protein (Khatoon et al., 2017;
Angov, 2011). The Java Codon Adaptation Tool or JCat server (http://www.jcat.de/) was used for
the codon adaptation study of the constructed vaccine (Grote et al., 2005). In the server, the
prokaryotic E. coli strain K12 was selected as the target organism and rho-independent
transcription terminators, prokaryotic ribosome binding sites, and Eael and Styl cleavage sites of
restriction enzymes were avoided at the server. Finally, the SnapGene restriction cloning software
was used for inserting the newly adapted DNA sequence between the Eael and Styl restriction

sites of the pETite vector (Solanki and Tiwari, 2018). The pETite vector plasmid contains

17
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388  ubiquitin-like modifier or SUMOtag and 6X-His tag which facilitates the solubilization and viable
389  affinity purification of the recombinant protein (Biswal et al., 2015).

390  2.19. Analysis of the Vaccine mRNA

391  The mRNA secondary structure prediction was carried out using two different online tools i.e.,
392  Mfold (http://unafold.rna.albany.edu/?g=mfold) and RNAfold
393  (http://rna.tbi.univie.ac.at/cgibin/RNAWebSuite/RNAfold.cgi). Both servers predict the mRNA
394  secondary structures thermodynamically and generate minimal free energies for the structures
395  (Zuker et al., 2003; Mathews et al., 1999; Mathews et al., 2007; Gruber et al., 2008). To analyze
396 the mRNA folding and secondary structure of the vaccine, the optimized DNA sequence from the
397 JCat server was converted to the possible RNA sequence by the DNA<->RNA->Protein tool
398  (http://biomodel.uah.es/en/lab/cybertory/analysis/trans.htm). Then the RNA sequence was pasted
399 in the Mfold and RNATfold servers for lower minimum free energy prediction using the default
400  parameters.

401

402 3. Results

403  3.1. Identification, Selection and Retrieval of Viral Protein Sequences

404

405  The four proteins i.e. spike glycoprotein, nucleocapsid phosphoprotein, membrane glycoprotein,
406  and envelope Protein of the SARS-CoV-2 of Bangladeshi isolate were selected and then the protein
407  sequences were retrieved from the NCBI database. Table 01 lists the GenBank accession IDs of
408  the selected protein sequences.

409

410

18
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411
412

413  Table 01. List of the proteins used in this study with their GenBank accession numbers.

414
No Virus Strain Name of the protein GenBank accession number
01 SARS-CoV-2 Spike glycoprotein QLF97699.1
02 Nucleocapsid phosphoprotein QLF97707.1
03 Membrane Glycoprotein QLF97702.1
04 Envelope Protein QLF97701.1
415

416  3.2. Antigenicity Prediction and Physicochemical Property Analysis of the Protein
417  Sequences

418  All the query proteins were found to be antigenic in the physicochemical property analysis. Again,
419  all of them had a similar half-life of 30 h in the mammalian cell culture system but only the
420 nucleocapsid phosphoprotein was predicted to be unstable, having instability index over 40. All
421  the proteins were also found to have quite high aliphatic indexes. Furthermore, the spike
422  glycoprotein had the lowest GRAVY value of -0.077. The results of the physicochemical property
423 analysis are listed in Supplementary Table S1.

424

425  3.3. Epitope Prediction and Filtering the Most Promising Epitopes

426

427 The MHC class-1 and class-11 epitopes were predicted from the target protein sequences for
428  constructing the vaccine. Since the servers generated a lot of possible epitopes, so some criteria

429 i.e., high antigenicity, non-allergenicity, non-toxicity, non-human homology, 100% conservancy

19
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(across other selected isolates of SARS-CoV-2), were used as filters. The epitopes that were
found to follow all these criteria, were finally selected for vaccine construction considering as the
most promising epitopes (Table 02). The 100% conservancy of the epitopes among the selected
isolates from different regions of the world ensured that this possible vaccine should be effective
in controlling the SARS-CoV-2 infections in various regions around the world along with
Bangladesh. Supplementary Table S2 lists the potential epitopes of spike glycoprotein,
Supplementary Table S3 lists the potential epitopes of nucleocapsid phosphoprotein, and
Supplementary Table S4 and Supplementary Table S5 list the potential T-cell epitopes of
membrane glycoprotein and envelope protein, respectively. Supplementary Table S6 lists the
proteins from different countries (with their GenBank 1Ds) which were used in the conservancy

analysis.
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Table 02. List of the epitopes finally selected for vaccine construction (selection criteria:

antigenicity, non-allergenicity, non-toxicity, 100% conservancy and non-homolog to the human

Protein name

MHC class-1 epitopes

MHC class-11 epitopes

Spike Glycoprotein VLPENDGVY QSLLIVNNATNWVVIK
WTAGAAAYY VLSFELLHAPATVCG
GAAAYYVGY VVLSFELLHAPATVC
QLTPTWRVY -
STECSNLLL R
VLKGVKLHY
Nucleocapsid SSPDDQIGY IAQFAPSASAFFGMS
phosphoprotein SPDDQIGYY GTRNPANNAAIVLQL
DLSPRWYFY -
LSPRWYFYY -
Membrane Glycoprotein LVGLMWLSY IKLIFLWLLWPVTLA
ATSRTLSYY VGLMWLSYFIASFRL
AGDSGFAAY KLIFLWLLWPVTLAC
Envelope Protein VSLVKPSFY LLFLAFVVFLLVTLA
- VLLFLAFVVFLLVTL
- LFLAFVVFLLVTLAI
- LLFLAFVVFLLVTLA
- LFLAFVVFLLVTLAI
- NSVLLFLAFVVFLLV
- SVLLFLAFVVFLLVT
- VLLFLAFVVFLLVTL

FLAFVVFLLVTLAIL

LAFVVFLLVTLAILT

21
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455  3.4. Cytokine Inducing Ability Prediction of the Epitopes

456  IFN-gamma, IL-4, and IL-10 inducing capacity prediction of the HTL epitopes showed that many
457  of the selected HTL epitopes had the capability of inducing at least one of these cytokine.
458  Moreover, all the most promising epitopes were also found to have at least one cytokine production

459  capability (Supplementary Table S2, S3, S4, and S5).

460  3.5. Population Coverage Analysis

461  The population coverage analysis showed that the MHC class-1 and class-1l epitopes covered
462  90.42% and 93.23%, respectively and the combined MHC class-1 and class-11 covered 84.56%
463  of the world population. India was found to possess the highest percentage of population coverage
464  of both the MHC class-1 epitopes (93.49%) and MHC class-11 epitopes (91.20%). And the highest
465  percentage of population coverage of the MHC class-1 and class-11 epitopes in combination
466  was obtained by China (85.67%) (Supplementary Figure S2).

467  3.6. Cluster Analysis of the MHC Alleles

468  The cluster analysis of the possible MHC class-1 and MHC class-11 alleles, that may interact with
469  the predicted epitopes of the selected proteins, was carried out using the online tool MHCcluster 2.0.
470  The tool demonstrates the relationship of the clusters of the alleles in a phylogenetic manner.
471  Supplementary Figure S3 illustrates the result of the experiment where the red zone indicates a

472  strong interaction and the yellow zone represents a weaker interaction.

473  3.7. Vaccine Construction

474  The vaccine has been constructed which could be used to fight against the selected viral strains
475  effectively. Beta-defensin-3 was used as adjuvant and the PADRE sequence was also used for the

476  vaccine construction. EAAAK, AAY, and GPGPG linkers were used at their appropriate positions

22
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477  during conjugating the epitopes. The newly constructed vaccine were designated as: CV (Table

478  03)

479  Table 03. Vaccine constructed against the SARS-CoV-2. The bolded letters represent the linker

480 sequences.

Name of the Vaccine Construct

vaccine

“CV” vaccine | EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKKEAAAKAKFVAAWTLKAAAAA

YVLPFNDGVYAAYWTAGAAAYYAAYGAAAYYVGYAAYQLTPTWRVYAAYSTECSNLLLAAYVLKGVKL

HYAAYSSPDDQIGYAAYSPDDQIGYYAAYDLSPRWYFYAAYLSPRWYFYYAAYLVGLMWLSYAAYATSRT
LSYYAAYAGDSGFAAYAAYVSLVKPSFYGPGPGQSLLIVNNATNVVIKGPGPGVLSFELLHAPATVCGGPG
PGVVLSFELLHAPATVCGPGPGIAQFAPSASAFFGMSGPGPGGTRNPANNAAIVLQLGPGPGIKLIFLWLLW
PVTLAGPGPGVGLMWLSYFIASFRLGPGPGKLIFLWLLWPVTLACGPGPGLLFLAFVVFLLVTLAGPGPGV
LLFLAFVVFLLVTLGPGPGLFLAFVVFLLVTLAIGPGPGLLFLAFVVFLLVTLAGPGPGLFLAFVVFLLVTLAI
GPGPGNSVLLFLAFVVFLLVGPGPGSVLLFLAFVVFLLVTGPGPGVLLFLAFVVFLLVTLGPGPGFLAFVVF
LLVTLAILGPGPGLAFVVFLLVTLAILTGPGPG

481

482  3.8. Antigenicity, Allergenicity, and Physicochemical Property Analysis of the Vaccine
483  Constructs

484 The CV vaccine was predicted to be a potent antigen as well as a non-allergen. In the
485  physicochemical property analysis of the vaccine, a high (basic) theoretical pl, half-life of 1 h in
486  the mammalian cells, and more than 10 h in the E. coli cell culture system were predicted.
487  Moreover, the vaccine construct was also found to be quite stable as well as soluble upon
488  overexpression in E. coli cell culture system. Furthermore, it had an aliphatic index of 114.48 and
489  aquite low GRAVY value of -0.884 (Table 04).

490

491
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492  Table 04. Antigenicity, allergenicity and physicochemical property analysis of the vaccine
493  construct. AN; antigenicity, AG; allergenicity, I1; instability index, Al; aliphatic index, GRAVY;

494  grand average of hydropathicity.

Name | AN AG pl Total Total Ext. Half-life 1 Al GRAVY | Solubility
of the number number coefficient
protein of of

negatively | positively
charged charged

residues residues

cv Antigenic | Non- 9.22 | 14 29 117745 1 hours | Stable | 114.48 | - 0.884 Soluble
allergenic (mammalian | (31.49) (SolPro:
reticulocytes, 0.760,
20 min Protein-
(yeast, Sol:
>10  hours 0.668)

(Escherichia

coli

495

496  3.9. Secondary and Tertiary Structure Prediction of the Vaccine Constructs

497 In the secondary structure analysis of the CV vaccine, the amino acid percentage of a-helix, p-
498  strand, and coil structure of the vaccine protein was predicted using four different online servers.
499  The vaccine had the highest percentage of the amino acids in the coil structure, considering the
500 results from all the servers. The amino acid percentages of the vaccine are given with a tabular

501  representation (Supplementary Table S7 and Supplementary Figure S4).

502  The 3D structure of the SV vaccine construct was predicted by the online server RaptorX. The

503  vaccine had 5 domains with quite low p-value of 3.56e-08, which declared that the quality of the
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prediction 3D structure was quite good. The homology modeling of the vaccine construct was
performed using 1KJ6A as template from the Protein Data Bank. The 3D structure of SV is

illustrated in Figure 03.

Figure 03. The tertiary structure of the CV vaccine.

3.10. Protein 3D Structure Refinement and Validation of the Vaccine

The protein structure generated by the RaptorX server was subjected to the refinement process
using the Galaxy-web server, which was then analyzed by Ramachandran plot generated by the
PROCHECK server and the z-score predicted by the ProSA-web server. The Ramachandran plot
analysis depicted that CV vaccine had 86.2% of the amino acids in the most favored region, 11.7%

of the amino acids in the additional allowed regions, 0.8% of the amino acids in the generously
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524  allowed regions, and 1.3% of the amino acids in the disallowed regions. Moreover, CV had the z-
525  score of -5.75 which lies within the range of experimentally proven X-ray crystal structures of
526  proteins from the Protein Data Bank (Supplementary Figure S5).

527  3.11. Vaccine Protein Disulfide Engineering

528  In protein disulfide engineering, the DbD2 server is used which identifies the pairs of amino acids
529 that have the capability to form disulfide bonds. In this experiment, only those amino acid pairs
530  were selected which had a bond energy value of less than 2.2 kcal/mol. The CV generated four
531  pairs of amino acids with bond energy less than 2.2 kcal/mol i.e. 93 Ala and 431 Phe, 369 Tyr and
532 396 Cys, 435 Thr and 528 Ala, 459 Gly and 468 Phe. The selected amino acid pairs formed the
533  mutant version (with disulfide bonds) of the original vaccine in the DbD2 server (Supplementary
534  Figure S6). Since CV was predicted to have four possible pairs of amino acid residues with the
535  capability to form potential disulfide bonds, therefore, it can be considered as a quite stable vaccine
536  construct.

537  3.12. Protein-Protein Docking Study

538  The protein-protein docking study was performed to analyze the ability of the designed vaccine to
539 interact with different TLRs which would occur during an actual immune response. CV vaccine
540 showed a very high binding affinity when docked by ClusPro 2.0. For better prediction, it was
541  further docked using two other servers i.e. PatchDock and HawkDock servers, respectively.
542  ClusPro 2.0 server showed the highest binding affinity with TLR-8 (-1261.2 kcal/mol). Again,
543  when analyzed by PatchDock and FireDock server, CV vaccine again showed the best global
544  energy score with TLR-8 (-32.29 kcal/mol). Furthermore, the docking and MM-GBSA analyses
545 by HawkDock server also predicted the highest binding affinity of the vaccine protein with TLR-

546 8 (Table 05). Since all of the servers predicted very good binding affinities of the CV vaccine with
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547  the TLR-8, therefore, the visualization of the interaction (Figure 04) and molecular dynamics

548  (MD) simulation was performed only for the CVV-TLR-8 docked complex.

549

550  Table 05. Results of molecular docking study of the CV vaccine interacted with the TLR-8.

Target TLRs (with PDB ClusPro energy score Global energy HawkDock score (the MM-GBSA (binding free
IDs) (PatchDock server) lowest score) energy, in kcal mol?)

TLR-1 (6NIH) -1131.7 -8.30 -5701.54 -43.28
TLR-2 (3A7C) -1021.3 -24.33 -4102.30 -66.69
TLR-3 (2A02) -923.5 -11.73 -3708.21 -49.22
TLR-4 (4G8A) -955.1 -2.92 -5568.56 -65.08
TLR-8 (3W3M) -1261.2 -32.29 -5819.85 -112.41
TLR-9 (4QDH) -1139.0 -6.02 -3988.37 -109.86

551
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584  Figure 04. The interaction between TLR-8 (receptor protein on left) and the CV vaccine (ligand
585  protein onright in yellow color). Here the interacting amino acid pairs are: Leu 342 (receptor)-Glu
586 340 (ligand), Ala 99 (receptor)— Glu 555 (ligand), Ala 97 (receptor)- lle 496 (ligand), Phe 486

587  (receptor)- Leu 372 (ligand), Leu 342(receptor)- Val 488 (ligand), Leu 535 (receptor)-Phe 526
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588  (ligand), Tyr 563 (receptor)-Asp 543 (ligand), Lys 333 (receptor)-Asp 543 (ligand), lle 409
589  (receptor)- Leu 514 (ligand), Lys 412 (receptor)- Leu 515 (ligand), Leu 433 (receptor)- lle 496

590 (ligand).

591

592  3.13. Conformational B-cell Epitope Prediction

593  The conformational B-cell epitope prediction of the CV vaccine determined four potential regions
594  of the vaccine with scores ranging from 0.537 to 0.774 and covering total 329 amino acids

595  (Supplementary Table S8).
596  3.14. Molecular Dynamics (MD) Simulation

597 The CV-TLR-8 protein complex was generated through docking. One chain had a mass of
598  85724.286 amu, charge -10.00 e, and 751 residues. The other chain had a mass of 62965.010 amu,
599  charge 15.00 e, and 601 residues. A total of 92459 water molecules was added to the system after
600  solvation from which 5 were replaced by CL ions during ionization to neutralize the system’s
601  charge. Energy minimization had been completed in 2383 steps when the steepest descent had
602  converged and the force had reached <1000 KJ/mol. The average potential energy was calculated
603  to be -5.2177795e+06 KJ/mol with a maximum force of 9.6646100e+02 on atom 8176. From the
604  temperature equilibration plot of Supplementary Figure S7 (a), it is clear that the target
605  minimization value of 300K remained stable over the remainder of the equilibration and fluctuated
606 by only £1.37K. The pressure value was also predicted which showed fluctuations around O bar
607  with a range of £100 bar and the average pressure had been found to be - 1.64581 bar. Similarly,
608  density had also been calculated over 100 ps and the average density had been found as 1067.77
609  kgm? (Supplementary Figure S7). The density values are mostly stable over time, indicating that

610 the system had been well equilibrated.
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Trajectory analysis was conducted and thereafter the RMSD, RMSF, and the radius of gyration
were also calculated after completion of the 20 ns simulation (Figure 05). A plot of the RMSD
backbone has been depicted in Figure 05(a) which revealed that RMSD levels had gone up to ~0.6
nm. The black line of the graph refers to the RMSD relative to the structure present in the
minimized, equilibrated system and the red line is the RMSD relative to the crystal structure. Since
both these plots are almost highly correlated, so it can be declared that the structure remained quite
stable during the experiment. The RMSF and radius of gyration graphs also point to the fact that
the CV-TLR-8 complex was quite stable during the experiment (Figure 05b & 05c). Like the
complex structure, the single vaccine crystal structure also generated very good results in the MD
simulation. In the RMSD graph of Figure 05d, it can be noticed that the RMSD value of the crystal
structure had gone up to ~0.8 nm, which is quite normal for such single crystalized structure.
Again, from the RMSF and radius of gyration graphs of the structure also pointed towards the fact
that the crystalized structure don’t have any so significant region with the possibility to undergo
deformation, so it can be deduced that the crystalized vaccine CV might be quite stable in the
biological environment (Figure 05e & 05f). So, overall, both the structures (complex and
crystalized vaccine structure) showed quite acceptable and sound performance in the MD

simulation study.
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656  Figure 05. The results of the MD simulation of the CV-TLR-8 complex and also the only crystal
657  structure of the vaccine. Here, (a) RMSD plot of backbone of the complex showing the complex
658  structure had maintained a stable structure with minimum fluctuations. (b) RMS Fluctuations of
659 all the atoms of the complex at their average positions. The peaks and dips in the graph denote the
660  flexibility of the corresponding region in the molecular structure. (c) Radius of gyration of the
661  complex. (¢) RMSD plot of backbone of the crystal structure showing the structure had maintained
662  astable structure with minimum fluctuations. (b) RMS Fluctuations of all the atoms of the crystal

663  structure at their average positions. (c) Radius of gyration of the crystalized vaccine structure.

664

665  3.15. Immune Simulation

666 ~ The immune simulation of the CV vaccine was analyzed by the C-ImmSimm server which
667  determines the stimulation of adaptive immunity as well as the immune interactions of the epitopes
668  with their specific targets (Luckheeram et al., 2012). The immune simulation study expressed that,
669  after the administration of the vaccine, the primary immune response against the vaccine was found
670 to be stimulated significantly as indicated by the gradual increase in the levels of different
671  immunoglobulins (Figure 06a). Again, the successive augmentation in the concentrations of active
672  B-cell (Figure 06b and Figure 06c), plasma B-cell (Figure 06d), helper T-cell (Figure 06e and
673  Figure 06f), regulatory T-cell, and cytotoxic T-cell (Figure 06g, Figure 06h and Figure 06i)
674  were also predicted, which represents the capability of the vaccine to create a very potent
675  secondary immune response. Furthermore, the increase in the concentration of macrophages and
676  dendritic cells indicated a very potent presentation of antigen by these antigen-presenting cells

677  (APCs) (Figure 06j and Figure 06k). The CV vaccine was also predicted to produce different
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678  types of cytokines (Figure 06l). Henceforth, the overall immune simulation study revealed that,

679  the CV vaccine might be able to provoke strong immunogenic responses after its administration.

680 3.16. Codon Adaptation, In Silico Cloning, and Analysis of the mRNA Structure

681  For insilico cloning and plasmid construction, at first the protein sequence of the CV vaccine was
682  adapted by the JCat server. The codon adaptation index (CAl) value of CV was found to be 0.903
683  which indicates that the DNA sequence contained a higher proportion of the codons that are most
684 likely to be used in the target organism E. coli strain K12 (codon bias) for efficient production the
685  CV vaccine (Supplementary Figure S8) (Zuker, 2003; Mathews et al., 1999). A good GC content
686  0f56.79% was also recorded for the adapted sequence. After codon adaptation, the predicted DNA
687  sequence of CV vaccine was inserted into the pETite vector plasmid. The plasmid contains
688  sequences of the SUMO tag and 6X His tag, for this reason, these sequences are expected to
689 facilitate the purification of the CV vaccine during the downstream processing (Carbone el., 2003)
690  (Figure 07). Thereafter, the secondary structure of the CV mRNA was predicted by Mfold and
691 RNAfold servers. The Mfold server generated a minimum free energy score of -517.50 kcal/mol,
692 which was in agreement with the prediction of the RNAfold server (-531.10 kcal/mol).

693  Supplementary Figure S9 depicts the vaccine mRNA structure predicted by the RNAfold server.

694
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698

699

700  Figure 06. C-IMMSIMM representation of the immune simulation of the best predicted vaccine,
701 CV. (a) The immunoglobulin and immunocomplex response to the CV vaccine inoculations (lines
702 colored in black) and specific subclasses are indicted by colored lines, (b) Rise in the B-cell
703  population over the course of the three injections, (c) Increment in the B-cell population per state
704  over the course of vaccination, (d) Increase in the plasma B-cell population over the course of
705  the injections, (e) Enhancement of the helper T-cell population over the course of the three
706 injections, (f) Increment inthe helper T-cell population per state over the course of the vaccination,
707  (g) Elevation in the regulatory T lymphocyte over the course of the three injections, (h) Increment
708 in the cytotoxic T lymphocyte population over the course of the injections, (i) Increase in the
709  active cytotoxic T lymphocyte population per state over the course of the three injections, (j)
710 Rise in the active dendritic cell population per state over the course of the three injections,
711 (k) Increment in the macrophage population per state over the course of the injections, (I)
712 Augmentation in the concentrations of different types of cytokines over the course of the three

713 injections.

714

715

716
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737 Figure 07. Constructed pETite vector plasmid with the CV vaccine insert (marked in red color).
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4. Discussions

Vaccines are widely produced pharmaceutical products that are currently being administered
worldwide to combat various pathogenic infections. Developing vaccines by conventional means
is a time consuming process which sometimes takes several years to achieve desired results (Maria
et al., 2017). However, the finesse of modern technology and the accessibility of the genomic data
of about all the pathogens have saved the time of vaccine development and made it possible to
develop the novel peptide-based "subunit vaccines”, which are comprised of only the antigenic
protein segments of the target pathogen and thus the toxic or allergenic parts of an antigen can be
eliminated during vaccine designing and development (Sarkar et al., 2020c). Again, vaccine
designing through these computation-based methods also saves time and cost of designing and
developing processes to a greater extent (Rappuoli, 2000; Rappuoli et al., 2016). In this study, the
methods of immunoinformatics were exploited to design epitope-based polyvalent vaccines
against the SARS-CoV-2 virus, isolated from Bangladesh, targeting the spike glycoprotein,

nucleocapsid phosphoprotein, membrane glycoprotein, and envelope protein of the virus.

After identifying the target proteins, their antigenicity and physicochemical properties were
analyzed. In the antigenicity test, all the selected proteins were found to be antigenic which should
aid in the antigenic response of the vaccine. The theoretical pl refers to the pH at which a protein
contains no integrated charge. All the proteins except the spike glycoprotein were found to possess
basic theoretical pl (pH more than 7.0), which should be quite achievable. The aliphatic index of
a protein determines the relative volume of the amino acids in its side chains occupied by the
aliphatic amino acids i.e. valine, alanine, etc. and higher aliphatic index of a protein represents its
more thermostable state (Ikai, 1980). All the proteins had quite high aliphatic indexes, so they

were considered to be quite thermostable. The GRAVY value determines the hydrophilic and
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hydrophobic nature of a compound. The negative GRAVY value represents the hydrophilic
characteristics, whereas the positive value indicates the hydrophobic characteristics of a compound
(Kyte & Doolittle, 1982; Chang & Yang, 2013). With the negative GRAVY value, all the proteins
were found to be hydrophilic in nature so they should be easily soluble in water. All the proteins
generated sound and satisfactory results in the physicochemical property analysis.

After analyzing the physicochemical properties, the possible T-cell epitopes were determined by
the NetCTL 1.2 and IEDB servers to construct the vaccine. The cytotoxic T-cells recognize the
antigens, whereas the helper T-cells are involved in activating the B-cell, macrophages, and even
the cytotoxic T-cells (Chaudhri et al., 2009; Zhu & Paul, 2008). Furthermore, the cell mediated
immune response also provides a life-long immunity by secreting antiviral cytokines and by
recognizing and destroying the infected cells (Cano & Lopera, 2013; Sarkar et al., 2020d). A set of
filters were set to select the most promising T-cell epitopes from all the epitopes predicted by the servers.
Only the highly antigenic (so that the epitopes would generate sufficient immunogenic response), non-
allergenic (so that the epitopes won’t be able to cause any unwanted allergenic reaction), non-toxic, 100%
conserved (across the selected isolates from different countries around the world), and non-homolog (to the
human proteome, the homolog epitopes might not be able to induce a potent immune response)
epitopes were considered for constructing the vaccine. Again, cytokines i.e. the IFN-gamma, IL-10, and
IL-4 are very important to establish a network among the cells of the immune system during
immunogenic responses as they activate and mediate proper functioning of the immune cells
(Luckheeram et al., 2012). Therefore, the prediction of the cytokine producing ability of the HTL
epitopes is important before the vaccine construction. Almost all the HTL epitopes as well as the
all the most promising epitopes were predicted to be the inducer of at least one cytokine (among

IFN-gamma, IL-10, and IL-4). This capability would highly contribute in the immunogenic

39

d0i:10.20944/preprints202009.0631.v1


https://doi.org/10.20944/preprints202009.0631.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2020 doi:10.20944/preprints202009.0631.v1

784  activities of the constructed vaccine. Again, the population coverage analysis demonstrated that a
785  very good portion of the world population has occupied the selected MHC alleles so the

786  designed vaccine should be effective in various regions of the world.

787  The most promising epitopes obtained by filtering from the previous step, were conjugated
788  together using different linkers i.e. EAAAK, AAY, and GPGPG. During the vaccine construction,
789  human beta-defensin-3 was used as an adjuvant. The PADRE sequence was also used to provoke
790 the immunogenic response of the vaccines (Lee & Nguyen, 2015; Wu et al., 2010). The final
791  vaccine was designated as “CV”. In the antigenicity and allergenicity analyses, the CV vaccine
792  was found to be antigenic as well as non-allergenic. Hence, the vaccine might generate robust
793  immune response as well as cause no allergic reaction within the body. Moreover, in the
794  physicochemical property analysis of the vaccine, it was found to be basic with a high theoretical
795  pl, which should be achievable. The aliphatic index refers to the protein’s thermal stability and
796  thus, the higher the aliphatic index of a protein is, the more thermostable state it acquires (Panda
797 & Chandraet al., 2012). Therefore, the CV vaccine could be considered as a thermostable vaccine
798  protein due to having a high aliphatic index (114.48). Again, the vaccine was found to have
799  negative GRAVY value which revealed that it might be hydrophilic. And along with the
800  hydrophilic nature of the vaccine, it was also found to have a half-life of more than 10 hours in E.
801  coli, for this reason, the mass production and purification of the vaccine in the E. coli cell culture
802  system should be much easier. Furthermore, the vaccine protein was found to be soluble upon
803  over-expression in E. coli by both of the servers (SolPro and Protein-Sol). Solubility is an
804 important factor to be considered for the post-production studies of vaccines because higher
805  solubility of a protein also aids in efficient purification during the downstream processing. And

806 the instability index (31.49) of the vaccine protein dictated that it might be quite stable in the
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807  biological environment because a compound with instability index less than 40 is considered to be
808  stable (Guruprasad et al., 1990). Considering all these aspects of the physicochemical property
809  analysis, it can be considered that the predicted vaccine might be quite effective and responsive as

810  a potential vaccine candidate.

811  After the physicochemical property analysis, the secondary and tertiary structures of the CV
812  vaccine were determined and thereafter, the protein refinement and validation steps were also
813  performed. The refined vaccine protein was predicted to have very good amount of the amino acids
814  in the favored regions of the Ramachandran plot analysis and the protein also had a remarkable z-
815  score which pointed towards a good quality structure of the protein. Thereafter, the disulfide
816  engineering of the vaccine was performed where four amino acid pairs with less than 2.2 kcal/mol
817  bond energy were selected for mutation into cysteine residues to form the disulfide bonds among
818  themselves. The threshold of the bond energy was kept at 2.2 kcal/mol in this study because 90%
819  of native disulfide bonds are commonly found to have an energy value of less than 2.2 Kcal/mol
820 (Craig & Dombkowski, 2013). Having four possible pairs of amino acid residues i.e. 93 Ala and
821 431 Phe, 369 Tyr and 396 Cys, 435 Thr and 528 Ala, 459 Gly and 468 Phe, CV can be considered

822  as a stable vaccine construct thereby.

823  The protein-protein docking of the vaccine construct with different TLRs was performed using
824  several online tools. The docking step is one of the necessary steps in the vaccine designing
825  experiment because it determines the possible interaction of the constructed CV vaccine with
826  different TLRs, which might occur during an original immune response. The docking experiment,
827  performed by all the servers showed that the CV vaccine had good capability to interact with all
828  the selected TLRs, with the highest score generated by TLR-8. Therefore, after the docking study,

829  the MD simulation study of the CV-TLR-8 was carried out because CV vaccine generated the best
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docking results with the TLR-8. MD simulation is performed to simulate a biological environment
for the vaccine and analyze the physical movements and interactions of the atoms of a protein
complex with environment molecules for a fixed length of time, which provides a view of the
dynamic evolution of the system. The results of an MD simulation show how stable the vaccine
complex (in this case, CV-TLR-8) is in terms of changing pressure, temperature, and motion. In
our experiment, a low average potential energy of -5.2177795e+06 KJ/mol, an average
temperature fluctuation of only £1.3K, and also quite desired RMSD, RMSF as well as radius of
gyration were obtained which pointed towards the fact that the energy minimized CV-TLR-8
structure might be quite stable in the biological environment. The MD simulation had also
predicted that the crystalized vaccine CV structure should also be stable within the biological

environment with quite acceptable values in the experiment.

Thereafter, the immune simulation study of the CV vaccine was performed which predicted that
the vaccine might generate an immune response which is consistent with the typical and natural
immune system. After the vaccine was administrated, the primary immune response was found to
be stimulated, which might provoke the secondary immune response in later stages. The CV
vaccine was found to stimulate both humoral and cell-mediated mediated immune responses as
indicated by the increase in the levels of the cytotoxic T-cells, helper T-cells, memory B-cells,
plasma B-cells, and different antibodies (Almofti et al., 2018; Carvalho et al., 2002). Again, the
rise in the concentration of APCs like the macrophages and dendritic cells also indicated a very
good antigen presentation. Moreover, the augmentation in the cytokine profile was also reported
which represents the possibility of the vaccine to produce the broad-spectrum immunity against
the viral invasions (Shey et al., 2019; Hoque et al., 2019; Kambayashi & Laufer, 2014). The

negligible Simpson index (D) predicted a diverse immune response of the vaccine CV (Rapin et
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al., 2010). Overall, the CV vaccine was found to be effective and satisfactory in the results of the

immune simulation study.

Finally, the codon adaptation and in silico cloning were performed to design a recombinant
plasmid which might be used for the mass production of the CV vaccine in the E. coli strain K12. E.
coli cell culture system is considered as a recommended system for the production of recombinant
proteins. In the codon adaptation study of the vaccine, the obtained results were found to be
satisfactory with the CAI value of 0.903 and the GC content of 56.79%, because any CAl value
over 0.80 and the GC content within 30% to 70% are considered to be good scores (Shey et al.,
2019; Morla et al., 2016; Khatoon et al., 2017). Following that, the optimized CV DNA sequence
was inserted between the Eael and Styl restriction sites of the pETite plasmid. The newly
constructed recombinant plasmid contains the sequences for SUMO and 6X His tags, so the
vaccine protein was expected to be expressed in fusion with these tags, which might facilitate its
purification process in the later stages. Moreover, during the stability prediction of the vaccine
MRNA secondary structure, both Mfold and RNAfold servers generated negative and much lower
minimal free energies of -517.50 kcal/mol and -531.10 kcal/mol, respectively. Therefore, with
these lower minimal free energies, it can be declared that the predicted CV vaccine might be quite

stable upon transcription in vivo (Hamasaki-Katagiri et al., 2017).

Overall, this study suggests the designed CV vaccine as a safe and effective epitope based subunit
vaccine to fight against the SARS-CoV-2 virus, based on the strategies employed in the study.
However, more in vivo and in vitro studies are required to finally confirm the outcomes of this

study.
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875 5. Conclusion

876  The recent COVID-19 pandemic has caused the sufferings of millions of people worldwide, while
877  claiming the lives of hundreds of thousands of people. Although researchers are rushing to develop
878  potential counter-measure to fight the virus, however, till now, all the efforts have showed potential
879  drawbacks. Different types of antiviral therapies are also being tried all over the world, but their
880  outcomes are also raising serious questions about their usage. Moreover, the vaccines that are now
881 under development or various stages of trials, are inactivated or live-attenuated vaccines, which
882  can have serious consequences if any unwanted reversal back to the virulence form occurs.
883  Therefore, in this study, a blue-print of potential vaccine against the SARS-CoV-2 has been
884  designed targeting four distinctive proteins i.e., spike glycoprotein, nucleocapsid phosphoprotein,
885 membrane glycoprotein, and envelope protein. During the vaccine construction, only those
886  epitopes which were found to be highly antigenic (so that the vaccine would be able to generate
887  robust immune response), non-allergenic (so that the vaccine won’t cause any harmful reaction
888  within the body), non-toxic, non-human homolog, and 100% conserved epitopes (so that vaccine
889  would be effective against different isolates around the world) were used. Numerous in silico
890 validations, conducted in the study, also indicated that the designed vaccine might be quite safe
891 and effective as well as well responsive to use. If satisfied results are achieved in the wet-lab based
892  studies, then this epitope-based vaccine candidate might provide a relatively cheap and effective

893  option to reach the entire world to combat the COVID-19 pandemic.
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